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US Environmental Protection Agency and half from 28 

worldwide manufacturers and marketers of motor vehicles 

and engines who do business in the United States. Other 
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projects or certain research programs. Regardless of funding 
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research priorities and in reaching its conclusions. 
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research. The Health Review Committee independently 
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S T A T E M E N T

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr Mark W
Frampton at the University of Rochester, Rochester NY. The following Research Report contains both the detailed Investigators’ Report and a
Commentary on the study prepared by the Institute’s Health Review Committee.

Effects of Controlled Exposure to Ultrafine Carbon 
Particles in Healthy and Asthmatic People

Ambient particles are a complex mixture whose
size, chemical composition, and other physical and
biological properties vary with location and time.
Regardless of the characteristics at a single site,
however, epidemiologic studies have reported that
short-term increases in low levels of particles are
associated with short-term increases in illness and
death. Remaining questions about the health effects
of particles include the specific characteristics of
particles—especially size and chemical composi-
tion—and the biological mechanisms that may
explain the reported associations.

To address some of these critical issues, Health
Effects Institute issued Request for Applications
(RFA) 98-1, "Characterization of Exposure to and
Health Effects of Particulate Matter” in 1998. A
component of the RFA was to promote evaluation
of health effects of controlled exposure to particles
in animals and healthy people  as well as in those
who might be more susceptible to particle expo-
sure. People with asthma are one of the groups con-
sidered particularly susceptible to the effects of
airborne particles. 

HEI funded two studies to address this issue in
human volunteers who were either healthy or had
mild asthma. One was the current study, led by Dr
Mark Frampton, University of Rochester School of
Medicine and Dentistry, Rochester, New York, to
evaluate the effects of inhalation exposure to
ultrafine (<0.1 µm diameter) carbon particles,
which some scientists believe are more effective
than larger particles in causing health effects (the
ultrafine hypothesis of particle toxicity). The
second study, led by Dr Henry Gong of Los Amigos
Research and Education Institute, Downey, Cali-
fornia, investigated the effects of exposure to fine
(0.1–2.5 µm in diameter) concentrated ambient par-
ticles (CAPs) derived from the Los Angeles area. 

As one of the consequences of an HEI-sponsored
workshop held before the studies began, Frampton

and Gong developed exposure and study protocols
that were similar to those being used in CAPs
studies underway at the US Environmental Protec-
tion Agency research facility in Chapel Hill, North
Carolina. In this way, results of the studies could
more easily be compared with each other. HEI pub-
lished the results of the Gong study in 2003.

APPROACH

Healthy and mildly asthmatic men and women
were exposed via a mouthpiece over 2 hours to lab-
oratory-generated ultrafine carbon particles
(average diameter approximately 0.025 µm) and on
a different occasion to filtered air as follows:

• 12 healthy participants were exposed at rest to 
10 µg/m3 particles or air;

• 12 healthy participants were exposed to parti-
cles (10 and 25 µg/m3) or air during intermit-
tent exercise on a stationary bicycle (15-minute
cycles of rest and exercise over 2 hours); and

• 16 asthmatic volunteers were exposed to either 
10 µg/m3 particles or air using the same inter-
mittent exercise protocol used for the healthy 
exercising volunteers.

Frampton and colleagues hypothesized that
ultrafine particle exposure would activate leukocytes
(white blood cells) and endothelial cells (cells lining
blood vessels to form part of the interface between
blood and tissue cells) and lead to an inflammatory
response in the airways and in the blood. The investi-
gators further hypothesized that effects would be
greater in people with asthma than in healthy people.
Their proposed study also anticipated that particle
exposure might affect respiration and cardiac electro-
physiologic function. The investigators therefore mea-
sured multiple indices of pulmonary and cardiac
function as well as blood parameters at different times
before, during, and up to 21 hours (45 hours for asth-
matics) after exposure to particles or filtered air. To
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measure inflammatory responses in the airways,
Frampton and colleagues collected sputum at screening
and 22 hours after exposure. In addition, they calculated
the number and mass of inhaled particles that deposited
in the lungs of asthmatic and healthy participants.

RESULTS AND INTERPRETATION

Healthy resting people had no detectable changes in
airway, systemic, or cardiac electrophysiologic end-
points at any time measured during or after inhalation
exposure to 10 µg/m3 particles. In exercising healthy
and asthmatic participants, Frampton and colleagues
did not detect changes in any airway inflammatory
endpoint during or after exposure to 10 or 25 µg/m3

particles. These findings are noteworthy in the light of
the investigators’ novel finding that, at the same
inhaled concentration of particles, about 50% more
particles deposited in lungs of asthmatic people than
in healthy people. In addition, these researchers calcu-
lated that over 4 times as many particles were depos-
ited in the lungs of exercising participants as in the
lungs of resting participants. Thus, even though the
dose of particles delivered to the lungs of exercising
asthmatic people may have been approximately 6
times the dose delivered to the lungs of resting healthy
people, ultrafine particles had no effects on the air-
ways. Further, the concentration of particles of the size
used in this study was 10 to 100 times higher than
average concentrations of ultrafine particles reported
in urban air.

Some systemic and cardiovascular changes were
associated with particle exposure in healthy and asth-
matic exercising volunteers. The pattern and magni-
tude of these changes were similar in the two groups,
differing from the investigators’ prediction of greater
responses in the asthmatic participants.

Exposure to ultrafine particles was associated with
changes in numbers of certain leukocytes in the blood
of healthy and asthmatic exercising volunteers. The
numbers of some types of leukocytes decreased but
the total number of leukocytes did not change.
Expression of some adhesion molecules on the sur-
face of leukocytes, a characteristic of cell activation,
was also changed. The significance of these observa-
tions is not clear. The investigators speculate that
exposure to particles mildly constricts pulmonary
blood vessels, activating vascular endothelial cells

and preventing outflow of activated leukocytes from
the lungs into the circulation. An alternative possi-
bility to explain the findings is that the particles are
selectively toxic to activated cells. In addition, as the
investigators appropriately note, the changes detected
may also have been chance findings that can occur at
random and are more likely to be seen when evalu-
ating multiple endpoints.

The investigators also found small changes in car-
diac repolarization, the time taken between the elec-
trical stimuli governing contraction and relaxation of
the heart. Again, the biological or clinical significance
of these small changes in healthy and asthmatic indi-
viduals is unclear.

CONCLUSIONS

This innovative and technically complex study used
state-of-the-art measurements to assess responses to
inhaled ultrafine particles in healthy and asthmatic
volunteers. The particles were generated in a labora-
tory and did not contain toxicologically important
components such as metals and organic compounds,
but they were relevant to real world exposures because
carbon is a major component of airborne particles from
urban settings. The concentration of ultrafine particles
used, however, was 10 to 100 times higher than the
average concentrations reported in urban air.

Frampton and colleagues found few airway, sys-
temic, or cardiac electrophysiologic changes associ-
ated with ultrafine particle exposure. The clinical
significance of any of the changes is not clear. Thus,
in this limited set of healthy and mildly asthmatic
participants, the effects of exposure to ultrafine
carbon particles did not support the hypothesis that
ultrafine particles are more toxic than larger compo-
nents of the particle mix. This paucity of effects is
consistent with the results of studies conducted in
North America with human exposures to concen-
trated fine particles. 

Future controlled exposures should include parti-
cles of different sizes and composition, different sus-
cept ib le  popula t ions  ( such as  those  wi th
cardiovascular disease), a larger number of partici-
pants, longer exposure durations and higher concen-
trations; and different endpoints to increase the
statistical and scientific strength and thus provide a
stronger test of the ultrafine hypothesis.



CONTENTS
Research Report 126

Effects of Exposure to Ultrafine Carbon Particles in 
Healthy Subjects and Subjects with Asthma
Mark W Frampton, Mark J Utell, Wojciech Zareba, Günter Oberdörster, 
Christopher Cox, Li-Shan Huang, Paul E Morrow, F Eun-Hyung Lee, 
David Chalupa, Lauren M Frasier, Donna M Speers, and Judith Stewart

Departments of Medicine, Environmental Medicine, and Biostatistics, University of 
Rochester School of Medicine, Rochester, New York; Division of Epidemiology, 
Statistics and Prevention, National Institute of Child Health and Human 
Development, National Institutes of Health, Bethesda, Maryland

HEI STATEMENT  
This Statement is a nontechnical summary of the Investigators’ Report and the Health Review 
Committee’s Commentary.

INVESTIGATORS’ REPORT
When an HEI-funded study is completed, the investigators submit a final report. The Investigators’ 
Report is first examined by three ouside technical reviewers and a biostatistician. The report and the 
reviewers’ comments are then evaluated by members of the HEI Health Review Committee, who had no 
role in selecting or managing the project. During the review process, the investigators have an 
opportunity to exchange comments with the Review Committee and, if necessary, revise the report. 

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Setting Air Quality Standards . . . . . . . . . . . . . . . . . 2
Effects on Cardiovascular System . . . . . . . . . . . . . 3
Contributing Effect of Asthma . . . . . . . . . . . . . . . . 3

Specific Aims  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
Methods and Study Design . . . . . . . . . . . . . . . . . . . . . 4

Subject Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
Study Design  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Exposure Groups  . . . . . . . . . . . . . . . . . . . . . . . . . 5
Screening Visit  . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Exposure Visits  . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Exposure System. . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Particle Deposition. . . . . . . . . . . . . . . . . . . . . . . . . . 8
Pulmonary Function  . . . . . . . . . . . . . . . . . . . . . . . . 8
Airway Nitric Oxide  . . . . . . . . . . . . . . . . . . . . . . . . . 8
Blood Markers of Coagulation 

and Inflammation  . . . . . . . . . . . . . . . . . . . . . . . . . 9
Immunofluorescence Analysis  . . . . . . . . . . . . . . . 9
Lymphocyte Cytokine Profile . . . . . . . . . . . . . . . . 10
Sputum Induction  . . . . . . . . . . . . . . . . . . . . . . . . . 11
Cardiac Monitoring  . . . . . . . . . . . . . . . . . . . . . . . . 11
ECG Analyses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Data Handling and Statistical Methods . . . . . . . 12
     UPREST and UPASTHMA. . . . . . . . . . . . . . . . . 12

      UPDOSE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Particle Composition . . . . . . . . . . . . . . . . . . . . . . . 13
Subject Characteristics . . . . . . . . . . . . . . . . . . . . . 13
Particle Deposition. . . . . . . . . . . . . . . . . . . . . . . . . 13
Respiratory Symptoms and 

Pulmonary Function . . . . . . . . . . . . . . . . . . . . . . 16
Vital Signs and Oxygen Saturation . . . . . . . . . . . 17
Markers of Local Airway Inflammation . . . . . . . 17
Markers of Systemic Inflammation  . . . . . . . . . . 19
Blood Leukocytes . . . . . . . . . . . . . . . . . . . . . . . . . . 20
Lymphocyte Subsets and Activation  . . . . . . . . . 22
Lymphocyte Cytokine Profile. . . . . . . . . . . . . . . . 23
Blood Leukocyte Expression of Adhesion 

Molecules and Fc Receptors  . . . . . . . . . . . . . . . 23
Markers of Blood Coagulation . . . . . . . . . . . . . . . 27
Cardiac Monitoring . . . . . . . . . . . . . . . . . . . . . . . . 27

UPREST  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
UPDOSE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
UPASTHMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Discussion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
UFP Deposition  . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Blood Leukocyte Effects  . . . . . . . . . . . . . . . . . . . . 34
Cardiac Effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Gender Differences  . . . . . . . . . . . . . . . . . . . . . . . . 37

Continued



Research Report 126

Comparisons with Other Human 
Studies of PM  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Appendix A. HEI Quality Assurance 

Audit Statement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

About the Authors  . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
 Other Publications Resulting from 

This Research  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
Abbreviations and Other Terms  . . . . . . . . . . . . . . . 47

COMMENTARY   Health Review Committee
The Commentary about the Investigators’ Report is prepared by the HEI Health Review Committee and 
staff. Its purpose is to place the study into a broader scientific context, to point out its strengths and 
limitations, and to discuss remaining uncertainties and implications of the findings for public health.

Scientific Background . . . . . . . . . . . . . . . . . . . . . . . . 50
PM and Cardiovascular Responses. . . . . . . . . . . 50
Toxicity of Ultrafine Particles. . . . . . . . . . . . . . . . 50

Objectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Study Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Exposure Protocols  . . . . . . . . . . . . . . . . . . . . . . . . 52
Particle Generation and Exposure System . . . . 53
Particle Deposition  . . . . . . . . . . . . . . . . . . . . . . . . 53
Measurement of Biological Function. . . . . . . . . 53

Pulmonary Function . . . . . . . . . . . . . . . . . . . . . 53
Airway Nitric Oxide . . . . . . . . . . . . . . . . . . . . . . 53
Blood Markers of Coagulation, 

Inflammation, and the 
Immune Response. . . . . . . . . . . . . . . . . . . . . .53 

Sputum Induction . . . . . . . . . . . . . . . . . . . . . . .54 
Cardiac Monitoring . . . . . . . . . . . . . . . . . . . . . . 54

Data Management and Statistical Methods . . . 54

UPREST and UPASTHMA  . . . . . . . . . . . . . . . . 54
UPDOSE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Deposition of Ultrafine Particles  . . . . . . . . . . . . 55
Health Effects Associated with Exposure 

to Ultrafine Particles . . . . . . . . . . . . . . . . . . . . . . 55
        Airway Inflammation. . . . . . . . . . . . . . . . . . . 55
        Systemic Inflammation, Coagulation,
        and Cardiovascular Measures  . . . . . . . . . . . 55

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Particle Deposition  . . . . . . . . . . . . . . . . . . . . . . . . 60
Comparison with Results of the Gong 

Study and Other Controlled Human 
Exposure Studies . . . . . . . . . . . . . . . . . . . . . . . . . 60

Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Acknowledgments  . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

RELATED HEI PUBLICATIONS

Publishing History:  This document was posted as a preprint on www.healtheffects.org and then finalized for print.

Citation for whole document:

Frampton MW, Utell MJ, Zareba W, Oberdörster G, Cox C, Huang LS, Morrow PE, Lee, David Chalupa FEH, Frasier LM, SpeersDM, 
 Stewart J. December 2004. Effects of Exposure to Ultrafine Carbon Particles in Healthy Subjects and Subjects with Asthma. 

Research Report 126. Health Effects Institute, Boston MA.

When citing a section of this report, specify it as a chapter of the whole document.



Health Effects Institute Research Report 126 © 2004 1

INVESTIGATORS’ REPORT

Effects of Exposure to Ultrafine Carbon Particles in Healthy Subjects
and Subjects with Asthma

Mark W Frampton, Mark J Utell, Wojciech Zareba, Günter Oberdörster, 
Christopher Cox, Li-Shan Huang, Paul E Morrow, F Eun-Hyung Lee, David Chalupa, 
Lauren M Frasier, Donna M Speers, and Judith Stewart

ABSTRACT

Increased levels of particulate air pollution are associ-
ated with increased respiratory and cardiovascular mor-
tality and morbidity as well as worsening of asthma.
Ultrafine particles (UFP*; less than 0.1 µm in aerodynamic
diameter) may contribute to the health effects of particu-
late matter (PM) for a number of reasons. Compared with
larger particles on a mass basis, UFP have a higher pre-
dicted pulmonary deposition, greater potential to induce
pulmonary inflammation, larger surface area, and
enhanced oxidant capacity. UFP also have the potential to
cross the epithelium and enter the systemic circulation.
We hypothesized that exposure to UFP causes airway
inflammation in susceptible humans with activation of cir-
culating leukocytes and vascular endothelium, a systemic
acute phase response, and transient hypercoagulability.
We further hypothesized that in people with asthma, UFP
deposition would be increased and underlying airway
inflammation enhanced. Our objectives were:

• to develop a system for controlled exposures of humans 
to UFP;

• to measure the pulmonary fractional deposition of UFP;

• to assess the effects of UFP exposure on blood leukocyte 
and endothelial adhesion molecule expression and acti-
vation, on airway nitric oxide (NO) production, on the 

systemic acute phase response, on blood coagulability, 
and on cardiac electrical activity and repolarization; 
and

• to evaluate these responses in both healthy subjects and 
people with asthma.

We developed and validated a mouthpiece exposure
system for human studies of carbon UFP and then con-
ducted three clinical exposure studies: healthy subjects
breathing filtered air and UFP (10 µg/m3) at rest (UPREST);
healthy subjects breathing air and UFP (10 and 25 µg/m3)
with intermittent exercise (UPDOSE); and subjects with
mild asthma breathing air and UFP (10 µg/m3) with inter-
mittent exercise (UPASTHMA). All exposures were for 2
hours on the mouthpiece system. Exposures were separated
by at least 2 (UPREST and UPDOSE) or 3 (UPASTHMA)
weeks. Prior to and at intervals after each exposure, we
assessed symptoms, pulmonary function, blood markers of
inflammation and coagulation, and airway NO production.
Sputum inflammatory cells were assessed 21 hours after
exposure. Continuous 12-lead electrocardiography (ECG)
recordings were analyzed for changes in heart rate vari-
ability, repolarization, and arrhythmias.

For healthy subjects, the fractional deposition of UFP at
rest was 0.66 ± 0.11 (mean ± SD) by particle number, con-
firming the high deposition for UFP predicted by models.
Deposition further increased during exercise (0.83 ± 0.04).
Asthmatic subjects showed higher UFP deposition than
did healthy subjects when breathing at rest (0.76 ± 0.05).

During the UPREST protocol, there were no convincing
effects for any outcome measures. Breathing 25 µg/m3 UFP
with exercise (UPDOSE) was associated with reductions in
blood monocytes and activation of T lymphocytes in
healthy females. In asthmatic subjects (UPASTHMA),
breathing 10 µg/m3 UFP was associated with reduced
numbers of blood eosinophils and CD4+ T lymphocytes. In
the UPDOSE group, monocyte expression of intercellular
adhesion molecule-1 (ICAM-1) was reduced in a concen-
tration-related manner (P = 0.001). In the UPASTHMA
group, CD11b expression was reduced on monocytes and

*A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This Investigators’ Report is one part of Health Effects Institute Research
Report 126, which also includes a Commentary by the Health Review Com-
mittee and an HEI Statement about the research project. Correspondence con-
cerning the Investigators’ Report may be addressed to Dr Mark W Frampton,
University of Rochester Medical Center, 601 Elmwood Ave, Box 692, Roch-
ester NY 14642-8692, mark_frampton@urmc.rochester.edu.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
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eosinophils, and ICAM-1 expression was reduced on poly-
morphonuclear leukocytes (PMNs). ECG analyses of
UPDOSE subjects showed transient reductions in parasym-
pathetic influence on heart rate variability and a reduced
repolarization (QT) interval. In UPASTHMA subjects, ECG
analyses showed decreased QT variability, but no effect on
the QT interval. There were no significant effects in any of
the studies on symptoms, pulmonary function, or markers
of airway inflammation. We found no increases in soluble
markers of systemic inflammation or coagulation.

Our hypothesis that inhalation of carbon UFP causes
pulmonary inflammation and an acute phase response was
not confirmed. However, the observed subtle changes in
leukocyte subsets and adhesion molecule expression are
consistent with effects on vascular endothelial function.
We also found effects on heart rate variability and on car-
diac repolarization in healthy subjects. If confirmed, the
finding that very low mass concentrations of particles have
cardiovascular effects would have important implications
for future PM regulatory strategies.

INTRODUCTION

A strong and consistent association has been observed
between ambient particle concentrations and adjusted
mortality rates. An increase of 50 µg/m3 in the concentra-
tion of PM less than 10 µm in aerodynamic diameter
(PM10) is associated with a 3% to 8% increase in the rela-
tive risk of death (US Environmental Protection Agency
[EPA] 1996). The strongest associations are seen for respi-
ratory and cardiac deaths, particularly among the elderly.
Associations with increased mortality have been observed
at mean PM10 concentrations well below the US National
Ambient Air Quality Standard (NAAQS) of 150 µg/m3 as a
24-hour average (Dockery and Pope 1996; EPA 1996). The
Health Effects Institute (HEI)–funded National Morbidity,
Mortality, and Air Pollution Study confirmed these associ-
ations (Samet et al 2000a,b). After a methodologic flaw in
the original analysis was discovered and original estimates
were revised, the study reported an approximately 0.21%
increase in total mortality (HEI 2003).

Increased levels of particulate air pollution are also asso-
ciated with asthma exacerbations, increased respiratory
symptoms, decreased lung function, increased medication
use, and increased hospital admissions (EPA 1996). There is
also strong evidence for long-term health consequences of
exposure to PM. Using data collected on 1.2 million adults
in the US from 1982 to 1998, Pope and colleagues (2004)
found that a 10 µg/m3 increase in fine PM was associated
with an 8% to 18% increase in cardiovascular causes of

death. PM-related mortality was chiefly due to ischemic
heart disease, dysrhythmias, heart failure, and cardiac
arrest.

Because of concerns about the potential public health
implications of these findings, the EPA promulgated a new
standard for fine particles in 1997. Nevertheless, the mech-
anisms by which particulate pollution at such low concen-
trations induce health effects remain unclear. Determining
the biological mechanisms involved was identified in
1998 as a high priority research need by the EPA and the
US National Academy of Sciences (National Research
Council). Data from human clinical studies are also
needed to determine the link between exposure and
response in both healthy and susceptible populations
(Utell and Drew 1998).

Hypotheses proposed to explain the characteristics of
particles responsible for the adverse effects of PM have
focused on particle acidity (Chen et al 1992), particle con-
tent of transition metals (Pritchard et al 1996), bioaerosols
(Rylander and Snella 1983), and UFP (Oberdörster et al
1995; Seaton et al 1995). We suggest that ambient UFP are
relevant for several reasons.

• UFP induce pulmonary inflammation at lower mass 
concentrations than larger particles (Oberdörster et al 
1995; Li et al 1999).

• Ambient UFP have a much higher number concentra-
tion and surface area than larger particles at the same 
mass concentration. For example, in order to achieve an 
airborne concentration of 10 µg/m3, 2.4 � 106 20-nm 
particles/cm3 are needed; in contrast, only one 2.5-µm 
particle/cm3 is needed (Oberdörster et al 1995).

• Inhaled UFP have a high deposition efficiency predicted 
for the pulmonary region. For example, 20nm particles 
have up to 50% deposition efficiency (International 
Committee for Radiological Protection [ICRP] 1994).

• UFP have enhanced oxidant capacity when compared 
on a mass basis with larger particles (Brown et al 2001; 
Li et al 2003).

• UFP can easily cross the epithelium and reach intersti-
tial sites (Stearns et al 1994). In humans, they may even 
enter the systemic circulation (Nemmar et al 2002).

SETTING AIR QUALITY STANDARDS

Although few studies have measured UFP in ambient
air, one panel study of asthmatic subjects (Peters et al
1997b) found that peak flow varied more closely with the
5-day mean of UFP number than with fine particle mass
concentration. This finding suggests that the UFP compo-
nent of fine particle pollution contributes to airway effects
in people with asthma. A recent HEI-funded study in
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Erfurt, Germany, also found associations between ambient
UFP and mortality (Wichmann et al 2000).

Determining the health effects of UFP exposure has con-
siderable importance in setting appropriate air quality
standards. The Committee on Research Priorities for Air-
borne PM of the US National Research Council has stated
that “Present knowledge…strongly suggests that mass dose
is not a sufficient metric for understanding health effects”
(National Research Council 1998). Further, more stringent
regulation of fine particle mass may, paradoxically,
increase the number of ambient UFP, as was found in
Erfurt, Germany (Ebelt et al 2001). This paradoxical
increase occurs because reducing the number of particles
in the accumulation mode reduces the agglomeration of
UFP, thereby increasing ambient UFP number, despite an
overall reduction in PM2.5 mass. Human studies of the
health effects of exposure to UFP are needed to help iden-
tify the appropriate dose measure (particle number, sur-
face area, or mass) for regulatory purposes.

EFFECTS ON CARDIOVASCULAR SYSTEM

Plausible mechanisms explaining the relation between
particle exposure and changes in cardiovascular mortality
have not been clearly defined (Utell et al 2002). Some
studies have provided evidence that PM exposure has car-
diovascular effects and have offered clues as to possible
mechanisms. For example, PM exposure is associated with
changes in heart rate and heart rate variability (Peters et al
1999; Pope et al 1999a,b; Gold et al 2000; Creason et al
2001); with increased systolic blood pressure (Ibald-Mulli
et al 2001); with increased plasma viscosity (Peters et al
1997a), C-reactive protein (Peters et al 2001b), and fibrin-
ogen (Pekkanen et al 2000); with reductions in hemoglobin
concentration and packed red blood cell (RBC) volume
(Seaton et al 1999); with increases in cardiac arrhythmia
(Peters et al 2000); and with triggering of acute myocardial
infarction (Peters et al 2001a). Seaton et al (1995) hypothe-
sized that airway inflammation induced by UFP triggers
cardiovascular events. Inflammation is accompanied by a
systemic acute phase response, with increased plasma vis-
cosity and increased propensity for blood coagulation,
which could induce coronary artery thrombosis in people
with atherosclerosis.

A few studies have specifically assessed the cardiovas-
cular effects of UFP. In a recent study of patients with
stable coronary artery disease (Pekkanen et al 2002), inves-
tigators performed repeated exercise tests concurrent with
monitoring of ambient particle mass and number. Signifi-
cant independent effects were found for both fine and UFP
on the degree of ST segment depression during exercise.

For example, exposure to UFP (0.01 to 0.1 µm) was associ-
ated with an increased risk for greater than 0.1 mV of ST
depression (odds ratio, 3.14; confidence interval, 1.56–6.32).

We proposed the following sequence of events in which
PM exposure induces airway inflammation and cardiovas-
cular effects:

1. Initial PM injury to epithelial cells is caused by the gen-
eration of reactive oxygen species. This event is accom-
panied by activation of nuclear regulatory factors, which
lead to elaboration of proinflammatory cytokines
(including interleukin [IL]-8 and IL-6) and increased
expression of NO synthase (NOS) and result in increased
NO in exhaled air.

2. These processes activate vascular endothelial and circu-
lating PMNs, eosinophils, lymphocytes, and monocytes.
Emigration of inflammatory cells from blood to tissue
involves an increase in adhesion molecules on vascular
endothelium (E-selectin, P-selectin, ICAM-1, and vas-
cular cell adhesion molecules [VCAM]-1) and on circu-
lating leukocytes (L-selectin, leukocyte function antigen-
1 [LFA-1], Mac-1 [CD11b/CD18], very late activation
antigen [VLA]-4 and ICAM-1) [Lukacs et al 1995]). The
events in the process of leukocyte-endothelium binding
include increased expression followed by shedding of
adhesion molecules, as cells tether and roll. This is fol-
lowed by cell activation, stable adhesion, and transmigra-
tion through the epithelium (Salmi and Jalkanen 1997).
Endothelial activation may further contribute to the
increase in exhaled NO concentrations associated with
airway inflammation.

3. Increased release of IL-6 and tissue factor activates
blood mononuclear cells. IL-6 initiates hepatic syn-
thesis of acute phase proteins, including C-reactive pro-
tein serum amyloid A, and fibrinogen. Monocyte tissue
factor and endothelial cell activation initiate the coagu-
lation cascade.

The combined effects of these processes on endothelial
function, vascular inflammation, cardiac rate control and
repolarization, and blood coagulation may precipitate an
acute coronary event or arrhythmia in susceptible individ-
uals with critical coronary artery disease.

CONTRIBUTING EFFECT OF ASTHMA

People with asthma are at risk for health effects from air-
borne PM, which has been associated with increased emer-
gency room visits for asthma in children and adults
(Lipsett et al 1997; Tolbert et al 2000; Atkinson et al 2001).
Further, PM exposure increases dyspnea and bronchodi-
lator use in people with asthma (Hiltermann et al 1998).
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Asthma is a disease characterized by airway inflamma-
tion. There is evidence for activation of lung leukocytes
and pulmonary vascular endothelium, particularly during
exacerbations (Ohkawara et al 1995). Soluble ICAM-1 and
soluble E-selectin are increased in sera from asthmatic
subjects during exacerbations, compared with stable asth-
matics and healthy subjects (Montefort et al 1994); soluble
ICAM-1 is increased in the serum of asthmatics after
allergen challenge (Lee et al 1997). Activation of T lym-
phocytes with production of type 2 (IL-4, -5, -13) inflam-
matory cytokines drives the recruitment and retention of
eosinophils in the airway (Corrigan and Kay 1990; Wilson
et al 1992). Treatment with inhaled corticosteroids reduces
expression of activation markers CD25 and HLA-DR in
lymphocytes from bronchoalveolar lavage fluid and also
reduces HLA-DR expression in blood lymphocytes
(Wilson et al 1994). In asthma, blood CD4+ T cells express
increased mRNA for IL-4, IL-5, and granulocyte-mac-
rophage colony-stimulating factor (GM-CSF). IL-5 mRNA
expression correlates with asthma severity and eosino-
philia (Corrigan et al 1995). Allergen challenge in asth-
matics causes a reduction in blood CD4+ T cells (Walker et
al 1992) and an increase in airway CD4+ cells (Virchow et
al 1995). Lymphocytes may play a role in regulating induc-
ible NOS activity through release of interferon (IFN)-�,
which stimulates monocytes and macrophages to release
cytokines such as tumor necrosis factor and IL-1, which in
turn stimulate increased inducible NOS mRNA transcrip-
tion in airway epithelium (Robbins et al 1994). Airway
inflammation in asthma is associated with increased NO in
the exhaled air (Barnes and Kharitonov 1996). Exhaled NO
concentrations increase with asthma exacerbations and
decrease with inhalation of corticosteroids (Kharitonov et al
1996) or inhibitors of NOS (Yates et al 1995).

