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Health Effects of Airborne Particulate Matter Trace Elements 
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The effects of airborne particulate matter (PM) trace elements on health are widely concerned nowadays. Many 
achievements have been made while many unknowns exist. This article reports the recent research progresses, describes the 
effects of exposure to PM trace elements on health epidemiological evidence, toxicology findings, and raises some questions for 
future studies. 
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Airborne particulate matter (PM) contains a 
complex mixture of organic and inorganic fractions. 
There is a large body of new scientific evidence that 
has strengthened the link between ambient PM 
exposure and its effects on health. 

Increases in mortality have been observed in 
studies of the acute and chronic effects of particulate 
matters. The increase in mortality is attributable to 
the increases in respiratory and cardiovascular 
disease mortality. Consistent with the observation of 
increases in acute mortality, there is also an increase 
in hospital admissions for respiratory diseases and 
cardiovascular diseases in association with particulate 
air pollution. Subpopulations consisting of suscepti- 
ble individuals show increases in symptoms, medica- 
tion and physiological parameters consistent with an 
exacerbation of pre-existing respiratory or cardiovas- 
cular diseases[1]. 

It is believed that the health effects are related to 
some characteristics of airborne PM, but it is not con- 
firmed what the main causes to health effects are and 
what roles they play. However, trace elements are th- 
ought to be responsible for some of the health effects. 

Exposure to PM Trace Elements  

In addition to the lighter elements, hydrogen, 
carbon, oxygen, and nitrogen, the following 49 
heavier elements are found in ambient air samples: 
sodium, magnesium, aluminum, silicon, phosphorus, 
sulfur, chlorine, potassium, calcium, scandium,  
 

titanium, vanadium, chromium, manganese, iron, 
cobalt, nickel, copper, zinc, gallium, arsenic, 
selenium, bromine, rubidium, strontium, yttrium, 
zirconium, molybdenum, palladium, silver, cadmium, 
indium, tin, antimony, cesium, barium, lanthanum, 
cerium, samarium, europium, hafnium, tantalum, 
tungsten, gold, mercury, thallium, lead, thorium, and 
uranium[2]. These elements often indicate air 
pollution sources and several of them are considered 
to be toxic, such as transition metals, water-soluble 
metals, and metals in certain valence states, e.g., Fe 
(II), Fe (III), Cr (III), Cr (VI), As (III), and As (V).  

In the atmosphere, most of the trace elements 
exist in airborne particulate matters. Although the 
concentration of these elements is low in the 
atmosphere as shown in Table 1, elements such as Cu, 
Zn, Pb, As, Fe, Ti, and Al often contribute to 0.01%- 
2% of the total mass of PM2.5

[9], and all the trace 
elements together contribute less than 5% of PM10 or 
PM2.5

[1] (Si is usually not considered as a trace 
element), they do play an important role in human 
health. According to WHO, arsenic, cadmium, fluori- 
des, lead, manganese, mercury, nickel, and vanadium 
are especially concerned for health effects[10]. 

Epidemiology of Human Health Effects Associated 
With PM Trace Elements 

Numerous studies have been done on the epidemi- 
ology of human health effects associated with airbo- 
rne PM, but only a few on the human health effects are 
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TABLE 1 

Concentration of Some Airborne Particulate Matter Trace Elements (unit: ng/m3) 

Element Location and Concentration References 

V Downtown L.A. USA 
Taejon, Korea 

9.2b, 6.6c 

12.2b 
[3] 
[6] 

Cr Downtown L.A. USA 
Taejon, Korea 

42b, 24.7c 

16.2b 
[3] 
[6] 

Mn Downtown L.A. USA 
Taejon, Korea 

63.3b, 42.7c 

47.1b 
[3] 
[6] 

Fe Downtown L.A. USA 
Taejon, Korea 

2191.8b, 556.6c 

1531b 
[3] 
[6] 

Co Taejon, Korea 1.60b [6] 
Ni Downtown L.A. USA 

Athens, Greece 
Taejon, Korea 

4.5b, 7.0c 

4.70c 

38.6b 

[3] 
[5] 
[6] 

Cu Downtown L.A. USA 
Taejon, Korea 

Guangzhou, China 

178.3b, 272.8c 

40.8b 

62.6c, 36.2e 

[3] 
[6] 
[8] 

Zn Downtown L.A. USA 
Taejon, Korea 

Guangzhou, China 

293.4b, 298.2c 

245b 

645c, 248e 

[3] 
[6] 
[8] 

