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The Health Effects Institute, established in 

1980, is an independent and unbiased source 

of information on the health effects of motor 

vehicle emissions. HEI supports research on 

all major air pollutants, including regulated 

pollutants (such as carbon monoxide, ozone, 

nitrogen dioxide, and particulate matter) and 

unregulated pollutants (such as diesel engine 

exhaust, methanol, and aldehydes). To date, 

HEI has supported more than 220 projects at 

institutions in North America and Europe and 

has published over 140 research reports. 

Typically, HEI receives half its funds from the 

US Environmental Protection Agency and 

half from 28 manufacturers  and marketers 

of motor vehicles and engines in the US. 

Occasionally, funds from other public and 

private organizations either support special 

projects or provide a portion of the resources 

for an HEI study.  For the work described 

in this Research Report, HEI gratefully 

acknowledges additional funds from the 

American Petroleum Institute. 

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 and Health 

Review Committees serve complementary 

scientific purposes and draw distinguished 

scientists as members. The results of HEI-

funded studies are made available as Research 

Reports, which contain both the Investigators’ 

Report and the Review Committee’s 

evaluation of the work’s scientific quality and 

regulatory relevance. 



S T  A  T E M E N T 

Synopsis of Research Report 118 

Effects of Exposure to Concentrated Ambient Particles from 
Los Angeles Air on Healthy and Asthmatic Volunteers 

INTRODUCTION 

Ambient particulate matter (PM) is a complex 
mixture of particles suspended in the air. The size, 
chemical composition, and other physical and bio
logical properties of these particles vary with loca
tion and time. Although the characteristics of PM 
vary in different places, epidemiologic studies in 
many diverse locations have reported that short-
term increases in levels of PM are associated with 
short-term increases in illness and death. These 
studies have raised several critical questions, 
including: (1) What are the characteristics—espe-
cially size and chemical composition—of particles 
that may cause harmful human health effects? (2) 
What biologic mechanisms may explain the 
reported epidemiologic associations? and (3) 
Which groups of people are particularly sensitive to 
the effects of PM? 

In 1998, the Health Effects Institute issued 
Request for Applications 98-1, Characterization of 
Exposure to and Health Effects of Particulate 
Matter. A key component of RFA 98-1 was to eval
uate the health effects of ambient particles in 
healthy and sensitive persons. Preliminary studies 
had indicated that nonhuman species exposed to 
CAPs showed certain changes in electrocardiogram 
(ECG) readings and differences in cell counts of 
peripheral blood leukocyte subsets. The relevance 
of these findings to humans was not clear, however. 
Thus, one area of interest was studies that would 
use a technology designed to concentrate ambient 
particles (CAPs) and expose human volunteers to 
CAPs using a controlled laboratory protocol. 

HEI funded two studies to address the effects of 
controlled human exposure to CAPs. The first, 
described here, was led by Dr Henry Gong of Los 
Amigos Research and Education Institute, Downey 
CA. The second was led by Dr Mark Frampton, Uni
versity of Rochester School of Medicine and Den
tistry, Rochester NY, and will be published in 2004. 
Before both studies began, both Gong and Frampton 

participated in an HEI-sponsored workshop and 
decided to use similar exposure levels and evaluate 
a similar set of endpoints so that the results of their 
studies could more easily be compared with each 
other and with CAPs studies being performed at the 
US Environmental Protection Agency research 
facility in Chapel Hill NC. 

APPROACH 

HEI commissioned Dr Petros Koutrakis, one of 
the developers of the concentrator that had been 
used in studies at the Harvard School of Public 
Health, to provide Gong and colleagues with an 
ambient particle concentrator. Gong and colleagues 
recruited 12 healthy individuals and 12 individuals 
with mild asthma—a group thought to be particu
larly sensitive to PM. During a 2-hour exposure to 
either filtered air or CAPs derived from air in the 
Los Angeles region, participants exercised intermit
tently on a stationary bicycle. The investigators’ 
target CAPs exposure level was 200 µg/m3, consid
ered to be a “worst-case” ambient PM exposure sce
nario for metropolitan Los Angeles. 

Gong and colleagues hypothesized that CAPs 
exposure would cause cardiopulmonary effects, 
mediated by local and systemic inflammation, and 
that responses to CAPs would differ among individ
uals depending on their health status. They measured 
pulmonary function and cardiac electrophysiologic 
and blood parameters in an ordered sequential 
manner at multiple time points before, during, and 
after CAPs or air exposures; the day after exposure, 
they also collected sputum. 

RESULTS AND INTERPRETATION 

Gong and colleagues found few airway, systemic, 
or cardiac electrophysiologic changes at different 
times after exposing 12 healthy and 12 mildly asth
matic volunteers for 2 hours to approximately 
200 µg/m3 CAPs derived from air in the Los Angeles 

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr Henry Gong Jr 
at the Los Amigos Research and Education Institute, Downey CA. The following Research Report contains both the detailed Investigators’ 
Report and a Commentary on the study prepared by the Institute’s Health Review Committee. 
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Basin. For example, they found no changes in lung 
function, blood leukocyte differential cell counts, or 
the blood levels of fibrinogen or serum amyloid A— 
both of which are acute-phase reactants that partici
pate in the inflammatory response. The largest CAPs
associated change in both healthy and asthmatic par
ticipants was a 50% decrease in the number of 
columnar epithelial cells in sputum acquired from 
participants 24 hours after exposure; this may indi
cate that the particles stimulated an irritant or toxic 
response in the airways that removed these cells 
before sputum was collected. 

Both healthy and asthmatic participants showed 
small changes in a few parameters. These included 
modest changes in (1) heart rate variability (normal 
fluctuations in heart rate) that are unlikely to have 
clinical significance or prognostic value for people 
who do not have heart disease; (2) blood levels of 
factor VII (involved in coagulation); and (3) blood 
levels of soluble intercellular adhesion molecule 
(ICAM) 1 (a marker of endothelial cell activation and 
an independent risk factor for coronary heart dis
ease). As the investigators appropriately note, when 

evaluating many endpoints and finding only a few 
that changed, it is always possible that those few 
changed by chance. 

The clinical significance of any of the CAPs-associ-
ated changes is not clear; but the results suggest that 
in this small set of healthy and mildly asthmatic par
ticipants, the effects from approximately 200 µg/m3 

CAPs for 2 hours are not large. The paucity of effects 
in the current study is consistent with the types of 
effects reported in human CAPs exposures conducted 
on the East Coast of the US, predominantly in the 
studies reported by the US Environmental Protection 
Agency. It will be interesting to compare the effects 
reported in these studies with those reported in the 
forthcoming report by Frampton and colleagues. 

Conducting controlled exposures to CAPs with dif
ferent susceptible populations (such as those with car
diovascular disease); using a larger number of 
participants, longer exposure durations, and higher 
CAPs concentrations; involving other types of particles; 
and measuring different endpoints would be important 
next steps in determining whether PM effects are lim
ited or whether they can be larger and more distinct. 

Copyright © 2003 Health Effects Institute, Boston MA USA. Cameographics, Union ME, Compositor. Printed at Capital City Press, Montpelier VT.
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INVESTIGATORS’ REPORT 

Controlled Exposures of Healthy and Asthmatic Volunteers 
to Concentrated Ambient Particles in Metropolitan Los Angeles 

Henry Gong Jr, Constantinos Sioutas, and William S Linn 

ABSTRACT 

Epidemiologic studies report health effects associated 
with exposure to ambient particulate matter (PM*), but 
underlying biologic mechanisms remain unclear. We eval
uated pulmonary and systemic effects in twelve healthy 
human adult and twelve asthmatic volunteers exposed 
once for 2 hours in a whole-body chamber to approxi
mately 200 µg/m3 concentrated ambient particles (CAPs) 
in the fine (< 2.5 µm) size range and once to filtered air. 

Neither healthy nor asthmatic subjects showed signifi
cant changes in symptoms, spirometry, or routine hemato
logic measurements attributable to CAPs exposure 
compared with filtered air. Both groups showed CAPs
related (1) decreases of columnar cells in induced sputum 
after exposure, (2) increases in certain blood mediators of 
inflammation (ie, soluble intercellular adhesion molecule 1 
[ICAM-1] and interleukin [IL] 6 [marginally significant in 
asthmatic subjects only]), and (3) parasympathetic stimula
tion of heart rate variability (HRV). In the asthmatic group, 
systolic blood pressure modestly increased during filtered 
air exposure and decreased during CAPs exposure, whereas 
the pattern was reversed in the healthy group. 

In summary, this study measured a large number and 
wide range of biologic endpoints on a relatively small 
number of healthy and asthmatic volunteers and found few 
biologic endpoints that responded to CAPs and filtered air 

* 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 118, which also includes a Commentary by the Health Review Com
mittee and an HEI Statement about the research project. Correspondence 
concerning the Investigators’ Report may be addressed to Dr Henry Gong Jr, 
Los Amigos Research and Education Institute, 51 Medical Science Bldg, 
7601 East Imperial Hwy, Downey CA 90242. 

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 
reflect the views of the Agency, and no official endorsement by it should be 
inferred. The contents of this document also have not been reviewed by pri
vate party institutions, including those that support the Health Effects Insti
tute; therefore, it may not reflect the views or policies of these parties, and 
no endorsement by them should be inferred. 

exposures with significantly different values. However, 
observed changes in some mediators of inflammation in 
blood and changes in HRV were consistent with PM-
related effects reported from epidemiologic studies. They 
suggest that exposure to concentrated PM 2.5 µm or 
smaller in aerodynamic diameter (PM2.5) tends to elicit 
more systemic than pulmonary effects. This investigation 
is one of the first to apply concentrator-exposure tech
nology in a high-risk group (subjects with asthma). Further 
studies of responses to CAPs that involve other biologic 
endpoints, other PM size modes, and subjects with other 
risk factors are needed. 

BACKGROUND AND RATIONALE 

Epidemiologic studies in urban areas throughout the 
world have shown that morbidity and mortality increase 
fairly consistently at times and places with elevated 
ambient levels of particulate pollution and that these ill 
effects are not readily explainable by other coexisting envi
ronmental or socioeconomic factors (American Thoracic 
Society 1996; US Environmental Protection Agency 1996). 
The United States and other countries have tightened the 
regulations on PM on the basis of available evidence. 
These regulatory policies are controversial (Vedal 1997) 
because most laboratory studies with animals and humans 
have failed to detect adverse short-term effects of particles 
at realistic exposure levels. The mechanisms for serious 
illness or death from modest doses of inhaled particles are 
speculative and are based on animal models using unreal
istically high doses. Beginning in 1994, the Health Effects 
Institute established research programs intended to 
resolve uncertainties in the interpretation of the epidemio
logic evidence, demonstrate adverse acute effects of real
istic particle exposures in the laboratory, and elucidate 
their underlying biologic mechanisms. 

A clear limitation of earlier laboratory studies was their 
use of artificially generated particles, either as single 
chemical species or simple mixtures. Some studies col
lected and resuspended combustion-generated effluent 

Health Effects Institute Report 118 © 2003 1 
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particles. However, such “aged” particles have likely 
undergone extensive chemical and physical modification 
compared with recently generated or “fresh” ambient par
ticles. The development of ambient particle concentrators, 
which operate on the basis of the virtual impactor prin
ciple, has considerably overcome this limitation (Sioutas 
et al 1995a,b, 1997). The Harvard ambient fine particle 
concentrator (AFPC) can, from ambient air, generate exper
imental exposure atmospheres that contain increased con
centrations of potentially bioactive particles without 
causing substantial physical or chemical changes to those 
particles. Slight physical or chemical changes may result 
from temperature or relative humidity variations as parti
cles pass through the AFPC; size distributions also change 
modestly because the concentration efficiency (enrich
ment factor) is dependent on particle size. Most of the con
centrated particles are in the PM2.5 size range. These fine 
particles are abundant in both primary and secondary pho
tochemical ambient pollution, readily inhalable into 
peripheral airways and alveoli, and therefore likely to be 
relevant to health risks and effects. Thus, "worst-case" 
ambient particle exposure conditions can be created in the 
laboratory, with considerable control of the exposure con
centration, even during periods of relatively low ambient 
pollution. Some disadvantages of this technology are 
increased secondary stresses on subjects (eg, noise, con
finement, atmospheric pressure changes) and relatively 
slow data acquisition (ie, concentrator output is sufficient 
to expose only one human volunteer at a time). 

Initial studies of concentrated fine particle exposure in 
the eastern US and Canada have demonstrated that 
responses occur both in animals and in healthy human 
volunteers (Clarke et al 2000; Ghio et al 2000; Godleski et 
al 2000; Kodavanti et al 2000; Petrovic et al 2000). How
ever, the reported responses have been relatively modest 
in magnitude and somewhat inconsistent between and 
within studies; this suggests that a larger and more diverse 
body of laboratory data must be accumulated before a clear 
interpretation is possible. 

The study reported here is intended to complement the 
above-mentioned human exposure research by extending 
it to metropolitan Los Angeles, where ambient fine particle 
mass, nitrate (NO3 

�), elemental carbon (EC), and organic 
carbon (OC) concentrations are unusually high but sulfate 
(SO4

2�) is low in comparison with the levels of these pol
lutants in the Eastern US. We selected the target exposure 
conditions of 200 µg/m3 CAPs for 2 hours to represent a 
worst-case ambient PM exposure in the South Coast Air 
Basin (Los Angeles), as inferred from the relatively limited 
monitoring data available. We chose the 2-hour exposure 
duration for several reasons: first, we felt it was the longest 

time we could request that a subject be closely confined 
during exposure; second, it is an appropriate time frame to 
simulate typical "peak" ambient exposures; and third, it is 
the duration used for numerous other controlled-exposure 
studies with which our results would be compared. 

At the outset, little information was available on human 
health responses to CAPs and none that was directly rele
vant to the Los Angeles area. Thus, we adopted a cautious 
incremental approach. Healthy young adult volunteers 
were studied first to establish the general safety of the 
exposure protocol. Because the airways of people with 
asthma are known to have heightened sensitivity to many 
stimuli, and because epidemiologic evidence has shown 
that asthma is exacerbated by urban ambient pollution, it 
is believed that subjects with asthma would be more 
responsive to CAPs exposure than healthy subjects; thus, 
asthmatic subjects of the same age range were selected as 
the second study group (the first “high-risk” group to be 
studied with controlled exposures). In addition, the asth
matic subjects were considered less likely to experience 
serious health risks or complications from controlled PM 
exposure because of their relatively young age and good 
cardiovascular health. 

Experimental endpoints were selected to evaluate respi
ratory irritant responses, airway and systemic inflamma
tory responses, HRV, myocardial ischemia, and blood 
coagulability; that is, a full range of short-term effects sus
pected from previous scientific evidence and measurable 
by noninvasive or minimally invasive testing. 

SPECIFIC AIMS 

The project posed the following hypotheses: 

1.	 Acute exposure to CAPs in the South Coast Air Basin 
of California causes acute cardiopulmonary dysfunc
tion in adult human volunteers. 

2.	 Local (airway) and general (systemic) inflammation, 
or alterations in hemostasis, or both mediate the PM-
induced cardiopulmonary dysfunction. 

3.	 The above responses differ according to the health 
status of the subjects or the physical or chemical 
composition of the exposure particles or both. 

The hypotheses were tested with the following aims, 
addressed in successive phases: 

1.	 Installing and operating a Harvard AFPC in an expo
sure facility in metropolitan Los Angeles, followed 
by characterization of the AFPC’s performance under 
local conditions; these include frequent heavy pri
mary particle pollution, or frequent heavy secondary 
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particle pollution, or both, mild to warm tempera
tures, and variable relative humidity. 

2.	 Exposing 12 healthy adult volunteers (as a control 
group) to CAPs and to filtered air for 2 hours with 
intermittent mild exercise; assessing a range of respi
ratory and circulatory responses. 

3.	 Contingent upon a lack of clinically significant unfa
vorable responses in the control group, conducting 
similar exposure and assessment of 12 adult volun
teers with asthma. 

EXPERIMENTAL METHODS 

AMBIENT FINE PARTICLE CONCENTRATOR AND 
EXPOSURE CHAMBER 

The AFPC used in this study (Gong et al 2000) followed 
the original design of Sioutas and colleagues (1995a,b, 
1997) (see Appendix C, Figure C.1). The AFPC resembled 
the concentrators used in animal studies at the Harvard 
School of Public Health (Clarke et al 2000; Godleski et al 
2000) and in animal and human studies at the Environ
mental Protection Agency and University of North Caro
lina (Ghio et al 2000; Kodavanti et al 2000). The latter 
instruments used three stages, each of which would, under 
optimum conditions, concentrate ambient particles by 
approximately a factor of 3, thus allowing exposures to as 
much as 27 times the prevailing ambient concentration. 
Our concentrator was designed and built with only the 
first two stages (described further below) and thus could 
concentrate ambient particles as much as 9 times, which 
usually exceeded our target exposure concentration. 

An existing exposure laboratory in a mobile trailer (Avol 
et al 1979) was modified to accommodate the AFPC. The 
air intake, just above roof level, was fitted with a PM2.5 
size-selective inlet (SSI) designed to admit essentially all 
fine particles (PM2.5) and to exclude most (but not all) 
coarse particles; it was similar to the SSI on a conventional 
high-volume particle sampler. A single high-capacity 
pump located in an adjacent, small, sound-insulated trailer 
provided a total air flow of as much as 5000 L/min. Air 
passed through the SSI into a duct to the first stage, which 
consists of five parallel virtual impactors (slits), whence the 
major flow (800 L/min from each slit) was discarded. The 
particle-enriched minor flow (total of 1000 L/min from 5 
slits) then passed through the second concentrator stage, 
which consists of a single virtual impactor. Its major flow 
(about 800 L/min) was discarded, whereas its minor flow 
(170 to 200 L/min) passed through a 3-inch discharge pipe 
into the exposure chamber. The concentrator's output was 

typically enriched in fine particles by a factor of 8 compared 
with the ambient concentration, although the actual enrich
ment varied with atmospheric conditions on a given day. 

A gate valve was used to either partly or completely 
block the air flow through the discharge pipe during expo
sures. Partial diversion of the air flow through a high-effi-
ciency particulate air (HEPA) filter controlled the particle 
concentration to achieve the target CAPs exposure con
centration of 200 µg/m3, and complete diversion of the air 
flow through the HEPA filter generated filtered air for 
control exposures. 

Air flow through the chamber was maintained by an 
exhaust pump drawing 120 L/min, plus additional smaller 
pumps for air monitoring devices (see next section). The 
total air exchange rate was sufficient to maintain a carbon 
dioxide concentration within permissible occupational 
exposure limits (< 0.5%). With the concentrator operating, 
air pressure in the chamber decreased by 0.15 to 0.3 mm Hg. 
Thus, the subject experienced a mild pressure-change sen
sation in his or her inner ear when the concentrator started 
or stopped. 

The chamber itself (see Appendix C, Figure C.2) was 
built from a body plethysmograph, to which a foot well 
was added for positioning a small pedal-crank exercise 
device (Weider Foot Ergometer, K-Mart). The air inlet from 
the concentrator and the principal air sampling ports were 
located in the front wall of the chamber, facing the subject at 
approximately nose and mouth height. An auxiliary air 
sampling port was located in the chamber ceiling above the 
subject's head. The exhaust pump removed air from the 
chamber through five ports spaced across the rear wall 
behind the subject's head. Preliminary air sampling inside 
the chamber with a portable nephelometer indicated no 
appreciable concentration gradients of fine particles 
between the subject's breathing zone and the air sampling 
locations. More details of concentrator design and operation 
are given in Appendix D (which is available on request). 

A quality assurance program was established to main
tain concentrator performance and minimize contamina
tion of the exposure atmosphere with internally generated 
particles. Concentrator slits were cleaned with acetone-
soaked lint-free wipers and the chamber interior surfaces 
were cleaned with alcohol before every exposure session. 
The SSI was inspected weekly, and its impaction surface 
was cleaned and regreased when nearing saturation. The 
air-handling system was inspected monthly for leaks. 

After initial experiences with high concentrations of 
coarse particles in the chamber from the subject’s intermit
tent exercise and mechanically generated dust, more rig
orous control measures were adopted. Subjects wore 
clean-room head covers and shoe covers and cotton surgical 
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scrub suits; these were repeatedly laundered with minimal 
detergent and then tumble-dried for three hours to remove 
lint. No extraneous objects were allowed in the chamber 
except reading materials with coated paper and, when ele
vated ambient temperatures were anticipated, wearable 
chemical cooling packs (Instant Cold Compress, Henry 
Schein, Melville NY). Thus, in the first two exposures, the 
particle concentrations during filtered air exposures were 
83 to 91 µg/m3 (containing little or no NO3 

� or SO4
2�); with 

more rigorous control measures, they were 23 to 49 µg/m3. 