UFP exposure may worsen asthma by further shifting
lymphocyte responses to the type 2 phenotype, by further
activating resident lymphocytes, by increasing the likeli-
hood that lymphocytes will encounter antigen, and/or by
increasing penetration of allergen through an injured epi-
thelium. Anderson and colleagues (1990) demonstrated
increased deposition of ultrafine sebacate particles in the
airways of asthmatics compared with healthy subjects.

SPECIFIC AIMS

We hypothesized that exposure to UFP causes airway
inflammation in susceptible humans. The mechanisms
involve activation of circulating leukocytes and vascular
endothelium, and the consequences include a systemic

acute phase response with transient hypercoagulability.
We further hypothesized that, in people with asthma, UFP
deposition and underlying airway inflammation would be
increased.

These hypotheses were tested in a series of studies with
specific aims:

1. Develop a system for controlled exposure of humans to
UFP.

2. Measure the pulmonary fractional deposition of UFP in
both healthy and asthmatic humans.

3. Assess the effect of inhalation of carbon UFP on leuko-
cyte and endothelial adhesion molecule expression and
activation.

4. Evaluate airway NO production as a marker for airway
inflammation after carbon UFP exposure.

5. Measure the effects of carbon UFP exposure on markers
of the systemic acute phase response and blood coagula-
bility.

6. Document any effects of carbon UFP exposure on car-
diac electrical activity and repolarization.

7. Assess subjective responses to UFP inhalation in both
healthy and asthmatic subjects.

METHODS AND STUDY DESIGN

SUBJECT CRITERIA

The study was approved by the Institutional Review
Board for Research Subjects of the University of Rochester
Medical Center. Forty subjects were to be chosen to partic-
ipate and paid a stipend. All were to be lifetime non-
smokers, aged 18 to 40 years. Additional exclusion criteria
were: regular marijuana use within the past five years,
pregnancy, ischemic heart disease, active psychiatric dis-
order, occupation involving chronic exposure to heavy
dust or PM, inability to complete the required exercise,
inability to produce sputum with sputum induction, or
current drug or alcohol abuse. Subjects were required to
avoid the following medications for the indicated interval
before and during the study: systemic steroids (1 month)
and nonsteroidal antiinflammatory drugs (1 week,
including aspirin, vitamins C and E, and antihistamines).
Subjects with atopy or allergic rhinitis were not excluded
as long as they did not require regular treatment with anti-
histamines or systemic steroids. Subjects were not studied
within 6 weeks of a respiratory infection.

Healthy subjects were required to have normal spirometry
(forced expiratory volume in 1 second [FEV1] and forced
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vital capacity [FVC] � 80% predicted, forced expiratory
flow rate from 25% to 75% of FVC [FEF25–75] � 60% pre-
dicted), a normal 12-lead ECG, and no history of chronic
respiratory disease.

Subjects were considered to have asthma if they had:
(1) a history of repetitive symptoms characteristic of inter-
mittent bronchoconstriction (wheezing, shortness of
breath), and (2) either improvement in FEV1 of 12% or
more with the administration of inhaled albuterol (if
abnormally low values were obtained compared to pre-
dicted for airway conductance, FEV1, or FEV1/FVC)
(Morris et al 1971) or airway hyperresponsiveness with
methacholine challenge. For methacholine challenge,
increasing concentrations of methacholine (0.00, 0.08,
0.16, 0.31, 0.63, 1.25, 2.50, 5.00, 10.00 mg/mL) in normal
saline were administered at 4-minute intervals using a
nebulizer (model 646, DeVilbiss Company, Somerset PA)
with a dosimeter (Rosenthal-French model D-2A, Labora-
tory for Applied Immunology, Fairfax VA) calibrated to
deliver 0.01 mL/breath. Subjects were instructed to take 5
breaths (each lasting 6 seconds), and FEV1 was measured
30 seconds after the last breath. The concentration of meth-
acholine that produced a 20% decrease in FEV1 (PD20) was
determined by interpolation using the regression line of the
methacholine dose response. Subjects with a PD20 greater
than 10 mg/mL were excluded from the study.

The severity of asthma in the study subjects recruited
was to be consistent with mild intermittent, mild persis-
tent, or moderate persistent asthma, according to US
National Institutes of Health guidelines (National Insti-
tutes of Health 1997). Subjects with FEV1 < 70% of pre-
dicted at baseline screening or with > 20% reduction in
FEV1 after the screening exercise were excluded. Subjects
were considered atopic if they gave a history of environ-
mental allergies or seasonal rhinitis or if the serum immu-
noglobulin E (IgE) level, obtained at the time of screening,
was elevated.

STUDY DESIGN

Exposure Groups

This project involved three clinical studies of exposure
to carbon UFP. All studies used a crossover design in
which each subject was exposed to filtered air and to UFP.
Exposure orders were randomized, and the randomization
was blocked by order of presentation and gender. Expo-
sures were blinded to both subjects and investigators.

The first study, UPREST, involved 12 subjects (6 female)
who were exposed to filtered air and UFP (10 µg/m3) at
rest for 2 hours. Each subject had both exposures, which

were separated by at least 2 weeks. Followup extended for
21 hours after exposure.

The second study, UPDOSE, involved 12 subjects (6
female) with 3 exposures for each subject. Exposures were
separated by at least 2 weeks: filtered air and UFP (10 and
25 µg/m3). For safety reasons, the random order of expo-
sure was restricted so that each subject received the
10 µg/m3 UFP exposure before the 25 µg/m3 UFP expo-
sure. To simulate outdoor activities, subjects exercised on
a bicycle ergometer for 15 minutes of each 30-minute
period at an intensity adjusted to increase the minute ven-
tilation (VE) to approximately 20 L/min/m2 body surface
area. Thus there was a total of 1 hour of rest and 1 hour of
exercise per exposure. Followup extended for 21 hours
after exposure.

The third study, UPASTHMA, involved 16 (8 female)
subjects with asthma exposed to filtered air or 10 µg/m3

UFP for 2 hours with intermittent exercise (as described
for UPDOSE subjects) for a total of 2 exposures. Each expo-
sure was separated by at least 3 weeks. Followup extended
for 48 hours after exposure.

The experimental protocols for the three studies are
summarized in Figure 1. The studies required 5 to 7 visits
for each subject.

Screening Visit

At the screening visit, informed consent was obtained,
and subjects completed a standardized screening question-
naire for assessment of respiratory symptoms, medical his-
tory, and smoking history. A physical examination was
followed by routine pulmonary function tests: spirometry,
diffusing capacity, and measurement of lung volumes.
Subjects exercised on the bicycle ergometer for 15 minutes
to determine the intensity necessary to achieve a minute
ventilation of 20 L/min/m2. For females, pregnancy testing
was performed. Finally, subjects underwent sputum
induction by inhaling nebulized saline.

Exposure Visits

On Day 1, at least 1 week after the screening visit, sub-
jects arrived at 7:15 AM for the following procedures: mea-
surement of blood pressure and heart rate; pulse oximetry;
symptom questionnaire; attachment of a 12-lead Holter
heart monitor (Mortara Instruments, Milwaukee WI) with a
resting recording for 10 minutes; phlebotomy; measure-
ment of exhaled NO; and spirometry. These procedures
took about 2 hours.

For the symptom questionnaire, subjects ranked the
severity of each symptom on a scale from 0 (“not present”)
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to 5 (“incapacitating”). Subjects breathed room air on the
mouthpiece system for 5 minutes before the exposure was
started. They were then exposed by mouthpiece for 2 hours
to either filtered air or UFP. After 1 hour of exposure, sub-
jects were given a 10-minute break off the mouthpiece.

Immediately after the exposure, the measurements
taken before exposure were repeated. The subjects were
given lunch and remained in the Clinical Research Center.
Measurements were taken again 3.5 hours after exposure.
The subjects were then sent home with activity diaries.

For Day 2, subjects returned the next morning at 8:00 AM

(21 hours after exposure). The same series of measure-
ments was performed and sputum was induced. The
Holter heart monitor was removed. For UPREST and
UPDOSE subjects, this was the end of one exposure.

On Day 3 (48 hours after exposure), UPASTHMA sub-
jects returned for an additional set of measurements,
including a 10-minute digital ECG recording.

All subjects returned for subsequent exposures at least 2
weeks (UPREST and UPDOSE) or 3 weeks (UPASTHMA)
after exposure, using an identical exposure protocol.

EXPOSURE SYSTEM 

The exposure system was designed to meet several
requirements.

• UFP had to be generated in real time during exposure to 
minimize agglomeration and diffusion losses.

• Simultaneous measurements of particle number, mass, 
and size distribution were necessary to characterize 
inhaled UFP.

• Determinations of particle characteristics were required 
at inspiration and expiration to determine deposition.

• Sufficient UFP aerosol was needed to meet the range of 
inspiratory flow demands during rest and exercise.

While typical minute ventilation at rest is 6 to 8 L/min,
this measure increases several fold with exercise. Instanta-
neous or peak flow rates can reach 100 L/min. In order to
meet peak demands of the subject, the flow rate into the
mixing chamber on the inspiration side of the system was
120 L/min.

The exposures took place in an environmental chamber
in the General Clinical Research Center at the University of

Figure 1. Protocols for screening visit and for Days 1 through 3 per exposure. Exercise lasted for 15 minutes of each half hour of the 2-hour exposure,
yielding 1 hour total of exercise and 1 hour of rest. All exposures were 2 hours in duration. Only UPASTHMA subjects returned for Day 3.
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Rochester Medical Center. We chose a mouthpiece expo-
sure system to facilitate accurate measurement of respira-
tory deposition. Details of particle generation and the
mouthpiece exposure system have been described else-
where (Chalupa et al 2002). The design is a one-pass,
dynamic flow exposure system. Carbon UFP were gener-
ated from pure graphite electrodes by spark discharge in
anhydrous argon, using a commercial generator (Palas Co,
Karlsruhe, Germany). The use of argon served to exclude
oxygen, water vapor, and other gases to minimize the for-
mation of organic compounds and oxidation products. The
particle size distribution was controlled by varying both
the gap between the electrodes and the spark frequency.
The generator continually adjusted the electrode position
to keep the gap, and therefore the particle size, constant
during particle generation. A constant flow (6 L/min) of
argon through the spark chamber during generation mini-
mized particle agglomeration. The generator settings were
adjusted to provide a nominal particle count median diam-
eter of 26 nm with a lognormal volume median diameter of
54 nm and geometric standard deviation of 1.6 nm. The
mass and number concentrations of UFP emitted from the
Palas generator were found to be stable over time (Table 4).

Particles were continuously generated, and the concen-
tration was monitored and regulated during the exposure.
Particles were passed through a charge neutralizer after
generation to achieve the Boltzman equilibrium. All
tubing was electrically conductive with lengths mini-
mized to avoid particle loss. The ionized particles then
entered a 28.4-L mixing reservoir. Particles in the reservoir
entered the circuitry to the mouthpiece according to the
demands of the subject. An overflow line removed the
excess aerosol. Nonrebreathing valves (Hans Rudolph,
Kansas City MO) at the mouthpiece insured one-way pas-
sage of the particles and allowed aerosol concentrations to
be analyzed in real time on both the inspiratory and expi-
ratory sides of the subject. The subject inhaled from a
mouthpiece and wore a nose clip.

A resilient reservoir was placed on the expiratory side of
the subject, loosely coupled to a dedicated filter and
exhaust system. The system was designed to keep both
sides of the nonrebreathing valves at atmospheric pres-
sure, unaffected by the subject’s respiration. Tubing on the
expiratory side was heated to approximately ~37�C to
avoid condensation. The intake supply flow rate was mon-
itored with a differential pressure gauge (Magnehelic,
Dwyer Instruments, Michigan City IN) calibrated using a
dry test meter (Singer American Meter Company Division,
Wellesley MA).

Particle characterization was accomplished by determi-
nation of particle mass concentration, number concentra-
tion, and size distribution. Condensation particle counters
(TSI, St Paul MN) and an electrical detection mobility ana-
lyzer (TSI) determined particulate number, surface area,
and volume concentrations of the inspired and expired
aerosols. The target mass concentrations for exposures
were 10 and 25 µg/m3. The mass concentrations were mea-
sured with a tapered element oscillating microbalance
(TEOM, Rupprecht and Patachnick, Albany NY). The
TEOM provided mass concentrations in micrograms per
cubic meter at averaging times of 1 minute to 24 hours,
with lower limits of mass determination on the order of
5 µg/m3. The TEOM mass balance is sensitive to pressure
changes within the system; these were controlled by the
system design. At the low mass concentrations in these
studies of UFP (10 to 25 µg/m3), relatively long averaging
times of several hours were required to provide accurate
mass determinations. For this reason, we determined a
standard curve of particle mass versus number concentra-
tion to validate TEOM mass measurements with estimates
based on particle number. The mass concentration was
monitored continuously on the inspired side of the
system, but we relied on real-time monitoring of particle
number to assure constant levels of particle generation
during exposures.

Electronic integration (HPChem Integrating Software,
Hewlett-Packard, Gaithersburg MD) of a pneumotacho-
graphic airflow transducer (E for M Co, White Plains NY) on
the expiratory limb provided continuous measurements of
tidal volume (VT), respiratory rate, and minute ventilation.

To determine particle losses, a reciprocal pump was used
to simulate respiration. A resting minute ventilation of
10 L/min was simulated using a volume of 800 mL at
12.5 cycles/min. Mild exercise (22 L/min) was simulated
using a volume of 1200 mL at 18.3 cycles/min. Continuous
upstream and downstream measurements of particle
number and volume were determined for the whole system
and for a respiratory valve alone. Mass losses were calcu-
lated using particle volume determined by the electrostatic
classifier. During exercise simulation, losses were 0% for
particles of 23.7-nm midpoint diameter and larger; max-
imum losses were 3.9% for 7.5-nm particles. At resting con-
ditions, maximum losses were 13.2% for 7.5-nm particles.

Dilution air and air used in control exposures was filtered
through charcoal and high efficiency particle air filters. Par-
ticle mass in the intake diluting air was undetectable, and
particle numbers ranged from 0 to 10 particles/cm3. The
environmental chamber in which the exposures took place
was maintained at a temperature of 21.8 ± 1.0 (SD) �C and a
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relative humidity of 28.7% ± 10.5%. During both UFP and
control air exposures, the inspired air temperature and
humidity were ~22�C and ~12%, respectively.

PARTICLE DEPOSITION

The total respiratory deposition fraction (DF) was calcu-
lated for both particle number and mass concentrations
(Daigle et al 2003). Inspiratory and expiratory UFP number
concentrations were measured continuously and recorded
every 5 seconds during the exposure. Particle number con-
centration was then averaged for the periods at rest and
exercise. Particle size distribution from the inspiratory cir-
cuit was determined before and just after each exposure.
Particle size distribution from the expiratory circuit was
measured during one rest period and one exercise period
each hour. For computational simplicity, data on particle
size distribution from the electrical detection mobility
analyzer were grouped into 8 particle size bins with mid-
point count median diameter from 8.7 to 64.9 nm (particle
count median diameter ranging from 7.5 to 75.0 nm),
which included more than 98% of the particles. The mean
size-specific inspiratory particle concentration was deter-
mined by multiplying the average inspiratory number con-
centration by the percentage of particles in each size bin in
the inspiratory circuit. The mean size-specific expiratory
particle concentration was determined by multiplying the
average expiratory number concentration by the per-
centage of particles in each size bin in the expiratory cir-
cuit. The correction factors for system losses were
subtracted from the measured inspired concentrations and
added to the measured expired concentrations. The particle
number DF was then calculated by subtracting the corrected
expiratory number concentration from the corrected
inspiratory number concentration and dividing the differ-
ence by the corrected inspiratory number concentration.

The particle mass DF was calculated as follows (Chalupa
et al 2002): inspired and expired particle volume (mass)
concentrations were determined for each size bin from the
scanning mobility particle sizer data. The percentage of
inspired and expired particles by volume per bin was
determined by dividing each bin volume concentration by
the total volume concentration (sum of individual bins).
The mean expired mass concentration was calculated by
multiplying the ratio of the total expired volume concen-
tration to the total inspired volume concentration by the
measured (TEOM) inspired mass concentration. The
inspired mass concentration for each bin was calculated as
the product of the inspired volume percentage of particles
in each bin and the mean inspired mass concentration
from the TEOM. The expired mass concentration for each
bin was calculated as the product of the expired volume

percentage for each bin and the calculated overall expired
mass concentration. These mass data were corrected for
system losses by multiplying each bin by the loss correc-
tion factor for that bin, then subtracting that product from
the inspired data and adding to the expired data. Finally, a
loss-corrected DF was calculated as the loss-corrected
inspired mass concentration minus the loss-corrected
expired mass concentration, divided by the loss-corrected
inspired mass concentration.

Theoretical total respiratory DFs were calculated using
three models: (1) ICRP (1994), (2) US National Council on
Radiation Protection and Measurements (NCRP; 1997),
and (3) the Multiple Path Particle Deposition Model
(MPPDep, Version 1.11, July 1999, Chemical Industry
Institute of Toxicology) (Cassee et al 2002). For the
MPPDep model, predictions were calculated for each sub-
ject using measured functional residual capacity, respira-
tory frequency, and VT at rest and during exercise. The
following values were used for all subjects: upper respira-
tory tract volume, 50 mL; inspiratory:expiratory ratio, 1:2;
and nominal particle density, 1.5 g/cm3. Mouth breathing
was assumed for all test subjects.

PULMONARY FUNCTION

Spirometric measurements of FVC and FEV1 were per-
formed with a pneumotachograph interfaced with a micro-
computer (model CPF-S, Medical Graphics, St Paul MN).
Lung volumes (by plethysmography) and diffusing
capacity for carbon monoxide (DLCO) were measured in the
clinical pulmonary function laboratory, using equipment
from Morgan Scientific (Haverhill MA).

AIRWAY NITRIC OXIDE

Measurement of airway NO production provides a nonin-
vasive method for assessing airway inflammation (American
Thoracic Society 1999). We have developed methods for
separately measuring NO production in the conducting (or
upper) airways (VUNO), and in the alveolar (or lower) airways
(VLNO) (Hyde et al 1997; Pietropaoli et al 1999). The tech-
nique involves determination of the single-breath diffusing
capacity for NO (DLNO) (Perillo et al 2001) and measurement
of the partial pressure of exhaled NO (PE) at differing con-
stant expiratory flow rates. During all measurements, exha-
lation against positive pressure closed the nasopharyngeal
velum and thus prevented contamination of the expired
airway gases with NO from the nasopharynx.

DLNO was measured by inhaling 10 ppm NO from a bag-
in-box apparatus. After holding breath for 2 seconds, the
subject exhaled at a constant flow rate of 0.5 L/sec into the
recording spirometer. Expiratory flow was kept constant



MW Frampton et al

9

by applying fixed expiratory resistance and asking the sub-
ject to maintain a constant expiratory pressure by watching
a manometer. The rate of change of NO concentration at
increments of exhaled volume provided the data to calcu-
late DLNO (Perillo et al 2001).

For determination of VUNO and VLNO, subjects inhaled
NO-free air to total lung capacity from the bag-in-box appa-
ratus, held breath for 10 seconds, and then exhaled at each
of six different constant expiratory flow rates from 6 to
1300 mL/sec. These flow rates were achieved by changing
the level of expiratory resistance before individual exhala-
tions. During each exhalation, the subject maintained the
same constant expiratory pressure of 10 cm H2O. Constant
expiratory pressure applied against different, fixed expira-
tory resistances during individual exhalations resulted in
a variety of constant expiratory flow rates. Exhalations at
each flow rate were performed in duplicate and averaged.
The partial pressure of NO in the alveoli PA and VUNO were
determined by plotting the inverse of the more rapid flow
rates on the x-axis versus the corresponding exhaled NO
measurements on the y-axis. PA was determined as the y-
intercept (infinite flow rate) of this plot, and VUNO was cal-
culated from its slope. VLNO was determined as follows
(Pietropaoli et al 1999):

VLNO = DLNO (PA).

NO concentrations in the exhaled breath were measured
with a rapidly responding chemiluminescence NO analyzer
(model 270B, Sievers, Boulder CO) operating at a sampling
rate of 250 mL/min. The analyzer was calibrated daily using
serial dilutions of a gas containing 229 ppb NO. Reference
gas samples of NO-free air were obtained by passing com-
pressed air from a cylinder containing less than 2 ppb of NO
(Scott Specialty Gases, Plumsteadville PA) through a filter
packed with potassium permanganate (Purafil, Thermoen-
vironmental Instruments, Franklin MA). To correct for
instrument drift, all measurements were corrected by sub-
tracting the average of NO-free air readings taken immedi-
ately before and after each NO determination.

BLOOD MARKERS OF COAGULATION 
AND INFLAMMATION

The soluble markers of inflammation, coagulation, and
leukocytes measured in this study are shown in Table 1.
Venous blood was collected in sodium citrate. Plasma was
separated, divided into aliquots, and stored at �80�C prior
to analysis. Fibrinogen, factor VII, and von Willebrand
factor (vWf) were analyzed in the laboratory of the Vascular
Medicine Program (Dr Victor Marder, Orthopedic Hospital,
Los Angeles CA). The principle for the fibrinogen assay is

the relation of thrombin clotting time to fibrinogen con-
centration. This assay is based on a modification of the
technique of Ellis and Stransky (1961). An STA Compact
Analyzer (Diagnostica Stago, Paris, France) or AMAX
CS190 Analyzer (Sigma, St Louis MO) was used to perform
the assay. The principle for the factor VII activity assay is
the degree of correction of a prothrombin time–based assay
of an unknown sample for factor VII–deficient plasma.
This assay is based on a modification of the technique of
Owen and Aas (1951) and performed on the equipment
used for the fibrinogen assay. The principle for the vWf
antigen assay is the degree of agglutination of anti-vWf–
coated latex particles by plasma containing vWf (Furlan,
Perret et al 1985). The vWf antigen assay was performed on
the same equipment used for the fibrinogen and factor VII
assays.

IL-6, serum amyloid A, soluble ICAM-1, soluble L-selectin,
P-selectin, and E-selectin were determined using commer-
cial enzyme-linked immunosorbent assays (ELISAs) that
were validated using dilution and add-back experiments.
For these assays, venous blood was collected in heparin
anticoagulant. Aliquots of plasma were stored at �80°C
prior to analysis.

IMMUNOFLUORESCENCE ANALYSIS

Flow cytometry provided a sensitive method for evalu-
ating changes in cell differential counts and for assessing
changes in phenotype and expression of activation markers
and adhesion molecules on blood leukocytes. The cell sur-
face molecules studied were chosen to delineate changes in
lymphocyte subsets, cell activation, and expression of adhe-
sion molecules, all of which may reflect responses to
inflammation and endothelial activation (Table 1).

Fresh heparinized whole blood was stained with fluoro-
chrome-labeled monoclonal antibodies (Becton Dickinson,
Mountain View CA). Leukocytes were stained with the
appropriate monoclonal antibody conjugated to fluores-
cein isothiocyanate (FITC), and simultaneously stained
with both CD14-phycoerythrin (PE) and CD45-peridinin
chlorophyll protein (PerCp, a Becton Dickinson fluoro-
chrome with minimal wavelength overlap with FITC or
PE). This staining procedure permitted determination of
the relative expression of adhesion molecules and other
markers separately on PMNs, eosinophils, lymphocytes,
and monocytes.

Lymphocyte subsets were characterized using combina-
tion gating and selective markers: CD3+4+ (T-helper),
CD3+CD8+ (T-cytotoxic-suppressor), CD3+��TCR+

(T-null), CD3�CD19+ (B cells), and CD3�CD16+/56+ (nat-
ural killer cells).



10

Ultrafine Carbon Particles in Healthy and Asthmatic Subjects

RBCs were lysed and remaining cells were analyzed on
a flow cytometer (FACScan, Becton Dickinson) equipped
with a 15-mW argon ion laser at 488 nm. Ten thousand
events were collected from each sample in list mode using
Cell Quest software (Becton Dickinson). Forward scatter,
90� side scatter, and 3-color fluorescence (FITC, 530/30 nm
band pass; PE, 585/42 nm band pass; and PerCP, 650 nm
long pass filter) were measured. The appropriate isotype
control antibodies were run with each experiment to deter-
mine appropriate gate settings. Each leukocyte subset was
determined as a percentage of gated cells; then that per-
centage was multiplied by the concentration of leukocytes
from the complete blood count to express each subset as a
concentration of cells. Standardized fluorescent micro-
beads (Quantium 24P and 25P, Bangs Laboratories, Fishers
IN) were run with each experiment. These data were fitted
with an exponential curve: f(x) = AeBx where x was the

channel number and A and B were constants determined
from the regression fit. This standard curve was then used to
convert mean channel numbers for the various markers to
molecules of equivalent soluble fluorochrome (MESF)
(Gavras et al 1994). This provided a correction for minor
day-to-day instrument variations in fluorescence detection.

LYMPHOCYTE CYTOKINE PROFILE

Blood samples were collected from asthmatic subjects
(UPASTHMA group) before exposure and at 21 and 45 hours
after exposure. Peripheral blood mononuclear cells (PBMCs)
were isolated from whole blood by Ficoll-Hypaque gradient
centrifugation (Cellgro, Herndon VA) and were frozen in
liquid nitrogen. The cells were assayed for expression of
IFN-� and IL-4 using the enzyme-linked immunospot assay
(ELISPOT) (Karulin et al 2000) in 96-well plates (MAIP

Table 1. Markers of Inflammation and Coagulation

Abbreviation                        Name

Soluble Markers Description
IL-6 Interleukin 6 Inflammatory cytokine
SAA Serum amyloid A Acute phase protein

sICAM-1 Soluble intercellular adhesion molecule-1 Shed adhesion molecule
sCD40L Soluble CD40 ligand Marker of inflammation and cardiovascular risk
sVCAM-1 Soluble vascular cell adhesion molecule-1 Shed adhesion molecule

sE-Selectin Soluble E-selectin Shed adhesion molecule
sL-Selectin Soluble L-selectin Shed adhesion molecule
sP-Selectin Soluble P-selectin Shed adhesion molecule

Factor VII Coagulation factor
Fibrinogen Coagulation factor and acute phase protein

vWf von Willebrand factor Coagulation factor and marker of endothelial activation

Leukocyte Markers Cellular Expression
CD3 T lymphocytes
CD4 T-helper lymphocytes
CD8 T-cytotoxic lymphocytes
CD11a Part of lymphocyte function-associated 

antigen-1 (LFA-1)
Part of adhesion molecule

CD11b Part of Mac-1 Part of adhesion molecule (subunit of complement receptor 3)
CD16 Fc�RIII Low-affinity receptor for IgG
CD18 Part of adhesion molecule, complexed with CD11a or CD11b
CD19 B lymphocytes
CD23 Fc�RII Low-affinity IgE receptor

CD25 Tac �-chain of IL-2 receptor, activation marker on lymphocytes
CD32 Fc�RII Low-affinity receptor for IgG
CD45RO Memory T lymphocytes
CD49d Part of VLA-4 Part of adhesion molecule

CD54 Intercellular adhesion molecule-1 (ICAM-1) Adhesion molecule
CD62L L-selectin Adhesion molecule
CD64 Fc�RI High-affinity receptor for IgG
CD154 CD40 ligand Marker of activation and inflammation
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S4510, Millipore, Bedford MA); the plates were coated for
2 hours at room temperature with 50 µL of antibodies spe-
cific for either IFN-� (10 µg/mL, 1-D1K, Mabtech, Nacka,
Sweden) or IL-4 (5 µg/mL, 8D4, BD PharMingen, San Diego
CA). After 2 hours at room temperature, the plates were
washed with RPMI 1640 medium with 8% fetal bovine
serum. Dilutions of previously frozen human PBMCs
(thawed using a rapid-sequence method yielding 70–80%
recovery of cells) were added to each well and stimulated
with 20 µg/mL of phytohemagglutin A (PHA-p; Sigma).