As Athens, Greece 
Taejon, Korea 

Ankara, Turkey 
Guangzhou,China 

0.96c 

5.89b 

1.5±1.9d 

40.4c, 8.0e 

[5] 
[6] 
[7] 
[8] 

Se Downtown L.A. USA 
Guangzhou, China 

9.6b, 10.5c 

10.9c, 2.2e 
[3] 
[8] 

Cd Cartagena, Spain 
Athens, Greece 
Taejon, Korea 

10.03±19.05a 

0.44c 

2.74b 

[4] 
[5] 
[6] 

Ba Downtown L.A. USA 
Taejon, Korea 

126.7b, 43.0c 

24.6b 
[3] 
[6] 

Hg Ankara, Turkey 0.18±0.19d [7] 
Pb Downtown L.A. USA 

Athens, Greece 
Taejon, Korea 

Guangzhou, China 

251.2b, 185.3c 

160c 

259b 

476c, 104e 

[3] 
[5] 
[6] 
[8] 

Note. Element in a. TSP, b. PM10, c. PM2.5, d. PM2.2, e. PM10-2.5. 
 

associated with trace elements. Besides analysis cost, 
one possible reason is that trace elements in PM are 
in low concentration, often below detection limit 
especially for some elements, thus the data base for 
trace elements is often lack of data. Such data are not 
suitable for time-series epidemiologic studies. In epi- 
demiologic studies, trace elements are often taken as 
source indicators to help people find the principal 
factors that affect human health.  

For epidemiologic studies, a factor analysis of 
trace elements and sulfate was conducted and 
identified several major source types: motor vehicle 
(Pb, carbon monoxide), geological elements (Mn, Fe), 
oil burning elements (V, Ni), industrial elements (Zn, 
Cu), and sulfate/secondary aerosols (sulfate)[11].  

In conducting source-oriented evaluation of PM 
components, Laden et al. found that increase in daily 
mortality was associated with mobile source factor[12]. 
Similar results were also found by Mar et al.[13-14] and 
Tsai et al.[11]. Mar et al. found that motor vehicle 
factor (1 day lag) and vegetative burning factor (3 

day lag) were significantly positively associated with 
cardiovascular mortality[13-14]. Coal combustion factor 
was also positively associated with mortality, while 
no positive association was found between fine 
crustal mass factor and mortality[15].  

Some other studies showed a qualitative 
association between PM trace elements and human 
health effects. For example, the Utah Valley 
study[16-18] showed that PM10 particles, while the steel 
mill was operating, were more highly associated with 
adverse health effects than PM10 while the steel mill 
was closed. 

Toxicology of PM Trace Elements 

Although there are some uncertainties about the 
different effects of one transition metal versus another, 
water soluble metals leached from ambient filter 
extracts or (residual oil fly ash) (ROFA) have been 
shown consistently (albeit at high concentrations) to 
cause cell injury and inflammatory changes in vitro 
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and in vivo. Since the Utah Valley studies linked the 
toxicology (both in vitro cell culture and 
human/rodent instillation) with epidemiological 
findings published[19-24], some characteristics of the 
PM trace element toxicology have been discovered. 

Conflict findings in cardiovascular and systemic 
effects and consistent results in respiratory effects    
Numerous toxicological studies on the roles of PM 
trace elements in respiratory, cardiovascular and 
systemic effects are available. The conflict findings 
in cardiovascular and systemic effects, and the 
consistent results in respiratory effects are summari- 
zed below.  

Godleski et al. performed a series of experiments 
examining the cardiopulmonary effects of inhaled 
concentrated ambient PM (CAPs) on dogs. They 
hardly noticed any biologically-relevant evidence of 
pulmonary inflammation or injury in normal dogs, 
while a significant change in heart rate and in T wave 
alternans was seen, and a potential increase in 
chemical stress of the cardiac tissue due to repeated 
ischemic to concentrated ambient PM was observed. 
They observed a significantly more rapid ST 
elevation of the ECG waveform, and a greater peak 
ST-segment elevation after PM exposure[25]. 

Contrary to the study of Godleski, Muggenburg 
et al. reported that inhalation exposure to high 
concentrations of ROFA produced no consistent 
changes in amplitude of the ST-segment, form of the 
T wave, or arrhythmias in dogs. Although the study 
did not specifically address the effect of PM trace 
elements, it suggested that inhalation of high 
concentrations of trace elements might not have 
obvious effects on the cardiovascular system of a 
healthy individual[26]. In a further study, Muggenburg 
et al. evaluated the effects of a short-term inhalation 
exposure to aerosols of transition metals. Heart rate 
and electrocardiogram were studied in conscious 
beagle dogs inhaling respirable particles of oxide and 
sulfate forms of transition metals (manganese, nickel, 
vanadium, iron, and copper oxides, and nickel and 
vanadium sulfates at concentrations of 0.05 mg/m3). 
No significant effects of exposure to the transition 
metal aerosols were observed[27]. 