EXPOSURE ATMOSPHERE MONITORING 

Measurements of particle mass concentration and size 
distribution in the exposure chamber were obtained from 
an eight-stage microorifice uniform-deposit impactor 
(MOUDI 100, MSMP Corp, Minneapolis MN) (Marple et al 
1991). Particle size ranges collected by the upper seven 
MOUDI stages (in terms of 50% cut points) were 5.6 to 
3.2 µm, 3.2 to 1.8 µm, 1.8 to 1.0 µm, 1.0 to 0.56 µm, 0.56 to 
0.32 µm, 0.32 to 0.18 µm, and 0.18 to 0.10 µm; the final stage 
(a backup filter) collected particles smaller than 0.10 µm. 
Additional measurements were obtained from (1) a Harvard 
annular denuder sampler (HDS; from the Harvard School of 
Public Health; Koutrakis et al 1993), a low-volume Teflon 
filter for analyzing EC and OC by selective thermal oxida
tion (Fung 1990; performed by ATMAA, Calabasas CA); 
and (2) a low-volume quartz filter for analyzing other ele
ments by x-ray fluorescence (XRF; performed by Chester 
LabNet, Tigard OR). Positive artifacts were found in the 
carbon samples collected inside the chamber during the 
exposures with normal subjects (see Results). As a result, 
the carbon sampling port was relocated to the concentrator-
outlet/chamber-inlet pipe for the subsequent exposures 
with asthmatic subjects. Gravimetric analyses of MOUDI, 
HDS, and elemental filters were performed using an MT-5 
microbalance (Mettler Toledo, Greifensee, Switzerland) in a 
temperature- and humidity-controlled weighing room. 
Quantitation of NO3 

� and SO4
2� ions was performed on 

aqueous extracts of the MOUDI and HDS samples using an 
ion chromatograph (DX-100, Dionex, Sunnyvale CA). 
Before each batch of analyses (typically including all filters 
from two exposure sessions), a three-point calibration of the 
ion chromatograph was performed using dilutions of com
mercially obtained standard solutions (Spex Industries, 
Metuchen NJ). 

Real-time estimates of particle concentrations during 
exposures were obtained from a Data RAM nephelometer 
(DR-2000, MIE, Bedford MA) and were used to guide 
adjustments of the dilution apparatus to maintain CAPs 
exposure concentrations near the target of 200 µg/m3. The 
nephelometer sampled at 2 L/min through the chamber 

ceiling auxiliary port, rather than through the front wall 
ports used for other particle monitoring. Air exhausted by 
the nephelometer was returned to the chamber through a 
separate port to avoid errors due to excessive pressure gra
dient within the instrument. An annular diffusion drying 
tube was attached to the inlet to minimize positive artifacts 
related to relative humidity, and nephelometer readings 
during exposure were adjusted according to prior compari
sons with MOUDI measurements (Sioutas et al 2000). 

Ambient concentrations of nitrogen oxides (NOx), sulfur 
dioxide (SO2), ozone (O3), and carbon monoxide (CO) 
were continuously monitored immediately outside the 
laboratory using the following instruments: 200-A NOx 
Analyzer (Advanced Pollution Instrumentation [API], San 
Diego CA); 100-A SO2 Monitor (API); 400-A Ozone Ana
lyzer (API); and 48-C CO Analyzer (Thermo Environ
mental Instruments, Franklin MA). No attempt was made 
to remove gaseous pollutants from the system or to mon
itor gases inside the chamber. We established that levels of 
NOx were similar inside and outside the chamber, whereas 
O3 levels were substantially low inside the chamber. Their 
concentrations were consistently low compared with 
levels reported to cause acute health effects (American 
Thoracic Society 1996). Additional details of air sampling 
and analysis are given in Appendix D. 

SUBJECT RECRUITMENT AND SCREENING 

The experimental protocol and informed consent form 
were approved by the Institutional Review Board at the 
Rancho Los Amigos National Rehabilitation Center. All sub
jects gave informed, written consent and were financially 
compensated for their participation. Healthy and asthmatic 
volunteers who did not smoke and who were 18 to 45 years 
of age were recruited by word of mouth and advertisements 
in local newspapers. For subjects with asthma, an addi
tional recruitment effort was conducted with on-screen 
advertising in a local movie theater complex. 

All volunteers were screened via medical history and 
cardiopulmonary examination, which included submax
imal stress testing and lung function testing (spirometry). 
During screening, all female subjects with childbearing 
potential underwent a urine pregnancy test, which had to 
be negative for them to participate further. The healthy 
subjects served as a control group; they had normal 
screening results and essentially unremarkable medical 
histories, including less than one pack-year of lifetime 
tobacco or marijuana smoking. The asthmatic subjects had 
clinical characteristics that were consistent with mild 
intermittent or mild persistent asthma (National Asthma 
Education and Prevention Program 1997). 
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Each asthmatic subject was tested for atopy with an 
enzyme immunoassay for total serum immunoglobulin E 
(IgE) and radioallergic absorbent tests (RASTs) for antigen-
specific IgE antibodies to indoor and outdoor allergens (Der
matophagoides pteronyssinus, D. farinae, cat antigen, Ber
muda grass, eucalyptus, German cockroach; Esoterix, 
Gainesville FL), all of which are common to the study region. 

Study subjects with asthma also underwent an inhala
tion challenge to confirm airway hyperreactivity; if the 
subject’s baseline lung function was normal, the challenge 
was with methacholine aerosol and dosimeter (DM100, 
Vacumetrics, Ventura CA); if the baseline lung function 
was borderline or abnormal, the challenge was with bron
chodilator (albuterol) aerosol. All subjects with asthma 
withheld their short-acting bronchodilators for at least six 

Table 1. Subjects’ Characteristics Determined at Screening 

hours before each visit. None of the asthmatic subjects 
were using prescribed inhaled or oral corticosteroids, 
other antiinflammatory agents, leukotriene modifiers, 
long-acting bronchodilators, theophylline, antihistamines, 
or vitamin supplements. 

Table 1 summarizes the subjects' personal characteris
tics and the screening lung function results. Compared 
with the healthy subjects, the asthmatic group was more 
ethnically diverse; older, taller, and heavier on average; 
and the average forced expiratory volume in one second 
(FEV1) as a percentage of the predicted value was lower. 
Asthmatic subjects were screened as follows (data not 
shown): Seven subjects underwent methacholine chal
lenge (Chai et al 1975), which resulted in an average pro
vocative concentration that produced a 20% decrease 

Subject Age Weight Height FEV1 
Number Gender Ethnicity (years) (kg) (cm) (% predicted) 

Healthy Subjects 
1082 Male Hispanic/Latino 44 82 170 111 
2172 Male Hispanic/Latino 38 91 173 110 
2324 Female Hispanic/Latino 27 63 150 95 
2325 Female Hispanic/Latino 21 66 165 93 

2340 Female Hispanic/Latino 44 51 152 115 
2459 Female Hispanic/Latino 19 50 152 116 
2461 Female Hispanic/Latino 34 62 157 102 
2465 Male Asian 30 88 173 81 

2476 Male Hispanic/Latino 18 80 183 116 
2503 Male Hispanic/Latino 21 85 180 103 
2505 Male Hispanic/Latino 20 79 165 96 
2508 Female Hispanic/Latino 19 66 152 122 

Mean ± SD 27.9 ± 9.5 71.9 ± 13.5 164.3 ± 11.2 105.0 ± 11.6 

Asthmatic Subjectsa 

1656 Female White 41 93 180 78 
1750 Female White 22 61 170 92 
1808 Female Hispanic/Latino 30 67 168 79 
2216 Female White 31 73 168 70 

2433 Male White 36 73 183 113 
2525 Male Asian 45 91 178 88 
2528 Male Hispanic/Latino 36 82 178 70 
2541 Female Hispanic/Latino 41 82 160 102 

2543 Male Hispanic/Latino 44 104 183 66 
2550 Female Hispanic/Latino 19 63 155 104 
2551 Male Black 39 93 165 84 
2563 Male White 18 102 175 119 

Mean ± SD 33.5 ± 9.5 82.0 ± 14.7 171.9 ± 9.1 88.8 ± 17.5 

a All asthmatic subjects showed airway hyperreactivity to a bronchoconstrictor or a bronchodilator; see text. 
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(PC20) in baseline FEV1 of 1.4 mg/mL (range 0.4–
5.0 mg/mL). The other five asthmatic subjects underwent
bronchodilator (albuterol) inhalation and their FEV1 values
after bronchodilator use were acutely increased over base-
line FEV1 values by an average of 14.2% (range: 12–19%).
Ten asthmatic subjects had elevated total IgE (> 100 IU/mL);
nine asthmatic subjects had positive RAST results for one or
more allergens.

EXPOSURE AND ASSESSMENT PROTOCOL

Figure 1 diagrams the exposure protocol and measures
of response. The order of CAPs and filtered air exposures
for each subject was randomized and the two exposure ses-
sions were separated by 14 days or longer. Neither subjects
nor health monitoring staff were informed about the expo-
sure order (ie, double-blind conditions were attempted),
but slight differences in visual, aural, and odor cues
between filtered air and CAPs studies were unavoidable.
Informal queries indicated that staff members sometimes

distinguished CAPs from filtered air studies by these cues,
although subjects generally did not; thus, the study condi-
tions may best be described as single blind. 

Each exposure began at approximately 9 a.m. and lasted
2 hours. For about 1.5 hours before and 4 hours after expo-
sure, the subject rested in filtered air while physiologic
and clinical testing was performed. 

Before exposure, a brief cardiopulmonary physical
examination was administered and symptoms were
recorded on a standardized questionnaire. Symptom
reports were converted to numerical scores based on the
range and severity of symptoms (Figure 2). Surface electro-
cardiogram (ECG) electrodes were placed for Holter ECG
recording (Holter H-12, Mortara Instrument, Milwaukee
WI) and continuous visible ECG telemetry (Lifepak 9P,
Physio-Control Corp, Redmond WA). The subject then
rested quietly in a recumbent position in a semidark room
for 10 minutes; HRV was analyzed from the last 5 minutes
of Holter recording (a “slice”) during that interval. Next, a

Figure 1. Exposure Protocol. Filtered air and CAPs exposure
studies were performed in randomized order and separated by
2 weeks or more. Exercise was performed for 15 minutes in each
half-hour using a pedal crank at a ventilation rate of 15 to
20 L/min per m2 of body surface area. HRV was determined from
the Holter ECG during the last 5 minutes of a 10-minute interval
of quiet rest (a slice). 
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Figure 2. Standard symptom questionnaire and scoring procedure. 

venous blood sample was collected, and aliquots of serum 
and plasma were frozen for subsequent biochemical anal
ysis. Spirometry (lung function tests) was performed just 
before beginning the exposure. Forced vital capacity (FVC) 
and FEV1 were measured using an integrated test system 
(Vmax229, SensorMedics, Yorba Linda CA) calibrated 
daily with a volumetric syringe. 

During exposure, the subject remained seated and exer
cised for 15 minutes of each half hour using the pedal crank. 
The target ventilation rate (15–20 L/min per m2 of body sur
face) was attained by coaching the subject to exercise at a 
suitable heart rate, which had been determined in the 
screening exercise test. Arterial oxygen saturation (SaO2) 
was monitored continuously during exposure with a digital 
pulse oximeter (N-3000, Nellcor, Pleasanton CA). The sub
ject completed a standardized symptom questionnaire at 
the end of each 15-minute rest or exercise period, and mea
sured his or her minute volume and respiratory rate 
(breaths/min) with a portable respirometer (Magtrak III Res
piratory Monitor, Ferraris Medical, London, UK) during the 
second and fourth exercise and rest periods. A staff member 
recorded heart rate and SaO2 from continuous monitor read
ings near the end of each rest and exercise period. 

Immediately after and again between 3 and 4 hours after 
the exposure ended, the preexposure measurements were 
repeated. During the 4 to 4.5 hours after exposure, symp
toms were recorded and lung function was measured 
hourly. After 4 hours, the initial Holter recording was 
stopped and a second recording started. The subject was 
given a diary to record activity and symptoms, instructed 
to avoid strenuous exercise, and discharged to home. 

The next morning (21 hours after exposure ended), the 
subject returned to the laboratory for a clinical exam, 
symptom check, an ECG, lung function tests, HRV 
recording, collection of a venous blood sample, sputum 
induction, and retrieval of the second Holter record. In addi
tion, for safety purposes, the subject underwent lung func
tion tests before sputum induction and before he or she was 
released. No data from these tests were used for analysis. 

Holter ECG was recorded digitally with commercial 
equipment (Holter H-12, Mortara Instrument, Milwaukee 
WI) according to the manufacturer's standard procedure. 
Records for the first interval (before, during, and first 
4 hours after exposure) and the second interval (next 
20 hours) were analyzed by the Cardiology Research Unit, 
University of Rochester Medical Center, Rochester NY. 
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Conventional analysis of the incidence of supraventricular 
and ventricular ectopic beats, HRV, and maximum ST seg
ment voltage elevation and depression was performed for 
each complete interval. Recordings from the multihour 
intervals and from the specified 5-minute quiet rest 
periods (slices; before, immediately after, 4 hours after, and 
22 hours after exposure) were analyzed to assess HRV in the 
time and frequency domains, ST segment voltage changes, 
and repolarization duration. This combination of analyses 
yielded information regarding autonomic nervous system 
effects (which might occur via direct reflexes from airways, 
inflammatory responses, or both), myocardial vulnerability 
to arrhythmia, and the underlying state of health of the myo
cardial substrate (Zareba et al 2001). 

Sputum induction (Fahy et al 1996) involved treatment 
with a bronchodilator and then 20 minutes of inhaling a 
hypertonic (3%) saline aerosol that was generated using an 
ultrasonic nebulizer (Ultra-Neb 99HD, Devilbis, Somerset 
PA). Once acquired, 10-µL aliquots of diluted homoge
nized sputum were placed in a standard hemacytometer to 
determine the total counts of white blood cells, columnar 
epithelial cells, and squamous epithelial cells. A 250-µL 
aliquot was diluted in saline and cytocentrifuged 
(Cytospin 3, Shandon, Pittsburgh PA) at 4�C onto glass 
slides, which were air dried and then stained with May 
Grunwald Giemsa stain (Diff-Quik) for differential 
counting. At least three slides and 500 nonsquamous cells 
per slide were counted after each exposure. The remaining 
diluted homogenized sputum was centrifuged at 4�C. The 
supernatant was divided into 1-mL aliquots and frozen at 
�70�C. Aliquots were shipped frozen to (1) the Pulmonary 
and Critical Care Unit at the University of Rochester Med
ical Center for measurements of soluble IL-6 and IL-8, and 
(2) the Human Exposure Laboratory, University of Cali
fornia at San Francisco for the measurement of eosinophil 
cationic protein (ECP) (from asthmatic subjects only) 
according to established assays. The interleukins represent 
inflammatory airway proteins, and the ECP reflects spe
cific eosinophilic inflammation as observed in exacer
bated asthma. Additional aliquots were archived for 
possible future analyses. 

Venous blood samples were subdivided, processed, and 
submitted to reference laboratories for measurement of 
markers of inflammatory response, coagulation disorders, or 
other vascular changes possibly affected by PM exposure. 
Complete blood counts were performed by Quest Diagnos
tics (Van Nuys CA). Measurements of IL-6, IL-8, serum amy
loid A, and soluble ICAM-1 were performed with 
established assays by the Pulmonary and Critical Care Unit, 
University of Rochester Medical Center, for assessment of 
systemic acute-phase changes and leukocyte-endothelial 

activation in response to PM exposure. Measurements of 
fibrinogen, factor VII, and von Willebrand factor were per
formed with standard assays by the Vascular Medicine Pro
gram, Orthopaedic Hospital, Los Angeles, for assessment of 
possible PM-induced alterations in hemostasis. Excess 
serum was archived at �70�C for possible future analyses. 

DATA ANALYSIS 

The BMDP (SPSS, Chicago IL) and SAS (SAS Institute, 
Cary NC) statistical software were used for descriptive and 
inferential statistical analyses. Excel (Microsoft, Redmond 
WA) was used for graphic presentation. The basic statis
tical approach tested the hypothesis that group mean 
response (as measured by a given endpoint) was signifi
cantly (P < 0.05) different with CAPs than with filtered air 
exposure. Analysis of variance (ANOVA) with repeated 
measures on subjects was performed to test for significant 
variation between study groups (healthy vs asthmatic), 
exposure atmospheres (filtered air vs CAPs), different 
times of measurement before and after exposure, and the 
interactions among these factors. The time factor was 
missing for sputum endpoints because only one sample 
was acquired after each exposure. A significant atmo-
sphere–time interaction, with a greater change during or 
after CAPs exposure compared with filtered air exposure, 
would support the hypothesis. A significant group-atmo-
sphere–time interaction would indicate an overall differ
ence in response between healthy and asthmatic subjects. If 
any data were missing, analyses were performed with max-
imum-likelihood estimation of missing values, and also by 
the usual ANOVA technique excluding subjects with 
incomplete data. Huynh-Feldt adjustments to P values were 
applied when appropriate to compensate for nonnormal 
data distributions, and log transformations were applied 
when appropriate to stabilize variance. 

Analysis at the next level tested whether individual dif
ferences in response were predicted by individual differ
ences in exposure concentrations. Analysis of covariance 
(ANCOVA) was employed for this purpose, with concen
tration (the CAPs–filtered air difference in PM mass con
centration or the concentration of a key component) as 
covariate, and a response variable (also expressed as a 
CAPs–filtered air difference) as the dependent variable. 
The group factor, healthy versus asthmatic, was also 
included in ANCOVA models. A finding of a significant 
regression slope, with greater individual responses at 
higher individual exposure levels, would support the 
hypothesis that the measured exposure factor (or another 
factor closely associated with it) caused the response. Sim
ilarly, the association of recent ambient particle exposure 
levels with health measurements immediately before 
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experimental exposures was tested by ANCOVA. Recent 
ambient exposure levels were estimated from measure
ments of PM less than 10 µm in aerodynamic diameter 
(PM10) at the two ambient monitoring stations nearest to 
the exposure laboratory and averaged over the 24-hour 
period immediately preceding an exposure session. (Given 
the relatively limited number of subjects and range of con
centrations, these analyses would have power to detect 
exposure–response relations as statistically significant 
only if effect sizes were unexpectedly large. Thus, they can 
be considered as pilots for future analyses of larger data 
sets pooled from multiple exposure studies.) 

RESULTS 

EXPOSURES 

Performance of the AFPC and key monitoring equipment 
has been described previously (Chang et al 2000; Gong et al 
2000; Kim et al 2000; Sioutas et al 2000). In 4 of 24 CAPs 
exposure sessions, exposure duration was shortened by 
25% (30 minutes) due to premature blockage of the concen
trator slits and concomitant increases in negative pressure 
in the concentrator and chamber under conditions of unusu
ally high ambient particle concentrations and high relative 
humidity. In 7 of 24 exposure sessions, CAPs concentration 
as measured by the MOUDI was below 150 µg/m3, which 
was more than 25% below target. In 2 such instances, the 
exposure duration was shortened as described above; for the 
other 5 exposure sessions, the concentrator operation was 
normal but with lower-than-expected ambient particle con
centrations, such as after rainfall. 

Table 2 shows individual exposure data for each sub
ject. Corresponding ambient concentration measurements 
(downstream of the SSI) during CAPs exposures are given 
in Appendix D. For the first two healthy subjects studied 
(#1082 and #2325), MOUDI mass concentrations for CAPs 
exposures were near or above the target of 200 µg/m3 but 
HDS mass concentrations were unexpectedly about 50% 
lower; for filtered air exposures, MOUDI mass concentra
tions were unexpectedly high (91 and 83 µg/m3) and, 
again, the HDS mass concentrations were about 50% 
lower. We inferred that the high concentrations of rela
tively large particles (captured by the MOUDI but not the 
HDS, which excludes most particles larger than 2.5 µm) 
were generated by the subjects inside the chamber. Subse
quently, more rigorous control measures on internal par
ticle generation (see Methods / Ambient Fine Particle 
Concentrator and Exposure Chamber) resulted in better 
agreement of HDS and MOUDI mass measurements and 

lower mass concentrations during filtered air exposures. 
For filtered air exposures, NO3 

� and SO4
2� concentrations 

were consistently near zero (except in the first session, 
when internal relative humidity reached saturation and 
filters became wet); therefore nitrate and sulfate analyses 
of MOUDI filters were eventually discontinued. 