After 36 to 40 hours at 37�C and 5% carbon dioxide, the
plates were washed with phosphate-buffered saline (PBS)
with 0.1% Tween 20 (PBST) (EM Science, Gibbstown NJ).
The biotinylated second antibodies (IFN-�, biotinylated
7-B6-1 [Mabtech] at 1 µg/mL; for IL-4, biotinylated 25D2
[BD Pharmingen] at 2 µg/mL) were added in PBST with 1%
bovine serum albumin (PBSTB), and left for 1 to 2 hours at
room temperature. The plates were washed in PBST, and
alkaline phosphatase–conjugated streptavidin (Jackson
ImmunoResearch Laboratories, West Grove PA) in PBSTB
was added at a 1:1000 dilution. After washing with PBST,
the plates were developed using an alkaline phosphatase
substrate (kit III SK-5300, Vector Laboratories, Burlingame
CA). Plates were dried and counted using the autocount
blue setting on the automated Immunospot Reader (Cel-
lular Technology, Cleveland OH). ELISPOTs were cor-
rected for background and control standards. Only wells
with 30 to 250 ELISPOTs were included in the analysis.

SPUTUM INDUCTION

The cells obtained in induced sputum are representative
of those cells found in the lower airways and can be used to
measure airway inflammation noninvasively. Sputum was
induced as part of the baseline determinations on the
Screening Day. Subjects unable to produce an adequate
sample (> 0.7 � 106 cells with � 70% nonepithelial cells)
were excluded from the study. Sputum was also induced
22 hours after each exposure. Only one sputum induction
was performed after each exposure because sputum induc-
tion itself induces a transient airway inflammatory response
that influences repeated measurements (Holz et al 1998;
Nightingale et al 1998).

Inhalations of increasing concentrations (3%, 4%, and
5%) of nebulized hypertonic saline (Devilbiss Ultra-Neb 99
Ultrasonic Nebulizer, Somerset PA) induced sputum pro-
duction, using a method modified from Pizzichini and col-
leagues (1996). Spirometry was used before and during the
procedure to detect any bronchoconstriction.

The sputum was processed on ice using the plug selec-
tion technique (Pizzichini et al 1996). This technique allows
separation of lower airway cells and associated fluids from

contaminating saliva and squamous epithelial cells from the
upper airway. A portion of the sputum was incubated with
dithiothreitol to disperse the cells and filtered through a
48-µm nylon mesh. The cells were then counted in a
hemocytometer in the presence of trypan blue. Cytospin
slides were prepared for microscopic differential counts
(~500 cells counted). The cell-free supernatant was
divided into aliquots and stored at �80�C for subsequent
analysis of IL-6 and IL-8 using ELISA.

CARDIAC MONITORING

Each subject had a continuous digital 12-lead ECG
recording that was started prior to exposure and ended the
following morning. During the continuous ECG recordings,
5-minute supine resting ECG recording sessions were per-
formed to evaluate ECG parameters in a controlled setting
unaffected by physical activity or body position. These
5-minute sessions occurred before exposure, immediately
after exposure, and 3.5 hours and 21 hours after exposure.
In the UPASTHMA group, subjects returned 45 hours after
exposure for an additional ECG session. Each 5-minute
segment was preceded by a 2-minute resting period.

In addition, a 5-minute ECG segment was identified
during the final 15 minutes of exposure as well as during the
night (systematically at  2 AM).  For UPDOSE and
UPASTHMA subjects, the monitoring segment was chosen
from the last 15 minutes of exposure during the last exercise
period and a 5-minute ECG session was identified during
the night (2 AM) after exposure.

ECG ANALYSES

The 24-hour ECG recordings were analyzed using the
H-Scribe Mortara System (Mortara Instruments, Mil-
waukee WI). After automatic beat annotation, verified by a
technician, the ECG analysis was completed using MISHA,
a research version of Mortara’s program, yielding quantita-
tive measures of several ECG parameters, including beat-
to-beat (RR) intervals, lead-specific and beat-to-beat ST
segment levels, T wave amplitude, and T wave complexity.
The QT interval was measured as the longest interval for
each beat. Then an 8-beat–segment average was computed
for QTc, corrected for heart rate with the Bazett formula
(Bazett 1920). Subsequently, the means of 8-beat averages
from a 5-minute period were calculated. The measurements
of QTc interval durations were also performed manually in
lead II. For measurements of T wave amplitude, original
ECG leads I, II, and V1 to V6 were used, and the median
value from these 8 original ECG leads was taken for each
beat and averaged over 5 minutes. T wave complexity,
describing the morphology of the T wave, was measured in
each beat by principal component analysis based on all
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12 leads and averaged over the 5-minute period (Priori et
al 1997). Variability of T wave complexity was measured
as a standard deviation over the 5-minute period and did
not require correction for heart rate. ST segment analysis
was focused on leads II, V2, and V5, and the median ST
segment level over the 5-minute period was used.

The time-domain parameters of heart rate variability,
SDNN (standard deviation of normal-to-normal (sinus beat
intervals) and rMSSD (root mean square of successive dif-
ferences in NN intervals), were calculated for each 5-minute
segment of interest and for a 16-hour period starting
3.5 hours after exposure. The following frequency-domain
parameters of heart rate variability were computed for each
5-minute segment using fast Fourier technique: high fre-
quency power (0.15–0.40 Hz), low frequency power (0.04–
0.15 Hz)—both expressed in normalized units—and the
ratio of the two (Malik and Camm 1995).

This combination of analyses yielded information
regarding autonomic nervous system effects (which might
occur via direct reflexes from airways and/or inflamma-
tory responses), myocardial vulnerability to arrhythmia,
and the underlying health of the myocardial substrate
(Zareba et al 2001). In addition, arrhythmias were quanti-
tated as the total of atrial premature contractions and ven-
tricular premature contractions for the entire recording
period in each protocol.

DATA HANDLING AND STATISTICAL METHODS

UPREST and UPASTHMA

These studies utilized a standard, two-period crossover
design in which each subject was exposed to both particles
and filtered air. Equal numbers of males and females were
included because some effects of particle exposure might
depend on gender. The order of presentation was randomized
separately for each gender, with half of each group of subjects
receiving each of the two possible orders first (ie, UFP or air).
The time between the two exposures (the washout period)
was sufficiently long to expect carryover effects from the pre-
vious exposure to be minimal or nonexistent.

The standard analysis for continuous endpoints is a
repeated-measures analysis of variance (ANOVA). In this
analysis, order of presentation and gender are between-
subject factors, while exposure substance, period (eg, first
visit, second visit), and time (when there are repeated mea-
surements after each exposure) are within-subject factors.
The analyses addressed study period and carryover effects
although the latter were expected to be minimal (because
of the nature of the exposures and the length of the
washout period). In subjects whose carryover effects were

highly significant, first exposure data were examined sep-
arately (Jones and Kenward 1989).

For some endpoints, repeated measurements were made
at uniform intervals after each exposure. In these cases, the
ANOVA included tests for the effect of time as well as
interactions with other effects in the model. The ANOVA
model and its interpretation have been discussed by Wal-
lenstein and Fisher (1977). Each ANOVA included an
examination of residuals as a check on the required
assumptions of normally distributed errors with constant
variance. If these assumptions were not satisfied, data
transformations (for example, square-root transformation
for cell counts) were considered. In the special case that
only one measurement was made in each exposure period,
the ANOVA simplifies to three different t tests, for expo-
sure substance, period, and carryover effects (Jones and
Kenward 1989). In this case nonparametric tests, such as
the Wilcoxon rank sum test, can be used if the observations
are not normally distributed.

UPDOSE

The study utilized a three-period crossover design in
which each subject had exposures to low (10 µg/m3) and
high (25 µg/m3) concentrations of particles, as well as air.
For safety considerations, each subject received the
10 µg/m3 UFP exposure before the 25 µg/m3 UFP expo-
sure. There were then three possible exposure sequences
depending on the place of air exposure in the sequence.
Equal numbers of subjects were randomly assigned to each
exposure sequence. The statistical analysis was based on
the usual ANOVA model for crossover designs (Jones and
Kenward 1989). That is, the ANOVA included effects for
exposure substance (3 levels) and period (3 levels).
Because of the nature of the design, carryover effects were
limited to an effect for having been previously (in the
period just before the present one) exposed to 10 µg/m3 UFP
(all subjects) and to 25 µg/m3 UFP (4 subjects). A random
subject effect was included in the model. Interactions
between subjects and both substance and period were
included as random effects. Because the data were not bal-
anced for this model, parameters for the model were esti-
mated by the method of maximum likelihood (Searle et al
1992). Residuals were examined as a check on the assump-
tions, and when necessary, data transformations were con-
sidered. In some cases a logarithmic or square root
transformation was necessary to stabilize the variance.

A P value of <0.05 was required for statistical signifi-
cance. Because of the multifaceted nature of these studies,
a fairly large number of significance tests were performed.
Our strategy for interpretation was to rely on the pattern of
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the significance tests, and specifically on concordant
effects among biologically related variables, rather than
individual P values. Data are shown as mean ± SE unless
otherwise indicated.

In terms of the statistical formalities of the ANOVA, a
carryover effect is the same as (is confounded with) a treat-
ment by period interaction, which allows the treatment
effect to differ between the two periods; it is the interpreta-
tion that differs. Specifically, a carryover effect represents
a residual effect of the treatment in the first period that is
still present in the second period of observation. Carryover
effects are the bane of crossover designs because their pres-
ence makes it impossible for treatment effects to be
assessed using within-subject comparisons.

In designing a crossover study, it is important to choose
a washout period of sufficient length that residual treat-
ment effects from the first period will not be present in the
second; this requires the use of treatments whose effects
will indeed disappear with time. These considerations are
essential in planning the study because the ability of the
crossover design to detect such residual treatment effects
can be limited. In the present studies the a priori hypoth-
esis was that any effects of exposure to UFP would be tran-
sient and that the washout period was long enough that
any residual effects of particle exposure would disappear
well before subjects returned for the second visit.

An ANOVA indicates that such carryover effects are
either present or not on a group basis. The interpretation of
such effects depends primarily on the particular endpoint
and well as the presence of such effects for related end-
points. In the present studies the pattern of carryover
effects did not indicate any systematic persistence in the
second period.

RESULTS

PARTICLE COMPOSITION

To confirm that the UFP were composed predominantly
of elemental carbon, UFP were collected on Teflon filters
and sent to the laboratory of Dr Glen Cass for analysis. The
particles collected in this manner showed a surprisingly
high content of organic carbon—approximately 22%.
Others have also found organic compounds in particles pro-
duced by the Palas generator (McDonald et al 2001). For
possible sources of the organic carbon, we considered the
Palas generator itself. To eliminate any sources of organic
material within the generator, all plastic parts, including the
internal combustion chamber, the collars holding the

graphite electrodes, and the tubing were replaced with either
Teflon, ceramic, or stainless steel materials. UFP from this
rebuilt generator were again submitted to Dr Cass’s labora-
tory for analysis, but the organic content was still high—
approximately 24%.

We then considered whether the organic content was an
artifact of collecting UFP on the filters. UFP have a great
deal of surface area and thus can adsorb materials from
ambient air. Possibly the handling and transport of filters
facilitated adsorption of organic materials from ambient air.

To test this possibility, we utilized a new technique for
single particle analysis of composition developed by
Dr Kim Prather and colleagues (Su et al 2004), using
aerosol time of flight mass spectrometry (ATOFMS). Dr
Prather found that UFP analyzed immediately after emis-
sion from the rebuilt generator were predominantly ele-
mental carbon. The single-particle mass spectra of the UFP
were nearly identical to elemental carbon particles from
gasoline- and diesel-powered emission sources measured
previously: 82% of the particles showed short-chain frag-
ment patterns of C1, C2, and C3; 14% showed longer chain
fragmented peaks. Thus, 96% of the particles consisted of
elemental carbon (Dr K Prather, personal communication).
We therefore concluded that our subjects inhaled particles
consisting of elemental carbon and that these were similar
in composition to ambient elemental carbon particles.

SUBJECT CHARACTERISTICS

A total of 40 subjects were studied, 20 male and
20 female. Subjects were 18 to 40 years of age except for two
subjects in the UPREST group, aged 42 and 52 years. Three
subjects were Asian, one African American, and the rest
white. Sixteen subjects met the criteria for mild asthma. All
subjects provided written, informed consent. Table 2 shows
the subject characteristics and baseline pulmonary function
(at screening) for each of the three clinical studies. Table 3
provides further characterization of the asthmatic subjects.
Most of the asthmatic subjects were atopic (15 of 16), and
most (11 of 16) did not use inhaled steroids, long-acting
bronchodilators, or leukotriene inhibitors.

PARTICLE DEPOSITION

Table 4 shows the actual average particle number and
mass concentration for each 2-hour exposure. Figure 2
shows the particle size distribution for inspired and expired
aerosols from one subject from each exposure protocol.

Table 5 shows the deposition data for all three study
groups. In the UPREST group, the individual total DF by
particle number ranged from 0.46 to 0.79. The highest DF
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was seen with the smallest particles. The DF decreased for
particle sizes up to 48.7 nm and then leveled off (Table 5).
The expired aerosol showed a very slight increase in count
mean diameter, most likely as a result of the more efficient
deposition of the smaller particles.

In the initial exposures in the UPDOSE group, usable data
were available for 7 of the 12 subjects. We found in the first
few subjects that measurements of expiratory particle con-
centrations were inaccurate because of pressure changes
associated with the subject’s breathing during exercise.
Repositioning the expiratory sampling port resolved this
problem. No significant differences in DF were measured at
10 µg/m3 UFP or 25 µg/m3 UFP; therefore, these data were
averaged. The individual total DF by particle number
ranged from 0.55 to 0.66 at rest and 0.76 to 0.88 during exer-
cise. The at-rest results were similar to those found in the
UPREST study, and DF increased with exercise in all size
bins. Figure 3 shows the DF for the 12 subjects in the
UPREST group and the 7 subjects from the UPDOSE group
with usable deposition data while breathing at rest. The DF
during exercise also reached a plateau in the larger size bins
(Table 5 and Figure 3).

Table 2.  Subject Characteristics and Baseline Pulmonary Function

UPREST UPDOSE UPASTHMA

Age (yr)a 30.1 ± 8.9 26.9 ± 5.8 23.0 ± 2.7
M/F 6/6 6/6 8/8
Oral contraceptive use (females only) 6/6 4/6 5/8
Height (cm)a 167 ± 8 173 ± 10 170 ± 8
Weight (kg)a 70 ± 13 79 ± 11 80 ± 15

FEV1 (% predicted)a 103.8 ± 8.0 106.3 ± 16.6 97.6 ± 20.2
FVC (% predicted)a 99.9 ± 8.3 103.5 ± 15.6 106.2 ± 14.5
FEV1/FVC (%)a 87.9 ± 4.2 86.8 ± 5.2 77.8 ± 6.9
FEF25–75 (% predicted)a 113.9 ± 24.2 106.3 ± 22.0 77.6 ± 29.7
DLCO (% predicted)a 90.9 ± 11.5 89.8 ± 18.2 99.7 ± 12.5

a Data are mean ± SD.

Table 3. Subjects with Asthma

Characteristic
Number of Subjects

(n = 16)

Environmental allergies 12
Increased IgE 11
Atopic (allergies or increased IgE) 15

Medications
Albuterol only 12
Inhaled steroid 4
Long-acting 	-agonist 2
Leukotriene inhibitor 2

FEV1 PD20  (mg/mL) (n = 11)a 4.3 ± 5.5
Bronchodilator response 
(% increase in FEV1) (n = 5)a

19 ± 4

a Data are mean ± SD. PD20 = 20% decrease in FEV1.

Table 4. Particle Characterizationa

UPREST UPDOSE (Low) UPDOSE (High) UPASTHMA 

Target mass (µg/m3) 10 10 25 10
Measured mass (µg/m3) 10.0 ± 2.1 14.0 ± 4.0 28.5 ± 5.1 11.1 ± 3.1
Number (� 106/cm3) 1.88 ± 0.08 2.04 ± 0.06 6.96 ± 0.10 2.20 ± 0.10
Count median diameter (nm) 27.3 ± 2.5 25.2 ± 1.7 26.5 ± 1.5 23.1 ± 1.6
Geometric standard deviation 1.6 ± 0.0 1.6 ± 0.0 1.6 ± 0.0 1.6 ± 0.0

a Data are mean ± SD.
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No significant gender differences were found. In
UPREST, the particle number DF was 0.68 ± 0.13 (mean ±
SD) for men (n = 6) and 0.65 ± 0.12 for women (n = 6) (P =
0.70). The corresponding mass DFs were 0.60 ± 0.13 and
0.59 ± 0.14, respectively (P = 0.89). There were not enough
subjects with usable data in the UPDOSE group to make
gender comparisons. Analysis of all 19 exposures at rest
from both UPREST and UPDOSE groups also showed no
significant gender difference.

The predicted overall DF was determined using three
models. For the ICRP and NCRP models, input data were
chosen to match our exposure conditions as closely as model
parameters would allow. For the MPPDep model, respiratory
and lung function data (including functional residual
capacity, tidal volume, and respiratory frequency) were
entered for each of the subjects in these studies. Figure 3
compares the experimental DFs with predictions using the
MPPDep model. Overall, the models predicted very little
increase in DF with exercise, and the experimental data sig-
nificantly exceeded model predictions during exercise
(Figure 3). For example, using the MPPDep model for 26 nm
particles, breathing at 18 breaths/min with a VT of 722 mL,
the predicted total DF is 0.624. With 25 breaths/min and VT
of 1680 mL, the predicted DF increases slightly to 0.650. The
tracheobronchial DF decreases from 0.232 to 0.170, and the
alveolar DF increases from 0.333 to 0.428.

Table 6 shows the rest and exercise values for the number
DF and total particle number deposition over a 1 hour. The
combined effect of increased minute ventilation and an

Figure 2. Inspiratory and expiratory particle size distributions for one
subject each in the low UFP exposures (UPREST, UPDOSE, and
UPASTHMA) and high UFP exposure (UPDOSE). 

Table 5.  Mean Particle DF by Particle Size in Three Protocolsa

Midpoint
Diameter
(range, nm)

UPREST
(12 subjects)

UPDOSEb

(7 subjects)
UPASTHMA
(16 subjects)

Rest Rest Exercise Rest Exercise

8.7 (7.5–10.0) 0.80 ± 0.09 0.74 ± 0.07 0.94 ± 0.02 0.84 ± 0.03 0.93 ± 0.02
11.6 (10.0–13.3) 0.78 ± 0.08 0.74 ± 0.06 0.91 ± 0.02 0.83 ± 0.04 0.91 ± 0.03
15.4 (13.3–17.8) 0.74 ± 0.09 0.68 ± 0.05 0.89 ± 0.03 0.80 ± 0.04 0.89 ± 0.03
20.5 (17.8–23.7) 0.70 ± 0.12 0.63 ± 0.05 0.84 ± 0.04 0.77 ± 0.06 0.86 ± 0.04
27.4 (23.7–31.6) 0.66 ± 0.13 0.60 ± 0.05 0.79 ± 0.05 0.72 ± 0.07 0.82 ± 0.05

36.5 (31.6–42.2) 0.59 ± 0.13 0.58 ± 0.05 0.75 ± 0.05 0.68 ± 0.08 0.77 ± 0.06
48.7 (42.2–56.2) 0.55 ± 0.14 0.58 ± 0.05 0.72 ± 0.07 0.66 ± 0.08 0.75 ± 0.06
64.9 (56.2–75.0) 0.55 ± 0.13 0.67 ± 0.07 0.72 ± 0.09 0.65 ± 0.09 0.73 ± 0.07
Total DF by particle number 0.66 ± 0.12 0.63 ± 0.03 0.84 ± 0.04 0.76 ± 0.05 0.86 ± 0.04
Total DF by particle mass 0.59 ± 0.13 0.60 ± 0.04 0.76 ± 0.06 0.69 ± 0.07 0.79 ± 0.06

a Data are mean ± SD.
b DFs were usable for only 7 of the 12 subjects. Because they were similar, the DFs for 10 and 25 µg/m3 were averaged together.
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increase in DF with exercise increased particle number
deposition more than fourfold for the healthy subjects over
those with asthma.

For asthmatic subjects at rest, DF was significantly
greater than for healthy subjects at rest, and DF increased
further with exercise (Table 5). The number DF during
breathing at rest was 0.76 ± 0.05 for subjects with asthma
and 0.63 ± 0.03 for healthy subjects (P < 0.001). With exer-
cise, DF was not significantly different between healthy
and asthmatic subjects.

RESPIRATORY SYMPTOMS 
AND PULMONARY FUNCTION

There was no evidence for significant or meaningful
effects on pulmonary function in these studies, even in

subjects with asthma. Figure 4 shows the changes from
baseline for FEV1 in UPDOSE and UPASTHMA subjects.
ANOVA showed marginal significance (P = 0.04) for an
interaction between exposure and gender for FEV1 in the
UPDOSE study; however, the changes were small and no
concentration response was evident.

Exposure to UFP appeared to cause a small but statisti-
cally significant reduction in minute ventilation under cer-
tain conditions (Table 7). In UPDOSE subjects, the minute
ventilation decreased with UFP exposure only during exer-
cise, with a greater effect in males (UFP main effect, P =
0.030; exposure � gender interaction, P = 0.025). In
UPASTHMA subjects, minute ventilation decreased with
UFP during breathing at rest (main effect, P = 0.007) with no
gender difference. A small mean decrease was seen during

Figure 3. Observed and predicted total respiratory deposition of UFP (10 µg/m3) in 19 healthy subjects at rest (UPREST and UPDOSE) and in 7 healthy
subjects during moderate exercise (UPDOSE). Particle deposition was calculated separately for 8 particle size bins. At rest. Actual experimental data
shown are the mean ± SD. The predicted deposition for these subjects was calculated from the MPPDep (Chemical Industry Institute of Toxicology 1999).
Total ICRP models (1994) were based on habitual mouth-breathing reference workers breathing at 1.2 m3/hr (Table F.1, page 416); NCRP models (1997)
were based on the sum of naso-oro-pharyngo-laryngeal, tracheobronchial, and pulmonary deposition, (VT 770 cm3, breathing frequency 13; Table 5.2, page
68). At exercise. ICRP predictions (1994) were based on habitual mouth-breathing reference workers breathing at 1.7 m3/hr (Table F.1, page 417); NCRP
predictions (1997) based on a VT of 2400 cm3 and breathing frequency of 25.

Table 6. Comparison of Number DF and Total Particles Deposited in Healthy (UPDOSE) and Asthmatic 
(UPASTHMA) Subjects Exposed to 10 µg/m3 of UFP for 2 Hoursa

UPDOSE UPASTHMA

Rest Exercise Rest Exercise

Number DF 0.63 ± 0.03 0.84 ± 0.04 0.76 ± 0.05 0.86 ± 0.04
Mass DF 0.59 ± 0.03 0.77 ± 0.05 0.69 ± 0.07 0.79 ± 0.06
Total number deposited (� 1012) 0.79 ± 0.24 3.35 ± 0.90 1.22 ± 0.23 4.79 ± 1.19
Total mass deposited (µg) 3.83 ± 0.39 15.31 ± 0.84 5.83 ± 2.37 22.56 ± 8.96

a Mean ± SD.
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exercise as well, but was not statistically significant. For
subjects with asthma, this reduction in minute ventilation
was accounted for by a small but significant reduction in
tidal volume (P = 0.01) with no change in respiratory rate.
These findings suggest the possibility of very mild irritant
effects of the UFP exposures.

UFP exposure had no measurable effect on respiratory
symptoms. Total symptom scores and individual sums of
scores for respiratory symptoms were similar with air and
UFP exposures. Subjects were not able to identify the
exposure atmosphere more often than expected by chance.

VITAL SIGNS AND OXYGEN SATURATION

No significant effects on systolic or diastolic blood pres-
sure or heart rate were found in any of the studies. The
UPREST data showed a marginally significant interaction
of time, exposure, and gender on oxygen saturation
(P = 0.047), with saturation slightly increased after UFP
exposure relative to air in males. In the UPDOSE group, a
significant exposure-gender interaction was apparent for
an effect on oxygen saturation (P = 0.02) with oxygen satu-
ration decreasing slightly in females at 21 hours after expo-
sure (only with the higher concentration of UFP)
(Figure 5). Oxygen saturation had no significant effect in
the UPASTHMA group. We concluded that no convincing
effects on oxygen saturation occurred with exposure to
UFP at these concentrations.

MARKERS OF LOCAL AIRWAY INFLAMMATION

Airway inflammation was assessed using markers found
in induced sputum and measurements of airway produc-
tion of NO. Tables 8 and 9 compare markers of airway
inflammation and airway NO production in healthy sub-
jects and asthmatic subjects prior to exposure (baseline).
As expected, sputum from subjects with asthma contained

Figure 4. Change in FEV1 between baseline and end of monitoring period
(UPDOSE and UPASTHMA). Data represent means ± SE. 

Table 7. Respiratory Measurements During Exposurea

UPDOSE UPASTHMA

Air 10 µg/m3 UFP 25 µg/m3 UFP Air 10 µg/m3 UFP

Rest Exercise Rest Exercise Rest Exercise Rest Exercise Rest Exercise

VE (L/min) 11.9±3.3 39.1±5.1 11.3±2.0 34.2±8.5 10.9±2.1 34.5±10.0 13.8±2.3 43.4±9.5 12.8±1.8 41.9±9.0

VT (L) 0.71±0.25 1.54±0.63 0.71±0.25 1.42±0.50 0.63±0.14 1.34±0.38 0.76±0.13 1.74±0.44 0.74±0.12 1.71±0.46

Respirationb 17.3±3.9 26.6±6.3 17.0±3.7 25.4±5.7 17.7±3.9 26.7±6.8 18.1±1.9 25.3±3.3 17.4±2.3 25.1±3.7

a Data are mean ± SD.
b Breaths per minute.
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a higher percentage of eosinophils. In addition, VUNO was
more than fivefold higher in asthmatic subjects compared
with healthy subjects (P = 0.014). In contrast, PA was more
than 50% lower in subjects with asthma (P = 0.004), and
DLNO was also reduced (P = 0.031).

No convincing evidence was found to suggest a signifi-
cant airway inflammatory response to carbon UFP expo-
sure in any of the three groups. UFP exposure had no effect
on total sputum cell recovery (Figure 6). UFP exposure
was associated with a small, but statistically significant,

Figure 5. Blood oxygen saturation, UPDOSE. Actual values for all subjects
and differences from baseline for females and males. Baseline values: air,
97.42% ± 0.36; 10 µg/m3, 97.42% ± 0.31; 25 µg/m3, 97.17% ± 0.49. Data
represent mean ± SE.  

Table 8.  Cell Differential Counts from Sputum of Healthy 
Subjects (UPDOSE) and Asthmatic Subjects (UPASTHMA) 
at Screeninga

  UPDOSE UPASTHMA P Value

Alveolar 
macrophages

49.3± 6.3 48.9 ± 6.3 0.73

Lymphocytes 1.7± 0.5 1.4 ± 0.4 0.406
PMNs 40.5± 8.0 19.0 ± 4.8 0.019
Eosinophils 0.4± 0.3 10.2 ± 4.6 0.047
Epithelial cells 8.1± 3.7 20.5 ± 4.5 0.019

a Data are percent of total cells (mean ± SE).

Table 9.  Airway NO Production Before Exposure 
in Healthy Subjects (UPDOSE) and Asthmatic 
Subjects (UPASTHMA)a

UPDOSE UPASTHMA P Value

PA (mm Hg�10�6) 1.6 ± 0.2 0.74 ± 0.24 0.004

VUNO (µL/min) 0.06 ± 0.01 0.32 ± 0.09 0.014

DLNO 
(mL/min�mmHg)

166.3 ± 9.5 191.6 ± 19.0 0.246

VLNO (µL/min) 0.26 ± 0.02 0.14 ± 0.05 0.031

a Data are mean ± SE.

Figure 6. Sputum cell differential counts (21 hours after exposure ended)
expressed as percentage of total cells. Data represent means ± SE. * UFP
exposure was associated with a significant increase in percentage of alve-
olar macrophages in subjects with asthma (P = 0.019). MAC = macroph-
ages, LYM = lymphocytes, PMN = polymorphonuclear leukocytes, EPITH
= epithelial cells, and EOS = eosinophils.
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increase in the percentage of alveolar macrophages in sub-
jects with asthma (P = 0.019). UFP exposure was not asso-
ciated with significant changes in other cell types. In all 3
groups, concentrations of inflammatory cytokines IL-6 and
IL-8 in the sputum sol were unaffected by UFP exposure.
There were no convincing UFP effects on alveolar or con-
ducting airway NO production in any group. In the
UPDOSE group, the ANOVA suggested a significant inter-
action between UFP exposure and gender for VLNO

(P = 0.009) with a slight reduction in males 3.5 hours after
exposure to 25 µg/m3 UFP compared with air and 10 µg/m3

UFP. DLNO increased slightly with exposure to 25 µg/m3

UFP, compared with exposure to air (P = 0.022). There
were no significant differences in NO production in
UPASTHMA subjects. Overall, there was no evidence for
increased airway inflammation in response to UFP expo-
sure in either healthy subjects or subjects with asthma.