Thus, no certain conclusion could be drawn up 
till now. The conflict results suggest that more 
experiments on the cardiovascular and systemic 
effects of PM and its trace elements are needed. On 
the other hand, a lot of consistent evidence has been 
found for respiratory effects of PM trace elements.  

Intratracheal instillation of various doses of 
ROFA suspension has been shown to produce severe 
inflammation, an indicator of pulmonary injury that 
includes recruitment of neutrophils, eosinophils, and 
monocytes into the airway. The biological effects of 
ROFA on rats have been shown to depend on aqueous 

leachable chemical constituents of the particles[28-29]. 
Leachate prepared from ROFA, containing 
predominant Fe, Ni, V, Ca, Mg, and sulfate, produced 
similar lung injury to that induced by the complete 
ROFA suspension. Depletion of Fe, Ni, and V from 
the ROFA leachate eliminated its pulmonary toxicity. 
A surrogate transition metal sulfate solution 
containing Fe, V, and Ni largely reproduced the lung 
injury induced by ROFA[28]. 

Thus, intratracheally instilled high doses of 
ROFA, in which water soluble trace elements play a 
key role, may produce acute lung injury and 
inflammation have been widely accepted. These 
ROFA studies have clearly shown that 
combustion-generated particles with  high trace 
element content can cause substantial lung injury, but 
whether the similar phenomena will appear in 
ambient PM is not sure, since the trace elements in 
ambient PM are different from those in ROFA.  

The Utah Valley PM experiments showed the 
similar results. Utah Valley PM treated with Chelex, 
an agent that removes transition metals from solution, 
produced no change (relative to control) in the 
inflammatory mediator interleukin-8 (IL-8), while 
untreated extract showed a significant concentration- 
dependent increase in IL-8 when compared to the 
control cells. Thus, the authors concluded that 
removal of metal cations could attenuate cellular 
responses to the aqueous extract and suggested a role 
of transition metal involvement in PM-associated 
increases in morbidity and mortality[30]. 

In addition to the above experimental studies, 
autopsy data suggests that chronic exposure to urban 
air pollution could lead to an increased retention of 
trace elements in human tissues. A comparison of 
autopsy cases in Mexico City from the 1950s with 
those from the 1980s indicated substantially higher 
(5- to 20-fold) levels of Cd, Co, Cu, Ni, and Pb in 
lung tissues from the 1980s[31]. Similar studies have 
examined the trace element content in human blood 
and lung tissues, with similar results[32-33]. 

Toxicological effects of different elements and 
different chemical species    Controlled inhalation 
exposure to high concentrations (up to 6400 
mg·m-3/min cumulative dose) of MgO had no effect 
on lung function, symptoms of metal fume fever, or 
changes in inflammatory mediators or cells recovered 
by bronchoalveolar lavage (BAL). However, lower 
concentrations of ZnO fume (166 to 1 110 mg·m-3/min) 
induced a neutrophilic inflammatory response in the 
airways 20 h postexposure. Lavage fluid polymorp- 
honuclear leukocytes (PMNs), tumor necrosis factor 
α (TNF-α), and IL-8 were increased after ZnO 
exposure[34-35]. Although the concentrations used in 
these exposure studies exceeded ambient levels by 
more than 1000-fold, the absence of a response to an 
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almost 10-fold higher concentration of MgO 
compared with ZnO indicated that different metal 
composition might be an important determinant of 
observed health responses to inhaled ambient PM.  

Another study on the response to ROFA with 
different elements and sulfate composition showed 
that V-induced effects were less severe than Ni and 
were transient. Ferric sulfate was least pathogenic. 
Cytokine gene expression was induced prior to the 
pathological changes in the lung, and the kinetics of 
gene expression suggested a persistent injury by 
nickel sulfate[29] . 

The principal characteristics of some important 
PM trace elements, e.g. arsenic, barium, cadmium, 
chromium, copper, lead, manganese, mercury, nickel, 
palladium, platinum, selenium, thallium, tin, titanium, 
vanadium, and zinc, toxicity can be found in 
Environmental Health Criteria series documents, 
published under the joint sponsorship of the United 
Nations Environment Programme, the International 
Labour Organisation, and the World Health 
Organization[36]. Also, some PM inorganic fractions, 
such as arsenic, cadmium, chromium, lead, manga- 
nese, mercury, nickel, platinum, and vanadium, 
toxicological study results were summarized in 
WHO’s Air Quality Guidelines for Europe[10] . 