Figure 3 illustrates the typical particle size distribution 
inside the chamber; the mean concentration is related to 
each size range measured by MOUDI, as a function of the 
lower size cut point, separately for the CAPs and filtered air 
exposures and for the healthy and asthmatic groups. Lower 
concentrations of large particles (> 3.2 µm) for the asth
matic group reflect improved control measures of in-
chamber particle generation as described above. As 
expected, the great majority of particle mass was found in 
the 0.32 to 1.8 µm size range in the CAPs exposures, and 
the 0.56 to 1.0 µm range contributed the largest portion. 
Appreciable masses of ultrafine particles (< 0.1 µm) were 
found in filtered air as well as CAPs exposures because, as 
expected, these particles are neither concentrated nor fil
tered effectively. Table 3 summarizes the chamber concen
trations of coarse (2.5–10 µm), fine (0.1–2.5 µm), and 
ultrafine (< 0.1 µm) particles. 

The Data RAM nephelometer performed moderately well 
in real-time monitoring to predict final CAPs exposure con
centrations as determined by MOUDI. The correlation 
between Data RAM time-weighted averages and MOUDI 
total mass concentrations was 0.69, similar to that found in 
an earlier field evaluation (Sioutas et al 2000). The correla
tion with the fine fraction of MOUDI mass was slightly 
better at 0.75. Multiple-regression analysis showed that rel
ative humidity in the chamber had a slight but significant 
influence on the Data RAM reading, despite the upstream 
diffusion drier. The reading increased about 1.7 µg/m3 per 
percentage-point increase in humidity. Coarse and ultrafine 
concentrations as measured by MOUDI did not significantly 
influence the Data RAM. 

In most exposures, concentrator output was diluted with 
HEPA-filtered air to maintain exposure concentrations near 
the target. The dilution air flow was adjusted frequently as 
dictated by Data RAM concentration readings, but was not 
measured routinely. Thus, true concentrator performance in 
terms of enrichment factors could not be calculated. To 
assess possible differences between exposure and ambient 
atmospheres, effective enrichment factors (ratios of expo
sure concentrations to concurrent similarly measured 
ambient concentrations) were calculated. Their means as 
determined from MOUDI measurements were 3.0 for total 
mass, 5.8 for NO3 

�, and 5.4 for SO4
2�. Means from HDS 

measurements were 3.3 for total mass, 3.5 for NO3 
�, and 4.1 

for SO4
2�. These results are consistent with the expectation 
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Table 2. Concentrations of Particle Components Measured in CAPs and Filtered Air Exposures 

MOUDI HDS 
Subject 

SO4
2� NO3 

� SO4
2�Number Exposure Mass NO3 

� Mass EC OC 

Healthy Subjectsa 

1082 CAPs 197.8 17.9 
Filtered airb  91.4  1.4

2172 CAPs 215.0 71.6
Filtered air  43.6 0.0 

2324 CAPs 111.4 22.1 
Filtered air  22.8  0.0

2325 CAPs 224.5 20.1
Filtered air  83.1  0.0

14.9 100.6  8.2 14.8 13.1  99.2 
3.6  43.4  2.3  2.7  5.5  62.7 
5.6 194.6 75.5  6.3 14.5  86.1 
0.0  28.8  1.7  0.0 10.2  53.6 

10.6 123.0 25.8 11.2 10.9  63.9 
0.0  14.7  1.1  0.0  3.3  36.5 
9.4 109.1 16.9  6.8 16.4 113.4 
0.4  29.0  1.2  0.0  8.9  81.2 

2340 CAPs 156.7 25.0 
Filtered air  49.2  0.0

2459 CAPs 145.0 44.3 
Filtered air  22.8  0.0

2461 CAPs 131.7 25.1 
Filtered air  49.2  0.0

2465 CAPs 205.6 44.3 
Filtered air  24.7  0.0

16.1 140.4 17.8 14.7  9.2  62.3 
0.0  23.6  1.5  0.0  2.9  40.9 

17.5 156.2 45.9 17.9  7.1  56.6 
0.0  20.2  1.8  0.0  7.0  48.0 

14.7 128.8 27.0 12.9  5.2  51.7 
0.0  18.8  2.3  0.0  2.1  46.1 

11.6 221.9 47.8 11.3 18.2  73.0 
0.0  10.5  1.0  0.0  0.2  29.4 

2476 CAPs 207.8 59.9
Filtered air  46.9  0.0

2503 CAPs 216.1 51.3
Filtered air  31.7  0.0

2505 CAPs  99.2 16.4
Filtered air  29.4  0.0

2508 CAPs 207.0 60.3
Filtered air  22.8  0.0

 6.9 234.4 63.4  7.2 16.3  81.7 
0.2  28.3  1.9  0.7 15.4  90.6 
3.6 190.3 55.4  3.3 18.1  88.8 
0.0  30.5  1.0  0.0  6.0  52.0 
1.7 131.5 21.0  1.8 10.0  57.4 
0.0  41.6  1.3  0.0  4.0  25.7 
5.6 251.3 65.2  6.0 13.1  64.4 
0.0  22.5  1.3  0.0  0.6  18.5 

Mean CAPs 176.5 38.2 
± SD ± 44.9 ± 20.3

Filtered air  43.1 0.1 
± 23.2 ± 0.4

 9.9 165.2 39.1 9.5 12.7 74.9 
± 5.2 ± 51.5 ± 22.4 ± 5.0 ± 4.3 ± 19.1 

0.4 26.0 1.5 0.3 5.5 48.8 
± 1.0 ± 9.8 ± 0.5 ± 0.8 ± 4.3 ± 21.5 

Table continues next page 

a Values are expressed in µg/m3. A — indicates a parameter was not analyzed; in most instances, it was expected to be below the detectable limit. 

that concentrated fine particles resemble ambient fine parti
cles but with somewhat greater enrichment in the middle of 
the size range, where most NO3 

� and SO4
2� should be 

found. The relatively high mean ratios for MOUDI NO3 
� 

and SO4
2� may be partly due to bias: Underestimates of 

ambient concentrations are likely when true ambient con
centrations are low because one or more of the several filters 
containing the analyte may fall below the analytic detection 
limit and be recorded as zero concentration. (Detection 
limits are discussed in Appendix D.) When calculated from 
MOUDI measurements in each size range, effective enrich
ment factors for mass concentration averaged near 1 for 0 to 

0.1 µm, near 2 for 0.10 to 0.32 µm, 3.5 for 0.32 to 0.56 µm, 
and 6 to 7 for the four largest size ranges. Thus, as expected, 
ultrafine particles were not enriched, and enrichment 
increased as particle size increased toward the middle of the 
fine range. In the largest size ranges, in-chamber particle 
generation (eg, from intermittent exercise and mechanically 
generated dust) resulted in an apparent upward shift of the 
calculated enrichment factors. Overall, PM2.5 easily consti
tuted the predominant exposure particle size. 

OC concentrations were often anomalously high during 
healthy subjects' exposures, sometimes approaching or 
exceeding total mass concentrations. High OC concentrations 
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Table 2 (Continued). Concentrations of Particle Components Measured in CAPs and Filtered Air Exposures 

MOUDI HDS 
Subject 
Number Exposure Mass NO3 

� SO4 
2� Mass NO3 

� SO4 
2� EC OC 

Asthmatic Subjects 

1656 CAPs 188.6 48.8  8.4 154.4 45.6  7.6 22.2  76.6 
Filtered air  19.2  —  —  10.8  0.0  0.0  1.4  49.7 

1750 CAPs 140.4 11.0  5.4 133.3 18.6  6.7 36.0 101.1 
Filtered air  27.5  — —  29.2  0.0  0.0  2.0  22.8 

1808 CAPs 211.9 65.7 21.4 216.4 50.7 17.4  8.2  52.5 
Filtered air  34.4  —  —  14.2  0.0  0.0  0.3  29.4 

2216 CAPs 145.6 37.2 21.0 285.4 37.3 22.9  5.6  35.1 
Filtered air  36.4  —  — 25.6  2.2  0.0  0.0  22.7 

2433 CAPs 172.2 27.3 31.2 173.3 19.8 30.3  4.0  42.8 
Filtered air  29.2  —  —  9.2  1.3  0.0  0.5  28.4 

2525 CAPs 178.3 33.6 26.3 209.2 22.0 23.5  9.3  59.3 
Filtered air  17.2  —  —  80.8  0.0  0.0  0.3  29.9 

2528 CAPs 160.8 39.3 20.6 164.2 32.0 18.5  7.7  45.6 
Filtered air  35.0  —  —  21.5  1.2  0.0  0.3  28.2 

2541 CAPs 115.6 13.8  3.6  52.3 11.0  3.8 12.6  58.8 
Filtered air  31.4  —  —  16.7  0.0  0.0  0.4  27.4 

2543 CAPs 164.4 32.3  2.8 139.4 38.3  2.8 22.5  74.1 
Filtered air  15.8  1.3  1.8  45.0  0.0  0.0  0.9  27.4 

2550 CAPs 183.3 22.9 40.6 209.0 20.8 34.6 11.6 58.0 
Filtered air  9.4  —  —  22.0  0.9  0.0  0.7  27.0 

2551 CAPs 197.5 67.5  8.1 236.7 68.8  9.8 16.8  75.6 
Filtered air  14.7  —  —  20.8  0.0  0.0  1.8  25.5 

2563 CAPs 208.6 12.5 80.0 186.7  9.6 64.0  5.6  38.7 
Filtered air  16.4  —  —  64.4  2.1  0.8  0.0  30.2 

Mean CAPs 172.3 34.3 22.4 180.0 31.2 20.2 13.5  59.9 
± SD ± 28.7 ± 19.0 ± 21.7 ± 59.1 ± 17.7 ± 17.3  ± 9.4 ± 19.2 

Filtered air  23.9 —  —  30.0 0.6 0.1 0.7 29.0 
± 9.3 ± 22.3 ± 0.9 ± 0.2 ± 0.7 ± 7.0 

a Values are expressed in µg/m3. A — indicates a parameter was not analyzed; in most instances, it was expected to be below the detectable limit. 
b Unusual occurrence: relative humidity in the exposure chamber reached 100% and filters became wet. 

may be due in part to adsorption of ambient organic gases 
and vapors onto the quartz filters that were used for particle 
collection and analysis. This is a well-known problem asso
ciated with quartz filters and has been observed in field 
studies (Eatough et al 1993; Zhang and McMurry 1987). Typ
ically, this positive artifact contributes 2 to 4 µg/m3 to the 
overall PM concentration in 24 hours of sampling; a rela
tively larger artifact might be expected with our 2-hour sam
pling (Turpin et al 1994). Considering the unusually high OC 
concentrations measured during these studies, however, we 
believe that an additional reason may be related to organic 
gases generated by subjects inside the chamber being 
adsorbed onto the quartz filters. For subsequent exposure 

sessions with asthmatic subjects, the carbon sampling port 
was relocated upstream of the chamber in an attempt to 
minimize this problem (see Methods / Exposure Atmo
sphere Monitoring). The OC concentrations then averaged 
substantially lower for asthmatic subjects than for healthy 
subjects, although the OC occasionally exceeded total mass 
measurements (Table 2). To roughly estimate true typical 
particulate OC concentrations in CAPs exposures, we calcu
lated differences in measured concentrations between CAPs 
and filtered air studies for each subject, considering the fil
tered air value a "blank" to account for all measurement arti
facts. The mean of these differences was 26 µg/m3 for 
healthy and 31 µg/m3 for asthmatic subjects. 
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Figure 3. Mean particle concentration as a function of size range for 
each exposure atmosphere and study group. Lower cutpoints were at 0, 
0.1, 0.18, 0.32, 0.56, 1, 1.8, and 3.2 µm. 

Table 4 shows the correlations between different particle 
measurements in CAPs exposures. MOUDI and HDS mass 
correlations were only moderate, although their overall 
means were quite similar. Less-than-perfect correlation 
would be expected given the uncertainties inherent in each 
measurement (see Appendix D) and the relatively restricted 
range of concentrations. Given the presence of internally 
generated coarse particles, MOUDI mass measurements 
should exceed those from the HDS, which excluded coarse 
particles. Indeed, the mass for the fine fraction mass mea
sured by MOUDI correlated better with HDS measure
ments (r = 0.72 for all CAPs studies) than did the MOUDI 
total mass measurements. Nevertheless, HDS mass mea
surements exceeded MOUDI values slightly on many occa
sions, and considerably on a few occasions. For this we 
have no explanation other than possible sampling or ana
lytic errors and inherent variability of the measurements. 
Mass measurements on total filter samples collected for 
XRF (see Appendix D) did not often resolve HDS-MOUDI 
discrepancies; they sometimes exceeded both the latter 
values and sometimes fell between them. 

The MOUDI and HDS were highly consistent in their 
measurements of NO3 

� and SO4
2� (correlation coeffi

cients were well above 0.9 and overall means agreed 
within 10%), indicating that both instruments effectively 
captured and retained these species found in fine parti
cles. NO3 

� concentrations showed consistently positive 
correlations with total mass concentrations, of which 
NO3 

� contributed about 20% on average. In exposure ses
sions with healthy subjects, SO4

2� averaged 6% of MOUDI 
mass concentration (7% of HDS mass concentration) and 
correlated negatively with total mass. In exposure sessions 
with asthmatic subjects, SO4

2� averaged 12% of MOUDI 
and 11% of HDS concentration, and correlated positively 
with total mass. These contrasts presumably reflect chance 
differences in chemical PM2.5 composition on different 

Table 3. Exposure Chamber Concentrations in Different 
Particle Size Ranges 

Size CAPs Filtered Air 

Coarse 23 ± 19 (5–83)  10 ± 12 (1–49) 
(> 2.5 µm)

Fine 141 ± 34 (77–185)  16 ± 9 (4–37) 
(0.1–2.5 µm) 

Ultrafine 10 ± 5 (4–22)  8 ± 4 (1–20) 
(< 0.1µm)

a Values are means ± SD in µg/m3 with ranges given in parentheses; data for 
all subject exposures were included. 

exposure days. Carbon measurements showed weakly nega
tive correlations with total mass in exposures with asthmatic 
subjects. The contrasting strong positive correlations in 
exposures with healthy subjects again relate to differences in 
chemical composition of PM between different CAPs expo
sure periods. These associations are observed not only for 
OC but also for EC. Thus, it is likely that the close carbon 
mass–total mass relation in the data for healthy subjects is 
real and not merely a consequence of positive artifacts in OC 
measurements, which were discussed earlier. 

Seasonal variation in exposure conditions was initially 
investigated by ANOVA comparing exposure measures 
across seasons (calendar quarters). Results suggested 
meaningful differences between the warmer season (April– 
September, mean ambient temperature during exposures 
26�C), and the cooler season (October–March, mean 
temperature 20�C). Exposure chamber temperatures differed 
to a lesser but still significant degree, averaging 24�C in the 
warmer season and 22�C in the cooler season. Relative 
humidity in the chamber also averaged higher in the 
warmer period (66% vs 55%). Neither ambient nor chamber 
particle concentrations differed significantly between 
warmer and cooler seasons. However, percentages of NO3 

� , 
iron (Fe), and chlorine averaged roughly twice as high in the 
cooler season; whereas percentages of SO4

2� or elemental 
sulfur (S) averaged roughly twice as high in the warmer 
season. All these differences were significant (P < 0.05) by 
unpaired t test. CAPs exposures were nearly balanced 
seasonally (6 of 12 healthy and 5 of 12 asthmatic subjects 
were studied in the warmer period), so any seasonal 
differences in responses should not have confounded tests of 
healthy-asthmatic differences. 

Tables 5 and 6 summarize results of XRF analyses for 
elements with overall mean concentrations greater than 1 
µg/m3 during CAPs exposures. Additional XRF results are 
reported in Appendix D. The XRF S results corroborated 
the ion chromatographic SO4

2� results, showing low or 
negative correlations with total mass and other specific 
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Table 4. Pairwise Correlations of Chamber Particle Measurements During CAPs Exposures 

MOUDI HDS 

Mass NO3 
� SO4 

2� Mass NO3 
� SO4 

2� EC 

All Subjects (n = 24) 
MOUDI NO3 

� 

SO4 
2� 

HDS Mass 
NO3 

� 

SO4 
2�

ECa 

OCa 

0.5572 
0.1895 
0.4621 
0.4476 
0.1578 
0.1453 
0.3810 

�0.3035 
0.6398 
0.9535 

�0.2950 
0.0507 
0.0889 

0.2025 
�0.3941 

0.9929 
�0.4858 
�0.5267 

0.6241 
0.2412 

�0.1398 
�0.2831

�0.3835 
0.1766 
0.1397 

�0.5098 
�0.5595 0.7486 

Healthy Subjects (n = 12) 
MOUDI NO3 

�  0.5843 
SO4 

2� �0.1925 
HDS Mass 0.4820 

NO3 
� 0.4646 

SO4 
2� �0.2211 

ECa 0.7921 
OCa  0.7547 

�0.4015 
0.8533 
0.9736 

�0.3164 
0.4451 
0.0801 

�0.4089 
�0.4435 

0.9799 
�0.5031
�0.1863 

0.8830 
�0.3311 

0.4540 
�0.1129 

�0.3485 
0.3734 

�0.0448 
�0.5108 
�0.2485 0.7313 

Asthmatic Subjects (n = 12) 
MOUDI NO3 

� 0.5311 
SO4 

2� 0.5115 
HDS Mass 0.5140 

NO3 
�  0.4149 

SO4 
2� 0.4828 

ECa �0.2614 
OCa �0.1575 

�0.3159 
0.5041 
0.9375 

�0.3120 
�0.1240 

0.0064 

0.3084 
�0.4461 

0.9938 
�0.5677 
�0.6025 

0.4642 
0.3663 

�0.3985 
�0.3731 

�0.4390 
0.1251 
0.2158 

�0.5989 
�0.6348 0.9613 

a The carbon sampling port was relocated after exposure sessions with healthy subjects and before exposure sessions with asthmatic subjects. The relocation 
influenced this correlation. 

components. Fe was also not strongly correlated with total 
Table 5. Concentrations of Selected Elements During

mass, but was strongly correlated with aluminum (Al), sil- CAPs Exposures as Determined by XRF Analysis of
icon (Si), calcium (Ca), and potassium (K). The high corre- Filter Samplesa 

lations obtained in the concentrations of these trace 
elements and metals suggest a common origin. Although Component Mean ± SD Minimum Maximum 

technically these metal concentrations were found in the 
Total mass 213 ± 46 122 299 

fine PM range (< 0.1 µm), the recent Southern California Sulfur 6.7 ± 4.7  1.5 22.4 
Supersite measurements conducted in Downey CA (Singh Silicon 5.3 ± 4.2 1.6 17.6 
et al 2002) indicated that over 90% of Al, K, Ca, Si, and Fe in Iron  3.6 ± 2.3 1.0 8.8 
PM2.5 is found in the 1.0- to 2.5-µm range, thereby indi- Calcium 3.3 ± 2.3 0.9 10.6 
cating that resuspension of soil and road dust is the source Chlorine 3.0 ± 2.7 0.1 10.4 

of these metals. Of particular interest is the lack of correla- Aluminum  2.1 ± 1.9  0.0 6.7 
1.5 ± 0.9 0.4 3.9tion or negative association between all of these metals and Potassium 

S, which mostly originates from combustion sources such a Values are presented as µg/m3. Table includes elements with a mean 
as vehicular emissions and oil refineries. These negative concentration > 1.0 µg/m3 based on all samples for healthy and 

asthmatic subjects (n = 22, data not available for 2 healthy subjects).  Forassociations further support the interpretation that the pres
30 other elements analyzed, mean concentrations ranged from 0.7 µg/m3 

ence of metals such as Al, K, Ca, Si, and Fe in the PM2.5 (zinc, barium) to < 0.05 µg/m3 and concentrations were sometimes too 
mode reflects a “tail” of their much higher concentrations low to quantify. 
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Table 6. Pairwise Correlations of Total Mass and Elemental Concentrations from XRF Analyses 

Component Total Mass Sulfur Silicon Iron Calcium Chlorine Aluminum  

Sulfur �0.0025 
Silicon 0.4780 �0.2638 
Iron 0.2329 �0.5045 0.7659 
Calcium 0.4872 �0.2685 0.9630 0.7777 
Chlorine 0.5343 �0.4312 0.5297 0.5637 0.5385 
Aluminum 0.3200 �0.4245 0.9308 0.8275 0.9152 0.5917 
Potassium 0.5824 �0.2685 0.8748 0.7694 0.8840 0.6590 0.8801 

in the coarse PM range. This interpretation is also sup
ported by the findings of Singh and colleagues (2002). 