MARKERS OF SYSTEMIC INFLAMMATION

Plasma concentrations of the inflammatory cytokine IL-
6, CD40 ligand, plasma nitrite/nitrate (NO2/NO3) levels,
and the soluble adhesion molecules E-, P-, and L-selectin,
VCAM-1, and ICAM-1 were measured as indicators of sys-
temic or vascular inflammation. Serum amyloid A concen-
tration assessed the presence of an acute phase response.
At baseline, subjects with asthma showed higher concen-
trations of soluble VCAM-1 and L -selectin only, compared
with healthy subjects (Table 10).

In UPDOSE subjects, IL-6, soluble ICAM-1, and soluble
VCAM-1 showed significant changes over time, possibly
related to the effects of exercise during exposure and/or
diurnal factors. IL-6 showed a marginally significant expo-
sure-gender interaction (P = 0.036, Figure 7), similar to that
seen with fibrinogen and vWf. IL-6 increased after UFP
exposure in both males and females, likely in response to
exercise. This IL-6 increase was blunted in association with
UFP exposure (in males only) in a concentration-response
fashion. A statistically significant main effect of UFP on
soluble VCAM-1 concentrations was indicated by the
ANOVA (P = 0.032); however, the change was small,
without a concentration-related response (Figure 8). Sol-
uble CD40 ligand also showed significant changes related
to UFP exposure (Figure 9), with a UFP concentration-
related decrease UFP 21 hours after exposure. However,

Figure 7. Plasma concentrations of IL-6, UPDOSE. Differences from base-
line for all subjects, females, and males. Baseline values: air, 1.52 ± 0.44
pg/mL; 10 µg/m3, 1.13 ± 0.19 pg/mL; 25 µg/m3, 1.33 ± 0.21 pg/mL. Data
represent means ± SE. 

Table 10.  Markers of Systemic and Vascular Inflammation 
in Healthy Subjects (UPDOSE) and Asthmatic Subjects 
(UPASTHMA) Before Exposurea

UPDOSE UPASTHMA
P 

Value

IL-6 (pg/mL) 1.3±0.2 1.6 ± 0.2 0.263
sICAM-1 (ng/mL)b 201.2±19.6 158.8 ± 6.6 0.06
sCD40L (ng/mL)b 0.89±0.3 3.9 ± 1.6 0.086
sVCAM-1 (ng/mL)b 297.2±24.0 367.6 ± 14.9 0.022

sE-Selectin (ng/mL)b 43.8±4.4 44.9 ± 4.5 0.868
sL-Selectin (ng/mL)b 830.3±60.0 1123.3 ± 46.5 0.001
sP-Selectin (ng/mL)b 51.2±5.1 49.1 ± 3.5 0.74
NO2/NO3 (µM) 29.8±3.6 21.1 ± 2.6 0.065

SAA (ng/mL � 103) 23.9±13.7 8.1 ± 3.7 0.287
Factor VII
(% of normal)

104.1±13.4 97.3 ± 3.9 0.637

Fibrinogen (mg/dL) 256.2±25.0 250.1 ± 9.0 0.824
vWf (% of normal) 95.8±13.5 117.4 ± 16.7 0.324

a Data are mean ± SE. SAA = serum amyloid A.
b Soluble molecules.
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small differences among exposures were also seen at base-
line, raising the possibility that the statistical findings
were a chance occurrence. There were no significant
changes in plasma NO2/NO3 concentrations.

In the UPASTHMA group, there were no significant
UFP-related changes in IL-6 or serum amyloid A. Soluble
E-selectin decreased (P = 0.027) in association with UFP
exposure relative to air exposure (Figure 10). Overall, no
evidence was found that UFP exposure increased blood
cytokines or soluble adhesion molecules. However, the
difference between air and UFP exposure was significant
for plasma NO2/NO3 concentrations in the UPASTHMA
group, with concentrations decreasing after air exposure
with exercise and slightly increasing after UFP exposure in
males (Figure 11).

BLOOD LEUKOCYTES

Cell distribution, phenotype, and adhesion molecule
expression in blood were measured as indirect indicators
of change in endothelial function and systemic inflamma-
tion. The complete blood count and differential leukocyte
counts were measured using standard automated methods
in the clinical laboratory of Strong Memorial Hospital.
Lymphocyte differential counts were also measured using
immunofluorescence labeling and flow cytometry (see
Methods). In UPDOSE and UPASTHMA groups, there
were significant time-related changes in white blood cells
(WBCs), RBCs, hematocrit, and hemoglobin, likely related
to exercise, diurnal effects, and repeated phlebotomy.
Hemoglobin, hematocrit, percentage of eosinophils, and
RBC counts were higher in subjects with asthma than in
healthy subjects (Table 11).

Figure 8. Plasma concentrations of soluble VCAM-1, UPDOSE. Actual
values and difference from baseline. Data represent means ± SE. 

Figure 9. Plasma concentrations of soluble CD40 ligand, UPDOSE.
Actual value and difference from baseline. Data represent means ± SE. 
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In healthy subjects at rest, UFP exposure did not alter
total WBCs, differential counts, hemoglobin, or hemat-
ocrit. A significant interaction between time and UFP
exposure was seen for hemoglobin, but there was no clear
concentration response and no significant changes in
RBCs, hematocrit, or RBC indices.

In the UPDOSE group, WBCs increased significantly
after all exposures (time effect, P < 0.001) with a slightly
smaller increase after exposure to 25 µg/m3 UFP that was
not statistically significant (UFP effect, P = 0.08). PMN per-
centage increased after all exposures, whereas other leuko-
cytes decreased. There was evidence for a concentration-
related effect of UFP exposure on the percentage of blood
monocytes, with the response differing by gender
(Figure 12). With all exposures, monocyte percentage
decreased after exposure, and then increased the following
morning. In females, after exposure to 25 µg/m3 UFP,
monocytes showed a greater reduction and did not return

Figure 10. Plasma concentrations of soluble E-selectin, UPASTHMA.
Actual values and difference from baseline. Data represent means ± SE.

Figure 11. Plasma concentrations of NO2/NO3, UPASTHMA, Differences
from baseline. All subjects, females, and males. Baseline values: air, 23.59
± 3.28 µM; UFP, 20.05 ± 2.12 µM. Data represent means ± SE. 

Table 11. Complete Blood Cell Counts Before Exposure in 
Healthy Subjects (UPDOSE) and Asthmatic Subjects 
(UPASTHMA)a 

UPDOSE UPASTHMA P Value

WBC (� 103/µL) 5.75 ± 0.4 6.0 ± 0.3 0.57
RBC (� 106/µL) 4.4 ± 0.1 4.7 ± 0.1 0.028
Hemoglobin (g/dL) 13.1 ± 0.3 14.1 ± 0.3 0.026
Hematocrit (%) 38.1 ± 0.9 41.9 ± 1.0 0.009
Platelet count
(� 103/µL)

223.3 ± 9.2 210.1 ± 9.5 0.329

Neutrophils (%) 49.3 ± 2.6 51.5 ± 1.8 0.487
Lymphocytes (%) 38.1 ± 2.5 33.5 ± 1.8 0.144
Monocytes (%) 8.3 ± 0.5 8.3 ± 0.5 1.00
Eosinophils (%) 3.7 ± 0.5 5.9 ± 0.7 0.013
Basophils (%) 0.9 ± 0.1 0.9 ± 0.2 0.831

a Data are mean ± SE.
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to baseline values 21 hours after exposure (Figure 12). The
ANOVA indicated a significant exposure-gender interac-
tion (P = 0.002). A similar reduction was seen when mono-
cyte numbers were analyzed by flow cytometry (main
effect, P = 0.035; exposure-gender interaction, P = 0.002). In
females only, a significant decrease in blood basophils was
seen with both UFP concentrations (exposure-gender inter-
action P = 0.015, Figure 13). These changes were accompa-
nied by small, nonsignificant enhanced increases in the
percentage of PMNs.

In the UPASTHMA group, UFP exposure had no signifi-
cant effect on WBCs, RBCs, hemoglobin, or hematocrit.
Time-related changes were seen as expected. A significant
interaction of exposure and time was seen for basophils
(P = 0.02; Figure 14), which decreased at 0 and 3.5 hours
after UFP exposure compared with air exposure without a
significant gender difference. The percentage of blood eosi-
nophils was sufficient for enumeration both in the clinical

laboratory and by flow cytometry. Both methods showed
reductions in eosinophil percentage at 0 and 3.5 hours
after exposure, with greater reductions after UFP exposure
than after air exposure. However, the differences were sig-
nificant by ANOVA only for the flow cytometry measure-
ments (P = 0.049, Figure 15). These data suggest that
exposure to UFP causes reductions in blood monocytes in
healthy females and reductions in basophils in both healthy
and asthmatic subjects.

LYMPHOCYTE SUBSETS AND ACTIVATION

The percentage of T lymphocytes expressing the activa-
tion marker CD25 was higher in asthmatic subjects than in
healthy subjects prior to exposure (UPDOSE: 27.0 ± 2.5%
vs UPASTHMA: 33.0 ± 3.3%, P = 0.04). For UPREST and
UPDOSE subjects, there were no main UFP effects on lym-
phocyte subsets, expression of the activation marker CD25,

Figure 12. Percentage of monocytes, UPDOSE. Differences from baseline. All
subjects, females, and males. Baseline values: air, 8.42 ± 0.48%; 10 µg/m3,
8.33 ± 0.40%; 25 µg/m3, 8.50 ± 0.40%. Data represent means ± SE. 

Figure 13. Percentage of basophils, UPDOSE. Differences from baseline. All
subjects, females, and males. Baseline values: air, 0.92 ± 0.15%; 10 µg/m3,
1.00 ± 0.00%; 25 µg/m3, 1.08 ± 0.08%. Data represent means ± SE. 
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or memory T cells (CD45RO+). UPREST subjects showed a
statistically significant time-exposure interaction for the
percentage of T lymphocytes expressing neither CD4 nor
CD8 (null T cells), but no other T lymphocyte subset
changes were found. No effect on null T cells was seen in
UPDOSE subjects. Also in the UPDOSE group, significant
interactions were evident between UFP exposure and
gender for CD25 expression on CD3+ T cells (P = 0.002,
Figure 16) and for memory T cells (P = 0.018, data not
shown). Expression of CD25 increased early after exposure
to 25 µg/m3 UFP in females only. Changes in memory T
cells lacked clear relation to concentration in both males
and females.

In the UPASTHMA group, the percentage of CD4+ T cells
decreased immediately after exposure to UFP, compared
with air (exposure–time interaction, P = 0.021; Figure 17).
No significant effects were evident on other lymphocyte
subsets or on CD25 expression. Overall, the data suggest
that UFP exposure induced T-lymphocyte activation in
healthy females and sequestration in asthmatic subjects.

LYMPHOCYTE CYTOKINE PROFILE

As shown in Table 12, approximately 0.1% of cells were
positive for IFN-�, and approximately 0.015% of cells
were positive for IL-4 with no significant differences
between air and UFP exposures.

BLOOD LEUKOCYTE EXPRESSION OF ADHESION 
MOLECULES AND Fc RECEPTORS

Cell surface expression of adhesion molecules on blood
leukocytes reflects influences that are both direct and indi-
rect. As noted in our original hypothesis, direct leukocyte
activation by proinflammatory cytokines or other media-
tors, generated as part of an airway inflammatory response
to UFP exposure, was expected to increase expression.
Alternatively, activation of vascular endothelium may alter
the apparent expression of adhesion molecules in venous
blood leukocytes because cells with a higher density or
affinity of surface adhesion molecules are more likely to be
slowed or retained within the activated vascular bed.

Figure 14. Percentage of basophils, UPASTHMA. Actual values  and dif-
ference from baseline. Data represent means ± SE. 

Figure 15. Percentage of eosinophils, UPASTHMA.  Actual values and
difference from baseline. Data represent means ± SE. 
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Figure 16. Percentage of blood T lymphocytes expressing CD3+CD25+,
UPDOSE. Differences from baseline. All subjects, females, and males.
Baseline values: air, 27.9 ± 2.7%; 10 µg/m3, 26.6 ± 3.1%; 25 µg/m3,
26.2 ± 2.6%. Data represent means ± SE. 

Figure 17. CD4+ as a percentage of total T lymphocytes, UPASTHMA. Dif-
ferences from baseline. Baseline values: air,  46.3 ± 2.2%; UFP,
46.2 ± 2.8%. Data represent means ± SE. 

Table 13. Blood Leukocyte Markers Before Exposure 
in Both Healthy and Asthmatic Subjects

UPDOSE UPASTHMA P Value

Lymphocytes
CD11a 41,710± 1844 14,575± 4161 < 0.001
CD11b 1460± 67 1784± 107 0.017
CD16 1538± 115 1740± 123 0.242

CD23 1580± 62 2850± 615 0.057
CD32 1594± 74 1986± 122 0.011
CD49d 8168± 335 10,486± 324 < 0.001

CD54 2381± 69 2964± 155 0.003
CD62L 21,468± 1246 25,003± 1497 0.081
CD64 1419± 42 1780± 78 < 0.001

Monocytes
CD11a 64,155± 4041 26,220± 5260 < .001
CD11b 17,944± 915 25,047± 2751 0.025
CD16 3238± 162 4237± 222 0.001

CD23 3095± 117 4525± 556 0.023
CD32 55,199± 5314 87,051± 2675 < 0.001
CD49d 13,556± 915 17,089± 642 0.005

CD54 12,314± 401 17,942± 1065 < 0.001
CD62L 41,358± 3326 50,244± 5307 0.169
CD64 61,391± 2481 62,735± 4043 0.779

PMNs
CD11a 28,358± 904 12,753± 2276 < 0.001
CD11b 16,868± 1055 24,178± 2705 0.021
CD16 330,263± 35,151 466,724± 31,525 0.008

CD23 4212± 313 5291± 437 0.056
CD32 65,813± 8320 111,986± 3953 < 0.001
CD49d 7189± 545 5292± 282 0.007

CD54 5045± 296 5661± 283 0.146
CD62L 63,591± 4614 80,656± 5954 0.032
CD64 8902± 593 8668± 522 0.769

Table 12. Lymphocyte Cytokine Expressiona

Exposure

IFN-� IL-4

Air UFP Air UFP

Before 973 ± 117 967 ± 120 176 ± 27 153 ± 26
After

21 hours 942 ± 151 911 ± 154 175 ± 31 139 ± 15
45 hours 1186 ± 230 916 ± 119 233 ± 44 187 ± 36

a Positive cells/106 mononuclear cells (mean ± SE).
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As expected, we found differences between healthy and
asthmatic subjects in leukocyte expression of surface
markers at baseline (Table 13). For example, in subjects
with asthma, monocyte CD54 (ICAM-1) expression was
higher (P = 0.003) and CD11a expression lower (P < 0.001)
than in healthy subjects.

In the UPREST group, there were few main changes after
UFP exposure. Blood monocytes showed a small increase
in expression of CD54 in females (P = 0.028; exposure �
gender, P = 0.032). Lymphocytes showed a small increase
in expression of CD49d (P = 0.013) and CD11b in females
(exposure � gender, P = 0.002). Overall, significance levels
for the surface marker endpoints were relatively modest.
The data did not suggest a consistent biological response
or a convincing gender difference in the overall response.

For the UPDOSE group, the ANOVA showed several
gender-related differences in leukocyte surface marker
expression. These differences suggest that the exercise in the
UPDOSE protocol may have affected leukocytes differently

in men and women. For example, Figure 18 compares males
and females in the UPDOSE group for the change from base-
line in expression of CD11a and CD62L on PMNs, and
CD49d and CD54 on monocytes. In general, females showed
a reduction in expression of these markers after air exposure
with exercise, compared with males.

UFP exposure led to a significant effect on PMN expres-
sion of Fc receptors for IgE (CD23, P = 0.01) and immunoglo-
bulin G (IgG) (CD32, P = 0.017; CD64, P = 0.001) (Figure 19).
Expression of CD32 and CD49d on PMNs showed signifi-
cant exposure–gender interactions. CD32 expression
showed a slight reduction after UFP exposure compared
with air exposure, and CD64 expression also showed a
slight reduction after exposure to 25 µg/m3 UFP. Lympho-
cyte CD23 expression showed significant differences among
the 3 exposures (P = 0.007), but there was no clear concen-
tration response. Monocyte expression of CD54 (ICAM-1)
decreased after exposure in a concentration-response pat-
tern (P = 0.001) with the greatest effect occurring at 0 and 3.5

Figure 18. Expression of adhesion molecules after air exposure, UPDOSE. Data represent means ± SE after air exposure only. 
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hours after exposure and the differences resolved by
21 hours after exposure (Figure 20). CD32 expression
decreased slightly in a concentration-related manner (P =
0.048). Expression of CD62L (L-selectin) showed a signifi-
cant exposure–gender interaction (P = 0.006, data not
shown) with expression increasing in females but decreasing
in males relative to air exposure. However, these findings
lacked a clear concentration response.

Overall, the findings in the UPDOSE group appeared to
provide evidence for modest effects of UFP exposure, with
exercise, on blood monocyte number and leukocyte
expression of surface markers. In general, surface marker
expression decreased in association with UFP exposure;
this change was consistent with retention of higher
expressing cells within the capillary bed.

In the UPASTHMA group, blood monocytes showed a
significant reduction in CD11b expression after exposure
(P = 0.029, Figure 21). Expression of CD54 on PMNs
decreased in a time-related fashion with the greatest differ-
ence between air and UFP exposures at 45 hours after

exposure; the related time–exposure interaction was sig-
nificant (P = 0.031, Figure 22). Expression of CD62L on
PMNs showed a significant exposure–gender interaction
with an increase in expression of CD62L in males only
(Figure 23). No convincing evidence was found for signifi-
cant effects on blood lymphocyte adhesion molecule
expression. Lymphocyte CD16 expression showed a signif-
icant main effect of UFP (P = 0.017, data not shown), but
the data suggest a small difference at baseline with regres-
sion toward the mean.

The most significant effect on leukocyte surface molecule
expression in asthmatic subjects appeared to be on eosino-
phils. As noted previously, a small exposure-related reduc-
tion was found in eosinophil percentage from the blood

Figure 19. PMN expression of Fc receptors for IgG (CD64 and  CD32) and
IgE (CD23), UPDOSE. Difference from baseline. Data represent
means ± SE. 

Figure 21. Monocyte expression of CD11b, UPASTHMA. Differences from
baseline. Baseline values: air, 21.8 ± 2.4 � 103 MESF ; UFP, 23.9 ± 3.1 �
103 MESF . Data represent means ± SE. 

Figure 20. Monocyte expression of CD54 (ICAM-1), UPDOSE. Differences
from baseline. Baseline values: air, 12.2 ± 0.3 � 103 MESF; 10 µg/m3,
12.5 ± 0.5 � 103 MESF; 25 µg/m3, 13.7 ± 0.7 � 103 MESF. Data represent
means ± SE. 
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leukocyte differential count. In addition to this early reduc-
tion in eosinophil number, eosinophil expression of CD32
(time-exposure interaction, P = 0.015) and CD11b (main
effect, P = 0.015, Figure 24) showed a delayed reduction.

In summary, data on leukocyte expression of adhesion
molecules in UPASTHMA subjects were similar to the
findings for healthy subjects and suggested modest effects
of UFP exposure with exercise. In general, the effect
appears to be a reduction in expression, or a blunting of
the postexposure increase seen after air exposure.

MARKERS OF BLOOD COAGULATION

UFP exposure had no main effects in any of the studies.
In the UPDOSE group, the ANOVA for both fibrinogen and
vWf yielded significant interactions between UFP expo-
sure and gender (P = 0.001 and P = 0.005, respectively). As
shown in Figure 25, both fibrinogen and vWf decreased, in
males only, after exposure to 25 µg/m3 UFP, compared
with air and 10 µg/m3 UFP. In the UPASTHMA group,
there were no significant effects on coagulation factors.
These data do not provide evidence for activation of the
coagulation cascade by UFP exposure.

CARDIAC MONITORING

UPREST

Few significant changes in ECG parameters were observed
after UFP exposure in young healthy subjects under resting
conditions. Heart rate variability and repolarization
parameters are shown in Tables 14 and 15. SDNN and

rMSSD showed somewhat increased values during,
immediately after, and 3 hours after UFP exposure than after
air, but the differences for SDNN were not significant
(Figure 26). PNN50 and rMSSD showed significant
exposure-time interactions (P = 0.039 and P = 0.032,
respectively), but the differences were small. For rMSSD, a

Figure 22. PMN expression of CD54 (ICAM-1), UPASTHMA. Differences
from baseline. Baseline values: air, 56.8 ± 2.3 � 102 MESF; UFP, 63.2 ± 4.5
� 102 MESF. Data represent means ± SE. 

Figure 23. PMN expression of CD62L (L-selectin), UPASTHMA. Differ-
ences from baseline. Baseline values: air, 78.3 ± 3.7 � 103 MESF; UFP,
78.1 ± 6.3 � 103 MESF. Data represent means ± SE. 

Figure 24. Eosinophil expression of CD11b, UPASTHMA. Differences
from baseline. Baseline values: air, 59.8 ± 3.5 � 103 MESF; UFP, 57.8 ±
2.8 � 103 MESF. Data represent means ± SE. 
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Figure 25. Plasma concentrations of fibrinogen and vWf, UPDOSE. Differences from baseline. Data represent means ± SE. 

Figure 26. Time domain HRV, UPREST. Differences from baseline. SDNN and rMSSD. Data represent mean ± SE. 
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Table 14. Heart Rate Variability in UPREST, Differences from Baselinea 

ECG 
Parameter/Exposure

During
Exposure

Hours After Exposure Ended

0 3.5 15 21

RR (msec)
Air 20 ± 42 169 ± 35 �4 ± 25 80 ± 48 �34 ± 39
UFP 16 ± 40 140 ± 31 �37 ± 45 71 ± 28 0.6 ± 21

SDNN (msec)
Air 29 ± 12 16 ± 17 �7 ± 8 0 ± 9 �6 ± 11
UFP 35 ± 13 26 ± 8 13 ± 12 2 ± 17 33 ± 12

rMSSD (msec)
Air 19 ± 15 20 ± 21 �10 ± 9 8 ± 10 �13 ± 12
UFP 31 ± 19 27 ± 9  2 ± 11 9 ± 22 25 ± 12

Low frequency (Hz)
Air 1411 ± 707 1213 ± 1435 �402 ± 511 367 ± 529 �228 ± 791
UFP 1692 ± 449 693 ± 336 508 ± 321 486 ± 635 833 ± 482

High frequency (Hz)
Air 2022 ± 1706 672 ± 1665 �917 ± 680 686 ± 537 �1188 ± 925
UFP 2566 ± 1459 1315 ± 696 44 ± 779 1022 ± 1655 2407 ± 1261

Low frequency/high frequency
Air 0.68 ± 0.45 �0.46 ± 0.29 0.15 ± 0.25 0.12 ± 0.59 0.42 ± 0.42
UFP 0.30 ± 0.23 �0.28 ± 0.24 0.31 ± 0.58 0.10 ± 0.31 �0.03 ± 0.17

a Data are mean ± SE.

Table 15. Cardiac Repolarization Parameters in UPREST Group, Differences from Baseline

ECG 
Parameter/Exposure

During
Exposure

Hours After Exposure Ended

0 3.5 15 21

QTc (msec)
Air �8 ± 5 �11 ± 5 1 ± 3 �7 ± 12 3 ± 4
UFP �3 ± 4 �4 ± 4 �0.4 ± 7 �6 ± 11 0.8 ± 5

T wave amplitude (µV)
Air 26 ± 19 43 ± 21 �44 ± 24 �44 ± 21 2 ± 18
UFP 31 ± 17 23 ± 16 �50 ± 18 �37 ± 16 24 ± 12

PCA
Air �3 ± 1 �0.7 ± 0.9 �0.06 ± 1.9 1.5 ± 1 �1 ± 1
UFP �3 ± 0.7 �0.4 ± 0.7 0.9 ± 0.5 0.5 ± 1 �0.8 ± 0.9

PCA variability
Air 0.21 ± 0.14 0.02 ± 0.16 0.07 ± 0.13 0.15 ± 0.10 0.04 ± 0.08
UFP 0.37 ± 0.13 0.13 ± 0.08 0.61 ± 0.42 0.08 ± 0.11 0.37 ± 0.10

ST in L2 (µV)
Air 8 ± 5 �1 ± 3 �12 ± 4 3 ± 4 �1 ± 5
UFP 10 ± 5 2 ± 3 �12 ± 2 10 ± 4 6 ± 4

ST in V2 (µV)
Air �4 ± 2 �3 ± 3 �6 ± 4 �10 ± 5 �9 ± 4
UFP �2 ± 2 0 ± 2 �3 ± 2 �10 ± 4 �7 ± 4

ST in V5 (µV)
Air �2 ± 4 �4 ± 3 �16 ± 6 �7 ± 6 �12 ± 7
UFP 7 ± 2 4 ± 2 �7 ± 3 4 ± 3 0.3 ± 3
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Table 16. Heart Rate Variability, Differences from Baseline, UPDOSE Protocol

ECG Parameter/
Exposure

During
Exposure

Hours After Exposure Ended

0 3.5 15 21

RR (msec)
Air �300 ± 40 �110 ± 35 �117 ± 37 63 ± 53 �22.8 ± 30
10 µg/m3 UFP �275 ± 26 �84 ± 26 �91 ± 28 77 ± 35 27 ± 19
25 µg/m3 UFP �333 ± 50 �70 ± 44 �101 ± 30 37 ± 54 �72 ± 29

SDNN (msec)
Air �12 ± 12 3 ± 6 �7 ± 12 �9 ± 13 7 ± 7
10 µg/m3 UFP 15 ± 10 5 ± 4 7 ± 8 3 ± 5 12 ± 7
25 µg/m3 UFP �17 ± 15 4 ± 17 �18 ± 13 �11 ± 15 �6 ± 7

rMSSD (msec)
Air �33 ± 13 11 ± 15 �20 ± 17 �5 ± 18 5 ± 7
10 µg/m3 UFP �8 ± 7 �3 ± 4 �2 ± 10 12 ± 7 14 ± 10
25 µg/m3 UFP �33 ± 19 �3 ± 23 �30 ± 18 �9 ± 20 �12 ± 6

Low frequency (Hz)
Air �622 ± 249 �583 ± 438 �354 ± 499 �272 ± 531 �41 ± 303
10 µg/m3 UFP 380 ± 388 480 ± 329 534 ± 416 345 ± 287 389 ± 219
25 µg/m3 UFP �1734 ± 1030 147 ± 1657 �1264 ± 1134 �961 ± 1153 �436 ± 695

High frequency (Hz)
Air �1835 ± 1223 �997 ± 1132 �1610 ± 1273 �1025 ± 1375 518 ± 506
10 µg/m3 UFP �383 ± 151 175 ± 197 �32 ± 221 470 ± 323 1418 ± 1056
25 µg/m3 UFP �2295 ± 1644 100 ± 2071 �1864 ± 1662 �1314 ± 1665 �111 ± 252

Low frequency/high frequency
Air 3 ± 1 �0.4 ± 0.6 0.1 ± 1.0 �0.5 ± 0.9 �1.3 ± 0.9
10 µg/m3 UFP 3 ± 0.6 0.5 ± 0.3 1 ± 0.4 0 ± 0.3 �0.3 ± 0.2
25 µg/m3 UFP 2 ± 1 �0.5 ± 1 �0.1 ± 1.0 �0.9 ± 0.8 �0.2 ± 0.4

difference in the preexposure values may have influenced
the analysis results. Repolarization duration, measured by
the QTc corrected using the Bazett formula, did not change.
T-wave amplitude and complexity and ST segment position
did not change. We concluded from these data that there
were no significant effects of the resting UFP exposures on
heart rate, heart rate variability, repolarization, or the ST
segment in young, healthy subjects.

UPDOSE

Similar analyses were performed for the ECG recordings
obtained in young, healthy subjects during the UPDOSE pro-
tocol with exercise. The results are shown in Tables 16 and 17
for parameters of heart rate variability and repolarization.

Exercise had profound effects on the ECG parameters
recorded during exposure to air or either UFP concentration.
The ANOVA showed highly significant time-related effects
for most ECG parameters.

Similar to observations for the UPREST group, SDNN
and rMSSD showed higher values with exposure to

10 µg/m3 UFP than with air exposure. Frequency domain
parameters of heart rate variability showed a similar pat-
tern, but this effect was not observed during exposure to 25
µg/m3 UFP. When analyzing these parameters using nor-
malized units, we observed that the response of the para-
sympathetic system (measured by normalized units of HF
components) was blunted during recovery from exercise
immediately after UFP exposure in comparison to air
exposure (Figure 27). This diminished vagal response was
not evident 3.5 hours later.