Not all the PM trace elements are toxic, 
especially in a low concentration in the atmosphere, 
nor are all the chemical species of even some toxic 
elements. The toxicities of different chemical 
compounds and different chemical valences may 
differ from each other.  

For example, the differences of toxicity between 
Cr (III) and Cr (VI) are obviously. Cr (III) is recogni- 
zed as a trace element that is essential to both humans 
and animals, while Cr (VI) compounds are toxic and 
carcinogenic[10]. When hexavalent chromium compo- 
unds were administered to rats by intratracheal 
instillation, relatively insoluble compounds would 
produce bronchogenic carcinomas, while soluble 
sodium dichromate and dissolved calcium chromate 
would produce bronchogenic tumours. Trivalent 
chromium, which is considered to be non-oxidizing, 
non-irritating, and probably unable to penetrate cell 
membranes, is not considered to be carcinogenic, 
because there was no evidence of excess cancers in 
studies in two industries where only trivalent 
compounds were present, and the results of 
experimental animal and mutagenicity studies with 
trivalent chromium were negative[37]. 

Different chemical species may also lead to 
different toxic responses. For example, the results of 
a short-term exposure of guinea-pigs to titanium 
dioxide aerosols showed biological inertness of TiO2, 
while inhalation of titanium tetrachloride caused a 
higher death rate and more rapid development of lung 

oedema in mice than inhalation of an equivalent 
concentration of hydrogen chloride, and titanium 
tetrachloride could also cause purulent conjunctivitis 
and corneal opacity in rabbit eyes[36] . 

Sometimes toxicological effects are related to the 
bioavailability, e.g. water-solubility, of PM trace 
elements. Ghio et al. found that water soluble 
fractions caused greater release of IL than insoluble 
fractions[39], and Pierce et al. found that soluble 
vanadium induced greater chemokinesis mRNA 
expression than insoluble vanadium[40]. Lay et al. and 
Ghio et al. found that iron-oxide-induced inflammatory 
responses both in alveolar fractions and in bronchial 
fractions of the lavage fluid 1 day postinstillation. 
When the same iron oxide prepara- tion containing a 
small amount of soluble iron, produced similar 
pulmonary inflammation in rats, the instillation of 
rats with two iron oxide preparations containing no 
soluble iron failed to produce injury or inflammation, 
suggesting that soluble iron is responsible for the 
observed intrapulmonary chan- ges[41-42]. 

Interaction of different PM trace elements  
Some studies have shown that the toxicological 
effects of PM trace elements are not only decided by 
the elements, nor their concentration or chemical 
species, but also affected by the combination 
effects. 

Dreher et al. found that ferric sulfate and 
vanadium sulfate antagonized the pulmonary 
toxicity of nickel sulfate, when a surrogate 
transition metal sulfate solution containing Fe, V, 
and Ni largely reproduced the lung injury induced 
by ROFA[28]. 

Kodavanti et al. found that ROFA-induced PMN 
influx was associated with its water-leachable V 
content, but protein leakage was associated with 
water-leachable Ni content. ROFA-induced in vitro 
activation of alveolar macrophages (AMs) was the 
highest with ROFA containing leachable V but not 
with Ni plus V, suggesting that the potency and 
mechanism of pulmonary injury may differ between 
emissions containing bioavailable V and Ni[43]. 

Campen et al. examined the responses to Ni and 
V in conscious rats by whole-body inhalation 
exposure. Results showed while Ni caused delayed 
bradycardia, hypothermia, and arrhythmogenesis at 
concentrations > 1.2 mg/m3, V failed to induce any 
significant change in heart rate (HR) or core 
temperature (T(CO)), even at the highest concen- 
tration. When combined, Ni and V produced delayed 
bradycardia and hypothermia at 0.5 mg/m3 and 
potentiated these responses at 1.3 mg/m3, to a greater 
degree than those by the highest concentration of Ni 
(2.1 mg/m3) alone. Although these studies were 
performed at element concentrations that were orders 
of magnitude greater than ambient concentrations, the 
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results indicated a possible synergistic relationship 
between inhaled Ni and V[44]. 

Possible mechanism for PM trace element 
toxicological effects    Reactive oxygen species 
(ROS) generated by transition elements is considered 
to be one of the main mechanisms of toxicity.  