Three atmospheric variables—MOUDI mass, MOUDI 
SO4

2� concentration, and XRF Fe concentration—were 
selected for dose-response analyses on the basis of statis
tical independence and previous evidence of toxicity from 
epidemiologic, or laboratory, or both types of studies. 

Table 7 summarizes (1) chamber temperature, relative 
humidity, and nephelometer measurements of particles; (2) 
ambient measurements of CO, O3, nitrogen dioxide (NO2), 
total NOx (meaning nitric oxide [NO] + NO2), and SO2 imme
diately outside the laboratory during exposure sessions; and 
(3) background ambient particle concentrations (measured as 
PM10) in the laboratory neighborhood, as estimated from the 
two nearest monitoring stations, for 24-hour periods pre
ceding exposure sessions. Ambient gas pollutant concentra
tions (presumably similar to or higher than chamber 

concentrations) were below levels likely to cause acute phys
iologic effects. Chamber temperature and relative humidity 
were modestly above ideal levels in most filtered air and 
CAPs exposures. However, average chamber conditions were 
warmer and drier for asthmatic subjects (24�C, 55%) than for 
healthy subjects (22�C, 69%). Ambient air quality before and 
during exposure sessions, as represented by concurrent CO 
and PM10 readings for the prior 24 hours, was poorer on 
average for CAPs than for filtered air exposures; this was as 
expected because only filtered air (but not CAPs) exposures 
could be performed on unusually clean days. 

RESPONSES: BASIC ANALYSES 

Appendix A presents the mean values for health 
response variables at all times of measurements for healthy 
and asthmatic subject groups. Appendix B presents the 
corresponding ANOVA results. 

Table 7. Miscellaneous Environmental Measurements Associated with Exposure Sessions 

Measurea Location Filtered Air Mean ± SD CAPs Mean ± SD 

Temperature (°C) Chamber 23.6 ± 1.6 23.0 ± 1.6 
Relative humidity (%) Chamber 63 ± 12 60 ± 13 
Nephelometer PM10 (µg/m3) Chamber 17 ± 15 233 ± 59 

CO (ppm)b Ambientc  1.33 ± 1.28  1.80 ± 0.97 
O3 (ppm) Ambient  0.015 ± 0.009  0.017 ± 0.011 
NOx [NO2 + NO] (ppm)d Ambient  0.133 ± 0.137  0.115 ± 0.074 

NO2 (ppm)d Ambient  0.040 ± 0.029  0.040 ± 0.017 
SO2 (ppm) Ambient  0.003 ± 0.003  0.004 ± 0.005 
PM10 (µg/m3) External monitorse 32.3 ± 10.6 37.9 ± 10.2 

a Average of serial measurements at laboratory during 2-hour exposure periods except for PM10.

b 10% of data were missing.

c Ambient measurements were taken immediately outside the laboratory.

d 25% of data were missing.

e Average for 24-hour period preceding exposure sessions. Data are from the continuous PM10 monitors at the two South Coast Air Quality Management 


District stations nearest the exposure laboratory (downtown Los Angeles and Long Beach).  If the value from one station was missing, it was predicted 
from the other station's value via a linear regression relationship determined from all exposure study dates with data for both stations. 
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Respiratory Physiology 

Spirometric results showed no statistically significant 
changes attributable to CAPs exposure for either study 
group. FVC showed no significant variation; FEV1 showed a 
small but highly significant (P < 0.005) main effect of time, 
increasing 1% to 2% on average after either filtered air or 
CAPs exposure. Figure 4 shows FEV1 mean (and SD) values 
for each study group and exposure atmosphere at four mea
surement times. The SDs reflect variations between subjects 
(that is, differences in underlying individual anatomy or 
physiology) and are not relevant to the significance of varia
tion within subjects (that is, changes by time and atmo
sphere that might reflect the effects of CAPs exposure). 

The mean minute ventilation was 13 L/min at rest and 
34 L/min in filtered air compared with 11 L/min at rest 
and 32 L/min during exercise in CAPs. The difference 
between exposure atmospheres was significant (P < 0.05); 
the difference between healthy and asthmatic groups was 
not significant. 

Both mean respiratory rate and tidal volume decreased 
during CAPs exposure, although not significantly. Positive 
artifacts from oral breathing through a one-way valve may 
have influenced the measurements, especially at rest, given 
that resting minute ventilation exceeded 15 L/min in eight 
exposure sessions (six filtered air, two CAPs). Nonetheless, 
the CAPs–filtered air differences appeared to be real. 

The heart rates during exposure showed a corresponding 
significant (P < 0.05) difference according to atmosphere: 
The resting mean heart rates were 76 beats/min in filtered 
air and 72 beats/min in CAPs, whereas exercising means 
were 96 beats/min in filtered air and 92 beats/min in CAPs. 

Cardiovascular Physiology 

Resting SaO2 before exposure, immediately after expo
sure, 4 hours after exposure, and 22 hours after exposure 
averaged 98% overall and showed no significant variation 
by study group, atmosphere, or time. 

Heart rate measured at the same times showed signifi
cant (P < 0.005) variation due to time: Heart rate averaged 
77 beats/min immediately after exposure to filtered air or 
CAPs (presumably reflecting effects of recent exercise) and 
72 beats/min at other times. Differences between exposure 
atmospheres and between study groups were not significant. 

Systolic blood pressure showed a marginally significant 
(P = 0.05) interaction of group, atmosphere, and time. It 
modestly increased during filtered air and decreased 
during CAPs exposure for the asthmatic group, whereas 
the hemodynamic pattern reversed for the healthy subjects 
(Figure 5). 

The product of heart rate � systolic pressure, an index 
of overall myocardial work, showed a significant (P = 0.02) 
time effect with increases immediately after exposure 
(reflecting the change in heart rate), but no other signifi
cant variation. 

Diastolic blood pressure showed no significant variation 
and averaged 72 mm Hg overall. 

Symptom Scores 

The mean total symptom score and its respiratory, car
diac, and miscellaneous components are plotted in Figure 6 
for both study groups. Two bars in each group represent 
extended time intervals: the 2-hour exposure period and the 
4 hours after exposure; these symptom scores are average 
from several symptom checklists during the interval; other 

Figure 4. Mean (and SD) FEV1 values at four time points by exposure 
atmosphere and study group. Variation between time points was signifi
cant (P < 0.005 by ANOVA), but atmosphere effects were not. 

Figure 5. Mean (and SD) systolic blood pressure values at four time points by 
exposure atmosphere and study group. Responses to  filtered air and CAPs 
differed in opposite directions for healthy and asthmatic subjects (see text). 
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Figure 6. Mean symptom scores versus time. Scores from before, after, and 22 hours after exposure were determined at one time point; scores from during 
the 2-hour exposure and from the 4 hours after exposure were averaged from multiple symptom evaluations within the interval. Total symptom scores were 
calculated by adding the individual component scores (see Figure 2). The time course of cardiac symptom scores differed (P < 0.005 by ANOVA) between 
filtered air and CAPs exposures; relatively more unfavorable changes were associated with CAPs exposure. 

scores (before, [immediately] after, and 22 hours after) 
reflect a single symptom report at the time indicated. Each 
bar shows the total symptom score as a sum of the three 
component scores. 

Respiratory symptoms were generally lower after expo
sure than before or during exposure, regardless of atmo
sphere (P < 0.01 for time effect), and showed no significant 
variation otherwise. Both cardiac symptoms and miscella
neous symptoms (those not obviously related to the car
diopulmonary system) showed significant (P < 0.05) 
atmosphere–time interactions as well as significant time 
effects. Miscellaneous symptoms were worse in general 
with filtered air than with CAPs exposure; cardiac symp
toms increased during CAPs exposure compared with fil
tered air. Mean cardiac symptom scores were always very 
low (reflecting zero values for many individuals), and all 
subjects scored zero at some time points, making the 
ANOVA results questionable. Nonetheless, a nonpara
metric test (Wilcoxon signed ranks) comparing cardiac 
symptom scores during exposure (as different from scores 
before exposure) showed a significant increase in CAPs 
compared with filtered air (P = 0.02). 

Induced Sputum 

Total cell counts, differential cell counts, IL-6, and IL-8 
in sputum induced 22 hours after exposure were not sig
nificantly different between filtered air and CAPs, nor 
between healthy and asthmatic subjects, with some excep
tions: Eosinophils averaged 0.1% of all sputum cells in 

healthy subjects and 4.7% in subjects with asthma 
(P < 0.05), with no significant difference between filtered air 
and CAPs. Columnar epithelial cell counts averaged 
90,000/mL in healthy subjects and 45,000/mL in asthmatic 
subjects after filtered air; after CAPs exposure, the cell 
means decreased to 42,500/mL for healthy subjects and 
26,700/mL for subjects with asthma. The atmosphere differ
ence was significant (P < 0.05 for main effect of atmosphere), 
whereas the study-group difference was not. The differential 
cell counts tended to corroborate these results, in that the 
percentage of columnar epithelial cells tended to be higher 
in healthy subjects than in asthmatic subjects and declined 
after CAPs exposure compared with filtered air (overall 
mean 6.9% vs 9.6%, P = 0.06 for main effect of atmosphere). 

ECP was measured in asthmatic subjects only and showed 
no significant difference between filtered air and CAPs. 

Peripheral Blood 

Complete blood counts (CBCs) were assessed before, 
4 hours after, and 22 hours after exposure to filtered air or 
CAPs. Red blood cell and hemoglobin concentrations did 
not vary significantly. White blood cells averaged higher 
overall in asthmatic subjects than healthy subjects 
(6629 cells/µL for the asthma group vs 5526 cells/µL for the 
healthy group; P < 0.05 for main effect of study group) and 
increased 1000 cells/µL 3 hours after exposure compared 
with other times (P < 0.001 for main effect of time), but did 
not differ significantly between filtered air and CAPs. 
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Differential counts also showed no significant changes 
attributable to CAPs exposure. At 4 hours after exposure 
when total white cell count increased, the percentage of 
monocytes increased fractionally (P < 0.05 for main effect of 
time), the percentage of eosinophils decreased fractionally 
(P < 0.001), and the percentages of other cell types did not 
change significantly. The percentage of eosinophils was 
higher overall in asthmatic subjects than in healthy subjects 
(4.7% vs 2.6%; P < 0.05 for main effect of study group). The 
mean platelet count significantly increased 5% at 4 hours 
after exposure (P < 0.001 for main effect of time). 

Amyloid A, soluble ICAM-1, and plasma IL-6 were mea
sured at the same times as CBC samples. Serum amyloid A 
showed no significant variation. Soluble ICAM-1 showed a 
significant (P < 0.05) atmosphere–time interaction consis
tent with an effect of CAPs exposure, without other signif
icant variation. The ICAM-1 declined after filtered air 
exposure and increased after CAPs exposure in both 
healthy and asthmatic groups (Figure 7). At 4 hours after 
exposure, plasma IL-6 was significantly (P < 0.05) higher  
in asthmatic subjects than in healthy subjects and also 
varied significantly by time after exposure. The increase in 
IL-6 at 4 hours for asthmatic subjects was appreciably 
larger after CAPs exposure than after filtered air exposure, 
whereas the same comparative increase for healthy sub
jects’ was smaller; the group–atmosphere–time interaction 
approached significance (P = 0.06).  

Fibrinogen, factor VII, and von Willebrand factor were 
analyzed at the same times as CBC samples and also imme
diately after exposure. Fibrinogen and von Willebrand 
factor showed no significant variation. Factor VII showed a 
significant (P < 0.05) atmosphere–time interaction; that is, 
factor VII at 22 hours after exposure increased noticeably 
after filtered air but not after CAPs. This change with fil
tered air is compatible with a rebound phenomenon, 

Figure 7. Mean (and SD) plasma concentrations of soluble ICAM-1 at 
three time points by exposure atmosphere and study group. Soluble 
ICAM-1 increased at both time points after CAPs exposure compared with 
filtered air exposure (P < 0.05 by ANOVA). 

although it did not occur with CAPs exposure. Statistical 
conclusions were similar whether the data were expressed 
in the original units (percentage of normal reference stan
dard) or as a percentage of the individual subject’s preex
posure value (see Appendices A and B). Figure 8 shows 
the results in the original units. Changes in measurements 
from before exposure to after exposure or from before 
exposure to 4 hours after exposure were not significant in 
pairwise statistical comparisons. 

Cardiac Electrophysiology 

HRV and maximum ST voltage depression derived from 
multihour Holter ECG analyses showed no significant vari
ation. Ectopic beat incidence showed a significant 
(P < 0.001) main effect of time on the incidence of supraven
tricular and ventricular ectopic beats (log-transformed to 
normalize the distributions). The main effect of time repre
sents a difference between the two Holter recording inter
vals: initial (during exposure and first 4 hours afterward) 
and second (next 20 hours). The geometric mean incidence 
was 0.22 incidents/hour for supraventricular and 0.15 inci-
dents/hour for ventricular ectopic beats during the initial 
recording interval. In the second recording interval, the geo
metric mean incidence decreased to 0.12 incidents/hour for 
supraventricular and 0.07 incidents/hour for ventricular 
ectopic beats. We noted very little difference between filtered 
air and CAPs exposures. Thus, the decrease in cardiac 
arrhythmias is consistent with the well known circadian 
rhythm of arrhythmias. 

The 5-minute Holter ECG slices before exposure, immedi
ately after exposure, 4 hours after exposure, and 22 hours 
after exposure showed significant variation attributable to 
CAPs exposure for total power, normalized high-frequency 

Figure 8. Mean (and SD) plasma concentrations of factor VII at four time 
points by exposure atmosphere and study group. The factor VII change 
after filtered air and CAPs exposures differed (P < 0.05 by ANOVA). 
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(HF) power, the ratio of low-frequency (LF) to HF power, 
and the composite index of ST voltage (ST-AMD). The ST 
voltages measured in leads II, V2, and V5 and the corrected 
QT interval (QTc; an index of repolarization duration) did 
not show significant CAPs-related variation. For healthy 
subjects, total power (Figure 9) tended to decrease from 
before exposure to after exposure and the decrease was 
larger with CAPs than with filtered air. The atmosphere– 
time interaction was marginally nonsignificant (P = 0.06) 
and the atmosphere–time–group interaction was margin
ally significant (P = 0.047). Neither LF nor HF power per se 
changed significantly in relation to CAPs exposure. How
ever, normalized HF power (Figure 10) showed a significant 
(P < 0.01) atmosphere–time interaction with a tendency to 

Figure 9. Mean (and SD) total power values from Holter ECG recordings 
during quiet rest periods at four time points by exposure atmosphere and 
study group. Difference in response to CAPs compared with filtered air 
was marginally significant (see text). 

decrease after filtered air exposure and increase after CAPs 
exposure. The ratio of LF:HF power showed a corre
sponding significant (P < 0.05) variation, increasing after fil
tered air and decreasing after CAPs. Thus, the measures of 
HRV indicate a slight decrease, concentrated in the LF 
range. Mean ST-AMD changes from preexposure values 
(Figure 11) were more positive immediately after exposure, 
but more negative 22 hours after exposure, to CAPs com
pared with filtered air in healthy and asthmatic subjects. 
The atmosphere–time interaction was significant (P < 0.05). 
However, the relatively small microvolt changes attribut
able to CAPs exposure are not clinically significant and 
reside within the error of the measurement. 

These statistical results for data from 5-minute slices 
reflect maximum-likelihood estimation of missing data. 
Overall data capture was about 96%; the data from three 
asthmatic subjects were incomplete due to intermittently 
unsatisfactory recording quality. Conventional ANOVA, 
excluding subjects with incomplete data, yielded similar 
results with respect to significant CAPs effects, except that 
the effect of the interaction atmosphere � time � group on 
total power became marginally nonsignificant (P = 0.08). 

RESPONSES: EXPOSURE-RESPONSE RELATIONS 

Response variables that showed significant CAPs–filtered 
air differences in the basic analyses were further analyzed to 
test whether the magnitude of each difference between 
CAPs and filtered air related to a component of the CAPs 
exposure: the particle mass concentration, the SO4

2� con
centration (by MOUDI), or the Fe concentration (by XRF). 

Figure 10. Mean (and SD) normalized HF power from Holter ECG record- Figure 11. Mean (and SD) ST-AMD values from Holter ECG recordings 
ings during quiet rest periods at four time points by exposure atmosphere during quiet rest periods at four time points by exposure atmosphere and 
and study group. Normalized HF power increased after CAPs exposure study group. The time course of changes after exposure differed between 
compared with filtered air (P < 0.05 by ANOVA). CAPs and filtered air (see text). 
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As indicated earlier, these three exposure variables were 
selected on the basis of low intercorrelations and potential 
toxicologic importance. In addition to the average PM con
centration, dose estimates were calculated in terms of 
micrograms inhaled (the product of exposure concentration, 
exposure time, and mean minute volume) and of micro
grams inhaled per kilogram of body weight. For all three key 
exposure variables, these dose estimates were highly corre
lated with concentrations (r = 0.84 to 0.99). Therefore, only 
the concentrations were used in the analyses. 

Initially, pairwise correlation coefficients were calcu
lated to relate each exposure variable with each response. 
Responses measured at multiple times were expressed as 
the change from before exposure to after exposure with 
CAP exposures minus the corresponding change with fil
tered air exposure. Significant correlations were followed 
up by ANCOVA, using the same exposure (covariate) and 
response (dependent) variables along with the grouping 
factor, healthy subjects versus subjects with asthma. 

Covariance with any of the three exposure measures was 
not significant for total power and normalized HF power 
(Holter ECG slices), soluble ICAM-1 and factor VII in blood, 
columnar epithelial cell counts in sputum, and total 
symptom score. Table 8 summarizes the significant (P < 0.05)  

Table 8. Significant Concentration-Response Relations 
for Variables with Significant Overall CAPs–Filtered 
Air Differences 

Regression 
Response Covariate Coefficient P 
Variable (µm/m3) ± SE Value 

Minute volume at rest PM mass �0.044 0.018 
(L/min) ± 0.017 

SO4
2�Minute volume at rest �0.13 0.003 

(L/min) ± 0.04 

SO4
2�Respiratory rate during �0.11 0.041 

exercise (breaths/min) ± 0.05 

SO4
2�� in Systolic blood �0.36 0.02 

pressure (mm Hg); ± 0.14 
4-hour value minus 
preexposure value 

� in ST-AMD (µV); Iron �2.45 0.051 
22-hour value minus ± 1.16 
preexposure valuea 

� in LF:HF power ratio; PM mass �0.038 0.017 
value immediately after ± 0.015 
exposure minus 
preexposure valuea 

a Based on 5-minute at-rest slices of Holter continuous monitoring. 

or nearly significant concentration–response relations found 
for other variables. Resting minute volume, which was sig
nificantly lower in CAPs than filtered air in the basic anal
ysis, showed greater diminution with increasing total mass 
or SO4

2 � in CAPs. Respiratory rate during exercise 
decreased with increasing SO4

2� concentration in CAPs. 
Systolic blood pressure change from before exposure to 
4 hours after exposure became more negative with 
increasing SO4

2� concentration. The ST-AMD on the day 
after exposure showed a near-significant negative relation 
with Fe concentration in CAPs. The ratio of LF:HF power 
immediately after exposure compared with that before expo
sure showed a negative relation to total PM mass. 

The above analysis scheme was also applied to selected 
variables that had not shown significant responses to CAPs 
in the basic analysis but were considered clinically impor
tant; those are FVC, FEV1, heart rate, diastolic blood pres
sure, and differential counts of neutrophils and eosinophils 
in sputum. One significant (P < 0.05) association with 
SO4

2� concentration was found for FVC before to immedi
ately after exposure (regression coefficient ± SE �3.37 
± 1.39 mL/[µg/m3]). 

Because of interest in the potential health effects of 
carbon-containing particles, we analyzed the relation of 
EC concentrations to selected endpoints for asthmatic sub
jects only because their measurements were least likely to 
exhibit artifacts (see Methods). The following measure
ments were not significantly correlated with EC concentra
tion (expressed as the difference between CAPs and 
filtered air values): ectopic beat incidence during the first 
Holter recording period; changes in total power, ST-AMD, 
factor VII, von Willebrand factor, and fibrinogen from 
before exposure to immediately after exposure; and 
sputum columnar epithelial cell count on day 2. However, 
two measurements correlated positively with EC (r = 0.64, 
P < 0.05 for both): the change in total symptom score from 
before exposure to during exposure; and the change in 
FEV1 from before exposure to immediately after exposure. 
That is, total symptom score change during exposure 
showed a significant exposure–response relation with EC 
in the expected direction, but FEV1 change during expo
sure showed a significant relation in an unexpected direc
tion. Individual FEV1 and symptom changes were 
positively correlated (r = 0.65, P < 0.05). 