Analysis of the QT interval duration also showed a
blunted response after UFP exposure in comparison to air
exposure. Figure 28 shows that the QT and QTc shortened
during exercise but shortened more substantially during
UFP exposure than during air exposure. Further, the QT
and QTc intervals remained shortened for several hours
after UFP exposure compared with air exposure. Simulta-
neously, T wave amplitude was slightly higher after exer-
cise with UFP exposure than after exercise with air
exposure (P = 0.026, data not shown).
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Table 17. Cardiac Repolarization Parameters in UPDOSE Group, Differences from Baseline

ECG Parameter/
Exposure

During
Exposure

Hours After Exposure Ended

0 3.5 15 21

QTc (msec)
Air 37 ± 10 19 ± 9 21 ± 7 10 ± 5 23 ± 9
10 µg/m3 UFP 23 ± 7 6 ± 5 5 ± 5 �3 ± 10 1 ± 5
25 µg/m3 UFP 27 ± 11 0.1 ± 4 5 ± 3 �5 ± 9 7 ± 4

T wave amplitude (µV)
Air �75 ± 42 74 ± 26 �41 ± 36 �42 ± 22 6 ± 22
10 µg/m3 UFP �41 ± 38 106 ± 24 3 ± 25 �13 ± 22 38 ± 18
25 µg/m3 UFP �66 ± 40 86 ± 34 �9 ± 21 �18 ± 26 28 ± 18

PCA
Air �1 ± 2 �2 ± 2 1 ± 2 �1 ± 0.8 �1 ± 1
10 µg/m3 UFP �2 ± 1 �3 ± 1 �0.1 ± 0.8 1 ± 2 �0.3 ± 0.8
25 µg/m3 UFP 0 ± 2 �2 ± 0.6 0.3 ± 1 �0.4 ± 0.9 �1 ± 1

PCA variability
Air 3 ± 1 �0.01 ± 0.48 0.7 ± 0.6 �0.2 ± 0.4 �0.1 ± 0.5
10 µg/m3 UFP 4 ± 1 �0.6 ± 0.4 �0.4 ± 0.5 0.2 ± 0.9 �0.03 ± 0.72
25 µg/m3 UFP 4 ± 0.7 0.1 ± 0.4 0.5 ± 0.7 �0.1 ± 0.3 0.4 ± 0.5

ST in L2 (µV)
Air �20 ± 8 �0.3 ± 4 0.7 ± 6 0.8 ± 3 0 ± 5
10 µg/m3 UFP �18 ± 12 0.7 ± 5 2 ± 4 �1 ± 3 �3 ± 5
25 µg/m3 UFP �17 ± 7 2 ± 5 1 ± 4 �0.7 ± 2 0.5 ± 2

ST in V2 (µV)
Air �19 ± 7 �7 ± 4 �5 ± 4 �12 ± 5 �11 ± 5
10 µg/m3 UFP �19 ± 5 �4 ± 4 �2 ± 2 �10 ± 5 �4 ± 5
25 µg/m3 UFP �25 ± 6 �6 ± 4 �3 ± 3 �8 ± 5 �6 ± 3

ST in V5 (µV)
Air �10 ± 5 �3 ± 3 �2 ± 4 7 ± 5 �0.6 ± 4
10 µg/m3 UFP �14 ± 7 �3 ± 4 �2 ± 3 11 ± 4 2 ± 4
25 µg/m3 UFP �16 ± 5 �4 ± 4 �5 ± 3 7 ± 4 2 ± 2

Figure 27. HRV, UPDOSE. Differences from baseline. SDNN and high-frequency HRV in normalized units. Data represent mean ± SE. 
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UPASTHMA

Tables 18 and 19 show the results of ECG analyses for
UPASTHMA subjects. In the heart rate variability analyses,
there were trends toward a decreased SDNN, total power,
and very low frequency power with UFP exposure in com-
parison with air exposure (P values 0.120, 0.098, and 0.073,
respectively). A similar trend was observed at high fre-
quency expressed in normalized units. Interestingly, these
differences were mostly observed in males, despite absence
of gender-related changes in mean heart rate.

Repolarization parameters revealed a marginally signifi-
cant interaction of UFP, gender, and time (P = 0.045) for

effects on QTc duration, with males showing slight short-
ening of QTc the night and following morning after UFP
exposure. Decreased QT variability after UFP exposure
when compared to air exposure was shown by the standard
deviation of the QT duration and of the QT peak duration
(Figure 29). Females mainly contributed to this observa-
tion. Although the ANOVA indicated a statistically signif-
icant main effect of UFP on T wave complexity (P = 0.049,
data not shown), the difference occurred at only one time
point and appeared to be driven by an outlier value. ST
segment analysis in leads II and V5 showed an UFP-associ-
ated, nonsignificant trend toward ST depression during
the entire 24-hour recording (Figure 30).

Figure 28. Cardiac repolarization, UPDOSE. Differences from baseline. QT interval and QT corrected with the Bazett formula. Data represent mean ± SE.

Table 18. HRV in UPASTHMA Group, Differences from Baseline

ECG Parameter/
Exposure

During
Exposure

Hours After Exposure Ended

0 3.5 15 21 45

RR (msec)
Air �309 ± 45 �2 ± 25 �86 ± 20 74 ± 23 �26 ± 24 �24 ± 26
UFP �261 ± 40 �7 ± 21 �92 ± 15 86 ± 33 7 ± 21 �13 ± 18

SDNN (msec)
Air �33 ± 11 6 ± 7 �13 ± 5 13 ± 9 1 ± 6 6 ± 7
UFP �24 ± 10 �3 ± 8 �19 ± 7 �1 ± 7 �14 ± 6 �3 ± 7

rMSSD (msec)
AIR �32 ± 9 7 ± 6 �18 ± 6 14 ± 7 �4 ± 6 �11 ± 8
UFP �27 ± 7 2 ± 7 �22 ± 4 11 ± 8 �5 ± 5 �8 ± 4

Low frequency (Hz)
AIR �510 ± 256 494 ± 416 �120 ± 313 804 ± 537 315 ± 221 17 ± 191
UFP �469 ± 273 78 ± 263 �390 ± 233 1412 ± 627 �166 ± 133 33 ± 251

High frequency (Hz)
AIR �1556 ± 491 257 ± 412 �960 ± 315 105 ± 418 �394 ± 424 �904 ± 485
UFP �1006 ± 342 124 ± 357 �934 ± 265 169 ± 416 �260 ± 346 �565 ± 276

Low frequency/high frequency
AIR 3 ± 0.6 0.4 ± 0.4 1 ± 0.6 0 ± 0.3 0 ± 0.3 0.4 ± 0.5
UFP 3 ± 0.6 �0.4 ± 0.5 0.5 ± 0.5 1 ± 0.3 �0.6 ± 0.6 0.3 ± 0.7
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Figure 29.  Standard deviations of the QT interval and QT peak duration.
UPASTHMA. Differences from baseline. Data represent mean ± SE. 

Table 19. Cardiac Repolarization Parameters in UPASTHMA Group, Differences from Baseline 

ECG Parameter/
Exposure

During
Exposure

Hours After Exposure Ended

0 3.5 15 21 45

QTc (msec)
Air 28 ± 9 1 ± 3 10 ± 3 4 ± 8 5 ± 5 5 ± 4
UFP 36 ± 11 5 ± 4 10 ± 4 3 ± 4 4 ± 5 4 ± 6

T amp (µV)
Air �77 ± 49 108 ± 15 �16 ± 19 �26 ± 23 �12 ± 12 31 ± 22
UFP �28 ± 33 93 ± 24 �31 ± 18 �31 ± 27 13 ± 20 �1 ± 26

PCA
Air 1.5 ± 2.4 �2.5 ± 0.8 7.9 ± 8.7 2.7 ± 2.8 0.2 ± 1.3 �2.6 ± 0.7
UFP 2.4 ± 2.7 �0.8 ± 1.3 1.0 ± 1.3 3.5 ± 1.9 0.6 ± 1.3 �4.4 ± 3.6

PCA variability
Air 3.3 ± 0.8 �0.4 ± 0.1 39.4 ± 39.2 1.3 ± 0.8 0.2 ± 0.3 0.1 ± 0.3
UFP 4.0 ± 1.1 0.0 ± 0.5 �0.1 ± 0.2 0.1 ± 0.3 �0.3 ± 0.2 �0.3 ± 0.3

ST in L2 (µV)
Air �21 ± 8 6 ± 2 3 ± 3 7 ± 3 1 ± 3 2 ± 4
UFP �23 ± 9 1 ± 3 �5 ± 3 2 ± 3 0 ± 3 �4 ± 5

ST in V2 (µV)
Air �12 ± 4 �1 ± 2 �3 ± 3 �20 ± 6 �9 ± 2 �1 ± 2
UFP �10 ± 5 2 ± 2 1 ± 3 �13 ± 7 �10 ± 4 �1 ± 5

ST in V5 (µV)
Air �15 ± 5 2 ± 3 �5 ± 4 6 ± 4 �3 ± 3 6 ± 3
UFP �15 ± 7 �3 ± 2 �8 ± 4 �4 ± 5 �4 ± 4 2 ± 6

Figure 30. ST segment voltage lead II and ST segment voltage lead V5,
UPASTHMA. Differences from baseline. Data represent mean ± SE.
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DISCUSSION

These are the first human clinical studies of the respira-
tory and cardiovascular effects of UFP inhalation. Our
choices of particle and exposure system were based on
several considerations. First, exposure in a laboratory set-
ting permitted careful and reproducible control of expo-
sure conditions and particle concentrations. Second,
elemental carbon is a universal component of ambient
combustion particles, and carbon content is often consid-
ered a signature of combustion-related particles. Third,
because these were the first health studies of UFP expo-
sure, we chose a relatively inert particle composition for
safety reasons. Fourth, mouthpiece exposures permitted
direct quantitation of respiratory fractional deposition of
UFP at rest and during exercise, in both healthy and asth-
matic subjects. Fifth, identifying cardiovascular effects
resulting from inhalation of a relatively inert particle such
as elemental carbon has important implications for under-
standing potential mechanisms of PM effects.

These carbon UFP studies were undertaken before the
technological development of an ambient UFP concen-
trator. There is no definitive evidence, however, that the
concentrated ambient UFP aerosol (with its known vari-
ability in size, concentration, and composition) offers a
better model for examining possible UFP-induced effects
than does a well-controlled single-component UFP aerosol
known to be indigenous to urban air pollution (eg, carbon).
Collection and resuspension of ambient UFP was not an
option because particle collection results in agglomeration
with irreversible changes in particle size and surface area.

The key findings of these studies are in three areas: par-
ticle deposition, blood leukocytes, and heart rate vari-
ability and repolarization.

UFP DEPOSITION

Our data confirm the relatively high predicted respira-
tory deposition of UFP during breathing at rest, and the
findings were in general agreement with results obtained
previously (Jaques and Kim 2000; Wilson et al 1985). With
exercise, the total respiratory number DF increased about
33% over resting measurements (Table 5), and measured
values exceeded predicted values by about 22% for 26-nm
particles (Figure 3). One possible explanation for the
divergence of these experimental data from model predic-
tions is turbulence. The increased flow demands during
exercise move the turbulence-to-laminar flow transition
point distally, to smaller-generation airways, enhancing
deposition in those airways where laminar flow becomes

turbulent. Prediction models do not account for the effects
of increased turbulence in the airways during exercise.
Further studies are needed to determine the effects of exer-
cise on regional deposition of UFP, and the effects of
varying exercise intensity.

To estimate UFP dose, total particle deposition was cal-
culated using the DF, minute ventilation, and exposure
time. For the seven subjects studied at both rest and exer-
cise, minute ventilation during exercise increased 3.3-fold.
When combined with the increase in DF, total particle
number deposition increased more than fourfold (Table 6).
These findings indicate that lung deposition of particles in
the ultrafine size range during exercise is greater than
expected from changes in minute ventilation, and exceeds
estimations using model predictions of deposition. Exer-
cise enhancement of deposition was greatest for the
smallest particles.

Predictive models indicate that the regional deposition of
UFP in the size range used in this study is predominantly
alveolar. Thus, exercise would be expected to substantially
increase UFP dose in the alveolar region of the lung through
increased intake of particles, increased total DF, and shifting
of deposition toward the alveolar region. Exercise may
therefore increase the likelihood of alveolar epithelial
effects or translocation of particles to the lung interstitium
or capillary blood (Nemmar et al 2001, 2002).

We found that subjects with asthma had increased UFP
fractional deposition compared with healthy subjects.
Patients with chronic obstructive lung disease also have
enhanced deposition of fine and ultrafine particles
(Anderson et al 1990; Svartengren et al 1991; Brown et al
2002). This is the first study to show enhanced deposition
of UFP in subjects with mild asthma. We speculate that the
hyperinflation characteristic of even mild asthma may
enhance diffusional deposition of UFP in the distal air-
ways and alveoli. These findings indicate an increased
airway burden of UFP in asthma and thus may provide a
partial explanation for the increased susceptibility of
people with asthma to the health effects of PM.

BLOOD LEUKOCYTE EFFECTS

We initially hypothesized that UFP exposure would
induce airway inflammation and that this inflammation
would be accompanied by increases in expression of sur-
face adhesion molecules on leukocytes. Our findings did
not confirm this hypothesis. In contrast, the findings
showed reductions in specific leukocyte subsets and adhe-
sion molecule expression associated with UFP exposure
when accompanied by exercise. In the UPDOSE group, we
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observed small (less than 2%) reductions in the percentage
of peripheral blood monocytes in females with exposure to
25 µg/m3 UFP (Figure 12). We also saw reductions in the
percentage of basophils in females with both 10 and
25 µg/m3 UFP concentrations (Figure 13). These reduc-
tions were accompanied by nonsignificant increases in the
percentage of PMNs. There were significant reductions in
expression of the IgG receptors CD64 and CD32 on blood
PMNs. On monocytes, a highly significant, dose-related
decrease in ICAM-1 expression was measured immedi-
ately after exposure but had resolved by 21 hours after
exposure (Figure 20). The percentage of activated lympho-
cytes (CD25+) increased in females with exposure to
25 µg/m3 UFP (Figure 16).

In the UPASTHMA group, with a single UFP exposure
concentration of 10 µg/m3, we observed reductions in
blood basophils (Figure 14), eosinophils (Figure 15), and
CD4+ T-lymphocytes (Figure 17). Monocytes showed sig-
nificant reduction in CD11b expression (Figure 21), and
PMNs showed reductions in ICAM-1 expression (Figure
22). Eosinophils showed reductions in expression of both
CD11b (Figure 24) and CD32.

Thus in both protocols involving exercise (UPDOSE and
UPASTHMA), we found effects on blood leukocyte distri-
bution and surface marker expression. These small
changes were not generally in the direction consistent
with a generalized inflammatory response, in which one
would expect an increase in the total leukocyte count and
an increase in expression of specific surface markers. For
example, proinflammatory cytokines such as tumor
necrosis factor and IFN-� are known to increase the
expression of ICAM-1 (Rothlein et al 1988). Indeed, mono-
cytes from the subjects with asthma in these studies
showed increased expression of ICAM-1 compared with
healthy subjects, a finding consistent with a generalized
inflammatory response related to the asthma itself.

Other findings from this study suggest the absence of an
inflammatory response to the UFP. No symptoms were
associated with UFP exposure, inflammatory cells in
induced sputum did not increase, and airway NO produc-
tion did not increase. In addition, soluble markers of
inflammation and leukocyte activation did not increase
significantly. Thus, we feel it is unlikely that the leukocyte
changes were a response to pulmonary inflammation.

The blood leukocyte changes we observed could result
from pulmonary vasoconstriction in response to UFP
exposure. The pulmonary capillary bed contains a large
population of marginated leukocytes. Reduction in the
size of the pulmonary capillaries prolongs the circulation
time for leukocytes and thus results in reduced leukocyte

counts in the peripheral blood (Doerschuk 2003). In con-
trast, exercise increases pulmonary capillary blood
volume, washing out marginated leukocytes and resulting
in an increase in the peripheral leukocyte count. In 1999
van Eeden and colleagues reported that exercise increased
the expression of CD11b on circulating PMNs, presumably
by flushing from the marginated pool those cells with
higher surface expression of CD11b. If UFP inhalation
caused subtle reductions in pulmonary capillary blood
flow, one would expect to see reductions in peripheral
blood leukocyte subsets. The cells with the longest transit
time through the pulmonary capillary bed are likely to be
those expressing the highest density of adhesion mole-
cules involved in margination and sequestration (ie,
ICAM-1 and CD11b/CD18). In addition, activated leuko-
cytes undergo actin rearrangement with reduced deform-
ability, further increasing transit time through the
capillaries. Therefore, we propose that UFP inhalation
causes mild pulmonary vasoconstriction with retention of
specific leukocyte subsets expressing higher densities of
surface adhesion molecules.

If cells are being retained longer in the lung, why did we
not see reductions in PMN counts in the peripheral blood? It
is possible that retention of PMNs in the lung was partially
offset by increases in release of PM from the bone marrow,
as has been reported in other studies (Tan et al 2000).

UFP exposure could reduce leukocyte activation and
expression of adhesion molecules by three other mecha-
nisms. First, UFP interaction with the endothelium could
enhance NO release by endothelial cells. NO has antiin-
flammatory properties (Lefer 1997): it reduces endothelial
expression of adhesion molecules via inhibition of nuclear
factor-
B (NF
B) activation and reduces monocyte adhe-
sion to the endothelium (De Caterina et al 1995). Indeed,
we observed a late increase in plasma NO2/NO3 levels in
the UPASTHMA study (Figure 11), but we did not see such
a change in the other two studies. Further, increased NO
production would not explain the decreases observed in
monocytes, basophils, and eosinophils.

Second, if UFP gain access to the pulmonary capillary
blood, modulation of cellular functions could result from
sequestering soluble cytokines, such as transforming
growth factor 	, on the surface of the particles, reducing
inflammatory effects. Kim and colleagues found that
carbon black inhibited fibroblast-mediated collagen gel
contraction by binding transforming growth factor 	 in
vitro (Kim et al 2003). Consistent with this possibility, we
found marginally significant UFP-associated reductions in
plasma IL-6, soluble VCAM-1, and soluble CD40 ligand in
healthy subjects, and reductions in soluble E-selectin in
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asthmatic subjects. Again, however, this mechanism does
not explain the reduction in leukocyte subsets observed in
our studies. A third possibility is that circulating UFP
were selectively toxic to activated blood leukocytes and
induced apoptosis of specific cell subsets.

We observed effects of UFP exposure on lymphocyte
subsets. The data confirmed previous observations that
people with asthma have a higher percentage of circulating
activated T lymphocytes (Corrigan et al 1988; Corrigan and
Kay 1990). Lymphocyte expression of CD25 was increased at
3.5 hours after exposure to 25 µg/m3 UFP in healthy females.
CD25 is the � chain of the IL-2 receptor; IL-2 promotes lym-
phocyte proliferation. IL-2 receptor expression is tran-
scriptionally regulated, and the gene promoter contains
several regulatory sequences, including an NF
B binding
site (Weiss and Samelson 2003). Activation of NF
B
appears to play a critical role in IL-2 receptor expression.
Our data are consistent with activation of IL-2 receptor
gene expression in healthy females. Mechanisms could
include UFP interaction with the plasma membrane and
activation of intracellular signaling pathways, responses to
cytokines released by other cells, or activation of NF
B by
oxidants carried on the surface of the particle. No effect on
CD25 expression was detected in the UPASTHMA group,
possibly because only the lower concentration (10 µg/m3)
of UFP was used.

In the UPASTHMA group, blood CD4+ T lymphocytes
decreased immediately after UFP exposure (Figure 17).
Previous studies have shown that allergen challenge
decreases CD4+ lymphocytes in the blood, accompanied
by increases in bronchoalveolar lavage fluid (Gerblich et al
1984), indicating a translocation of T lymphocytes from
the blood to the lung. It is tempting to speculate that UFP
exposure may have provided a nonspecific stimulus that
enhanced allergen processing or presentation in the
airway. However, we did not assess alveolar lymphocyte
populations with bronchoalveolar lavage and therefore
cannot conclude that the observed decrease in CD4+ cells
represented translocation. Furthermore, we did not see a
significant decrease in total lymphocyte numbers in the
blood, which argues against translocation.

CARDIAC EFFECTS

This is the first study describing the effects of controlled
exposure to UFP on a comprehensive set of ECG parame-
ters related to autonomic regulation of the heart, myocar-
dial substrate, and vulnerability. As expected, young
healthy subjects did not show dramatic changes in ECG
parameters, but some interesting trends were observed.

Exposure to 10 µg/m3 UFP at rest was associated with
some (not significant) changes in ECG parameters. These
changes indicate an increase in parasympathetic tone,
which most likely is responsible for a trend toward ST
elevation and blunted QTc shortening. Increased vari-
ability of T wave complexity after UFP exposure could
also be attributed to enhanced parasympathetic response.
Heavy breathing, as with exercise, physiologically
increases parasympathetic modulation of the heart, and
this response seem to be exaggerated by UFP exposure.

In the UPDOSE and UPASTHMA groups, the impact of
exercise was seen on most of the ECG variables. As with
exposures at rest, the parasympathetic measures of heart
rate variability increased during exposure at the lower UFP
level (10 µg/m3), but not at the higher UFP level (25 µg/m3).
This finding may indicate that a threshold response to low
level UFP triggers some increase of parasympathetic tone,
while higher concentrations might lead to a comparable
effect on both the sympathetic and parasympathetic sys-
tems. Recovery from exercise showed a blunted response of
the parasympathetic system (measured by normalized units
of high-frequency components) after exposure to UFP in
comparison to exposure to air. This diminished vagal
response was not observed 3.5 hours later. An effect of
exposure to PM on parasympathetic modulation of the
heart was observed by Gold and colleagues (2000), who
found reductions in parasympathetic (vagal) tone associ-
ated with PM2.5 exposure in elderly subjects. Pope and
colleagues (1999b) found that elevations of PM10 were
associated with increased heart rate and decreased heart
rate variability. Animal studies also indicate that concen-
trated ambient particles (CAPs) induce changes in heart
rate variability consistent with increased sympathetic ner-
vous system activity (Godleski et al 2000). Our observa-
tions indicate that some effect of UFP on parameters of
heart rate variability reflecting control of the heart by the
autonomic nervous system is present in healthy subjects
although an exact mechanism of these changes is not yet
understood.

The repolarization changes in response to UFP exposure
with exercise could have a complex mechanism, which
remains to be elucidated. Blunted response of vagal modu-
lation on the sinus node does not fully explain the
observed blunted response of QTc duration after UFP
exposure. It is known that heart rate (sinus node function
under the influence of autonomic nervous system) pro-
vides only a partial explanation for changes in QT dura-
tion (Merri et al 1993). Possibly UFP have an additional
effect on repolarization either through a direct effect of the
autonomic nervous system on ventricular myocardium
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(apart from that on the sinus node) (Merri et al 1993) or by
directly affecting ion channel function in the ventricular
myocardium through a yet unknown mechanism.

The reduction in QT duration with concomitant
increase in T wave amplitude after UFP exposure pro-
vides, for the first time, evidence that repolarization is
affected by air pollution. These preliminary findings
require confirmation in further studies in groups likely to
demonstrate more pronounced effects (for example, the
elderly and coronary disease patients).

Lengthening of the QTc interval increases the potential
for arrhythmias. However, shortening of repolarization is
known to be caused by hypoxia and ischemia and to be
arrhythmogenic. Calcium, potassium, and chloride chan-
nels may contribute significantly to shortening of the
action potential duration. For example, the action poten-
tial shortening by chloride current activation may perpet-
uate reentry by shortening the refractory period (Ruiz et al
1996). The other possible explanation for observed QT
shortening may be cardiac myocyte functional responses
to subtle changes in systemic vascular tone. These
changes, in turn, may be related to increased endothelin
production and/or reduced NO release by the endothelium
in response to particles. Alternatively, UFP may gain
access to pulmonary capillary blood, where they could be
transported to the heart and cause direct effects on mem-
brane ion channel function.

Exposure of subjects with mild asthma to low-level UFP
exposure (10 µg/m3) shows trends toward decreased heart
rate variability, with the changes predominantly in males.
There are known gender differences in variety of ECG
parameters. For example, heart rate variability is lower
and the duration of myocardial repolarization is longer in
females than in males. It is interesting that in our study the
effect of UFP on these parameters was observed mostly in
men, and decreased QT variability was seen mostly in
women. These findings further indicate that females and
males respond differently to various factors and agents (as
has been seen for drugs that affect myocardial repolariza-
tion). There is no clear explanation for these patterns in
our study, but it is plausible that UFP, even in low concen-
trations, may decrease autonomic regulation of the heart.
In these studies of UFP exposure in healthy subjects, small
changes in the ST segment should not be considered indi-
cators of ischemia but rather additional evidence for
changes in repolarization morphology.

GENDER DIFFERENCES

Our findings suggest that some effects of UFP may
differ by gender. Detecting gender differences was not a
primary goal of these studies. However, subject groups
included equal numbers of men and women, and the
ANOVA included an analysis for gender interactions. In
the UPDOSE group, several UFP effects were seen only in
females: decrease in oxygen saturation (Figure 5),
decrease in blood monocytes (Figure 12) and basophils
(Figure 13), and increase in lymphocyte CD25 expression
(Figure 16). There were also apparent differences in heart
rate variability and cardiac repolarization responses. The
UPASTHMA group had fewer gender differences. Plasma
NO2/NO3 concentration showed a relative increase with
UFP in males only (Figure 11). Expression of L-selectin
(CD62L) on PMNs was increased in males (Figure 23). The
QTc interval, which did not show a main effect of UFP, did
show marginally significant gender-related interactions.

Some known gender differences in leukocyte function
and cardiovascular responses are based in part on hormonal
influences. For example, females have a higher percentage
of CD4+ T cells and a higher CD4+/CD8+ ratio than males.
Stimulated blood monocytes from females produce more
prostaglandin E2 (Leslie and Dubey 1994) and less TNF-�
and IL-6 (Schwarz et al 2000) than those from males. There
are also gender differences in endothelial function (Chow-
ienczyk and Ritter 2001; Kneale et al 2000; Lieberman et al
1994; Sader and Celemajer 2002), NO production (Best et al
1998; Cicinelli et al 1998; Miller 1999), antioxidant defenses
(Massafra et al 2002; Strehlow et al 2003), and risks for car-
diovascular disease (Hayward et al 2000). We do not feel
these studies have convincingly established or excluded
significant gender differences in response to carbon UFP.
The female subjects were premenopausal, menstrual phases
were not determined, and most were on hormonal contra-
ceptives, which may have affected the responses. The statis-
tically significant gender differences seen in the UPDOSE
study did not suggest a consistent physiologic response to
UFP and were generally not confirmed in the UPASTHMA
study. Future studies of vascular responses to UFP and PM
exposure should explore the roles of gender and hormonal
influences in determining susceptibility.

COMPARISONS WITH OTHER HUMAN 
STUDIES OF PM

Evidence from other human studies indicates that expo-
sure to CAPs induces lung inflammation, systemic inflam-
matory responses, and vascular effects. Human studies of
exposure to diesel exhaust have not shown acute effects on
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lung function but have shown distal airway inflammation
and systemic hematologic effects with increased WBC and
platelet counts (Salvi et al 1999). In addition, expression of
ICAM-1 was increased in vascular endothelium from bron-
chial biopsy specimens. Ghio and colleagues (2000) found
modest increases in PMNs recovered in bronchoalveolar
lavage fluid 24 hours after 2-hour exposures to CAPs (at
concentrations up to 311 µg/m3). These investigators found
an increased blood fibrinogen concentration in association
with CAPs exposure, but no effects on symptoms, lung
function, or blood leukocyte differential counts. A separate
report (Harder et al 2001) indicated no effects of these expo-
sures on the immune phenotype of cells from bronchoalve-
olar lavage fluid or on blood lymphocyte subsets.
Measurements in this study were done at only one time
point (18 hours) after exposure however, and early or
delayed changes may have been missed. Gong and col-
leagues (2003) studied both healthy and asthmatic subjects
exposed to CAPs at a concentration of 174 µg/m3 with inter-
mittent exercise. There were no effects on lung function and
no evidence for airway inflammation in induced sputum.
They did observe small increases in soluble ICAM-1 at 4
and 24 hours after exposure and changes in heart rate vari-
ability consistent with enhanced parasympathetic influence
on the heart. They observed no changes in blood leukocyte
differential counts, fibrinogen, factor VII, or serum amyloid
A. Finally, Brook and colleagues (2002) found that resting
exposures to a combination of CAPs and ozone resulted in a
reduced diameter of the brachial artery, indicating systemic
vasoconstriction in response to the exposures.

It is difficult to compare the findings from these studies
with our own, in part because of differences in the expo-
sure atmospheres and in the endpoints being measured.
The ambient particle concentrators used in these human
studies do not concentrate ambient UFP; thus the expo-
sures consisted of concentrated fine particles and ambient
(unconcentrated) UFP. In addition, ambient PM represents
a complex mixture of chemical species, including organic
compounds and metals, which have been hypothesized to
be key mediators of PM effects (Ghio et al 1999; Nel et al
2001; Huang et al 2003). In our own studies, mass concen-
trations were approximately an order of magnitude lower
than in the CAPs studies, but particle number and surface
area were likely higher. Our particles consisted of ele-
mental carbon without significant content of organic spe-
cies, metals, oxides, or sulfates. However, even elemental
carbon UFP, by virtue of their large surface area, may carry
an increased burden of reactive oxygen species in compar-
ison with an equal mass of larger (Li et al 2003). Ambient

UFP have been shown to be potent inducers of heme oxy-
genase in vitro (Li et al 2000).