A similar analytic scheme was applied to test for differ
ences in preexposure health measurements related to out
door ambient PM10 concentrations in the laboratory vicinity 
over the preceding 24 hours. The only significant relation 
found was between ambient PM10 and systolic blood pres
sure; the regression coefficient ± SE was �0.30 ± 0.13 mm 
Hg/(µg/m3) for healthy and asthmatic subjects pooled. This 
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finding contrasts with that from a panel study of volunteers 
with severe chronic obstructive pulmonary disease (COPD) 
whose blood pressure showed a positive regression relation 
with ambient PM10 concentration (Linn et al 1999). 

DISCUSSION 

A clear pattern of physiologic and symptomatic 
responses, as has been observed in exercising athletes 
exposed to O3 or asthmatic subjects exposed to SO2 (Amer
ican Thoracic Society 1996), was not found in our healthy 
and asthmatic subjects exercising mildly during exposure 
to CAPs. Nonetheless, several measures of respiratory and 
systemic responses showed statistically significant 
changes attributable to CAPs exposure. Some significant 
changes were small (relative to normal ranges in healthy 
populations) and not always in the expected direction. 
Thus, we cannot rule out the possibility that the observed 
significant effects were chance occurrences among many 
statistical analyses or the artifacts of incomplete control of 
the subjects' environment inside or outside the confines of 
the experimental exposures. Nevertheless, a case can be 
made that the significant alterations in cardiac electro
physiology and blood biochemistry represent true biologic 
and extrapulmonary (that is, systemic) responses to CAPs 
exposure in that they support previous findings in epide
miologic studies of high-risk populations exposed to 
ambient particulate pollution. 

Because most measured responses were not significant, 
post hoc power calculations were performed to explore the 
possibility that meaningful responses might have escaped 
detection. For simplicity, only changes from before to 
immediately after exposure were considered for variables 
measured at more than one time, so that excess response to 
CAPs could be represented by a one-sample (paired) t sta
tistic, and no distinction was made between healthy and 
asthmatic subjects (Table 9). For FEV1, any change outside 
the usual minute-to-minute variability of test results in 
experienced healthy subjects could have been detected as 
significant. Therefore, we may conclude that neither acute 
restrictive ventilatory changes (as occur in heavily exer
cising healthy subjects exposed to O3) nor acute obstructive 
airway changes (as occur in moderately exercising asth
matic subjects exposed to SO2) (American Thoracic Society 
1996) are likely to occur in healthy or asthmatic adults 
exposed to 200 µg/m3 of ambient fine PM in Los Angeles. 

The evidence is less clear for other end points. Small 
changes in percentage for SaO2 could have been detected, 
but the SaO2 measurement may be relatively insensitive to 
significant disturbances in the alveolar-arterial oxygen 

transfer in these relatively healthy, nonsmoking volunteers 
at sea level. Changes in SaO2 might be more meaningful in 
subjects with more severe preexisting lung disease and 
hypoxemia (that is, individuals who are already on the 
steep portion of the hemoglobin–oxygen dissociation 
curve). For the other response measures shown in Table 9, 
appreciable changes in percentages might have gone unde
tected. Normal variability is less known for these measure
ments, but some changes below our threshold of detection 
might be important public health considerations if they 
occur widely in exposed populations. 

One of the two strongest points of statistical evidence of 
response to CAPs exposure came from the decrease in 
columnar epithelial cells in induced sputum from both 
healthy and asthmatic subjects. The decrease in the 
number of columnar epithelial cells was appreciable 
(roughly 50%), statistically significant, and corroborated 
by a near-significant decrease of the percentage of 
columnar cells in the differential cell count. Thus, it is rea
sonable to conclude that CAPs inhalation altered or 
injured airway epithelial surfaces within 24 hours after 
exposure, presumably in proximal conducting airways, 
which are the predominant source of cells recovered by 
sputum induction (Alexis et al 2001). 

The health significance of this effect is uncertain given 
that inflammatory cell types such as neutrophils did not 
change significantly in total or in differential cell counts. 
Although increased rather than decreased cell recovery is 
the expected result from airway inflammation, a decrease 

Table 9. Post Hoc Power Estimates for Measures Not 
Significantly Changed by CAPs Exposure 

Exposure Detectable Changea 

Measure (%) 

FEV1 1.7 
SaO2 1.1 
Product of rate � pressure 10 
Holter RMSSD (quiet rest) 20 

Plasma fibrinogen 5.1 
Sputum WBC count 12b 

Sputum IL-6 35b 

Sputum IL-8 13b 

a Change from baseline value that was detectable with 80% power; based 
on the SD of the difference [(post�pre)CAPs] � [(post�pre)Air], except as 
indicated in footnote b. Baseline = the mean of pre–filtered air and pre-
CAPs measurements; if no preexposure measurements were available, 
baseline = post–filtered air measurement. 

b Change in geometric mean detectable by analysis of log-transformed data; 
based on SD of difference between post-CAPs and post–filtered air 
measurements. 

20 



H Gong Jr et al 

is not necessarily a favorable or innocuous response. It 
might reflect activation of some defense mechanism, effec
tive in these two groups of subjects but possibly ineffective 
in other subjects with more severe asthma. One specula
tion is that vagally mediated reflex stimulation of airway 
mucous secretion may have facilitated the removal of 
columnar cells after CAPs exposure and before sputum 
induction because there was also evidence of parasympa
thetic stimulation of HRV. 

The most comparable prior evidence comes from labora
tory exposures reported by Ghio and colleagues (Ghio et al 
2000); they performed bronchoalveolar lavage on healthy 
volunteers 18 hours after exposures to CAPs (23 to 311 
µg/m3) with a similar exposure protocol. The total cell 
count in the bronchial fraction of the lavage fluid did not 
increase (consistent with our findings in sputum). How
ever, they found significant increases in the percentages of 
macrophages, neutrophils, and monocytes (different from 
our findings). The different results might be explained by 
their use of bronchoalveolar lavage (which samples fluids 
from multiple, overlapping airway segments) rather than 
sputum induction, or by different subjects in the expo
sures (all healthy in their study), or by both factors. Both 
studies suggest that acute inflammatory responses are 
mild, if any, and occur in the airways of young adults 
exposed to CAPs at concentrations well above typical 
ambient levels. An important question is whether more 
marked inflammatory responses occur in individuals with 
preexisting respiratory disease. 

The second strong point of statistical evidence of response 
to CAPs exposures came from the relative decrease in LF 
power and increase in HF power in Holter ECG slices 
recorded during quiet rest. This decrease-increase was evi
dent after CAPs exposure in two measures: decreased LF:HF 
ratio and increased normalized HF power. Although neither 
LF nor HF power per se changed significantly, total power 
showed a marginally significant decline associated with 
CAPs exposure. 

These changes suggest an overall slight decrease in sym
pathetic, compared with parasympathetic, nervous system 
influence on the heart. The apparent increase in HF power 
(reflecting parasympathetic modulation) after CAPs expo
sure is not readily explainable but may reflect vagal stimu
lation via airway reflexes or a direct cardiac mechanism. 
The health significance is uncertain. Increases in sympa
thetic influence and LF:HF ratio are more clearly associ
ated with cardiac illness and risk of death, although 
significant decreases are also not necessarily a good sign 
(Godleski et al 2000; Zareba et al 2001). 

Our HRV findings contrast with those from two recent 
panel studies of elderly subjects living on their own and 

exposed to ambient PM (Liao et al 1999; Gold et al 2000). In 
those studies, HF power (measured as the square root [R] of 
the mean of the sum of the squares of differences [MSSD] 
between all adjacent normal R-R intervals [RMSSD]) 
decreased, which suggests decreased parasympathetic 
influence. On the other hand, a third panel study (Pope et al 
1999) showed decreased standard deviation of all normal R
R intervals in ECG, (representing decreased total power), 
but increased RMSSD (representing increased HF power) in 
association with PM exposure. These results are consistent 
with ours to the extent that they suggest a relative decrease 
in sympathetic influence. Obviously, differences in subjects 
and exposures, as well as Holter analysis techniques, limit 
comparisons. Our results also contrast with those from a 
study of dogs exposed to CAPs (Godleski et al 2000), in 
which some individual animals showed decreased LF:HF 
ratio, but the group as a whole showed significant increases 
in both LF and HF power, resulting in no significant change 
in the mean LF:HF ratio. 

Less specific evidence of cardiorespiratory responses to 
CAPs exposure was provided by our subjects' tendency to 
have decreased minute ventilation and heart rate during 
exposure and to report more symptoms related to the car
diovascular system. Although the average increase in car
diovascular symptoms was small, it contrasted with an 
overall decrease in symptoms during CAPs exposure com
pared with filtered air. The overall decrease was primarily 
due to miscellaneous noncardiorespiratory symptoms such 
as headache and fatigue. This is not easily explainable, 
except perhaps as a consequence of slightly less intense 
exercise during CAPs exposure, inferred from the decreased 
minute ventilation and heart rate. Less intense exercise, 
whatever its cause, may not entirely explain the lower heart 
rate during CAPs exposure, which was observed at rest as 
well as during exercise. Parasympathetic nervous system 
influence was reported to reduce heart rates in CAPs
exposed dogs (Godleski et al 2000) and may have affected 
our subjects as well. Holter data from our subjects do not 
provide good evidence for or against that possibility 
because no at-rest slices of Holter analyses were available 
during exposure and multihour analyses would have been 
relatively insensitive to parasympathetic effects. 

Some alterations in blood biochemistry and coagulability 
appeared to result from exposure to CAPs. In blood samples 
from asthmatic subjects, plasma IL-6 was higher at baseline 
and increased more after CAPs exposure than the same 
values for healthy subjects; this suggests a greater acute-
phase response to CAPs exposure. Soluble ICAM-1 in 
plasma increased in a similar pattern, which suggests acti
vation of endothelial cells during leukocyte adhesion. This 
adhesion molecule may participate in the inflammatory 
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process and in the hyperresponsiveness present with 
asthma. No comparable data for ICAM-1 or markers of acti
vation expressed on circulating leukocytes are available 
from other clinical studies. 

Fibrinogen, factor VII, and serum amyloid A are part of 
the acute-phase response, which is mediated by cytokines 
released during inflammation. Increases in any proteins of 
the clotting cascade increase the likelihood of coagulation. 
Increased concentrations of fibrinogen and factor VII are 
recognized as long-term risk factors for myocardial infarc
tion. Our subjects showed no significant rise in blood fibrin
ogen or serum amyloid A associated with CAPs exposure, in 
contrast to increased blood fibrinogen levels reported in 
another clinical study (Ghio et al 2000). We found statisti
cally significant CAPs-related variation in factor VII, 
although its pattern of change (appreciable increase on the 
day after filtered air exposure but no increase on the day 
after CAPs exposure) was not wholly expected. The signifi
cance of this lack of a rebound response with CAPs is 
unknown. Interestingly, in an 18-month longitudinal study 
of elderly urban dwellers, Seaton and associates (1999) 
observed that factor VII decreased with increasing personal 
exposure to PM10 averaged over the previous 3 days. How
ever, they also reported that red cell and platelet counts 
decreased with increasing ambient PM, whereas our study 
showed no significant changes in red cells or platelets asso
ciated with CAPs exposure. 

In general, we did not find clear evidence for the epidemi
ologically observed association between ambient PM expo
sure and illness related to coagulability (Peters et al 1997). 

We should consider what possible limitations of our 
study might have prevented us from finding stronger evi
dence that PM2.5 has a causal role in its observed associa
tion with morbidity. Potentially important limitations are 
discussed below. 

Ambient fine particles (0.1–2.5 µm) may have low tox
icity. This hypothesis is plausible in principle. The expo
sure was conducted in an area of metropolitan Los Angeles 
that is heavily impacted by primary-source particulate pol
lution. Although this pollution is chemically different 
from its Eastern US counterparts, Los Angeles particulates 
have shown similar associations with morbidity in epide
miologic studies (Morris 2001). On the other hand, it is 
conceivable that the most toxic components of ambient 
particles reside in the coarse (2.5–10 µm) and ultrafine 
(smaller than about 0.1 µm) size ranges (which are not 
effectively concentrated by the AFPC), or in other chem
ical PM species present in another locale (eg, where sec
ondary photochemical particles predominate). As noted in 
the Results / Exposures section of this report, the great 

majority of particle mass in the CAPs exposures was found 
in the 0.32 µm to 1.8 µm size range, of which the 0.56 µm 
to 1.0 µm size range contributed the largest proportion. 
This middle area of the fine-particle size range is also asso
ciated with the lowest deposition rate in the human lung: 
The percentage of 0.75 µm particles that deposit in the 
human lung is about half that for 0.1 µm or 4 µm particles 
(International Commission on Radiological Protection 
1994); thus, exposures to aerosols with different size char
acteristics, or from different locations, or during different 
seasons (or all of these) would result in vastly different 
deposited PM doses for the exposed populations. 

In addition to depositing more efficiently than fine par
ticles, both coarse and ultrafine PM might be more toxic 
than fine (accumulation-mode) PM because of their dif
ferent chemical compositions (EPA 1996). Coarse PM and 
PM smaller than about 0.25 µm were not effectively con
centrated by the system used for this series of exposures. 
Thus, only fine CAPs were delivered to the exposed sub
jects. Coarse PM may consist of several potentially toxic 
components, such as resuspended particulate matter from 
paved and unpaved roads, industrial materials, brake lin
ings, tire residues, trace metals, and bioaerosols. Recent 
data from an epidemiologic study (Ostro et al 1999) and a 
toxicologic report (Kleinman et al 2003) indicate that, 
apart from—or in addition to—the fine PM fraction, health 
effects may also be closely associated with the coarse PM 
fraction and sometimes even to a larger extent than with 
PM2.5. In vitro studies with human monocytes (Becker et 
al 1996; Monn and Becker 1998) show that cellular toxicity 
and inflammation may also be associated with the coarse 
fraction and its biologic components. Also, in vitro geno
toxicity data (Hornberg et al 1998) using ambient fine and 
coarse PM collected from an urban area with a high traffic 
density suggest that coarse PM may have comparable or 
even higher activity than fine PM. 

Ultrafine PM could also be substantially more toxic than 
fine PM. A given mass of ultrafine particles has 100 to 
1000 times more surface area than an equal mass of fine 
particles and approximately 105 times more surface area 
than an equal mass of coarse particles, which may signifi
cantly affect the relative toxicity of the various sizes (Ober
dörster et al 1992). Size-fractionated CAPs can generate 
oxidative stress in epithelial and macrophage cells; 
ultrafine PM is 7 to 9 times more toxic than fine PM on an 
equal-mass basis (Li et al 2002). 

We thus believe that further research is needed with size-
fractionated CAPs exposures. The recent development of 
coarse and ultrafine particle concentrators (Kim et al 
2001a,b) has made it possible to conduct human exposures 
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to size-fractionated CAPs. Coarse CAPs exposures of human 
volunteers are currently under way as part of our activities 
sponsored by the Southern California Particle Center and 
Supersite. We also plan human exposures to ultrafine CAPs 
in the near future through the same program. These expo
sures may provide new insights on the relative toxicity of 
various PM sizes and their chemical compositions. 

The exposure concentration was too low. This hypoth
esis is implausible. The target concentration of fine PM 
was selected and documented to represent “worst-case” 
conditions experienced only rarely in the most polluted 
parts of greater Los Angeles, which is one of the nation’s 
most highly polluted cities. Average measured exposure 
concentrations fell only slightly short of the target. 

The exposure duration was too short or the cumula
tive inhaled particle dose was too low. This hypothesis is 
somewhat plausible. Assuming a typical exposure ventila
tion rate twice that in ordinary daily activity and a typical 
exposure concentration of 8 times ambient, the dose 
inhaled in a 2-hour exposure (concentration � duration) 
would be only one-third higher than the dose inhaled in 24 
hours of ordinary activity. Other investigators have made a 
similar point concerning their CAPs studies (Ghio et al 
2000; Harder et al 2001). 

The outcome measurements were too insensitive. This 
hypothesis is plausible in principle. Bronchoalveolar 
lavage is more sensitive than sputum induction in 
detecting distal airway inflammation. However, lavage 
was impractical in our experimental design. In another 
clinical PM study, mild neutrophilic inflammation in the 
airways of healthy young adults was noted (Ghio et al 
2000); however, no acute effects on immune phenotype or 
macrophage function in both lavage fluid and blood were 
found by the same investigators in North Carolina (Harder 
et al 2001). Analysis of Holter ECG records conceivably 
could be made more sensitive, but other studies have 
reported significant findings with Holter methods similar 
to ours. Indeed, the fact that we found systemic, PM-
related, cardiac electrophysiologic and blood effects sup
ports the use of these endpoints. 

The subjects were not representative of susceptible 
populations. This hypothesis is plausible with respect to 
the healthy subjects and somewhat plausible with respect 
to the asthmatic subjects, all of whom had clinically mild 
asthma and did not require medication when studied. The 
medical history, allergic status, and airway hyperrespon
siveness of the asthmatic subjects were well documented. 
Given that the present results have mitigated the concerns 

about the subjects’ safety, future studies should evaluate 
subjects with COPD, or cardiovascular disease, or both; in 
those subjects, effects may be both more numerous and 
easier to detect. 

The subjects had become “tolerant” to ambient PM 
exposure. Physiologic or biochemical tolerance (ie, attenu
ation of short-term responses resulting from repeated prior 
exposures) to PM in our study subjects cannot be ruled out. 
However, to our knowledge this phenomenon has not been 
reported from either laboratory or epidemiologic studies. 