In our study, asthmatic subjects did not experience res-
piratory symptoms or bronchoconstriction after exposure
to 10 µg/m3 UFP. This is not surprising because the sub-
jects generally had mild asthma and the exposure concen-
tration was relatively low. It is unlikely that medications
masked UFP effects. Subjects did not use bronchodilators
during the exposure and observation periods, and most
were not on inhaled corticosteroids or long-acting bron-
chodilators. Possibly a higher exposure concentration
would elicit effects or subjects with more severe asthma
would show airway effects at this concentration. Compari-
sons of our effects between the healthy and asthmatic sub-
jects should be interpreted with caution because the
groups were not studied concurrently. At the same time,
these studies do not provide evidence for increased sus-
ceptibility of asthmatic subjects to carbon UFP exposure.

Issues of cost and practicality limited the scope of these
studies. Effect sizes were generally small, and the limited
sample sizes were likely inadequate to detect significant
effects for some endpoints. This is particularly true for the
gender comparisons. The subjects were young adults, gen-
erally healthy and nonsmokers. The findings may differ for
children, the elderly, or people with more severe asthma or
other diseases.

In summary, we have developed and validated an expo-
sure system for human studies of inhalation of UFP. We
have demonstrated that the total respiratory deposition of
UFP is relatively high, consistent with prediction models.
However, UFP deposition increased further with exercise
and in the presence of mild asthma. Table 20 provides a
summary of the findings in these studies. Inhalation of
carbon UFP at concentrations up to 25 µg/m3 caused no
symptoms, changes in lung function, or evidence for
airway inflammation in healthy subjects. Blood leukocyte
subsets and adhesion molecule expression did show subtle
changes that suggest there may be effects on endothelial
function. We also found evidence for effects on heart rate
variability and on cardiac repolarization in healthy subjects.
Our hypotheses that inhalation of carbon UFP would cause
pulmonary inflammation and an acute phase response were
not confirmed. If confirmed, however, the finding that these
very low mass concentrations of particles have vascular
effects will have important implications for future PM regu-
latory strategies. Further studies are needed to confirm our
observations and to determine the role of particle size and
surface area in mediating these effects.
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APPENDIX A. HEI Quality Assurance 
Audit Statement

The conduct of this study was subjected to periodic,
independent audits by a team from Hoover Consultants.
This team consisted of an auditor with experience in toxi-
cology and epidemiology and a practicing board certified
physician epidemiologist.  The audits included in-process
monitoring of study activities for conformance to the study
protocol and examination of records and supporting data.
The dates of each audit are listed in the table below with
the phase of the study examined.

QUALITY ASSURANCE AUDITS

Date, Phase of Study Audited:

September 7–8, 1999 The audit team conducted a phase
audit of the UPREST study and observed procedures
involving the second exposure for the eleventh subject
including blood and sputum sampling, measurement of
airway production of NO, processing of biological sam-
ples and the exposure itself.  The following documenta-
tion was examined and/or audited:  study protocol dated
12/24/98, subject consent form, summary of work and
results dated July 30, 1999, a report describing the pre-
liminary phase of the study (8/15/98–12/31/98)
including development of the exposure system and a
protocol for the UPDOSE study, subject tracking binder,
medical information on each subject, Excel database of
medical data derived from hard copy records, Standard
Operating Procedures and reports from the University of
Rochester Quality Assurance Officer.

March 12–13, 2001 A phase audit of the UPASTHMA
study was conducted.  Records for the UPDOSE study
and the initial subject exposures for the UPASTHMA
study were audited.  Records included a summary of the
work and results for two study periods, the protocol for
the UPASTHMA study, Consent Form for UPASTHMA
subjects, methods for processing of Holter data and sum-
marized cardiac data.  Audit findings from the previous
audit were examined to determine that adequate follow-
up had occurred.

October 4–5, 2004 Galley proofs of the study report were
audited against the data and records from the study.

Written reports of each inspection were provided to the
Director of Science of the Health Effects Institute who
transmitted these findings to the Principal Investigator.

These quality assurance audits demonstrated the study
was conducted by a well-coordinated, experienced team
according to the study protocol and standard operating
procedures.  The report appears to be an accurate represen-
tation of the study.
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ABBREVIATIONS AND OTHER TERMS

ANOVA analysis of variance

CAPs concentrated ambient particles

CD cell designated

DF deposition fraction

DLCO diffusing capacity for carbon monoxide

DLNO single-breath diffusing capacity for NO

ECG electrocardiography

ELISA enzyme-linked immunosorbent assay

ELISPOT enzyme-linked immunospot assay

EPA Environmental Protection Agency (US)

FEF25–75 forced expiratory flow rate from 
25% to 75% of FVC

FEV1 forced expiratory volume in 1 second

FITC fluoroscein isothiocyanate

FVC forced vital capacity

HF high frequency power

HRV heart rate variability

ICAM-1 intercellular adhesion molecule-1

ICRP International Committee for Radiological 
Protection

IFN-� interferon-�

IgE immunoglobulin E

IgG immunoglobulin G

IL interleukin [-1, -2, -4, -5, -6, -8]

LF low frequency power

MESF molecules of equivalent soluble 
fluorochrome

MPPDep Multiple Path Particle Deposition Model

mRNA mRNA

NCRP National Council on Radiation Protection
and Measurements (US)

NF
B nuclear factor-
B

NN nrtmal-to-normal

NO nitric oxide

NO2 nitrite

NO3 nitrate

NOS nitric oxide synthase

PA partial pressure of NO in the alveoli

PBMC peripheral blood mononuclear cell

PBST phosphate-buffered saline with 
0.1% Tween 20

PBSTB PBST with 1% bovine serum albumin

PCA principal component analysis

PE phycoerythrin

PHA-p phytohemagglutin A

PM particulate matter

PM10 PM less than 10 µm in diameter

PM2.5 PM less than 2.5 µm in diameter

PMN polymorphonuclear leukocyte

RBC red blood cell

rMSSD root mean square of successive differences
in N–N intervals

SDNN standard deviation of NN
sinus beat intervals

TEOM tapered element oscillating microbalance

Th1 subset of CD4+ T cells that produces IL-2
and IFN-�

Th2 subset of CD4+ T cells that produces IL-4
and IL-5

UFP ultrafine particles (< 1 µm in diameter)

VCAM-1 vascular cell adhesion molecule-1

VE minute ventilation

VLNO NO production in the alveolar (or 
lower) airways

VLA very late activation antigen

VT tidal volume

VUNO NO production in conducting (or 
upper) airways

vWf von Willebrand factor

WBC white blood cell
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COMMENTARY
Health Review Committee

Ambient particulate matter (PM*) is a complex mixture
of solid and liquid particles suspended in air. The size
(ranging from approximately 0.005 to 100 µm in aero-
dynamic diameter), chemical composition, and other
physical and biological properties of these particles vary
with location and time. This variability derives from dif-
ferences in the sources of PM. The sources may be natural,
the result of geographical conditions, weather, seasonal
patterns, or human activities, such as driving vehicles and
operating manufacturing or power plants. In addition,
reactive species in the atmosphere combine to generate
what are known as secondary particles (such as sulfates),
which may comprise a significant fraction of total PM.

Although the characteristics of PM differ from place to
place, epidemiologic studies in diverse locations have
reported that short-term increases in low levels of PM are
associated with short-term increases in morbidity and
mortality (Health Effects Institute 2001, 2003). People with
compromised cardiac or airway function are considered
particularly susceptible to the effects of PM (reviewed in
US Environmental Protection Agency [EPA] 1996). On the
basis of these and other findings, many governmental
agencies have set regulatory standards or guidelines for
levels of ambient PM. To protect the general population
and groups considered most vulnerable to adverse effects
from PM, the EPA promulgated National Ambient Air
Quality Standards (NAAQS) in 1997 for particles � 2.5 µm
in aerodynamic diameter (PM2.5 or fine particles).

There are several critical questions in PM research:

• Size and chemical composition of particles that may
cause harmful human health effects. A key related is-
sue is the toxicity of ultrafine particles—particles <100
nm in diameter. For reasons described in the Scientific
Background, some scientists believe that this particle
fraction may be particularly toxic (the ultrafine hy-
pothesis of particle toxicity).

• Potential biologic mechanisms of PM effects that may
underlie the epidemiologic associations reported be-
tween exposure to PM and morbidity and mortality.
Currently, PM effects on the respiratory and cardiovas-
cular systems are the focus of research (reviewed in
Health Effects Institute 2002).

• Groups of people who may be particularly sensitive to
the effects of PM. People with asthma, a chronic dis-
ease of the lower airways, are considered to be one of
those susceptible groups. Many epidemiologic studies
have reported that short-term exposure to particulate
pollution exacerbates the symptoms of asthma (eg,
Schwartz et al 1993; Lipsett et al 1997) and decreases
lung function in people with asthma (eg, Pekkanen et
al 1997; Peters et al 1997b).

To address these important PM topics, HEI issued
Request for Applications (RFA) 98-1, Characterization of
Exposure to and Health Effects of Particulate Matter,
funding 10 experimental and epidemiology studies. A key
component of the RFA was the evaluation of health effects
from controlled exposures to ambient particles in healthy
and sensitive human participants. In response to the RFA,
Dr Mark Frampton and colleagues proposed to study the
short-term cardiovascular and airway and systemic inflam-
matory effects of exposing healthy and asthmatic people to
ultrafine carbon particles. They also proposed to measure
the deposition of ultrafine particles in the lungs of partici-
pants. The HEI Research Committee recommended
Frampton’s study for funding because few previous studies
in humans had investigated the effects of controlled inha-
lation exposure to ultrafine particles, and these had not
evaluated cardiovascular effects (Anderson et al 1992;
Kuschner et al 1997).†

At the same time that the HEI Research Committee recom-
mended Frampton’s study for funding, it also recommended
funding a similar controlled exposure study by Dr Henry
Gong and colleagues at Rancho Los Amigos Center, Cali-
fornia. Gong and his colleagues also proposed to investigate
the cardiovascular as well as airway and systemic inflam-
matory effects of short-term inhalation of particles by
healthy and asthmatic people. Gong and colleagues
intended to use fine particles concentrated from the ambient
air (CAPs) in the Los Angeles area. To facilitate comparisons
between the results of the Gong and Frampton studies, HEI
organized a workshop before their studies began with both
sets of investigators and with Dr Robert Devlin of the Office
of Research and Development (EPA, Chapel Hill, North

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

† Dr Frampton’s 2-year study, “Health Effects of Exposure to Ultrafine Car-
bon Particles in Healthy Subjects and in Subjects with Asthma,” began in
August 1998. Total expenditures were $1,123,049. The draft Investigators’
Report from Frampton and colleagues was received for review in July 2003.
A revised report, received in January 2004, was accepted for publication in
February 2004. During the review process, the HEI Health Review Commit-
tee and the investigators had the opportunity to exchange comments and to
clarify issues in both the Investigators’ Report and in the Review Commit-
tee’s Commentary.
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Carolina). Dr Devlin, who had initiated a human CAPs expo-
sure study in his laboratory but had not yet published the
results, discussed the parameters he was measuring in his
study. As a result of this meeting, Gong and Frampton
agreed to use similar exposure protocols and to evaluate a
similar set of health endpoints in their HEI studies. Gong’s
study was recently published (Gong et al 2003). This Com-
mentary includes a section that compares the findings of the
Frampton and Gong studies and those of the EPA
researchers and their collaborators (Ghio et al 2000; Harder
et al 2001; Holgate et al 2003).

SCIENTIFIC BACKGROUND

PM AND CARDIOVASCULAR RESPONSES

Before the current study started, plausible biological
mechanisms to explain the epidemiologic associations
between increases in daily PM levels and short-term
increases in morbidity and mortality were scarce. Con-
trolled-exposure studies in laboratory animals, particu-
larly in rodents with features induced to model human
disease, had shown that PM could induce inflammation in
the airways. In rats with pulmonary hypertension and
right-heart hypertrophy, which had been induced with the
compound monocrotaline, intratracheal instillation of
high concentrations of residual-oil fly ash (a highly toxic,
combustion-generated, urban particulate rich in metals)
generated inflammation in the airways and led to death of
some animals (Costa et al 1994; Killingsworth et al 1997).

In addition, a preliminary study (Gordon et al 1998) of
rats that inhaled fine particles (concentrated approxi-
mately sixfold from ambient air in New York City) showed
no changes in lung inflammatory markers, but small
changes in the distribution of peripheral blood leukocytes
(an increased percentage of neutrophils and a decreased
percentage of lymphocytes). This finding suggested that
exposure to CAPs might induce inflammatory effects
detectable in the circulation (Gordon et al 1998).

In 1995, Seaton and colleagues proposed that particle
deposition in the airways would lead to a systemic inflam-
matory response, followed by an acute phase response
(Seaton et al 1995). The acute phase response is part of the
body’s defenses against infectious and other noxious
agents. Within hours of exposure, the body produces pro-
teins in the circulation that include serum amyloid A, C-
reactive protein, and fibrinogen. Because fibrinogen binds
to platelets and contributes to their aggregation, Seaton
and colleagues proposed that particle deposition in the air-
ways would lead to a transient increase in the coagulability

of blood. This, in turn, would result in an increased risk of
thrombus formation and possible cardiovascular conse-
quences. Subsequently, Peters and colleagues (1997a)
found an increase in plasma viscosity associated with
exposure to PM in Augsburg, Germany.

In the current study, Frampton and colleagues measured
many parameters associated with the inflammatory and
coagulation pathways. Sidebar 1 describes how these
parameters are associated with cardiovascular responses
and asthma. Prior to Frampton’s work, some studies had
also suggested that animals exposed to PM undergo
changes in cardiac rhythm (namely, heart rate variability
[HRV] (fluctuations in the rhythm of the heart beat) and
repolarization (the time between electrical stimuli gov-
erning contraction and relaxation of the heart) (Campen et al
1997; Godleski et al 1997; Watkinson et al 1998). Godleski
and colleagues found that a small number of dogs exposed
intratracheally to a CAPs aerosol (concentrated up to 60
times more than ambient fine particle levels in Boston air)
showed cardiac electrophysiologic changes (Godleski et al
1997). Watkinson and colleagues showed that intratrache-
ally instilled residual-oil fly ash generated arrhythmias in
monocrotaline-treated rats (Watkinson et al 1998).

TOXICITY OF ULTRAFINE PARTICLES

Particles of different sizes have been associated with
health effects. Some scientists have hypothesized that
ultrafine particles—emitted in high numbers by combus-
tion engines and the dominant contributor of particle
number in PM2.5—may be especially toxic. This hypoth-
esis is based on initial findings (reviewed in Utell and
Frampton [2000], Frampton [2001], and Oberdörster
[2001]) that suggest:

1. Smaller particles may penetrate deeper into the airways
than larger particles do and reach the alveolar regions of
the lungs.

2. Smaller particles have a greater total surface area than
larger particles of the same mass. Thus, they may
present a larger surface area for interacting with airway
tissue or for transporting toxic material associated with
the particle surface into the airways.

3. In vitro, smaller particles are not as effectively phagocy-
tosed (ie, ingested for removal by cells of the innate
immune response) as larger particles are.

4.  In animals, ultrafine particles instilled intratracheally
are more effective than fine particles in inducing airway
inflammatory responses.

5. Smaller particles may move rapidly to tissues outside
the airways (Nemmar et al 2001, 2002).
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Few studies have compared the effects of exposure to
ultrafine and fine particles via inhalation, the normal phys-
iologic route. The results of recent studies suggest that
properties other than size, such as solubility, are likely to
play an important role in particle effects (Leikauf et al
2001; Hahn et al 2004).

Prior to the current study, some epidemiologic studies
had described associations between increases in
respiratory effects and exposure to ultrafine particles in
children with asthma (Pekkanen et al 1997; Peters et al
1997b). However, these studies found no greater effect for
ultrafine particles than for fine particles, so did not
establish whether ultrafine particles have a larger
independent effect. In addition, during the early stages of
the current study, Wichmann and colleagues (2000)
reported that mortality was associated with ultrafine

particle levels in a German city, Erfurt. The association
reported between ultrafine particles and mortality,
however, was not greater than associations reported for
other components of the PM mix. Few studies had
evaluated the effects of controlled human inhalation
exposure to ultrafine particles: Anderson and colleagues
(1992) found little or no effect on respiratory function or
symptoms immediately after 15 healthy and 15 asthmatic
volunteers had inhaled 100 µg/m3 ultrafine sulfuric acid
aerosol for 2 hours with intermittent exercise. In 6 healthy
volunteers, Kuschner and colleagues (1997) found little or
no effect on cell numbers and cytokine concentrations in
bronchoalveolar lavage fluid, pulmonary function, or
peripheral blood neutrophil concentrations 18 to 20 hours
after inhaling a high concentration of fine and ultrafine
magnesium oxide particles.

SIDEBAR 1. INFLAMMATION IN CARDIOVASCULAR RESPONSES AND ASTHMA 

Foreign agents such as particles, bacteria, or viruses that enter the tissues 
trigger an inflammatory response, a cascade of events that activates mul-
tiple cell types throughout the host and leads to elimination of the foreign 
agent (Health Effects Institute 2002). Inflammation in the airways mani-
fests as an increase in numbers of certain types of leukocytes (white blood 
cells)—such as macrophages, neutrophils, eosinophils, or lymphocytes—
in lung tissue or lung fluids. The types of leukocytes that are found depend 
on several factors, including time after induction of the response and ini-
tial state of the host’s airways (eg, healthy vs inflamed). 
One early characteristic of the inflammatory response is the induction or 
increase in expression of molecules such as lymphocyte function–associ-
ated antigen-1 (LFA-1 or CD11aCD18) and very late antigen 4 (VLA-4 or 
CD49dCD29) on the surface of neutrophils and macrophages (see 
Sidebar 2). These phagocytic cells are involved in the first lines of the 
body’s defenses. Sidebar 2 explains the standard nomenclature for surface 
molecules expressed by leukocytes.
Endothelial cells—the cells at the interface of blood vessels and tissues—
are also activated by the inflammatory response. As a consequence, they 
increase the expression of adhesion molecules, such as vascular cell adhe-
sion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), 
and E- and P-selectins. These molecules are the ligands for adhesion mol-
ecules, such as LFA-1, expressed by the activated leukocyte. Through 
these paired interactions, the adhesion of leukocytes to endothelial cells is 
increased in the inflammatory response. As a consequence of activation 
and increased adhesive properties, neutrophils or macrophages move 
from the blood, through the endothelial cell layer, and into the tissue. 
Inflammatory responses that start in the airways may also be detected in 
the circulation. After leukocytes and endothelial cells have been activated, 
many of the surface molecules induced (including VCAM-1 and ICAM-1) 
are shed or secreted into the plasma, where the soluble forms of these 
molecules can be measured and used as markers of inflammation. In addi-
tion, during migration of cells into the lung and subsequent stages of the 
inflammatory process, activated leukocytes and the airway epithelial and 
endothelial cells release cytokines and chemokines, which are mediators 
that facilitate communication among cells. These mediators may be found 
in the lungs and in the circulation. Among these are the proinflammatory 
cytokines interleukin [IL] 6 and 8. IL-8 is chemotactic for phagocytic cells, 
including neutrophils; that is, it induces these cells to move down a concen-
tration gradient toward the IL-8 source. IL-6 stimulates the liver to secrete 
the acute-phase proteins, which appear in the circulation within 6 to 24 
hours. One of the acute-phase proteins, fibrinogen, is involved in platelet 
aggregation, which affects the cardiovascular system. Platelet aggregation 
also releases CD40 ligand (CD40L) into the circulation, where the soluble 

form of the molecule, sCD40L, can be measured. Proinflammatory cytokines 
also induce the expression of nitric oxide (NO) synthase in airway cells; the 
synthesis of NO by this enzyme is thought to play a role in inflammatory dis-
eases of the airways (Barnes 1996). 
Because coronary heart disease is now understood to involve inflamma-
tion in blood vessels, molecules associated with the inflammatory and 
acute phase responses (C-reactive protein, fibrinogen, and sCD40L in 
particular) are currently used or being considered as risk factors for cor-
onary heart disease and other cardiovascular events (Freedman 2003; 
Tall 2004). 
Chronic airway inflammation is a characteristic of asthma. Other features 
of asthma are the presence of eosinophils in the airways and a skewing of 
the immune response of T lymphocytes toward what is known as the Th2 
pattern. This immune response involves the production of cytokines, 
including IL-4, IL-5, and IL-13, by the Th2 subset of CD4+ T lymphocytes. 

SIDEBAR 2. NOMENCLATURE 
FOR CELL DESIGNATED NUMBERS

To standardize nomenclature of molecules expressed on the surface of 
cells in many different species, molecules have been assigned cell desig-
nated (CD) numbers (eg, CD4 or CD19). Some two-chain molecules have 
two CD designations (eg, CD11aCD18). Currently, more than 250 mole-
cules have been given such CD designations. This nomenclature highlights 
the fundamental similarities from species to species in the structure and 
function of molecules with the same CD designation. Some surface mole-
cules have a limited cellular distribution. For example, CD3 is expressed 
only on T lymphocytes and natural killer cells, and CD154 (also known as 
CD40 ligand [CD40L]) is expressed primarily on platelets and activated T 
lymphocytes. Other molecules may be expressed on multiple cell types: 
CD54 (also known as intercellular adhesion molecule–1 [ICAM-1]) is 
expressed on all leukocytes.
Many cell surface–associated molecules are still commonly known by their 
original nonstandard names and abbreviations. For example, both inter-
cellular adhesion molecule-1 and ICAM-1 are used for CD54. Table 1 of 
the Investigators’ Report lists the CD designation, the commonly 
accepted name, and the function of each molecule evaluated in the cur-
rent study. To be compatible with Frampton and colleagues’ Investigators’ 
Report, we use the nonstandard names in this Commentary.
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In addition, few studies had examined the deposition of
ultrafine particles in the airways during spontaneous
breathing or exercise (Anderson et al 1990). Frampton and
colleagues’ study examined the short-term effects of
inhaling ultrafine particles on airway deposition and car-
diovascular and respiratory parameters in healthy and
asthmatic individuals.

OBJECTIVES

The objectives of the study were:

1. Develop a facility for controlled inhalation exposures of
humans to ultrafine particles.

2. Measure the pulmonary fractional deposition of
ultrafine carbon particles in healthy and asthmatic
people.

3. Evaluate airway and systemic responses in healthy and
asthmatic individuals who were exposed to 10 or 25
µg/m3 ultrafine carbon particles by inhalation for 2
hours. The parameters to be measured included: respira-
tory function; airway inflammation; expression of blood
leukocyte and endothelial adhesion molecules; markers
of the systemic acute phase response and blood coagula-
bility; and cardiac electrical activity and repolarization.

The investigators hypothesized that exposure to
ultrafine particles would induce airway inflammation by
activating circulating leukocytes and vascular endothe-
lium. In turn, this would result in a systemic acute phase
response and a transient increase in coagulability (hyper-
coagulability). Induction of a hypercoagulable state might
be associated with changes in levels of circulating cardio-
vascular mediators that might in turn lead to changes in
HRV and repolarization. Frampton and colleagues also
hypothesized that induction of inflammation might lead to
cardiac electrophysiologic changes mediated via the auto-
nomic nervous system (the branch of the nervous system
that controls peripheral organs). People identified from
epidemiologic studies as being susceptible to particle
effects (such as people with asthma) would be more
affected than healthy people.

Frampton and colleagues further hypothesized that dep-
osition of ultrafine particles would be greater in people
with asthma compared with healthy individuals. The
investigators also postulated that exposure to ultrafine par-
ticles might skew the immune response in people with
asthma further toward Th2 cytokine production.

STUDY DESIGN

EXPOSURE PROTOCOLS

The investigators exposed healthy and asthmatic volun-
teers (lifetime nonsmokers, aged 18–40 years) by mouth-
piece for 2 hours/session to ultrafine carbon particles and
filtered air (ambient air passed through charcoal and high
efficiency particle filters). Participants wore noseclips
during the exposure. They were allowed to remove the
mouthpiece for 10 minutes after 1 hour of exposure. The
investigators performed three substudies, each with equal
numbers of male and female participants:

1. UPREST: 12 healthy participants exposed at rest to
10 µg/m3 ultrafine carbon particles and to filtered air.
Exposures were separated by at least 2 weeks.

2. UPDOSE: 12 healthy participants exposed to 10 and
25 µg/m3 ultrafine carbon particles and to filtered air.
Exposures were separated by at least 2 weeks. Partici-
pants exercised intermittently on a stationary bicycle—
for the first 15 minutes of each half hour of exposure at
an intensity adjusted to increase the minute ventilation
to approximately 20 L/min/m2 body surface area. For
safety reasons, the investigators restricted randomized
exposures so that each participant received the 10 µg/m3

exposure before the 25 µg/m3 exposure.

3. UPASTHMA: 16 asthmatic participants exposed to
10 µg/m3 ultrafine particles and to filtered air with inter-
mittent exercise (as in the UPDOSE protocol). Exposures
were separated by at least 3 weeks. The severity of
asthma in the study participants was consistent with the
US National Institutes of Health (NIH) classification of
mild intermittent, mild persistent, or moderate persis-
tent asthma (NIH 1997). Originally, the investigators
proposed a dose–response study using 10 and 25 µg/m3

ultrafine particles that paralleled the UPDOSE protocol.
Because Frampton and colleagues thought that asth-
matic participants might have severe responses to the
higher level of particles, they used only the lower expo-
sure concentration but increased the number of partici-
pants in an attempt to enhance their ability to detect
effects at the lower exposure level.

Each substudy required 5 to 7 visits for each subject. The
first visit was a screening that included a physical examina-
tion, exercising on a stationary bicycle to measure minute
ventilation, and sputum induction. On the next visit, at least
a week later, the investigators measured blood pressure, pul-
monary function by spirometry, heart rate, oxygen satura-
tion by pulse oximetry, and levels of exhaled NO. They also
took a blood sample, attached a 12-lead Holter heart monitor
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(worn until the following day), and took a resting 10-minute
electrocardiogram recording. In addition, they asked each
person to fill out a symptom questionnaire.

Subjects were then exposed to particles or filtered air for 2
hours. The investigators measured the same set of physio-
logic, cardiovascular, and inflammatory parameters immedi-
ately after exposure and 3.5 hours later. The participants
remained in the Rochester Clinical Research Center until the
latter measurements had been made. Study participants were
discharged and given an activity diary. They returned in the
morning of the day after exposure and the investigators made
the same set of measurements they had taken previously. In
addition, the investigators induced sputum in the volun-
teers; that is, at a timepoint 22 hours after exposure.

Frampton and colleagues made an identical set of mea-
surements when the study participants returned for subse-
quent  exposures .  In  the  UPASTHMA substudy,
participants returned for an additional set of measure-
ments 2 days after exposure; this set also included a 10-
minute ECG recording. The investigators also asked the
test subjects to assess the severity of their symptoms on a
scale of 0 to 5 after exposure.

PARTICLE GENERATION AND EXPOSURE SYSTEM

Frampton and colleagues generated ultrafine carbon par-
ticles (count median diameter approximately 25 nm) from
the spark discharge of graphite electrodes; they added fil-
tered air to the particles to achieve the target concentra-
tions of 10 and 25 µg/m3. Analysis of particle composition
indicated that the spark discharge generated organic
carbon species in addition to elemental carbon, as had
been described by others (McDonald et al 2001). Using
time of flight mass spectrometry, the investigators deter-
mined that 96% of the particles emerging from the spark
generator consisted of elemental carbon. Thus, they con-
cluded that the organic carbon compounds detected might
have been artifacts that resulted from collecting particles
on Teflon filters.

Frampton and colleagues used condensation particle
counters and an electrical detection mobility analyzer to
determine the distribution of particle sizes and particle
number, surface area, and volume concentrations in the
inspired and expired aerosols. The investigators measured
particle mass concentrations using a tapered element oscil-
lating microbalance.

PARTICLE DEPOSITION

The investigators measured inspired and expired particle
concentrations continuously every 5 seconds during the

exposure. They calculated a total respiratory deposition frac-
tion for number and mass concentration using the equation:

Deposition Fraction = Inspired Concentration�Expired 
Concentration)/Inspired Concentration.

Frampton and colleagues calculated the deposition frac-
tion for total ultrafine particles as well as for each of 8 size
bins, ranging from 7.5 to 75.0 nm count median diameter
(midpoints 8.7–64.9 nm). The investigators compared the
deposition fractions they calculated with theoretical deposi-
tion fractions generated using three different models: (1) the
International Committee for Radiological Protection model;
(2) the National Committee for Radiological Protection
model; and (3) the Multiple Path Particle Deposition Model.

MEASUREMENT OF BIOLOGICAL FUNCTION

Pulmonary Function

The investigators measured forced vital capacity (FVC)
and forced expiratory volume in 1 second (FEV1) by
spirometry, lung volumes by plethysmography, and dif-
fusing capacity for carbon monoxide (DLCO). They also
made continuous measurements of respiratory rate and
minute ventilation.

Airway Nitric Oxide

Frampton and colleagues separately calculated NO pro-
duction in the conducting (upper) airways and in the alve-
olar (lower) airways. They also measured NO concentrations
in exhaled breath.

Blood Markers of Coagulation, Inflammation, 
and the Immune Response

Frampton and colleagues measured multiple soluble
markers in blood. These included the cytokine IL-6; the
coagulants factor VII and von Willebrand factor (vWf); and
components of the acute phase response, fibrinogen, and
serum amyloid A. They also measured several molecules
shed from cells into blood: the soluble forms of ICAM-1
(sICAM-1), L-selectin (sCD62L), P-selectin (sCD62P), E-
selectin (sCD62E), VCAM-1 (sVCAM-1), and CD40 ligand
(sCD40L). In asthmatic participants they also measured the
number of lymphocytes expressing the cytokines inter-
feron gamma (IFN-�) and IL-4, which are associated with
the Th1 and Th2 subsets of CD4+ T cells, respectively.

Using fluorescence-activated cell sorting (FACS),
Frampton and colleagues also determined the expression
of several proteins on the surface of different sets of leuko-
cytes (described in Table 2 of the Investigators’ Report).
This technique allowed the investigators to quantify both
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the number of cells expressing a particular molecule and
the level of expression of that molecule on the cell.
Because some of these cell surface molecules are expressed
only after a cell is activated, this analysis also provided
some assessment of cell activation. The following cells and
surface-associated molecules were evaluated:

• T lymphocytes: CD3, CD4, CD8, CD25, and CD45RO;

• B lymphocytes: CD19;

• Natural killer (NK) cells: CD56;

• Adhesion molecules and components of adhesion
molecules: CD11a, CD11b, CD18, CD49d, CD54, and
CD62L expressed on multiple cell types;

• Receptors for the Fc portion of specific immunoglobu-
lin molecules (Fc receptors): CD16, CD32, and CD64,
expressed on multiple cell types.

Sputum Induction

Sputum was induced as part of screening and 22 hours
after each exposure. The investigators measured differen-
tial cell counts in the sputum plug and assayed the cell-
free supernatant for IL-6 and IL-8.

Cardiac Monitoring

Frampton and colleagues obtained a continuous 12-lead
ECG Holter recording for each participant from before the
start of exposure until the following morning. During each
continuous ECG recording, the investigators also took 5-
minute supine resting ECG readings before exposure,
immediately after, and 3.5 and 21 hours after exposure.
(For UPASTHMA, subjects also returned 45 hours after
exposure for an additional ECG monitoring session.) In
addition, 5-minute ECG segments were identified during
the final 15 minutes of exposure and during the night (2
AM) after the exposure.

From the ECG readings, the investigators assessed mul-
tiple HRV parameters. These included the high frequency
power (HF, 0.15–0.40 Hz), low frequency power (LF, 0.04–
0.15 Hz), and LF/HF ratio; the standard deviation of
normal-to-normal sinus beat intervals (SDNN) and root
mean square of successive differences in normal-to-normal
intervals (rMSSD). They measured beat-to-beat RR intervals,
ST segment levels, T wave amplitude, and T wave com-
plexity. They also measured QTc, a measurement of the time
between the start of the depolarization of the ventricles of
the heart (an electrical stimulus that contracts the heart to
pump blood) and the end of the repolarization of the ventri-
cles (the electrical stimulus that relaxes the heart), corrected
for heart rate. In addition, Frampton and colleagues quanti-
fied arrhythmias for the entire recording period.

DATA MANAGEMENT AND STATISTICAL METHODS

UPREST and UPASTHMA

These studies utilized a two-period crossover design in
which each subject was exposed to both ultrafine particles
and filtered air. The investigators used repeated measures
analysis of variance (ANOVA) as their standard analysis
for continuous endpoints. In the analysis, order of presen-
tation and gender were treated as between-subject factors,
and treatment, period, and time (when repeated measure-
ments were made after each exposure) were considered
within-subject factors. The analysis included tests for
period and carryover effects. When carryover effects were
highly significant, first period data were examined sepa-
rately. For some endpoints, repeated measurements were
made at uniform intervals after each exposure. In these
cases the ANOVA included tests for an effect of time as
well as interactions with other effects in the model.

Each ANOVA included an examination of residuals as a
check on the required assumptions of normally distributed
errors with constant variance. If these assumptions were
not satisfied, data transformations (for example, square-
root transformation for cell counts) were considered. In the
special case that only one measurement was made in each
period, the ANOVA simplified to three different t tests, for
treatment, period, and carryover effects. In this case, non-
parametric tests such as the Wilcoxon rank sum test were
used if the observations were not normally distributed.

UPDOSE

The study utilized a three-period crossover design in
which each subject received both low (10 µg/m3) and high
(25 µg/m3) concentrations of ultrafine particles and filtered
air. Because each subject received the low level exposure
before the higher level, there were three possible exposure
sequences depending on where in the sequence the air
exposure was placed. Equal numbers of subjects were ran-
domly assigned to each sequence. The statistical analysis
was based on the usual ANOVA model for crossover
designs; that is, the ANOVA included effects for treatment
(three levels), and period (three levels). Because of the
nature of the design, carryover effects were limited to having
been previously exposed (in the period just before the
present one) to 10 µg/m3 (all subjects) and 25 µg/m3 (four
subjects). A random subject effect was included in the
model. Interactions between subject and both period and
treatment were also included as random effects. Because the
data were not balanced for this model, parameters for the
model were estimated by the method of maximum likeli-
hood. Residuals were examined as a check on the assump-
tions, and when necessary, data transformations were



55

Health Review Committee

considered. In some cases a logarithmic or square root trans-
formation was necessary to stabilize the variance.

For all the substudies, a P value of 5% was considered
statistically significant. The HEI Review Committee
thought that the investigators’ approach to assessing carry-
over effects was appropriate for estimating the main effects
of exposure. However, the report did not discuss the
number of study participants who manifested carryover
effects or the magnitude of the effects. The investigators
did note that “the pattern of carryover effects did not indi-
cate any systematic persistence in the second period.”

RESULTS

DEPOSITION OF ULTRAFINE PARTICLES

Based on particle number, the average fractional deposi-
tion in the lower airways for ultrafine particles was
approximately 0.65 for all resting healthy volunteers
(Tables 5 and 6); that is, 65% of the inhaled particles were
deposited in the airways. The resting value for asthmatic
participants was slightly higher, 0.76. From these values,
the investigators calculated that the total number of parti-
cles deposited in asthmatic participants was 50% greater
than the number of particles deposited in healthy partici-
pants. With exercise, the deposition fraction increased to
approximately 0.85 for healthy and asthmatic participants.
The investigators further calculated that four times as
many particles were deposited in the airways of exercising
participants—both healthy and asthmatic—than in the air-
ways of resting participants. Similar exercise-induced
increases in particle deposition were found when particle
mass was used as the measure. The deposition fraction was
the same in men and women and after exposures at 10 or
25 µg/m3 particles.

In all groups—healthy or asthmatic, at rest or during
exercise—deposition fractions were greater for particles of
smaller diameter. For example, based on particle number,
the deposition fraction at rest was 0.80 for ultrafine parti-
cles in the range 7.5 to 10.0 nm but 0.55 for particles in the
range 56.2 to 75 nm.

HEALTH EFFECTS ASSOCIATED WITH EXPOSURE TO 
ULTRAFINE PARTICLES

Overall, few changes were detected at different measure-
ment times (0, 3.5, and 21 hours [and 45 hours in asthmatic
participants only]) after exposure to ultrafine particles in
any protocol. Changes in some parameters differed from
baseline only at a single timepoint. In addition, as was
found in the study by Gong and colleagues, the investigators

noted some changes after the control exposures, which
may have been the result of exercise. In some important
examples listed below, the changes reported as a conse-
quence of the control exposure were greater than changes
after particle exposure.

The following paragraphs, the Investigators’ Report
Table 20, and the Commentary Table summarize the main
study findings. The Commentary Table also compares the
findings of this study with those of the HEI controlled-
exposure study by Gong and colleagues (2003) and of the
studies by the EPA group.

• No effects were found in healthy resting volunteers (ie,
UPREST) on any inflammatory, cardiovascular or pul-
monary function parameter measured.

• Some small changes were noted in exercising healthy
and asthmatic volunteers (ie, UPDOSE and UPASTH-
MA). Of the changes associated with exposure to ul-
trafine particles, many were decreases compared to air
exposure. When responses were analyzed separately
by sex, some exposure-associated effects were greater
in one sex than the other. The key results are described
in the following paragraphs.

Airway Inflammation

No effects on markers in induced sputum were detected
in either exercising healthy or asthmatic volunteers.
Parameters examined included total cell numbers, levels of
leukocyte subpopulations, and levels of IL-6 and IL-8. NO
production in the airways was not affected.

Systemic Inflammation, Coagulation 
and Cardiovascular Measures

Among soluble markers in healthy participants, the con-
trol exposure increased sCD40L levels more than exposure
to ultrafine particles (Figure 9). Compared to baseline
values, the control exposure increased levels by approxi-
mately 50% 21 hours after exposure. The control exposure
increased IL-6 levels more than ultrafine particle exposure,
particularly in men at 3.5 hours after exposure (Figure 7).
At this 3.5-hour timepoint, IL-6 levels in men in the con-
trol exposure group were approximately double the base-
line value. Fibrinogen and von Willebrand factor levels in
healthy men decreased after exposure to 25 µg/m3 particles
(Figure 25); no effects were noted at 10 µg/m3 or at either
exposure level in women.

In asthmatic participants after ultrafine particle exposure,
the soluble marker plasma nitrite/nitrate (a measure of
endogenous NO production) showed a small increase (5–
10%) over time, whereas levels decreased in air-exposed
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individuals (Figure 11). This pattern was driven by changes
in men, as levels did not change in women.

Among healthy participants, total leukocyte numbers
increased after all exposures, including air, with an
increase in the percentage of polymorphonuclear leuko-
cytes (PMNs) and a decrease in other leukocyte types (data
not shown). Monocyte levels decreased in all groups after
exposure, from approximately 8% of total leukocytes at
baseline to 6% to 7% 3.5 hours after exposure. Levels
returned to baseline by 21 hours, except in healthy women
exposed to 25 µg/m3 ultrafine particles (Figure 12). Baso-
phils at 0 and 3.5 hours after exposure to 10 or 25 µg/m3 par-
ticles decreased in women from a baseline level of
approximately 1% of total leukocytes to approximately
0.5% total leukocytes. Even at 21 hours after exposure, baso-
phil levels were still below baseline in ultrafine particle-
exposed women. Lymphocyte assessments in women
revealed that approximately 10% more T cells (ie, CD3+)
expressed CD25 3.5 hours after ultrafine particle exposure
than at baseline. Levels returned to baseline by 21 hours
after exposure. Expression of some adhesion molecules and
Fc receptors on monocytes and PMNs decreased after expo-
sure to ultrafine particles (summarized in the Investigators’
Report Table 20). Some changes were noted in only men or
only women.

Among asthmatic participants, total leukocyte numbers
were not affected by exposure to ultrafine particles. Basophil
levels decreased approximately 50% (from a baseline level of
0.8% total leukocytes) at 0 and 3.5 hours after exposure to
ultrafine particles (Figure 14). Immediately after exposure to
ultrafine particles, CD4+ T lymphocytes decreased from 46%
to 41% as a percentage of total lymphocytes. The investiga-
tors stated that no other lymphocyte subset was affected. No
changes were found after exposure to ultrafine particles in
the numbers of lymphocytes expressing the cytokines IFN-�
and IL-4. Expression of some adhesion molecules and Fc
receptors on leukocytes changed after exposure to ultrafine
particles (summarized in Table 20). Most of these changes
were decreases in expression.

Pulmonary Function and Symptoms In healthy partici-
pants, exposure to ultrafine particles was associated with
decreased minute ventilation during exercise and, in
women only, decreased oxygen saturation; asthmatic partic-
ipants at rest also showed decreased minute ventilation. In
people with asthma, symptoms, vital signs, and oxygen sat-
uration were not affected by exposure to ultrafine particles.

Cardiac Electrophysiologic Changes Exposure  to
ultrafine particles in healthy and asthmatic participants
was associated with little if any change in measures of HRV

(Tables 16 and 18, and Figure 27). Some small changes
were noted in measures of cardiac repolarization (Tables
17 and 19, and Figures 28 and 29). In healthy participants,
exercise during exposure to either air or ultrafine particles
decreased the QT interval and increased QTc. However,
ultrafine particle exposure decreased the QT interval
slightly more than did air exposure (Figure 28). The
increase in QTc with ultrafine particle exposure was less
than during air exposure (Figure 28). Over the next 21
hours, QTc values returned close to baseline levels after
exposure to ultrafine particles but remained above baseline
in people exposed to air. Thus, at all times the QTc was
approximately 20 milliseconds less in people exposed to
ultrafine particles than air. In asthmatic volunteers in the
hours after exposure, the standard deviation of the QT
interval and QT peak duration were slightly lower after
ultrafine particle exposure than after air exposure (Figure
29). The investigators state that this pattern was driven
mainly by responses in women.

DISCUSSION

This is an innovative and complex study. It is the first to
evaluate cardiovascular and respiratory responses at mul-
tiple timepoints in healthy and asthmatic individuals
before, during, and after exposure via inhalation of
ultrafine particles. Moreover, Frampton and colleagues
carried out a technically demanding protocol that required
cooperation from volunteers on multiple visits to the Roch-
ester research facility in order to make intrusive measure-
ments of cardiovascular function.

The particles studied were relevant to normal human
exposures: although generated in the laboratory, the parti-
cles were composed of elemental carbon, a major compo-
nent of urban PM. The concentrations of ultrafine particles
used in the study—10 and 25 µg/m3, which correspond to 2
and 7 × 106 particles/cm3 (Table 4)—were much higher than
average levels of ultrafine particles found in ambient urban
air, however. For example, in Erfurt, Germany (Wichmann et
al 2000) the daily average mass concentration of particles  50
nm in diameter was approximately 0.1 µg/m3. In the Los
Angeles area (Hughes et al 1998), the daily average mass
concentration for all ultrafine particles was 1 µg/m3. In a
recent study of traffic-related PM exposures, Zhu and col-
leagues (2002) found the highest number of particles, domi-
nated by small particles in the ultrafine range, to be
approximately 1.5 × 105/cm3 30 m downwind of a freeway.

Frampton and colleagues’ findings indicate that in healthy
resting people a 2-hour exposure via mouthpiece to 10 µg/m3

inhaled ultrafine carbon particles had no effect on
inflammation in the airways or in the circulation, coagulation
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pathways, or cardiac electrophysiologic parameters
measured up to 21 hours later. In addition, the investigators
did not find evidence of pulmonary inflammation or an
acute phase response in exercising healthy or asthmatic
volunteers. Thus, as the investigators appropriately note,
these findings do not support their original hypothesis that
exposure to ultrafine particles would induce pulmonary
inflammation and an acute phase response.

The investigators did find some changes associated with
particle exposure in exercising asthmatic and healthy par-
ticipants. The changes in healthy and asthmatic partici-
pants were generally similar, suggesting that for these
exposures asthmatic participants are not more susceptible
than healthy participants. Some of these changes were
more prominent in one sex than the other. As the investiga-
tors appropriately note, some cardiovascular and leuko-
cyte responses differ between the sexes (Sader and
Celermajer 2002), but the current study findings have not
“convincingly established or excluded significant gender
differences in responses to carbon ultrafine particles.”

The fact that the investigators detected small changes in
cardiac repolarization but found no significant changes in
HRV parameters suggests that ultrafine particles induce
few changes in electrophysiologic parameters in either
healthy or asthmatic participants. As the investigators
appropriately note, the small changes detected in cardiac
repolarization parameters such as QTc have uncertain bio-
logical or clinical significance. For example, changes in QTc
associated with ultrafine particle exposure rapidly returned
to baseline, but changes after air exposure did not. In addi-
tion, Frampton and colleagues found that QTc increased
approximately 20 milliseconds less in exercising healthy
people exposed to ultrafine particles than in those exposed
to air. Generally, prolongation of the interval for more than
30 milliseconds is thought to be clinically relevant.

Among the key effects Frampton and colleagues
detected were small changes in leukocyte subsets in the
circulation: an apparent redistribution of cell types
(because the total number of circulating leukocytes did not
change) and changes in expression of activation markers
expressed on specific leukocyte populations. Interestingly,
the majority of changes that Frampton and colleagues
detected in circulating cell numbers were decreases—spe-
cifically, decreases in numbers of basophils (healthy
females and all asthmatic participants), monocytes (all
healthy participants), and CD4+ T cells (asthmatic partici-
pants)—rather than increases that are generally associated
with inflammatory responses. Some of the decreases in cell
numbers in the circulation represented substantial changes
in a particular leukocyte subset. For example, the number
of basophils decreased in the circulation by approximately

50% in healthy and asthmatic populations after exposure
to ultrafine particles, and CD4+ T cells decreased by
approximately 12% in asthmatic participants. The investi-
gators did find a small compensatory increase in circu-
lating PMN number, a feature of systemic inflammatory
responses to PM in other systems (eg, Salvi et al 1999,
healthy humans exposed to diesel exhaust; Gordon et al
1998, rats exposed to CAPs; Clarke et al 2000, dogs
exposed to CAPs).

Exposure to ultrafine particles was also associated with
decreased expression of adhesion molecules on the surface
of certain leukocytes in the blood (markers of activation).
Generally, however, increased expression of adhesion mol-
ecules on leukocytes and vascular endothelial cells is con-
sidered a feature of activation in the inflammatory
response (discussed in the Scientific Background). The
investigators speculate on how particle exposure in exer-
cising participants may be associated with decreases in
leukocyte numbers and decreased expression of activation
markers in circulating leukocytes. They propose that expo-
sure to ultrafine particles induces mild constriction of
blood vessels and activation of endothelial cells in the pul-
monary vascular bed. Further, because exercise has been
shown to release PMN into the circulation from the mar-
gins of blood vessels in the lung (eg van Eeden et al 1999),
Frampton and colleagues suggest that particle exposure in
exercising participants inhibits the outflow of activated
leukocytes from the lung into the circulation. This inter-
esting idea merits further study. However, the investigators
did not evaluate the vascular bed of the lungs directly and
so cannot confirm this interpretation. Vasoconstriction of
small pulmonary arteries has been described to occur in
healthy and bronchitic rats exposed to Boston-derived
CAPs (Batalha et al 2002).

At face value, the biological significance of particle
exposure rapidly depleting from the circulation the partic-
ular cell types reported—and in high numbers—is not
clear. Basophils, whose circulating level dropped by 50%,
are involved in the immunologic response to allergens
(agents that trigger allergic responses) and have not previ-
ously been linked with in vivo effects of particle exposure.
CD4+ T cells are activated by exposure to antigens, but gen-
erally only a tiny fraction of the total CD4+ T cell popula-
tion (1 cell in 105) is activated by a particular antigen.
Thus, the particle exposure-associated depletion of
approximately 12% of the total CD4+ T cell pool from
blood is surprising.

As the investigators discuss, other explanations for the
findings are possible; first, ultrafine particle exposure may
result in the release of anti-inflammatory cytokines (such as
transforming growth factor �) that interact with the surface
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of particles and prevent or decrease an inflammatory
response in the blood. Second, ultrafine particles might be
selectively toxic to cells activated in the circulation and
lead to the removal of these cells by apoptosis. An alterna-
tive possibility is that the changes measured are simply
random; that is, that the investigators measured many dif-
ferent parameters, and by chance some of these measure-
ments differed from baseline values. The chance nature of
these positive findings may also explain why some of the
findings were more prominent in one sex than the other.

One of the initial hypotheses of the study was that expo-
sure to particles would change the pattern of cytokines
synthesized by CD4+ T cells to a more Th2-like or allergic
pattern (decreased IFN� and increased IL-4, leading to
immunoglobulin E synthesis). Skewing of responses to a
Th2 pattern has been found in rodents exposed to diesel
exhaust, another type of PM emission (van Zijverden et al
2000; Steerenberg et al 2003). The fact that the investiga-
tors did not find such changes suggests that the ultrafine
carbon emissions may lack the components that activate
Th2 CD4+ T cells and hence the type of immunoglobulin
synthesized by B cells. Alternatively, it may indicate that
ultrafine particle exposure-related changes in Th1 and Th2
cytokines cannot be detected by measuring the number of
cytokine-producing cells in blood. As Frampton and col-
leagues reported exposure-associated activation of CD4+ T
cells in blood in the current study, further studies of par-
ticle effects on CD4+ T cells and the cytokines they pro-
duce may be worth pursuing.

PARTICLE DEPOSITION

Apart from an early study examining a very small
number of people with asthma (Anderson et al 1990), this
is one of the first studies to examine total deposition of
ultrafine particles in the lower airways of asthmatic volun-
teers. Thus, the investigators’ finding that the deposition
fraction for ultrafine particles was greater in resting asth-
matic participants than resting healthy participants is
novel. It suggests that at identical particle exposure levels
asthmatic people may be exposed to a greater lung dose of
ultrafine particles than healthy people (approximately
50% greater in this study). Their finding that the number
and mass of particles deposited in exercising healthy and
asthmatic participants increased approximately four times
compared to levels deposited in resting participants, sug-
gests that exercise does increase the dose of particles to the
lung. Exercising healthy participants showed a limited
number of effects of exposure to ultrafine particles, whereas
resting healthy participants in this study showed no effects
of exposure, which may be the result of the number or
mass of particles taken in by the exercising individuals

exceeding some threshold. The investigators’ finding that
even within the ultrafine particle range smaller particles
have increased deposition compared to larger particles is
interesting and suggests that smaller particles preferen-
tially deposit in the respiratory system.

One of the key features of the study design was that par-
ticipants were exposed by mouthpiece to inhaled ultrafine
particles. Under normal conditions, people inhale parti-
cles through the nose as well as by the mouth although
exercise increases mouth breathing. Data suggest, however,
that a minimal fraction of inhaled ultrafine particles in the
size range used in the current report deposit in the nose (eg
Heyder et al 1986). Nonetheless, some ultrafine particles
inhaled via the nose are likely to be trapped there and not
deposit in the lower airways. Thus the number or mass of
ultrafine particles depositing in the lower airways of par-
ticipants in this study might have been higher than the
number or mass of particles depositing in the lower air-
ways of people exposed to an identical concentration of
particles via the nose as well as the mouth.

COMPARISON WITH RESULTS OF THE GONG 
STUDY AND OTHER CONTROLLED HUMAN 
EXPOSURE STUDIES

As described in the Introduction, before their studies
started Frampton and Gong discussed designs, exposure
protocols, and endpoints to determine areas of overlap that
would allow some comparisons to be made when the
studies were completed. The top section of the Commen-
tary Table shows that Frampton and Gong used similar
study designs and exposure protocols and investigated
similar sets of endpoints. Both studies used a crossover
design (ie, using the individual participant as his or her
own control) to evaluate cardiovascular and respiratory
effects of a single 2-hour exposure to particles and filtered
air in a small number of exercising healthy and asthmatic
participants. Frampton and colleagues’ study also com-
pared effects in the absence of exercise and evaluated the
effect of an additional concentration of particles.

The particles used in the two studies differed. Gong
evaluated fine particles concentrated from ambient air in
the Los Angeles area to a target concentration that repre-
sented a worst-case scenario exposure (target 200 µg/m3,
actual 174 µg/m3). As described above, Frampton evalu-
ated ultrafine carbon particles at levels higher than those
measured in urban air.

Despite the efforts to use similar protocols, comparing
results of the Frampton and Gong studies is challenging: the
studies involved small numbers of participants exposed to
different types of particles in different locations. Nonetheless,
some common themes are visible in the results of the two
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studies. The first is that results of both studies indicate that
few cardiovascular, respiratory, or cardiac electrophysio-
logic endpoints change in exposed healthy volunteers.
Second, inflammatory effects in the airways are minimal.
Third, changes in cardiovascular, respiratory, and cardiac
electrophysiologic endpoints in asthmatic participants do
not appear to differ greatly from those measured in healthy
participants. These general conclusions may have important
implications for designing future studies of particle effects:
What kinds of particles should be studied? What kinds of
clinical conditions may give qualitatively and quantita-
tively different responses from those in healthy people?
Should other endpoints be examined, and if so, what is the
rationale for choosing them?

The results of the Frampton and Gong studies, which
indicate that CAPs and ultrafine particles induced few
inflammatory, electrophysiologic, or vascular responses,
parallel those of CAPs studies in healthy adults that used
similar levels and durations of exposure in the Eastern
United States (Ghio et al 2000; Harder et al 2001; Holgate et
al 2003). These studies are also summarized in the Com-
mentary Table. Ghio and colleagues (2000), at the EPA
research facility in North Carolina, found that CAPs
induced a mild inflammatory response in healthy partici-
pants exposed to 20 to 300 µg/m3 

CAPs for 2 hours while
exercising intermittently (the same pattern as participants in
the studies of Gong and Frampton). They found no changes
in many endpoints, including symptoms, lung function,
blood leukocyte differential counts, or levels of fibrinogen,
IL-6, and IL-8 in bronchoalveolar lavage fluids. They did
detect increases in lavaged PMN numbers and blood fibrin-
ogen levels 18 hours after CAPs exposure (Ghio et al 2000).

By evaluating additional blood and lavage fluid parame-
ters for the participants that Ghio and colleagues originally
studied, Harder and colleagues (2001) found that CAPs
exposure did not affect expression of several cell surface
markers associated with activation of different cell types.
This suggested that CAPs did not affect immune defenses
in the airways or blood of exposed individuals (Harder et
al 2001). In a further study of some of the participants in
the EPA CAPs studies (Holgate et al 2003), bronchial tis-
sues did not show any CAPs-related changes in the param-
eters measured, which included numbers of neutrophils,
distribution of T lymphocyte subsets, and expression of
adhesion molecules by vascular endothelium.

Frampton and colleagues did detect changes in circu-
lating T lymphocyte subsets—specifically, decreased num-
bers of circulating CD4+ T cells in healthy participants and
increased expression of the activation marker CD25 in
women. In the EPA CAPs studies, T lymphocyte changes
were not detected in the circulation (Harder et al 2001) or in

the airways (Holgate et al 2003). Frampton and colleagues
also detected changes in the levels of some adhesion mole-
cules, such as ICAM-1, expressed on the surface of certain
leukocytes. Gong and colleagues did not measure cell-asso-
ciated ICAM-1 but found small increases in levels of soluble
ICAM-1. Holgate and colleagues did not find any change in
expression of adhesion molecules (including ICAM-1)
expressed by bronchial tissue vascular endothelium.

Effects on vascular parameters, in particular acute phase
reactants, differ among the studies. For example, the Ghio,
Frampton, and Gong studies all measured fibrinogen
levels: after CAPs exposure Ghio and colleagues (2000)
detected increases in blood levels, but at a similar time
after exposure Gong and colleagues (2003) found no
changes; after exposure to ultrafine particles, Frampton
and colleagues detected small decreases in healthy men.

Similarly, both Frampton and Gong measured HRV and
repolarization parameters QT and QTc. Gong found a small
increase in normalized HF, and thus a decrease in the
LF/HF ratio, an indication of a small change in parasympa-
thetic influence on the autonomic nervous system.
Frampton found few or no exposure-related effects on HRV
parameters. Gong found that QTc did not change after
exposure in healthy or asthmatic participants, whereas
Frampton found smaller increases in the QTc interval asso-
ciated with ultrafine particle exposure than with air expo-
sure in healthy and asthmatic men. Other human CAPs
exposure studies have also reported electrophysiologic
and vascular changes: Devlin and colleagues (2003)
reported decreased HRV in elderly people exposed to
CAPs and Brook and colleagues (2002) in Toronto, Canada,
found that a combination of CAPs and ozone reduced the
diameter of the brachial artery (that is, were vasoconstric-
tive) in healthy adults exposed at rest, but they did not
examine effects of the pollutants separately or evaluate
possible effects on systemic or airway inflammation.

As described above, however, comparing these sets of
results is challenging. The PM components responsible for
effects may vary from place to place. In addition, the
timing of measurements made is also critically important.
In the Gong and Frampton studies, measurements were
made at several timepoints, whereas in the EPA studies
measurements were made only at 18 hours after exposure.

CONCLUSION

In summary, Frampton and colleagues did not detect
airway or systemic effects after 12 healthy people at rest
inhaled 10 µg/m3 ultrafine carbon particles (median diam-
eter approximately 25 nm) via a mouthpiece for 2 hours.
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The investigators found few ultrafine particle-associated
airway, systemic, or cardiac electrophysiologic changes at
different times after similarly exposing 12 healthy volun-
teers to to 10 or 25 µg/m3 particles and 16 mildly asthmatic
volunteers to 10 µg/m3 particles, with intermittent exercise
for both groups. For example, they found no changes in
lung function, airway inflammation, total blood leukocyte
differential counts, or the levels in blood of fibrinogen or
serum amyloid A.