In summary, the study hypotheses were not clearly 
proven because we did not find clear evidence of acute 
effects from conditions simulating a "worst-case" fine partic
ulate pollution episode in Los Angeles. Nonetheless, we 
found signs of acute responses from the cardiovascular 
system, as well as some evidence of a subclinical effect on 
central airway cell populations. Our results are partly con
sistent with other laboratory and epidemiologic findings 
that suggest that ambient fine particle exposure can inter
fere with autonomic control of the heart and can influence 
inflammatory mediators and clotting factors in circulating 
blood without producing clinically obvious effects on the 
respiratory system. The cardiovascular and blood-related 
effects reflect an apparent, greater systemic sensitivity or 
susceptibility related to PM than that found in the respira
tory tract and can explain at least part of the excess mor
bidity and mortality associated with ambient PM exposure. 
Remaining uncertainties may be resolved by further CAPs 
exposure studies by evaluating other biologic endpoints, 
using different PM size fractions, and involving subjects 
with different respiratory and cardiovascular risk factors. 
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Appendix A. Mean Values of Health Measurement by Study Group, Exposure Atmosphere, and Time of Data Recording 

Filtered Air CAPs 

Study Immediately 4 Hours Immediately 4 Hours Significance 
Variable Group Before After After Day 2 Before After After Day 2 Note 

Physiology 
FVC (L) Healthy 4.35 4.36 

Asthmatic 4.01 4.04 

FEV1(L) Healthy 3.53 3.60 
Asthmatic 3.10 3.11 

Systolic blood Healthy 122 120 
pressure (mm Hg) Asthmatic 119 122 

Diastolic blood Healthy  72  76  
pressure (mm Hg) Asthmatic 74 75 

Heart rate Healthy  70  78  
(beats/min) Asthmatic 76 78 

Product of rate � Healthy 8622 9504 
systolic pressure Asthmatic 9027 9550 

SaO2(%) Healthy 98.5 98.7 
Asthmatic 98.1 97.6 

4.39 4.30 4.36 4.37 4.38 4.30 a 
3.99 4.04 3.97 3.99 4.01 4.03 

3.58 3.61 3.54 3.57 3.60 3.51 b 
3.11 3.04 3.04 3.11 3.08 3.10 

119 121 118 121 121 119 c 
118 121 123 118 122 119 

69 70  71  73  70 68  a  
72 75 73 72 75 72 

75 71  70  76  70 69  b  
76 74 73 76 75 76 

9021 8603 8188 9261 8529 8270 b 
8979 8964 8930 8957 9109 8988 

98.6 98.8 98.2 97.9 98.5 98.4 a 
98.2 98.0 97.9 98.1 98.2 98.2 

Symptom Scorese 

Total Healhy 1.8 3.0 
symptoms Asthmatic 3.3 3.7 

Respiratory Healthy 1.0 1.3 
symptoms Asthmatic 2.4 2.3 

Cardiac Healthy 0.08 0.04 
symptoms Asthmatic 0.08 0.15 

Miscellaneous Healthy 0.8 1.7 
symptoms Asthmatic 0.8 1.3 

1.8 0.7 0.8 1.7 0.9 0.9 d 
3.5 3.5 2.4 2.9 3.4 3.5 

1.8 0.7 0.4 0.5 0.3 0.5 b 
1.0 1.7 1.9 1.7 0.6 1.0 

0.00 0.00 0.00 0.27 0.03 0.00 d 
0.08 0.08 0.00 0.15 0.00 0.00 

1.0 0.0 0.3 0.9 0.6 0.4 d 
2.5 1.8 0.5 1.1 2.7 2.5 

Table continues next page 

a No significant variation.

b Significant variation by another factor or other factors, but no significant difference between filtered air and CAPs exposure.

c Significantly different responses to CAPs and filtered air, and significantly different between healthy and asthmatic groups.

d Significantly different responses to CAPs and filtered air, but not significantly different between healthy and asthmatic groups.

e "Immediately After" indicates the mean score throughout exposure; "4 Hours After" indicates the mean of the 4 hours after exposure ended.

f Near-significant atmosphere effect; see the text section Results / Responses: Basic Analyses / Induced Sputum.

g "Immediately After" was recorded during exposure and throughout the 4 hours after exposure ended; "Day 2" was recorded during the subsequent 20 hours.

h Maximum-likelihood estimation of missing data was used to obtain means.
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Appendix A (Continued). Mean Values of Health Measurement by Study Group, Exposure Atmosphere, and Time of Data Recording 

Filtered Air CAPs 

Study Immediately 4 Hours Immediately 4 Hours Significance 
Variable Group Before After After Day 2 Before After After Day 2 Note 

H
 G

on
g Jr et al 

Induced Sputum Analyses 

White blood cells Healthy 982 2348 a 
(thousands/mL) Asthmatic 892 986 

Columnar epithelial Healthy 90 43 d 
cells (thousands/mL) Asthmatic 45 27 

Monocytes (%) Healthy 42 48 a 
Asthmatic 34 38 

Neutrophils (%) Healthy 45 41 a 
Asthmatic 55 55 

Eosinophils (%) Healthy 0.1 0.2 b 
Asthmatic 4.9 4.4 

Columnar cells (%) Healthy 13 11 a,f 
Asthmatic 6 3 

IL-6 (pg/mL) Healthy 91 244 a 
Asthmatic 43 50 

IL-8 (pg/mL) Healthy 4094 4595 a 
Asthmatic 1839 1778 

ECP (µg/L) Asthmatic 104  75 a 
(asthmatic group only) 

Table continues next page 

a No significant variation.

b Significant variation by another factor or other factors, but no significant difference between filtered air and CAPs exposure.

c Significantly different responses to CAPs and filtered air, and significantly different between healthy and asthmatic groups.

d Significantly different responses to CAPs and filtered air, but not significantly different between healthy and asthmatic groups.

e "Immediately After" indicates the mean score throughout exposure; "4 Hours After" indicates the mean of the 4 hours after exposure ended.

f Near-significant atmosphere effect; see the text section Results / Responses: Basic Analyses / Induced Sputum.

g "Immediately After" was recorded during exposure and throughout the 4 hours after exposure ended; "Day 2" was recorded during the subsequent 20 hours.

h Maximum-likelihood estimation of missing data was used to obtain means.
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Appendix A (Continued). Mean Values of Health Measurement by Study Group, Exposure Atmosphere, and Time of Data Recording 

Filtered Air CAPs 

Study Immediately 4 Hours Immediately 4 Hours Significance 
Variable Group Before After After Day 2 Before After After Day 2 Note 

Peripheral Blood Analyses 
Red blood cells Healthy 4.58 4.63 
(millions/µL) Asthmatic 4.55 4.53 

White blood cells Healthy 5.73 6.69 
(thousands/µL) Asthmatic 6.29 7.25 

Hemoglobin Healthy 13.94 14.08 
(mg/dL) Asthmatic 13.85 13.82 

Platelets (cells/mL) Healthy 240 254 
Asthmatic 242 250 

Neutrophils (%) Healthy 61.1 61.2 
Asthmatic 57.0 57.6 

Lymphocytes (%) Healthy 30.1 29.9 
Asthmatic 29.8 29.2 

Monocytes (%) Healthy 6.1 6.4 
Asthmatic 7.7 8.0 

Eosinophils (%) Healthy 2.4 2.1 
Asthmatic 5.0 4.5 

Basophils (%) Healthy 0.34 0.37 
Asthmatic 0.60 0.67 

Plasma IL-6 Healthy 1.87 2.60 
(pg/mL) Asthmatic 2.78 3.28 

Plasma soluble Healthy 208 206 
ICAM-1 (ng/mL) Asthmatic 207 201 

Serum amyloid A Healthy 4.21 4.24 
(ng/mL) Asthmatic 4.13 4.10 

4.57 4.51 4.56 4.51 a 
4.49 4.58 4.59 4.56 

5.44 4.78 5.72 4.80 b 
6.45 6.11 7.60 6.37 

13.89 13.68 13.84 13.71 a 
13.76 13.87 14.01 13.95 

244 241 253 241 b 
243 235 241 236 

61.2 58.3 59.4 59.3 a 
57.9 57.4 59.9 59.6 

29.9 30.9 31.1 30.9 a 
29.1 30.1 27.9 28.9 

6.0 7.1 6.8 6.5 b 
7.2 7.1 7.5 6.7 

2.5 3.2 2.4 2.9 b 
5.3 4.9 4.2 4.4 

0.42 0.49 0.31 0.39 a 
0.51 0.51 0.55 0.41 

1.48 1.42 1.79 1.48 c 
2.95 3.60 4.91 3.36 

201 207 214 215 d 
206 193 203 217 

4.23 4.36 4.36 4.34 a 
4.07 4.04 3.91 3.96 

Table continues next page 

a No significant variation.

b Significant variation by another factor or other factors, but no significant difference between filtered air and CAPs exposure.

c Significantly different responses to CAPs and filtered air, and significantly different between healthy and asthmatic groups.

d Significantly different responses to CAPs and filtered air, but not significantly different between healthy and asthmatic groups.

e "Immediately After" indicates the mean score throughout exposure; "4 Hours After" indicates the mean of the 4 hours after exposure ended.

f Near-significant atmosphere effect; see the text section Results / Responses: Basic Analyses / Induced Sputum.

g "Immediately After" was recorded during exposure and throughout the 4 hours after exposure ended; "Day 2" was recorded during the subsequent 20 hours.

h Maximum-likelihood estimation of missing data was used to obtain means.
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Appendix A (Continued). Mean Values of Health Measurement by Study Group, Exposure Atmosphere, and Time of Data Recording 

Filtered Air CAPs 

Study Immediately 4 Hours Immediately 4 Hours Significance 
Variable Group Before After After Day 2 Before After After Day 2 Note 

H
 G

on
g Jr et al 

Peripheral Blood Analyses (Continued) 
Plasma factor VII Healthy 144 140 
(% normal) Asthmatic 139 132 

Plasma factor VII Healthy 98
(% before exposure) Asthmatic 95

Plasma von Willebrand Healthy 116 109 
factor (% normal) Asthmatic 127 127 

Plasma fibrinogen Healthy 321 318 
(mg/dL) Asthmatic 367 382 

134 150 119 112 109 107 d 
129 145 132 134 129 130 

99 108 100 100 96 d 
93 103 102 97 98 

107 115 117 116 117 115 a 
118 121 123 127 120 115 

316 321 319 326 317 314 a 
369 371 352 365 348 352 

Analyses of Multihour Holter ECG Recordings 
RMSSDg (msec) Healthy 42 

Asthmatic 120 

Maximum ST depression, Healthy 34 
lead V1

g (µV) Asthmatic 86 

Maximum ST depression, Healthy 13 
lead V5

g (µV) Asthmatic 92 

Supraventricular ectopic Healthy �0.76 
beats/hr (log) Asthmatic �0.59 

Ventricular ectopic Healthy �0.84 
beats/hr (log) Asthmatic �0.82 

46 84 73 a 
114 62 106 

56 14 48 a 
96 80 50 

14 12 51 a 
70 14 128 

�1.11 �0.69 �0.95 b 
�0.78 �0.58 �0.90 

�1.24 �0.73 �1.06 b 
�1.18 �0.84 �1.12 

Table continues next page 

a No significant variation.

b Significant variation by another factor or other factors, but no significant difference between filtered air and CAPs exposure.

c Significantly different responses to CAPs and filtered air, and significantly different between healthy and asthmatic groups.

d Significantly different responses to CAPs and filtered air, but not significantly different between healthy and asthmatic groups.

e "Immediately After" indicates the mean score throughout exposure; "4 Hours After" indicates the mean of the 4 hours after exposure ended.

f Near-significant atmosphere effect; see the text section Results / Responses: Basic Analyses / Induced Sputum.

g "Immediately After" was recorded during exposure and throughout the 4 hours after exposure ended; "Day 2" was recorded during the subsequent 20 hours.

h Maximum-likelihood estimation of missing data was used to obtain means.
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Appendix A (Continued). Mean Values of Health Measurement by Study Group, Exposure Atmosphere, and Time of Data Recording 

Filtered Air CAPs 

Study Immediately 4 Hours Immediately 4 Hours Significance 
Variable Group Before After After Day 2 Before After After Day 2 Note 

Analyses of 5-Minute Slices of Quiet Rest Holter ECG Recordingsh 

Total power 
(msec2) 

Healthy 
Asthmatic 

5633 
4400 

4065 
6313 

7247 
3844 

5474 
9147 

8811 
5679 

4688 
5595 

4016 
7304 

3390 
6026 

c 

Ratio LF:HF power Healthy 1.64 2.53 2.73 2.30 2.65 1.49 2.58 2.14 d 
Asthmatic 1.26 1.74 1.00 1.86 1.69 1.41 2.98 1.60 

Normalized HF power Healthy 0.42 0.40 0.32 0.42 0.33 0.45 0.30 0.44 d 
Asthmatic 0.44 0.32 0.48 0.33 0.37 0.43 0.33 0.43 

Normalized LF power Healthy 0.48 0.48 0.49 0.47 0.51 0.47 0.56 0.48 a 
Asthmatic 0.45 0.49 0.46 0.46 0.48 0.47 0.47 0.46 

RMSSD (msec) Healthy 49 52 50 51 46 57 41 50 a 
Asthmatic 50 56 63 52 52 55 50 53 

QTc (msec) Healthy 428 428 431 420 414 411 417 413 b 
Asthmatic 430 437 424 435 432 429 434 426 

ST-AMD (µV) Healthy 13.5 15.2 12.9 15.4 12.2 14.7 10.9 11.1 d 
Asthmatic 16.4 16.1 12.3 20.9 13.8 16.1 11.6 9.8 

ST voltage lead II Healthy  21  24  14  14  20  29  16  24  b  
(µV) Asthmatic 31 26 18 20 23 24 15 20 

ST voltage lead V2 Healthy  37  36  38  40  39  42  40  35  a  
(µV) Asthmatic 42 46 32 42 40 46 42 37 

ST voltage lead V5 Healthy  15  20  16  24  14  13  12  9  b  
(µV) Asthmatic 20 16 11 7 14 15 11 6 

a No significant variation.

b Significant variation by another factor or other factors, but no significant difference between filtered air and CAPs exposure.

c Significantly different responses to CAPs and filtered air, and significantly different between healthy and asthmatic groups.

d Significantly different responses to CAPs and filtered air, but not significantly different between healthy and asthmatic groups.

e "Immediately After" indicates the mean score throughout exposure; "4 Hours After" indicates the mean of the 4 hours after exposure ended.

f Near-significant atmosphere effect; see the text section Results / Responses: Basic Analyses / Induced Sputum.

g "Immediately After" was recorded during exposure and throughout the 4 hours after exposure ended; "Day 2" was recorded during the subsequent 20 hours.

h Maximum-likelihood estimation of missing data was used to obtain means.
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Appendix B. Summary of Statistical Significance Tests 
a

P Value for Indicated Source of Variation
Significance 

Variable G A G �  A T G �  T A � T G  � A � T Note 

Physiology 

FVC .41 
FEV1 .15 

Exercising minute volume .74 
Resting minute volume .95 
Mean minute volume .86 

.81 .69 .64 .06 .91 .61 b 

.93 .79 .00 .44 .44 .29 b 

.04 .06 

.02 .91 

.01 .20 

Systolic blood pressure .99 
Diastolic blood pressure .58 
Heart rate .32 
Product of rate � pressure .57 

.95 .52 .99 .95 .19 .05 

.21 .96 .13 .08 .20 .98 

.21 .86 .00 .31 .62 .47 

.30 .62 .03 .40 .86 .52 

Symptom Scoresd 

Total symptoms .05 .29 .74 .04 .37 .04 .82 
Respiratory symptoms .12 .15 .98 .02 .12 .87 .79 
Cardiac symptoms .92 .99 .17 .03 .72 .04 .26 
Miscellaneous symptoms .07 .47 .45 .00 .03 .03 .79 

Induced Sputum Analysese 

White blood cell count .42 .30 .37 
Columnar cell count .30 .01 .25 

% Monocytes 
% Neutrophils 
% Eosinophils 
% Columnar epithelial cells 

IL-6 
IL-8 
ECP (asthmatic group only) 

.21 .28 .78 

.17 .21 .65 
.01 .83 .78 
.19 .06 .72 

.22 .28 .32 

.20 .78 .72 
— .33 — 

Table continues next page 

a From repeated-measures ANOVA.  G = study group = healthy vs asthma. A = exposure atmosphere = filtered air vs CAPs.  T = time = comparison across all 
times of measurements; unless otherwise noted, these are: immediately before exposure, immediately after exposure, approximately 4 hours after 
exposure, and approximately 22 hours after exposure. Values in bold, italic, large type are significant at P < 0.05. 

b Statistical conclusions were similar if data from 1, 2, and 3 hours after exposure were included. 
c If only the systolic blood pressure data from before and immediately after exposure were analyzed, the G � A � T interaction was significant (P = 0.02). 
d Measured before, during, and immediately after exposure, during the 4 hours after exposure, and 22 hours after exposure. The mean intensity of symptoms 

was recorded during exposure and during the 4 hours after exposure. 
e Measured only at 22 hours after exposure. 
f Measured before exposure and at 4 and 22 hours after exposure. 
g The time factor compared the first recording interval (during exposure and the 4 hours after exposure ended) against the second recording interval (the 

subsequent 20 hours). 
h For the first analysis of "total power", three asthmatic subjects were excluded due to missing data. For the remaining analyses, the missing data were 

replaced by maximum-likelihood estimation and P values were determined from Wald �2 tests. 
i Statistical conclusions were similar in an analysis that excluded the three subjects with missing data. 
j No significant variation was noted in an analysis that excluded the three subjects with missing data. 
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Healthy and Asthmatic Subjects Exposed to CAPs in Los Angeles 

Appendix B (Continued). Summary of Statistical Significance Tests 
a

P Value for Indicated Source of Variation
Significance 

Variable G A G �  A T G �  T A � T G  � A � T Note 

Peripheral Blood Analysesf 

Red blood cell count .96 .85 .13 .26 .58 .79 .95 
White blood cell count .05 .11 .09 .00 .38 .42 
Hemoglobin .98 
Platelet count .84 

% Neutrophils .45 
% Lymphocytes .49 
% Monocytes .13 
% Eosinophils .02 
% Basophils .07 

Plasma IL-6 .03 
Plasma soluble ICAM-1 .85 
Serum amyloid A .15 

Plasma von Willebrand factor .62 
Plasma factor VII (% normal) .67 
Plasma factor VII 

.19 
.68 .14 .37 .79 .69 .87 
.33 .48 .00 .29 .88 .91 

.81 .21 .47 .87 .46 .94 

.83 .61 .74 .76 .77 .58 

.79 .01 .03 .56 .83 .70 

.94 .18 .00 .99 .08 .46 

.27 .10 .52 .10 .56 .68 

.40 .04 .00 .66 .75 .06 

.50 .42 .54 .51 .04 .80 

.99 .19 .33 .21 .61 .64 

.77 .49 .15 .20 .14 .96 

.11 .25 .15 .96 .03 .80 

.68 .87 .53 .38 .80 .01 .93(% before exposure) 
Plasma fibrinogen .10 .37 .39 .10 .49 .70 .76 

Analyses of Multihour Holter ECG Recordingsg 

RMSSD .25 .95 .06 .68 .52 .45 .16 
Maximum ST depression .40 .27 .75 .74 .47 .49 .19lead V1 
Maximum ST depression .07 .90 .69 .24 .63 .11 .35lead V5 
Supraventricular ectopic beats .32 .70 .29 .00 .74 .87 .38 
Ventricular ectopic beats .74 .70 .13 .00 .61 .55 .98 

Table continues next page 

a From repeated-measures ANOVA.  G = study group = healthy vs asthma. A = exposure atmosphere = filtered air vs CAPs.  T = time = comparison across all 
times of measurements; unless otherwise noted, these are: immediately before exposure, immediately after exposure, approximately 4 hours after 
exposure, and approximately 22 hours after exposure. Values in bold, italic, large type are significant at P < 0.05. 

b Statistical conclusions were similar if data from 1, 2, and 3 hours after exposure were included. 
c If only the systolic blood pressure data from before and immediately after exposure were analyzed, the G � A � T interaction was significant (P = 0.02). 
d Measured before, during, and immediately after exposure, during the 4 hours after exposure, and 22 hours after exposure. The mean intensity of symptoms 

was recorded during exposure and during the 4 hours after exposure. 
e Measured only at 22 hours after exposure. 
f Measured before exposure and at 4 and 22 hours after exposure. 
g The time factor compared the first recording interval (during exposure and the 4 hours after exposure ended) against the second recording interval (the 

subsequent 20 hours). 
h For the first analysis of "total power", three asthmatic subjects were excluded due to missing data. For the remaining analyses, the missing data were 

replaced by maximum-likelihood estimation and P values were determined from Wald �2 tests. 
i Statistical conclusions were similar in an analysis that excluded the three subjects with missing data. 
j No significant variation was noted in an analysis that excluded the three subjects with missing data. 
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Appendix B (Continued). Summary of Statistical Significance Tests 
a

P Value for Indicated Source of Variation
Significance 

Variable G A G �  A T G �  T A � T G  � A � T Note 

Analyses of 5-Minute Slices of Quiet Rest Holter ECG Recordingsh 

Total power .39 .96 .72 .74 .02 .08 .07 
Total power .62 .90 .63 .70 .02 .06 .04 

Ratio LF:HF power .62 
Normalized HF power .92 
Normalized LF power .64 
RMSSD .21 

QTc .22 
ST-AMD .12 
ST lead II MD .83 
ST lead V2 MD .82 
ST lead V5 MD .64 

.45 .32 .25 .96 .03 .10 i 

.79 .88 .33 .03 .00 .24 i 

.57 .69 .87 .81 .85 .96 i 

.40 .85 .55 .55 .25 .90 

.00 .02 .83 .58 .48 .29 j 

.00 .40 .05 .82 .03 .43 i 
.84 .17 .03 .75 .63 .99 
.59 .93 .38 .41 .19 .55 
.00 .09 .08 .03 .46 .24 

a From repeated-measures ANOVA.  G = study group = healthy vs asthma. A = exposure atmosphere = filtered air vs CAPs.  T = time = comparison across all 
times of measurements; unless otherwise noted, these are: immediately before exposure, immediately after exposure, approximately 4 hours after 
exposure, and approximately 22 hours after exposure. Values in bold, italic, large type are significant at P < 0.05. 

b Statistical conclusions were similar if data from 1, 2, and 3 hours after exposure were included. 
c If only the systolic blood pressure data from before and immediately after exposure were analyzed, the G � A � T interaction was significant (P = 0.02). 
d Measured before, during, and immediately after exposure, during the 4 hours after exposure, and 22 hours after exposure. The mean intensity of symptoms 

was recorded during exposure and during the 4 hours after exposure. 
e Measured only at 22 hours after exposure. 
f Measured before exposure and at 4 and 22 hours after exposure. 
g The time factor compared the first recording interval (during exposure and the 4 hours after exposure ended) against the second recording interval (the 

subsequent 20 hours). 
h For the first analysis of "total power", three asthmatic subjects were excluded due to missing data. For the remaining analyses, the missing data were 

replaced by maximum-likelihood estimation and P values were determined from Wald �2 tests. 
i Statistical conclusions were similar in an analysis that excluded the three subjects with missing data. 
j No significant variation was noted in an analysis that excluded the three subjects with missing data. 
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APPENDIX C. The Particle Concentrator and Exposure Chamber 

Figure C.1. Schematic diagram of ambient fine particle concentrator, exposure chamber, and monitoring instruments (filter sampling for ele
mental analysis not shown). 
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Figure C.2. Side view of exposure chamber with staff member demon
strating subject’s usual position. In the front wall below the window are 
the inlet pipe (larger opening) and the main sampling port (smaller 
opening; MOUDI). The sampling instrument platform and hoses of the 
bypass circuit that contains the HEPA filter are visible outside on the upper 
front of the chamber. 