They did find that the numbers of some leukocytes
changed in the circulation: decreases in basophils and
monocytes in healthy women, and decreases in basophils
and CD4+ T cells in asthmatic participants. Levels of the
activation marker CD25 also increased on T cells from
healthy women and levels of expression of some adhesion
molecules decreased on different sets of leukocytes in
healthy and asthmatic participants. The investigators
speculate that these changes signify that exposure to
ultrafine particles activates some sets of leukocytes and
vascular endothelium; activated leukocytes then migrate
to and are retained in the vascular bed of the lung. This is
an interesting idea that is worth studying. The investiga-
tors also found a few cardiac electrophysiologic changes—
particularly in measures of cardiac repolarization—in
healthy and asthmatic participants, but they were of small
magnitude.

The clinical significance of any of the ultrafine particle-
associated changes is not clear. The changes observed sug-
gest, however, that in this small set of healthy and mildly
asthmatic participants, the effects of exposure 10 or 25
µg/m3 ultrafine carbon particles for 2 hours are small. The
paucity of effects in the current study is consistent with the
results of studies conducted in North America of human
exposures to concentrated fine particles. Consequently, the
results of the current study do not lend support to the
hypothesis that ultrafine particles are more toxic than
other components of the broader particle mix. Conducting
controlled exposures with ultrafine particles of different
sizes and composition; with different susceptible popula-
tions (such as those with cardiovascular disease); using a
larger number of participants; longer exposure durations
and higher concentrations; and measuring different end-
points would increase the statistical and scientific strength
of future studies, and thus provide a stronger test of the
ultrafine hypothesis.

ACKNOWLEDGMENTS

The Health Review Committee thanks the ad hoc
reviewers for their help in evaluating the scientific merit of
the Investigators’ Report. The Committee is also grateful to

Maria Costantini for her oversight of the study, to Geoffrey
Sunshine for his assistance in preparing its Commentary,
to Mary K Brennan for science edit of the Investigators’
Report and Commentary,  and to Sally Edwards, Ruth
Shaw and Frederic Howe for their roles in publishing this
Research Report.

REFERENCES

Anderson KR, Avol EL, Edwards SA, Shamoo DA, Peng RC,
Linn WS, Hackney JD. 1992. Controlled exposures of vol-
unteers to respirable carbon and sulfuric acid aerosols. J
Air Waste Manage Assoc 42:770–776.

Anderson PJ, Wilson JD, Hiller FC 1990. Respiratory tract
deposition of ultrafine particles in subjects with obstruc-
tive or restrictive lung disease. Chest 97:1115-1120. Barnes
PJ. 1996. NO or no NO in asthma? Thorax 51:218–220.

Batalha JR, Saldiva PH, Clarke RW, Coull BA, Stearns RC,
Lawrence J, Murthy GG, Koutrakis P, Godleski JJ. 2002.
Concentrated ambient air particles induce vasoconstric-
tion of small pulmonary arteries in rats. Environ Health
Perspect 110:1191–1197.

Brook RD, Brook JR, Urch B, Vincent R, Rajagopalan S, Sil-
verman F. 2002. Inhalation of fine particulate air pollution
and ozone causes acute arterial vasoconstriction in healthy
adults. Circulation 105:1534–1536.

Campen MJ, Watkinson WP, Dowd SM, Costa DL. 1997.
Changes in electrocardiographic waveform parameters
after exposure to residual oil fly ash particles in the cold-
acclimated and cardiopulmonary-compromised rat. Am J
Resp Crit Care Med 155: A247.

Clarke RW, Coull B, Reinisch U, Catalano P, Killingsworth
CR, Koutrakis P, Kavouras I, Murthy GG, Lawrence J, Lovett
E, Wolfson JM, Verrier RL, Godleski JJ. 2000. Inhaled con-
centrated ambient particles are associated with hemato-
logic and bronchoalveolar lavage changes in canines.
Environ Health Perspect 108:1179–1187.

Costa DL, Lehmann JR, Frazier LT, Doerfler D, Ghio A.
1994. Pulmonary hypertension: A possible risk factor in
particulate toxicity [abstract]. Am J Respir Crit Care Med
149:A840.

Devlin RB, Ghio AJ, Kehrl, Sanders G, Cascio W. 2003. Eld-
erly humans exposed to concentrated air pollution parti-
cles have decreased heart rate variability. Eur Respir J 21,
Suppl 40, 762-80s.



62

Commentary

US Environmental Protection Agency. 1996. Air Quality
Criteria for PM. EPA/600/P-95/001. Office of Research and
Development, Washington DC

Frampton MW. 2001. Systemic and cardiovascular effects
of airway injury and inflammation: Ultrafine particle expo-
sure in humans. Environ Health Perspect 109:529–532.

Freedman JJE. 2003. CD40Ligand: Assessing risk instead of
damage? New Engl J Med 348:1163–1165.

Ghio AJ, Kim C, Devlin RB. 2000. Concentrated ambient air
particles induce mild pulmonary inflammation in healthy
human volunteers. Am J Respir Crit Care Med 162:981–988.

Godleski JJ, Sioutas C, Verrier RL, Killingsworth CR, Lovett
E, Murthy GGK, Hatch V, Wolfson JM, Ferguson ST,
Koutrakis P. 1997. Inhalation exposure of canines to con-
centrated ambient air particles [abstract]. Am J Respir Crit
Care Med 155:A246.

Gong H Jr, Sioutas C, Linn WS. 2003. Controlled Exposures
of Healthy and Asthmatic Volunteers to Concentrated
Ambient Particles in Metropolitan Los Angeles. Research
Report 118. Health Effects Institute, Boston MA.

Gordon T, Nadziejko C, Schlesinger R, Chen LC. 1998. Pul-
monary and cardiovascular effects of acute exposure to
concentrated ambient particulate matter in rats. Toxicol
Lett 96,97:285–288.

Hahn FF, Barr EB, Ménache MG, Seagrave JC. 2004. Par-
ticle Size- and Composition-Related Adverse Health
Effects in an Aged, Sensitive Population of Rats. Research
Report. Health Effects Institute, Boston MA. In press.

Harder SD, Soukup JM, Ghio AJ, Devlin RB, Becker S.
2001. Inhalation of PM2.5 does not modulate host defense
or immune parameters in blood or lung of normal human
subjects. Environ Health Perspect 109(Suppl 4):599–604.

Health Effects Institute. 2001. Airborne Particles and
Health: HEI Epidemiologic Evidence. HEI Perspectives.
Health Effects Institute, Cambridge MA.

Health Effects Institute. 2002. Understanding the Health
Effects of Components of the Particulate Matter Mix:
Progress and Next Steps. HEI Perspectives. Health Effects
Institute, Boston MA.

Health Effects Institute. 2003. Revised Analyses of Time-
Series Studies of Air Pollution and Health, Special Report.
Health Effects Institute, Boston MA.

Heyder J, Gebhart J, Rudolf G, Schiller CF, Stahlhofen W.
1986. Deposition of particles in the human respiratory tract
in the size range 0.005 – 15 µm. J Aerosol Sci 17: 811-825.

Holgate ST, Devlin RB, Wilson S, Frew AJ. 2003. Health
Effects of Acute Exposure to Air Pollution. Part II: Healthy
Subjects Exposed to Concentrated Ambient Particles.
Research Report 112. Health Effects Institute, Boston MA.

Hughes LS, Cass GR, Gone J, Ames M, Olmez I 1998. Phys-
ical and chemical characterization of atmospheric ultrafine
particles in the Los Angeles area. Environ Sci Technol
32:1153–1161.

Killingsworth CR, Alessandrini F, Murthy GGK, Catalano
PJ, Paulauskis JD, Godleski JJ. 1997. Inflammation,
chemokine expression, and death in monocrotaline-treated
rats following fuel oil fly ash inhalation. Inhalation Toxicol
9:541–565.

Kuschner WG, Wong H, D'Alessandro A, Quinlan P, Blanc
PD. 1997. Human pulmonary responses to experimental
inhalation of high concentration fine and ultrafine magne-
sium oxide particles. Environ Health Perspect. 105:1234–
1237.

Leikauf GD, McDowell SA, Wesselkamper SC, Miller CR,
Hardie WD, Gammon K, Biswas PP, Korfhagen TR,
Bachurski CJ, Wiest JS, Willeke K, Bingham E, Leikauf JE,
Aronow BJ, Prows DR. 2001. Pathogenomic Mechanisms
for Particulate Matter Induction of Acute Lung Injury and
Inflammation in Mice. Research Report 105. Health Effects
Institute, Boston MA.

Lipsett M, Hurley S, Ostro B. 1997. Air pollution and emer-
gency room visits for asthma in Santa Clara County, Cali-
fornia. Environ Health Perspect 105:216–222.

McDonald JD, Powell QH, Bowen LE, Mauderly JL. 2001.
Organic carbon content of aerosols produced from a palas
carbon generation system [abstract]. Toxicologist 2048.
60:430. Full citation???

National Institutes of Health (US). 1997. Guidelines for the
Diagnosis and Management of Asthma. Expert Panel
Report 2. NIH 97-4051. National Asthma Education and
Prevention Program, Bethesda MD.

Nemmar A, Hoet PH, Vanquickenborne B, Dinsdale D,
Thomeer M, Hoylaerts MF, Vanbilloen H, Mortelmans L,
Nemery B. 2002. Passage of inhaled particles into the blood
circulation in humans. Circulation 105:411–414.

Nemmar A, Vanbilloen H, Hoylaerts MF, Hoet PHM, Ver-
bruggen A, Nemery B. 2001. Passage of intratracheally
instilled ultrafine particles from the lung into the systemic
circulation in hamster. Am J Respir Crit Care Med
164:1665–1668.

Oberdörster G. 2001. Pulmonary effects of inhaled
ultrafine particles. Int Arch Occup Environ Health 74:1–8.



63

Health Review Committee

Pekkanen J, Timonen KL, Ruuskanen J, Reponen A, Mirme
A.1997. Effects of ultrafine and fine particles in urban air
on peak expiratory flow among children with asthmatic
symptoms. Environ Res 74: 24–33.

Peters A, Doring A, Wichmann H-E, Koenig W. 1997a.
Increased plasma viscosity during an air pollution episode:
a link to mortality? Lancet 349:1582–1587.

Peters A, Wichmann HE, Tuch T, Heinrich J, Heyder J. 1997b.
Respiratory effects are associated with the number of ultrafine
particles. Am J Respir Crit Care Med 155:1376–1383.

Sader MA, Celermajer DS. 2002. Endothelial function, vas-
cular reactivity and gender differences in the cardiovas-
cular system. Cardiovasc Res 53:597–604.

Salvi S, Blomberg A, Rudell B, Kelly F, Sandstrom T, Hol-
gate ST, Frew A. 1999. Acute inflammatory responses in
the airways and peripheral blood after short-term exposure
to diesel exhaust in healthy human volunteers. Am J
Respir Crit Care Med 159:702–709.

Schwartz J, Slater D, Larson TV, Pierson WE, Koenig JQ
1993, Particulate air pollution and hospital emergency
room visits for asthma in Seattle. Am Rev Respir Dis.
147:826–831.

Seaton A, MacNee W, Donaldson K, Godden D. 1995. Par-
ticulate air pollution and acute health effects. Lancet
345:176–178.

Steerenberg PA, Withagen CE, Dormans JA, van Dalen WJ,
van Loveren H, Casee FR. 2003. Adjuvant activity of various

diesel exhaust and ambient particles in two allergic
models. J Toxicol Environ Health 66:1421–1439.

Tall AR. 2004. C-reactive protein reassessed. New Engl J
Med 350:1450–1452.

Utell MJ, Frampton MW 2000 Acute health effects of
ambient air pollution: the ultrafine particle hypothesis. J
Aerosol Med 13: 355–59.

van Eeden SF, Granton J, Hards JM, Moore B, Hogg JC.
1999. Expression of the cell adhesion molecules on leuko-
cytes that demarginate during acute maximal exercise. J
Appl Physiol 86:970-976.

van Zijverden M, van der Pijl A, Bol M, van Pinxteren FA,
de Haar C, Penninks AH, van Loveren H, Pieters R. 2000.
Diesel exhaust, carbon black, and silica particles display
distinct Th1/Th2 modulating activity. Toxicol Appl Phar-
macol 168:131–139.

Watkinson WP, Campen MJ, Costa DL. 1998. Cardiac
arrhythmia induction after exposure to residual oil fly ash
particles in a rodent model of pulmonary hypertension.
Toxicol Sci 41:209–216.

Wichmann HE, Spix C, Tuch T, Wolke G, Peters A, Hein-
rich J, Kreyling WG, Heyder J. 2000. Daily Mortality and
Fine and Ultrafine Particles in Erfurt, Germany. Part I: Role
of Particle Number and Particle Mass. Research Report 98.
Health Effects Institute, Boston MA.

Zhu Y, Hinda WC, Kim S, Sioutas C. 2002. Concentration
and size distribution of ultrafine particles near a major
highway. J Air Waste Manage Assoc 52:1032–1042.





RELATED HEI PUBLICATIONS: PARTICULATE MATTER AND DIESEL EXHAUST

* Reports published since 1990.
Copies of these reports can be obtained from the Health Effects Institute and many are available at www.healtheffects.org.

Report  Principal
Number         Title Investigator Date*

Research Reports

120 Effects of Concentrated Ambient Particles on Normal and Hypersecretory JR Harkema 2004
Airways in Rats

118 Controlled Exposures of Healthy and Asthmatic Volunteers to Concentrated H Gong Jr 2003
Ambient Particles in Metropolitan Los Angeles

117 Peroxides and Macrophages in Toxicity of Fine Particulate Matter DL Laskin 2003

112 Health Effects of Acute Exposure to Air Pollution ST Holgate 2003
  Part I. Healthy and Asthmatic Subjects Exposed to Diesel Exhaust
  Part II. Healthy Subjects Exposed to Concentrated Ambient Particles

111 Effect of Concentrated Ambient Particulate Matter on Blood Coagulation C Nadziejko 2002
Parameters in Rats

110 Particle Characteristics Responsible for Effects on Human Lung Epithelial Cells AE Aust 2002

107 Emissions from Diesel and Gasoline Engines Measured in Highway Tunnels
  Part I. Real-World Particulate Matter and Gaseous Emissions AW Gertler 2002
    from Motor Vehicles in a Highway Tunnel
  Part II. Airborne Carbonyls from Motor Vehicle Emissions D Grosjean 2002
    in Two Highway Tunnels

106 Effects of Combined Ozone and Air Pollution Particle Exposure in Mice L Kobzik 2001

105 Pathogenomic Mechanisms for Particulate Matter Induction of Acute Lung GD Leikauf 2001
Injury and Inflammation in Mice

104 Inhalation Toxicology of Urban Ambient Particulate Matter: R Vincent 2001
Acute Cardiovascular Effects in Rats

101 Epithelial Penetration and Clearance of Particle-Borne Benzo[a]pyrene P Gerde 2001

99 A Case-Crossover Analysis of Fine Particulate Matter Air Pollution and H Checkoway 2000
Out-of-Hospital Sudden Cardiac Arrest

98 Daily Mortality and Fine and Ultrafine Particles in Erfurt, Germany H-E Wichmann 2000
  Part I. Role of Particle Number and Particle Mass

97 Identifying Subgroups of the General Population That May Be Susceptible MS Goldberg 2000
to Short-Term Increases in Particulate Air Pollution: A Time-Series Study 
in Montreal, Quebec 

96 Acute Pulmonary Effects of Ultrafine Particles in Rats and Mice G Oberdörster 2000

95 Association of Particulate Matter Components with Daily Mortality M Lippmann 2000 
and Morbidity in Urban Populations

91 Mechanisms of Morbidity and Mortality from Exposure to Ambient JJ Godleski 2000
Air Particles

Continued



* Reports published since 1990.
Copies of these reports can be obtained from the Health Effects Institute and many are available at www.healtheffects.org.

RELATED HEI PUBLICATIONS: PARTICULATE MATTER AND DIESEL EXHAUST

Report  Principal
Number         Title Investigator Date*

76 Characterization of Fuel and Aftertreatment Device Effects on ST Bagley 1996
Diesel Emissions

68 Pulmonary Toxicity of Inhaled Diesel Exhaust and Carbon Black in
Chronically Exposed Rats
  Part I. Neoplastic and Nonneoplastic Lung Lesions JL Mauderly 1994
  Part II. DNA Damage K Randerath 1995
  Part III. Examination of Possible Target Genes SA Belinsky 1995

Special Reports

Revised Analyses of Time-Series Studies of Air Pollution and Health 2003

Research Directions to Improve Estimates of  Human Exposure and 2002
Risk from Diesel Exhaust

Reanalysis of the Harvard Six Cities Study and the American Cancer 2000
Society Study of Particulate Air Pollution and Mortality: A Special Report
of the Institute’s Particle Epidemiology Reanalysis Project

Diesel Emissions and Lung Cancer: Epidemiology and Quantitative 1999
Risk Assessment

Particulate Air Pollution and Daily Mortality: The Phase I Report of the Particle
Epidemiology Evaluation Project
Phase I.A. Replication and Validation of Selected Studies 1995
Phase I.B. Analyses of the Effects of Weather and Multiple Air Pollutants 1997

Diesel Exhaust: A Critical Analysis of Emissions, Exposure and Health Effects 1995 

HEI Communications

10 Improving Estimates of Diesel and Other Emissions for Epidemiologic Studies 2003

9 Evaluation of Human Health Risk from Cerium Added to Diesel Fuel 2001

8 The Health Effects of Fine Particles: Key Questions and the 2003 Review 
(Report of the Joint Meeting of the EC and HEI) 1999

7 Diesel Workshop: Building a Research Strategy to Improve Risk Assessment 1999

5 Formation and Characterization of Particles: Report of the 1996 HEI Workshop 1996

HEI Research Program Summaries

Research on Diesel Exhaust and Other Particles 2003

Research on Diesel Exhaust 1999

Research on Particulate Matter 1999

HEI Perspectives

Understanding the Health Effects of Components of the Particulate Matter Mix: 2002
Progress and Next Steps

Airborne Particles and Health: HEI Epidemiologic Evidence 2001



H E A L T H
E F F E C T S
INSTITUTE

The Health Effects Institute was chartered in 1980 as an 

independent and unbiased research organization to provide 

high quality, impartial, and relevant science on the health 

effects of emissions from motor vehicles, fuels, and other 

environmental sources. All results are provided to industry 

and government sponsors, other key decisionmakers, the 

scientific community, and the public. HEI funds research 

on all major pollutants, including air toxics, diesel exhaust, 

nitrogen oxides, ozone, and particulate matter. The Institute 

periodically engages in special review and evaluation of key 

questions in science that are highly relevant to the regulatory 

process. To date, HEI has supported more than 220 projects 

at institutions in North America, Europe, and Asia and has 

published over 160 Research Reports and Special Reports. 

Typically, HEI receives half of its core funds from the 

US Environmental Protection Agency and half from 28 

worldwide manufacturers and marketers of motor vehicles 

and engines who do business in the United States. Other 

public and private organizations periodically support special 

projects or certain research programs. Regardless of funding 

sources, HEI exercises complete autonomy in setting its 

research priorities and in reaching its conclusions. 

An independent Board of Directors governs HEI. The 

Institute’s Health Research Committee develops HEI’s five-

year Strategic Plan and initiates and oversees HEI-funded 

research. The Health Review Committee independently 

reviews all HEI research and provides a Commentary 

on the work’s scientific quality and regulatory relevance. 

Both Committees draw distinguished scientists who 

are independent of sponsors and bring wide-ranging 

multidisciplinary expertise. 

The results of each project and its Commentary are 

communicated widely through HEI’s home page, Annual 

Conference, publications, and presentations to professional 

societies, legislative bodies, and public agencies.

OFFICERS & STAFF
Daniel S Greenbaum President

Robert M O’Keefe Vice President

Jane Warren Director of Science

Sally Edwards Director of Publications

Jacqueline C Rutledge Director of Finance and Administration

Deneen Howell Corporate Secretary

Cristina I Cann Staff Scientist

Aaron J Cohen Principal Scientist

Maria G Costantini Principal Scientist

Wei Huang Staff Scientist

Debra A Kaden Principal Scientist

Sumi Mehta Staff Scientist

Geoffrey H Sunshine Senior Scientist

Annemoon MM van Erp Staff Scientist

Terésa Fasulo Science Administration Manager

L Virgi Hepner Senior Science Editor

Jenny Lamont Science Editor

Francine Marmenout Senior Executive Assistant

Teresina McGuire Accounting Assistant

Kasey L Oliver Administrative Assistant

Robert A Shavers Operations Manager

Mark J Utell Chair
Professor of Medicine and Environmental Medicine, University of Rochester

Melvyn C Branch
Joseph Negler Professor of Engineering, Mechanical Engineering Department, 
University of Colorado

Kenneth L Demerjian
Professor and Director, Atmospheric Sciences Research Center, University
at Albany, State University of New York

Peter B Farmer
Professor and Section Head, Medical Research Council Toxicology Unit,
University of Leicester

Helmut Greim
Professor, Institute of Toxicology and Environmental Hygiene, Technical 
University of Munich

Rogene Henderson
Senior Scientist Emeritus, Lovelace Respiratory Research Institute

Stephen I Rennard
Larson Professor, Department of Internal Medicine, University 
of Nebraska Medical Center

Howard Rockette
Professor and Chair, Department of Biostatistics, Graduate School 
of Public Health, University of Pittsburgh

Jonathan M Samet
Professor and Chairman, Department of Epidemiology, Bloomberg 
School of Public Health, Johns Hopkins University

Ira Tager
Professor of Epidemiology, School of Public Health, University
 of California, Berkeley

HEALTH RESEARCH COMMITTEE

BOARD OF DIRECTORS
Richard F Celeste Chair
President, Colorado College

Purnell W Choppin
President Emeritus, Howard Hughes Medical Institute

Jared L Cohon
President, Carnegie Mellon University

Alice Huang
Senior Councilor for External Relations, California Institute  of Technology

Gowher Rizvi
Director, Ash Institute for Democratic Governance and Innovations, 
Harvard University

Richard B Stewart
University Professor, New York University School of Law, and Director, New York 
University Center on Environmental and Land Use Law

Robert M White
President (Emeritus), National Academy of Engineering, and Senior Fellow, 
University Corporation for Atmospheric Research  

Archibald Cox Founding Chair, 1980–2001

Donald Kennedy Vice Chair Emeritus
Editor-in-Chief, Science; President (Emeritus) and Bing Professor of Biological 
Sciences, Stanford University

HEALTH REVIEW COMMITTEE
Daniel C Tosteson Chair
Professor of Cell Biology, Dean Emeritus, Harvard Medical School

Ross Anderson
Professor and Head, Department of Public Health Sciences, 
St George’s Hospital Medical School, London University

John R Hoidal
Professor of Medicine and Chief of Pulmonary/Critical Medicine, 
University of Utah

Thomas W Kensler
Professor, Division of Toxicological Sciences, Department 
of Environmental Sciences, Johns Hopkins University

Brian Leaderer
Professor, Department of Epidemiology and Public Health, 
Yale University School of Medicine

Thomas A Louis
Professor, Department of Biostatistics, Bloomberg School of Public Health, 
Johns Hopkins University

Edo D Pellizzari
Vice President for Analytical and Chemical Sciences, 
Research Triangle Institute

Nancy Reid
Professor and Chair, Department of Statistics, University of Toronto

William N Rom
Professor of Medicine and Environmental Medicine and Chief of Pulmonary 
and Critical Care Medicine, New York University Medical Center 

Sverre Vedal
Professor, Department of Environmental and Occupational Health Sciences, 
University of Washington



Charlestown Navy Yard

120 Second Avenue

Boston MA  02129-4533 USA

+1-617-886-9330

www.healtheffects.org

R E S E A R C H
R E P O R T  

H E A L T H
E F F E CTS
INSTITUTE

Jan
u

ary 2004

R E S E A R C H  R E P O R T

H E A L T H
E F F E CTS
INSTITUTE

Includes a Commentary by the Institute’s Health Review Committee

Number 126

December 2004

D
ecem

b
er 2004

Number 126
December 2004

Effects of Exposure to Ultrafine 
Carbon Particles in Healthy 
Subjects and Subjects with Asthma
Mark W Frampton, Mark J Utell, Wojciech Zareba, 
Günter Oberdörster, Christopher Cox, Li-Shan Huang, 
Paul E Morrow, F Eun-Hyung Lee, David Chalupa, 
Lauren M Frasier, Donna M Speers, and Judith Stewart

Departments of Medicine, Environmental Medicine, 
and Biostatistics, University of Rochester School of Medicine, 
Rochester, New York; Division of Epidemiology, Statistics 
and Prevention, National Institute of Child Health and 
Human Development, National Institutes of Health, 
Bethesda, Maryland

U
ltrafin

e C
arb

o
n

 P
articles in

 H
ealth

y an
d

 A
sth

m
atic Su

b
jects

R
EPO

RT
 126

http://www.healtheffects.org

	HEI Research Report 126
	About HEI
	STATEMENT
	APPROACH
	RESULTS AND INTERPRETATION
	CONCLUSIONS
	Copyright, Compositing, and Printing Information

	Table of Contents
	Publishing History, Citation for Whole Document

	INVESTIGATORS’ REPORT
	ABSTRACT
	INTRODUCTION
	SETTING AIR QUALITY STANDARDS
	EFFECTS ON CARDIOVASCULAR SYSTEM
	CONTRIBUTING EFFECT OF ASTHMA

	SPECIFIC AIMS
	METHODS AND STUDY DESIGN
	SUBJECT CRITERIA
	STUDY DESIGN
	EXPOSURE SYSTEM
	PARTICLE DEPOSITION
	PULMONARY FUNCTION
	AIRWAY NITRIC OXIDE
	BLOOD MARKERS OF COAGULATION AND INFLAMMATION
	IMMUNOFLUORESCENCE ANALYSIS
	LYMPHOCYTE CYTOKINE PROFILE
	SPUTUM INDUCTION
	CARDIAC MONITORING
	ECG ANALYSES
	DATA HANDLING AND STATISTICAL METHODS

	RESULTS
	PARTICLE COMPOSITION
	SUBJECT CHARACTERISTICS
	PARTICLE DEPOSITION
	RESPIRATORY SYMPTOMS AND PULMONARY FUNCTION
	VITAL SIGNS AND OXYGEN SATURATION
	MARKERS OF LOCAL AIRWAY INFLAMMATION
	MARKERS OF SYSTEMIC INFLAMMATION
	BLOOD LEUKOCYTES
	LYMPHOCYTE SUBSETS AND ACTIVATION
	LYMPHOCYTE CYTOKINE PROFILE
	BLOOD LEUKOCYTE EXPRESSION OF ADHESION MOLECULES AND Fc RECEPTORS
	MARKERS OF BLOOD COAGULATION
	CARDIAC MONITORING

	DISCUSSION
	UFP DEPOSITION
	BLOOD LEUKOCYTE EFFECTS
	CARDIAC EFFECTS
	GENDER DIFFERENCES
	COMPARISONS WITH OTHER HUMAN STUDIES OF PM

	REFERENCES
	APPENDIX A. HEI Quality Assurance Audit Statement
	QUALITY ASSURANCE AUDITS

	ABOUT THE AUTHORS
	OTHER PUBLICATIONS RESULTING FROM THISRESEARCH
	ABBREVIATIONS AND OTHER TERMS

	COMMENTARYHealth Review Committee
	SCIENTIFIC BACKGROUND
	PM AND CARDIOVASCULAR RESPONSES
	TOXICITY OF ULTRAFINE PARTICLES

	SIDEBAR 1. INFLAMMATION IN CARDIOVASCULAR RESPONSES AND ASTHMA
	SIDEBAR 2. NOMENCLATUREFOR CELL DESIGNATED NUMBERS
	OBJECTIVES
	STUDY DESIGN
	EXPOSURE PROTOCOLS
	PARTICLE GENERATION AND EXPOSURE SYSTEM
	PARTICLE DEPOSITION
	MEASUREMENT OF BIOLOGICAL FUNCTION
	DATA MANAGEMENT AND STATISTICAL METHODS

	RESULTS
	DEPOSITION OF ULTRAFINE PARTICLES
	HEALTH EFFECTS ASSOCIATED WITH EXPOSURE TOULTRAFINE PARTICLES

	DISCUSSION
	PARTICLE DEPOSITION
	COMPARISON WITH RESULTS OF THE GONGSTUDY AND OTHER CONTROLLED HUMANEXPOSURE STUDIES

	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES

	RELATED HEI PUBLICATIONS: PARTICULATE MATTER AND DIESEL EXHAUST
	HEI BOARD OF DIRECTORS
	HEI HEALTH RESEARCH COMMITTEE
	HEI HEALTH REVIEW COMMITTEE
	HEI OFFICERS & STAFF
	Contact Information