APPENDIX AVAILABLE ON REQUEST 

The following appendix may be downloaded as a PDF 
file from www.healtheffects.org. A printed copy may be 
requested by contacting the Health Effects Institute at: 
Charlestown Navy Yard, 120 Second Avenue, Boston MA 
02129-4533, or by phone (+1-617-886-9330), fax (+1-617-
886-9335), or e-mail (pubs@healtheffects.org). Please give 
the first author of the Investigators’ Report, the full title 
and number of the report, and the title of the appendix you 
want to request. 

Appendix D. Concentrated Particle Exposures: Addi
tional Details of Methodology and Results 
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ABBREVIATIONS AND OTHER TERMS 

AFPC ambient fine particle concentrator 

ANCOVA analysis of covariance 

ANOVA analysis of variance 

CAPs concentrated ambient particles 

CBC complete blood count 

CO carbon monoxide 

COPD chronic obstructive 
pulmonary disease 

EC elemental carbon 

ECG electrocardiogram 

ECP eosinophil cationic protein 

EPA US Environmental 
Protection Agency 

FEV1 forced expiratory volume 
in 1 second


FVC forced vital capacity


HDS Harvard [annular] 

denuder sampler


HEPA high-efficiency particulate 

air [filter]


HF high frequency


HRV heart rate variability


ICAM-1 intercellular adhesion 

molecule 1


IgE immunoglobulin E 

IL interleukin 

LF low frequency 

MOUDI microorifice uniform-
deposit impactor 

NAAQS US National Ambient Air 
Quality Standards 

NO2 nitrogen dioxide 

NO3 
� nitrate 

NOx nitrogen oxides 

O3 ozone 

OC organic carbon 

PC20 the provocative concentration 
of methacholine that produces 
a 20% decrease [in 
baseline FEV1] 

PM particulate matter 

PM10 PM � 10 µm in 
aerodynamic diameter 

PM2.5 PM � 2.5 µm in 
aerodynamic diameter 

QTc corrected QT interval (QT 
interval adjusted for heart 
rate; an index of 
repolarization duration) 

r correlation coefficient for 
bivariate analyses 

RAST radioallergic absorbent test 

RMSSD root-mean-square of successive 
differences in normal 
R-R intervals 

SaO2 arterial oxygen saturation 

SO2 sulfur dioxide 

SO4 
2� sulfate 

SSI size-selective inlet 

ST-AMD composite index of ST 
segment voltage 

TWA time-weighted average 
• 
Vminute minute ventilation 

WBC white blood cell 

XRF x-ray fluorescence 
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INTRODUCTION 

Ambient particulate matter (PM*) is a complex mixture 
of particles suspended in the air. The size, chemical com
position, and other physical and biological properties of 
these particles vary with location and time. This vari
ability in PM characteristics derives from differences in 
the sources of pollution, which may be natural in origin 
(such as geographic conditions, weather, and seasonal pat
terns) or generated by human activities (such as driving 
vehicles and operating manufacturing or power plants). 

Although the characteristics of PM vary in different 
places, epidemiologic studies in many diverse locations 
have reported that short-term increases in levels of PM are 
associated with short-term increases in morbidity and 
mortality (HEI 2001). The strongest of these associations 
are found with older persons and individuals with com
promised cardiac or airway function (reviewed in US Envi
ronmental Protection Agency [EPA] 1996). On the basis of 
these findings, many governmental agencies have set regu
latory standards or guidelines for levels of PM in the air. The 
EPA promulgates US National Ambient Air Quality Stan
dards (NAAQS) for PM and other air pollutants to protect 
the general population from the adverse effects of pollutants 
and, in particular, to protect groups considered most vulner
able to PM. People with asthma are considered to be one of 
those groups: Several epidemiologic studies indicate that 
short-term exposure to particulate pollution exacerbates the 
symptoms of asthma (eg, Dockery et al 1989; Pope et al 
1991; Forsberg et al 1993; Schwartz et al 1993; Yang and 
Yang 1994; Lipsett et al 1997; Medina et al 1997) and can 
decrease lung function in people with asthma (eg, Pope et al 
1991; Romieu et al 1996; Peters et al 1997). 

Several critical questions remain about the health effects 
of exposure to PM; among them: (1) the size and chemical 
composition of particles that may cause harmful effects, (2) 
the potential biologic mechanisms that underlie the epide
miologic associations previously reported, and (3) the 
groups of people who may be particularly sensitive to the 
effects of PM (HEI 2002). 

* 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. 

In 1998, the Health Effects Institute issued Request for 
Applications 98-1, Characterization of Exposure to and 
Health Effects of Particulate Matter. A key component of 
RFA 98-1 was to evaluate the health effects of ambient par
ticles in healthy and sensitive persons. One area of interest 
was studies to evaluate controlled human exposures to 
concentrated ambient particles (CAPs). A technology to 
concentrate particles and expose humans and other spe
cies to CAPs was available (Sioutas et al 1995, 1997) and 
HEI proposed to offer this technology to some investiga
tors. In addition, preliminary studies of dogs and rats 
exposed to CAPs found changes in electrocardiogram 
(ECG) readings and differences in peripheral blood leuko
cyte subset counts, respectively (Godleski et al 1997; 
Gordon et al 1998). 

In response to RFA 98-1, Dr Henry Gong Jr and col
leagues proposed to study the short-term effects of 
exposing healthy humans and people with asthma, cardio
vascular disease, and chronic obstructive pulmonary dis
ease to CAPs on the West Coast of the US, specifically in 
the South Coast (Los Angeles) Air Basin. Gong and col
leagues hypothesized that CAPs exposure would cause 
cardiopulmonary effects, mediated by local and systemic 
inflammation, and that responses to CAPs would differ 
from individual to individual, depending on his or her 
health status. 

The Health Research Committee thought that Gong’s 
study would provide important information about the 
acute effects of controlled, short-term exposure to ambient 
PM in healthy and potentially susceptible populations. At 
the time of the Committee’s decision, Dr Robert Devlin (at 
the Office of Research and Development, EPA, Chapel Hill 
NC) had initiated a human CAPs exposure study but had 
not yet published the results. Thus, the Committee thought 
that Gong’s findings with CAPs derived from West Coast 
ambient air would complement those from Devlin and col
leagues using CAPs from an East Coast location. In addi
tion, the Committee recommended that Gong conduct 
exposures with healthy people and only one possibly sus
ceptible group, those with mild asthma: Only minimal 
data about CAPs exposures had been obtained in labora
tory animals and the relevance of these preliminary find
ings to humans was still uncertain. Thus, responses to 
CAPs in people considered susceptible to PM—such as 
those with cardiovascular disease—were difficult to pre
dict and might be adverse. 

The HEI Research Committee recommended funding 
Gong’s study and providing him with a concentrator that 
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HEI had commissioned from Dr Petros Koutrakis and col
laborators at Harvard School of Public Health, Boston.† (Dr 
Koutrakis was one of the developers of the ambient fine 
particle concentrator [AFPC] that had been used in studies 
at the Harvard School of Public Health [Sioutas et al 1995, 
1997; Godleski et al 1997].) 

At the same time that the HEI Research Committee recom
mended Gong’s study for funding, it also recommended 
funding a study by Mark Frampton and colleagues at the Uni
versity of Rochester School of Medicine and Dentistry, Roch
ester NY. That study was to investigate the effects of 
controlled exposure to ultrafine carbon particles (0.1 µm or 
smaller) in healthy and asthmatic volunteers. To facilitate 
comparisons among the results of the two HEI studies and 
the EPA study led by Devlin, HEI convened a workshop 
before the studies started. As a result of this meeting, the 
investigators involved in the two HEI studies agreed to use 
similar exposure protocols and to evaluate a similar set of 
health endpoints. (The study by Frampton and colleagues 
has been completed and is expected to be published in 2004.) 

SCIENTIFIC BACKGROUND 

The size of ambient air particles ranges over a wide scale, 
from approximately 0.005 to 100 µm in aerodynamic diam
eter. Many governmental agencies have set regulatory stan
dards or guidelines for levels of ambient PM. To protect the 
general population and groups considered to be most vul
nerable to adverse effects from PM, the EPA currently sets 
NAAQS for two sizes of particles: PM2.5 (ie, fine particles 
2.5 µm or smaller in aerodynamic diameter) and PM10 (ie, 
coarse particles 10 µm or smaller in aerodynamic diameter; 
note that this fraction also includes PM2.5). The EPA is con
sidering whether to separately regulate coarse particles that 
exclude fine particles, that is, PM10 minus PM2.5. As dis
cussed in an HEI Perspectives (HEI 2002), different sizes of 
particles have been associated with different indices of mor
tality and morbidity in different epidemiologic studies. 

Chemical composition is also an important particle char
acteristic. The major chemical components of particles are: 
metals (and particularly transition metals); organic com
pounds; material of biological origin; ions, such as sulfate 

† Dr Gong’s 3-year study, “Controlled Laboratory Evaluation of Acute Car
diopulmonary Responses to Concentrated Particulates”, began in August 
1998. Total expenditures were $858,024. Funding was provided by HEI’s 
core sponsors (the US Environmental Protection Agency and the automotive 
industry) and by the American Petroleum Institute. The draft Investigators’ 
Report from Gong and colleagues was received for review in May 2002. A 
revised report, received in December 2002, was accepted for publication in 
February 2003. 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. 

and nitrate; adsorbed reactive gases, such as ozone and 
aldehydes; and carbon. However, the specific chemical 
components of ambient air particles that are responsible 
for the health effects of PM have not been defined. 

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 with laboratory animals had pro
vided some information about mechanistic pathways and 
about which groups in the population might be particu
larly susceptible to PM’s effects. Early studies with guinea 
pigs indicated that short-term inhalation of sulfuric acid (a 
major component of PM) adsorbed onto ultrafine zinc 
oxide particles stimulated an inflammatory response in the 
airways (Conner et al 1989). Likewise, in studies of rats 
with pulmonary hypertension and right-heart hypertrophy 
that 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 (Costa et al 1994; Killingsworth et 
al 1997). A later study showed that instillation of residual 
oil fly ash also generated arrhythmias in this rat model, 
indicating that these particles affected cardiovascular 
function (Watkinson et al 1998). 

Preliminary data also suggested that dogs exposed for a 
short term to ambient PM underwent cardiac changes 
(Godleski et al 1997); in this study, using a Harvard AFPC, 
dogs were exposed intratracheally to a CAPs aerosol con
centrated up to 60-fold compared with ambient fine par
ticle levels in Boston air. Another preliminary study 
(Gordon et al 1998) indicated that rats that inhaled New 
York City–derived CAPs (concentrated approximately six
fold from ambient air using a different type of concen
trator) showed no changes in cardiac electrophysiology. 
However, CAPs-exposed rats did show small changes in 
the distribution of peripheral blood leukocytes (increased 
percentage of neutrophils, decreased percentage of lym
phocytes), which suggested that exposure to CAPs might 
induce inflammatory effects detectable in the circulation 
(Gordon et al 1998). 

Some controlled human exposure studies had addressed 
the question of the effects of components of ambient PM. A 
preliminary study (Rudell et al 1996) with healthy people 
exposed for 1 hour to diesel exhaust—a combustion-
derived mixture of particulate and gaseous components— 
showed changes in airway function (increased bronchoc
onstriction). However, Gong and colleagues had exposed 
healthy and asthmatic people for short times (40 minutes 
to 4 hours) to aerosols of other ambient PM components— 
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sulfuric acid and fine carbon particles coated with sulfuric 
acid; those participants experienced little or no effect on 
symptoms or pulmonary function (Avol et al 1990; 
Anderson et al 1992; Linn et al 1997). As discussed in the 
Introduction section, the EPA had begun a human CAPs 
exposure study before the current study started, but had 
not yet completed it or published preliminary results. The 
current study was intended to address whether human 
exposure to concentrated ambient fine particles would 
induce cardiac, vascular, or pulmonary changes. 

SPECIFIC AIMS 

Gong and colleagues hypothesized that healthy and 
asthmatic participants inhaling CAPs would experience 
cardiopulmonary effects that would be mediated by local 
and systemic inflammation and that the participants’ 
responses would differ depending on their individual 
health status. The aims of the study were: 

1.	 Operate a Harvard AFPC in an exposure facility in 
metropolitan Los Angeles and characterize the CAPs 
generated. 

2.	 Measure a range of respiratory functions and cardio
vascular and inflammatory markers in 12 healthy 
adult volunteers who were being exposed to Los 
Angeles area CAPs for 2 hours and intermittently 
exercising to increase their ventilation rates and thus 
the number of particles taken into the lungs per unit 
of exposure time. 

3.	 Provided the healthy participants did not experience 
adverse effects associated with CAPs exposure, 
repeat the CAPs exposures and health endpoint mea
surements in 12 mildly asthmatic adult volunteers. 

TECHNICAL EVALUATION 

STUDY DESIGN 

CAPs Generation and Characterization 

Dr Koutrakis’ group built and installed in Dr Gong’s 
facility an AFPC similar in design to those used in previous 
controlled exposure studies at Harvard School of Public 
Health (Sioutas et al 1995, 1997; Godleski et al 2000). Rather 
than the three stages of the concentrator used in Boston, the 
installed concentrator had two stages, which resulted in a 
theoretical maximal particle concentration of approxi
mately ninefold. Gong and colleagues evaluated the day-to-
day operation of the concentrator and exposure chamber. 

Diagrams showing how the concentrator was connected to 
the exposure chamber, pictures of the concentrator and 
exposure chamber, and details of how particles were con
centrated and air samples analyzed are provided in 
Appendix D of the Investigators’ Report and in Gong and 
colleagues (2000). 

In brief, the concentrator consisted of an inlet intended 
to select ambient particles 2.5 µm or smaller in aerody
namic diameter; although it was designed to exclude 
coarse particles (> 2.5 µm), it was not 100% efficient in 
doing so. The inlet was followed by a two-stage virtual 
impactor that concentrated the particles within the air 
mass up to sevenfold. The output of the second stage was 
attached to the human exposure chamber, which was 
attached to the pump responsible for pulling air through 
the entire system. The pump exhaust was delivered out
doors away from the concentrator inlet. 

To estimate mass concentration and sulfate and nitrate 
content, Gong and colleagues collected particles using two 
different devices: an eight-stage microorifice uniform-
deposit impactor (MOUDI) and a Harvard annular denuder 
sampler (HDS). The MOUDI used in this study measured 
size-fractionated mass for particles 0.1 µm to 5.6 µm and 
provided information about the efficiency of the concen
trator for particles of different sizes. (It is generally 
accepted that particles larger than 2.5 µm in aerodynamic 
diameter may be found in the PM2.5 fraction because sam
pling devices designed for specific sizes are not always 
100% effective [EPA 1996]). The HDS measured particles 
2.5 µm and smaller; its annular denuders removed gas-
phase acids and bases, and its backup filters captured any 
material that volatilized off the collection filter. 

The investigators assessed elemental and organic carbon 
in samples collected on a quartz filter. Samples collected 
on a Teflon filter were analyzed for trace metals by x-ray 
fluorescence. A Data RAM nephelometer provided real-
time estimates of particle concentrations. Concentrations 
of nitrogen oxides, sulfur oxides, ozone, and carbon mon
oxide were monitored in ambient air but not in the expo
sure chamber. No attempt was made to remove these 
gaseous pollutants from the exposure aerosol. Ozone was 
probably removed by the aluminum housing of the concen
trator as previously described in the operation of the Har
vard concentrator (Godleski et al 2000). 

Study Participants 

Gong and colleagues recruited 24 human volunteers 
(18–45 years old) who did not smoke; 12 were healthy and 
12 had mild asthma. Of the healthy participants, 11 were 
Hispanic and 1 was Asian. The asthmatic participants were 
more ethnically diverse (comprising 5 who identified 
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themselves as Hispanic, 1 as Asian, 1 as Black, and 5 as 
White), were older, and had reduced lung function (mea
sured as lower average forced expiratory volume in 
1 second [FEV1]) compared with healthy volunteers. 
People with asthma had clinical signs consistent with mild 
intermittent or mild persistent asthma as defined by the US 
National Institutes of Health (1997). Individuals using 
medications that included inhaled and oral corticosteroids 
were excluded from the study. Asthmatic participants in 
the study were asked to refrain from using their bronchod
ilators for short-term symptom relief for at least 6 hours 
before the start of the exposure. 

CAPs Exposures 

The investigators sought to expose each participant to a 
concentration of 200 µg/m3 CAPs for 2 hours because they 
thought these conditions would represent a “worst-case” 
ambient PM exposure scenario in metropolitan Los 
Angeles. Each participant was exposed once to CAPs and 
once to filtered air—in random order—on separate occa
sions at least 14 days apart. During the exposure period, 
the participant was seated and exercised (to achieve a 
target ventilation rate of 15–20 L/min per m2 of body sur
face area) on a stationary bicycle for the first 15 minutes of 
every half hour. Participants rested in filtered air for 
1.5 hours before and 4 hours after exposure. 

When the study started, little information was available 
to indicate the magnitude and type of responses that might 
result from controlled exposure to CAPs. Therefore, expo
sures with healthy participants were performed and ana
lyzed before the equivalent sessions for people with asthma. 
Moreover, as described in the later Results / Exposures sec
tion, analysis of air samples obtained during the exposures 
of the first two healthy participants led the investigators to 
change the sampling techniques for PM components. 

Responses to CAPs 

For each participant, the investigators measured a broad 
set of pulmonary function, cardiovascular, and peripheral 
blood parameters that had been agreed on at the workshop 
before the study started. In this way, the results of Gong’s 
study could be compared with those obtained in the con
trolled exposure studies conducted by Frampton and 
coworkers and by Devlin and associates. 

Gong and colleagues measured parameters in a standard 
sequence (described below) at different time points: 
1.5 hours before exposure, when the participant was 
resting in filtered air, and immediately after, 3.5 to 4 hours 
after, and the day after exposure (starting 21 hours after 
exposure ended). During exposure, arterial oxygen satura
tion (SaO2) was monitored continuously with a pulse 

oximeter; ventilation and respiratory rates were moni
tored intermittently using a portable respirometer; and 
subjects filled out symptom questionnaires before and 
after exercise periods. 

For each participant, Gong and colleagues made two 
Holter ECG recordings: the first started when the partici
pant arrived and ended just before they left the laboratory 
on the first day; the second started at the end of the first 
day and continued through the following day. The investi
gators analyzed the ECG recordings for the incidence of 
ventricular and supraventricular arrhythmias, measures of 
heart rate variability (HRV), and information about max
imum ST segment depression and elevation (indicators of 
cardiac ischemia). 

The standard sequence of tests at specified time points 
was: filling out a symptom questionnaire; measuring blood 
pressure, heart rate, and SaO2; measuring HRV during a 
rest period in a semidark room; spirometry including FEV1 
and forced vital capacity (FVC); and blood sampling. At 
the time point 23 hours after exposure, the investigators 
induced and collected sputum from each test participant 
immediately after the standard test sequence. 

Peripheral blood parameters measured included total 
and differential blood cell counts, and levels of hemo
globin, serum amyloid A, soluble intercellular adhesion 
molecule 1 (ICAM-1), interleukin (IL) 6, fibrinogen, factor 
VII, and von Willebrand factor. In sputum, Gong and col
leagues measured total and differential cell counts, IL-6, 
IL-8, eosinophil cationic protein (in asthmatic participants 
only), and levels of structural airway cells including 
columnar epithelial cells and squamous cells. 

Statistical Analyses 

Gong and colleagues’ basic statistical approach tested 
the hypothesis that a mean response differed between 
CAPs and filtered air groups. They used analysis of vari
ance (ANOVA) with repeated measurements on partici
pants’ responses to test for differences between healthy 
and asthmatic participants, between filtered air and CAPs 
exposures, between preexposure and postexposure mea
surements, and for interactions among these factors. How
ever, because of the time elapsed between the exposures of 
the healthy and asthmatic groups, comparison between 
responses of the two groups are potentially confounded 
and may be difficult to interpret. 

The investigators used maximum-likelihood estimations 
to fill in missing data and also performed analyses 
excluding participants with missing data. They used log 
transformations of the data where necessary to stabilize 
variance and incorporated a nonnormality adjustment to 
the P values when needed. 
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Further, the investigators used analysis of covariance 
(ANCOVA) to determine a preliminary estimate of dose-
response outcome; that is, whether differences in indi
vidual responses were predicted by differences in indi
vidual exposure conditions. In these ANCOVA models, 
Gong and colleagues used the difference in PM mass, sul
fate, elemental carbon, or iron between CAPs and filtered 
air as a covariate and the response or endpoint as the depen
dent variable. The investigators also used these models to 
evaluate, in a preliminary fashion, whether recent ambient 
exposure to PM (estimated from PM10 measurements at 
monitoring stations near the exposure laboratory) was asso
ciated with health measurements immediately before the 
experimental exposures. 

RESULTS 

Concentrator Performance 

Gong and colleagues achieved their target exposure con
ditions of 200 µg/m3 CAPs for 2 hours on 15 of the 24 sep
arate CAPs exposure days. On 2 of the remaining 9 days, 
the target concentration of 200 µg/m3 was achieved, but, 
because of high ambient particle levels and high relative 
humidity, the concentrator slits became blocked; therefore, 
participants were exposed for only 1.5 hours. On 7 of the 
remaining 9 days, exposure chamber levels were below 
150 µg/m3: On 5 of these 7 days, ambient particle concen
trations were unusually low (for example, after rain); nev
ertheless, participants were exposed for 2 hours. On 2 of 
these 7 days, high ambient particle levels and high relative 
humidity again resulted in concentrator slits becoming 
blocked; participants were again exposed for only 
1.5 hours. Consequently, based on MOUDI measurements, 
the mean CAPs exposures were 176.5 µg/m3 for all healthy 
participants (range 99–220 µg/m3) and 172.3 µg/m3 for all 
asthmatic participants (range 116–212 µg/m3) (see the 
Investigators’ Report Table 2). 

Enrichment, Size Distribution, and Chemical Composition 
of CAPs 

Gong and colleagues found that fine particles around 
1.0 µm in aerodynamic diameter were preferentially con
centrated, as had been noted in previous studies using the 
Harvard AFPC (Sioutas et al 1995, 1997; Godleski et al 
2000). Particles in the range of 0.56–1.0 µm in aerodynamic 
diameter comprised approximately 80% of the total CAPs 
mass. Some size-dependent variation in concentration fac
tors was noted within the range of fine particles collected: 
On the basis of MOUDI measurements, particles 0.56– 
1.8 µm in aerodynamic diameter were concentrated approx
imately sixfold to sevenfold, whereas smaller fine particles 

(0.1–0.32 µm and 0.32–0.56 µm in aerodynamic diameter) 
were concentrated 3.5-fold or less. The investigators also 
noted sixfold to sevenfold concentrated enrichment of parti
cles ranging from 1.8–5.6 µm in aerodynamic diameter. 

The investigators also detected coarse and ultrafine par
ticles in the CAPs, and coarse, fine, and ultrafine particles 
in the filtered air samples. They reported that mean con
centrations of ultrafine and coarse particles were similar in 
both the filtered air and CAPs samples (Investigators’ 
Report Table 3), which they interpreted to indicate that the 
concentrator did not concentrate these size fractions of 
PM. This interpretation would have been bolstered, how
ever, if the investigators had shown that the concentrations 
of coarse or ultrafine particles in ambient air were the same 
as those in the chamber during a CAPs exposure. 

The investigators had previously established that levels 
of nitrogen oxides were similar inside and outside the 
chamber, and that ozone levels were lower inside the 
chamber, presumably because they had been removed by 
the tubing in the concentrator. The investigators stated that 
the levels of nitrogen oxides and ozone that participants 
were exposed to in the chamber were low in comparison 
with levels known to induce acute health effects, but they 
did not show those data. 

On the basis of MOUDI measurements, Gong and col
leagues estimated that the mean enrichments of CAPs over 
ambient air were approximately 3.0-fold for total mass, 5.8 
for nitrate, and 5.4 for sulfate; based on HDS, the corre
sponding enrichment factors were 3.3, 3.5, and 4.1. In the 
study overall, measurements of mass taken by the HDS 
were frequently higher than those measured by the MOUDI 
(see the Investigators’ Report Table 2; also see the next 
Commentary section, Adjustments Made to Exposure 
System During the Study.) 

The investigators also found that the total mass of 
ambient PM in the neighborhood of the laboratory did not 
vary much during the entire study. Nitrate accounted for 
approximately 10% to 30% of total mass during the study; 
sulfate was 6% to 7% of total mass during exposures with 
healthy participants and 11% to 12% during exposures with 
asthmatic individuals. Levels of some components did 
differ by season, however. In particular, the percentages of 
nitrate, iron, and chlorine were twice as high in the cooler 
season (October–March; mean ambient temperature at time 
of exposure, 20�C) as in the warmer season (April–Sep-
tember; mean ambient temperature at time of exposure, 
26�C). By contrast, the percentages of elemental sulfur and 
sulfate were twice as high during the warmer season as in 
the cooler season. 
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Adjustments Made to Exposure System During 
the Study 

As noted earlier, the investigators exposed all the healthy 
individuals to CAPs and filtered air before they exposed the 
participants with asthma. When analyzing the exposure 
information from the first two healthy individuals, Gong 
and colleagues noted two things: First, that the CAPs con
centrations measured by the HDS were about 50% lower 
than those measured by the MOUDI. Second, that PM mass 
concentrations measured by the MOUDI during the filtered 
air exposures were much higher than predicted. The inves
tigators inferred that the reason for the these unexpected 
and discrepant findings was that factors inside the chamber 
were generating particles larger than 2.5 µm: presumably 
from exercise, respiration, participants’ clothing, and 
mechanically generated dust. These larger particles would 
be detected by the MOUDI but not the HDS, which excludes 
most particles greater than 2.5 µm in aerodynamic diam
eter. (See the Discussion section for further comments on 
this issue.) 

To eliminate the particles associated with participants, 
the investigators clothed the remaining participants in 
clean-room head and shoe covers and cotton surgical suits; 
and they allowed only reading materials with coated paper 
inside the chamber. The investigators indicated that taking 
these precautions increased the agreement between the 
two measurement techniques and also decreased particle 
mass concentrations detected in filtered air exposures. 

When analyzing data from CAPs exposures with healthy 
participants, Gong and colleagues found that levels of 
organic carbon were as high as or higher than total particle 
mass. They thought these high levels were probably arti
facts created when organic carbon interacted with the 
quartz filters used for sampling, as has been noted in other 
studies (Zhang and McMurry 1987; Eatough et al 1993). 
However, they also thought the high levels might have 
been derived from participants in the chambers generating 
organic gases. In an attempt to exclude these participant-
generated gases from their measurements, the investigators 
moved the carbon sampling port upstream of the chamber 
when they exposed asthmatic participants to CAPs. 
Organic carbon concentrations were generally lower under 
these conditions, but occasionally exceeded measurements 
of total mass (Investigators’ Report Table 2). This discrep
ancy indicates that the problems the investigators encoun
tered in measuring organic carbon concentrations in the 
study were not fully resolved. 

CAPs Effects in Healthy and Asthmatic Participants 

Most of the multiple pulmonary function, inflammatory, 
and cardiovascular endpoints that Gong and colleagues 
measured in healthy and asthmatic participants were 
unchanged by CAPs exposure. (Mean values for all param
eters at different time points before and after exposure to 
CAPs and filtered air are reported in Appendix A to the 
Investigators’ Report.) The investigators did not find CAPs
related changes in FVC or FEV1. Most inflammatory 
parameters in sputum or peripheral blood were also unaf
fected. For example, total and differential cell numbers and 
IL-6 and IL-8 levels were unchanged in sputum; as were 
fibrinogen, von Willebrand factor, serum amyloid A, and 
red blood cell and hemoglobin levels in peripheral blood 
sampled at different time points after exposure. CAPs did 
not affect resting SaO2. Analysis of multihour Holter ECG 
recordings showed no CAPs-dependent changes in the inci
dence of ectopic beats, HRV, or maximum ST segment 
voltage depression. Analysis of 5-minute Holter ECG 
recordings (referred to as “slices” by Gong and colleagues) 
did not find changes in low-frequency (LF) and high-fre-
quency (HF) power or in QTc, an index of repolarization 
duration; but, as described below, they did detect some 
other CAPs-dependent effects. 

The investigators found a few statistically significant 
CAPs-related effects; but apart from the difference in 
columnar epithelial cells described below, the magnitude 
of these changes was very small. The CAPs-associated 
effects were generally similar in both healthy and asth
matic participants. 

•	 Airway cells and physiologic function: Columnar epi
thelial cell numbers measured in induced sputum de
creased by 50%. Resting minute volume decreased. 

•	 Cardiac electrophysiology: Normalized HF increased, 
which resulted in a decreased LF:HF ratio. (With fil
tered air, normalized HF decreased.) In addition, total 
power decreased from before exposure to after expo
sure for healthy participants. 

•	 Cardiovascular: 

°	 Heart rate during exposure decreased (72 beats per 
minute for CAPs exposure vs 76 beats per minute 
for filtered air exposure); 

°	 Self-reported cardiac symptom scores increased 
during exposures. 

°	 Levels of soluble ICAM-1 increased 4 hours and 
24 hours after exposure (Figure 7). The mean 
CAPs-associated increase was greater in asthmatic 
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participants (217 ng/mL 24 hours after exposure 
vs 193 ng/mL preexposure) than in healthy partic
ipants (215 ng/mL 24 hours after exposure vs 
207 ng/mL preexposure). However, mean soluble 
ICAM-1 preexposure levels were lower in asth
matic participants before exposure to CAPs than 
in any other group-exposure combination. 

°	 Levels of plasma IL-6 increased by approximately 
30% at 4 hours after CAPs exposure compared 
with preexposure values; but they increased by a 
similar percentage after filtered air exposure. 

°	 Levels of factor VII changed modestly (5%–10%) 
compared with preexposure levels: Levels de
creased slightly for some hours after exposure to 
CAPs or filtered air. At 24 hours after air exposure, 
factor VII values rebounded to levels slightly higher 
than preexposure levels, whereas after CAPs expo
sure, factor VII levels did not show this rebound. 

°	 Asthmatic participants had slightly decreased sys
tolic blood pressure at 4 and 24 hours after expo
sure to CAPs, whereas they had modestly 
increased systolic blood pressure at these times af
ter exposure to filtered air. The opposite pattern of 
results was found in healthy participants. 

DISCUSSION 

On most experimental days in different seasons, Gong 
and colleagues successfully used the particle concentrator 
to expose healthy and mildly asthmatic participants for 2 
hours to approximately 200 µg/m3 (average 174 µg/m3 for 
all participants) of West Coast concentrated ambient fine 
particles. These exposure conditions, which the investiga
tors chose to represent a “worst-case scenario” in the area, 
may be realistic: During 1999, levels of PM2.5 in a large 
portion of Los Angeles County exceeded the applicable 
NAAQS for PM2.5 of 65 µg/m3 (South Coast Air Quality 
Management District 2002). As has been found in other 
studies, Gong and colleagues had more difficulty meeting 
target levels of CAPs exposures on days of low ambient 
pollution and on days of high pollution coupled with high 
relative humidity (Godleski et al 2000). 

Gong and colleagues’ interpretation of the study find-
ings—that CAPs exposure induced few cardiovascular, 
pulmonary function, or airway or systemic inflammatory 
effects in healthy and mildly asthmatic participants—is 
credible and important. The investigators also reasonably 
propose that the few significant changes they detected may 
have been generated by chance, as could occur whenever 
multiple parameters are measured at many time points. 

Overall, as the investigators appropriately note, the 
study findings do not support the investigators’ hypothesis 
that an individual’s health status determines the exposure 
outcome. As they also note, however, the results of the 
study should be extrapolated with caution because they 
evaluated only a small number of participants (12 healthy 
and 12 with asthma). It is also apparent that a sample of 24, 
no matter how well constructed, cannot accurately reflect 
the makeup of the entire Los Angeles population in age, 
ethnicity, and other characteristics. 

In addition to the small sizes of the groups exposed to 
CAPs reducing the power of the study to detect changes, 
Gong and colleagues amply discuss further plausible rea
sons why they might not have found effects of CAPs expo
sure in this study: West Coast fine particles lack toxicity 
compared with those tested on the East Coast of the US (dis
cussed in more detail below); the larger (coarse) or smaller 
(ultrafine) sizes of particles that might have been more toxic 
were not concentrated; exposure levels were too low and 
exposure duration was too short; and the participants tested 
were not susceptible to PM. All these reasons appear plau
sible. The investigators also examined whether, for the 
many endpoints measured, the assays’ sensitivities might 
not have been sufficient to detect differences between CAPs 
and air exposure; however, they show convincingly that 
sensitivity for most of the endpoints was indeed sufficient. 

For the few significant CAPs-associated changes that 
were found in the current study, the clinical significance is 
not easy to assess. Most of the effects were small and no 
consistent patterns of cardiovascular, electrophysiologic, 
or inflammatory changes were noted. For example, in 
induced sputum, CAPs affected columnar epithelial cell 
numbers but not neutrophil numbers—a standard marker 
of inflammation. As the investigators speculate, the CAPs
mediated decrease in columnar epithelial cell numbers 
may reflect an irritant or toxic response that removed the 
cells before sputum induction. 

The small CAPs-associated increase in normalized HF and 
concomitant decrease in LF:HF ratio that Gong and col
leagues found is consistent with a minor increase in the para
sympathetic component of the autonomic nervous system 
(Malliani et al 1991). An increase in HF was associated with 
PM exposure in one previous panel study with elderly 
people (Pope et al 1999); but an increase in LF:HF ratio was 
associated with PM exposure in two other studies (Liao et al 
1999; Gold et al 2000). Some changes in HRV patterns also 
have been noted in normal dogs exposed to CAPs, but the 
biological and clinical significance of these findings is uncer
tain (Godleski et al 2000). Devlin and colleagues (2003) 
recently reported that elderly people exposed to CAPs 
showed decreased HRV, an indicator of poor prognosis for 
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patients with existing heart disease (Kleiger et al 1987; 
Odemuyiwa et al 1991). The magnitude of the changes in 
LF:HF ratio reported in the current study is unlikely to 
have clinical significance or prognostic value for people 
who do not have heart disease. 

Gong and colleagues reported that, compared with air 
exposure, CAPs exposure produced higher mean levels of 
soluble ICAM-1, a marker of endothelial cell activation in 
many diseases and inflammatory conditions (Fassbender 
et al 1995; Littler et al 1997; De Rose et al 1998) and an 
independent risk factor for coronary heart disease (Hwang 
et al 1997; Malik et al 2001.) As with the CAPs-associated 
change in HRV, the small magnitude of the mean changes 
reported for soluble ICAM-1 and the low soluble ICAM-1 
levels in the asthmatic group before exposure to CAPs 
makes the increase in soluble ICAM-1 levels of uncertain 
biological or clinical significance. Vascular effects of pol
lutants have been detected previously, however. Brook and 
colleagues (2002) in Toronto, Canada, found that a combi
nation of CAPs and ozone reduced the diameter of the bra
chial artery—that is, the exposure was vasoconstrictive— 
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. 

Gong and colleagues’ results, which indicate that CAPs 
induced few inflammatory, electrophysiological, or vas
cular responses, parallel those of CAPs studies that used 
similar levels and durations of exposure in the Eastern US 
(Ghio et al 2000, Harder et al 2001, Holgate et al 2003). 
Ghio and colleagues (2000), at the EPA’s research facility 
in North Carolina, found that CAPs induced a mild inflam
matory response in healthy participants exposed to 20 to 
300 µg/m3 CAPs for 2 hours while exercising intermit
tently (the same pattern as participants in the current study 
by Gong and colleagues). They found no changes in many 
endpoints, including symptoms, lung function, blood leu
kocyte differential counts, or levels of fibrinogen, IL-6, and 
IL-8 in bronchoalveolar lavage (BAL) fluids. They did 
detect increases in lavaged polymorphonuclear leukocyte 
numbers and blood fibrinogen levels 18 hours after CAPs 
exposure (Ghio et al 2000). By applying principal compo
nents analysis to the increases in polymorphonuclear leu
kocytes and blood fibrinogen levels, the EPA researchers 
suggested that different soluble constituents of CAPs may 
be responsible for each of these CAPs-associated effects 
(Huang et al 2003). 

A report from the EPA group (Harder et al 2001) con
firmed and extended the predominantly negative findings 
of Ghio and associates (2000). By evaluating additional 
blood and lavage fluid parameters for the participants orig
inally studied, Harder and colleagues (2001) found that 

CAPs exposure did not affect expression of several cell sur
face 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 partic
ipants in the EPA CAPs studies (Holgate et al 2003), bron
chial tissues did not show any CAPs-related changes in the 
parameters measured, which included numbers of neutro
phils, distribution of T lymphocyte subsets, and levels of 
adhesion molecules. 

The CAPs effects reported by Gong and colleagues do 
not completely concur with positive findings from other 
CAPs studies; in particular, the EPA group detected 
changes in blood fibrinogen levels after exposure (Ghio et 
al 2000), but at a similar time Gong and colleagues did not. 
Comparing these sets of results is challenging, however, 
because the components responsible for effects may vary 
from place to place and because the exposure and moni
toring conditions differed between studies. 

Gong and colleagues’ finding of PM generated in the 
exposure chamber is an important outcome and is similar to 
findings reported by Ghio and colleagues (2000). This PM is 
presumably derived from exercise, respiration, the clothes 
participants wear, and mechanically generated dust. These 
findings indicate that, first, people themselves are the 
source of some particles and, second, monitoring devices 
must be placed judiciously in order to accurately measure 
levels of components derived from the concentrator. 

Gong and colleagues’ interpretation of the particles gener
ated in the chamber was based on differences in PM mass 
noted between measurements made by MOUDI and measure
ments made by HDS throughout the study. Although people 
exposed to PM may indeed generate PM, the investigators’ 
inference may not be completely explained by the HDS’s 
failure to detect large particles that were detected by MOUDI. 
That is because mass measurements made by HDS in this 
study were generally higher than those made by MOUDI. Dis
crepancies between measurements made from the two 
instruments might simply reflect operational difficulties 
with the monitoring devices rather than differences between 
the particle sizes measured. Consequently, the precision of 
the mass measurements made in this study is uncertain. 
Thus, in turn, the reliability of dose-response relations 
described in the Investigators’ Report that were based on 
these measurements—for example, between total mass and 
decreased minute volume and between total mass and 
change in LF:HF ratio—is also uncertain. These uncertainties 
do not detract from the main message of the study, however: 
Gong and colleagues’ analyses of dose-response relations 
point the way for exploring this question in future studies. 
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As mentioned earlier in the Commentary, in 2004 HEI 
will publish the report from Frampton and colleagues who 
investigated the cardiovascular, electrophysiologic, and 
pulmonary function effects from controlled exposure to 
ultrafine carbon particles with healthy and asthmatic par
ticipants. Because the Frampton and Gong studies used 
similar exposure protocols and investigated similar sets of 
endpoints, it will be interesting to compare the reported 
effects in the two studies. 

CONCLUSION 

In summary, Gong and colleagues found few CAPs-asso-
ciated airway, systemic, or cardiac electrophysiologic 
changes at different times after exposing 12 healthy and 12 
mildly asthmatic volunteers for 2 hours to approximately 
200 µg/m3 CAPs derived from air in the Los Angeles Basin. 
For example, they found no changes in lung function, blood 
leukocyte differential counts, or the levels in blood of fibrin
ogen or serum amyloid A. The largest CAPs-associated 
change was a 50% decrease in the number of columnar epi
thelial cells in the induced sputum. Small changes were 
noted in a few parameters: HRV, consistent with a minor 
enhancement of parasympathetic influence of the auto
nomic nervous system on the heart; blood levels of factor 
VII, which is involved in coagulation; and blood levels of 
soluble ICAM-1, a marker of endothelial cell activation. 

The clinical significance of any of the CAPs-associated 
changes is not clear, but suggests that in this small set of 
healthy and mildly asthmatic participants, the effects of 
approximately 200 µg/m3 CAPs for 2 hours are not large. 
The paucity of effects in the current study is consistent with 
the types of effects reported in human CAPs exposures con
ducted on the East Coast of the US. Conducting controlled 
exposures to CAPs with different susceptible populations 
(such as those with cardiovascular disease); using a larger 
number of participants, longer exposure durations, and 
higher CAPs concentrations; involving other types of parti
cles; and measuring different endpoints would be important 
next steps in determining whether PM effects are limited or 
whether they can be larger and more distinct. 
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