Fenton and iron-catalyzed Haber-Weiss reactions 
have been used to describe this process[45]: 

Fe (II) + O2  Fe (III) + O2
·-             (1) 

Fe (II) + O2
·- +2H+  Fe (III) + H2O2  (2) 

Fe (II) + H2O2  Fe (III) + OH· + OH- (3) 
Fe (II) + OH·  Fe (III) + OH-        (4) 
When bio-reductant is available, Fe (III) is 

likely to act with these kinds of matters to form Fe 
(II) and increase damage to biological molecules: 
Fe (III) + Reductant  Fe (II) + Oxidized Reductant 

(5) 
Meanwhile, Fe (II) in equation (4) is likely to 

be replaced by bio-receptors, thus various types of 
lesions are caused, including oxidation DNA 
damage. 

Soluble fractions of transition elements from 
inhaled PM can react directly with biological 
molecules to produce ROS in the fluid lining of 
airway lumen. Other transition elements like copper, 
manganese, cobalt are also able to catalyze this 
reaction, so under certain conditions when these 
metal ions are not bound to proteins or 
chelators, Fenton and Haber-Weiss reactions may 
take place and cause site specific accumulation of 
free radicals and initiate biomolecule damage 

processes. 
Other mechanisms may be associated with the 

characters of specific element. For example, inhaled 
PM manganese could reach areas of the central 
nervous system and produce the characteristic 
neurotoxic effects, because of its ability to cross the 
blood-brain barrier[10]. The kidney deposition 
following exposure to mercury vapour elicited 
nephrotic syndrome, because Hg0 could cross cell 
membranes, including blood-brain and placental 
barriers, to blood where it was oxidized to mercuric 
mercury catalysed by catalase, and then Hg++ ions (or 
complexes) were distributed in the body via the blood 
to its target organs like kidney[10].  

Guidelines for PM Trace Elements 

The WHO Guidelines for Air Quality provides a 
basis for protecting public health from the adverse 
effects of environmental pollutants and for 
eliminating or reducing to a minimum, contaminants 
that are known to be harmful to human health and 
well-being. Some of the PM trace elements were 
discussed in this guideline, and the health- or envir- 
onment-based levels were summarized below (Tables 
2-4)[46]. 

No guideline values are provided for other PM 
trace elements, e.g. mercury, platinum, barium, 
mainly because of their low concentrations in the 
ambient atmosphere, which lead to no direct effects 
on human health at these air levels. 

TABLE 2 

WHO Guideline Values for the “Classical” Air Pollutants 

Compound 
Annual Ambient 

Air Concentration 
[µg/m3] 

Health Endpoint 
Observed 

Effect Level
[µg/m3] 

Uncertainty 
Factor 

Guideline 
Value 

[µg/m3] 

Averaging 
Time 

 
Lead 0.01-2 Critical Level of Pb in 

Blood < 100-150 µg Pb/L
N. A. N. A. 0.5 1 Year 

Note. N. A.: not applicable. 

TABLE 3 

Guidelines for Air Quality: Compounds With Non-carcinogenic Health Endpoints 

Compound 
Annual Ambient 

Air Concentration 
[µg/m3] 

Health Endpoint 
Observed Effect 

Level 
[mg/m3] 

Uncertainty 
Factor 

Guideline 
Value 

[µg/m3] 

Averaging 
Time 

 

Cadmium (0.1-20)×10-3 Renal Effects  
in the Population 

N.A. N.A. 5×10-3 1 Year 

Manganese 0.01-0.07 Neurotoxic 
Effects in Workers

0.03 (NOAEL) 200 0.15 1 Year 

Vanadium 0.05-0.2 Respiratory 
Effects in Workers

0.02 (LOAEL) 20 1 24 Hours 

Note. N. A.: not applicable. 
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TABLE 4 

Guidelines for Air Pollutants With Carcinogenic Health Endpoints 

Compound 
Annual Ambient Air 

Concentration 
[µg/m3] 

Health  
Endpoint 

Unit Risk 
[µg/m3]-1 IARC Classification 

Arsenic (1-30) ×10-3 Lung Cancer in Exposed 
Humans 

1.5×10-3 1 

Chromium (VI) (5-200) ×10-3 Lung Cancer in Exposed 
Workers 

(1.1-13)×10-2 1 

Nickel 1-180 Lung Cancer in Exposed 
Humans 

3.8×10-4 1 

 
 

Research Deficiency and Needs in the Near Future 

Public exposure to PM trace elements needs 
more concern    Compared with occupational 
exposure, studies on public exposure to PM trace 
elements are deficient. Obviously, there are great 
differences between these two kinds of exposure, so 
the data collected during occupational exposure may 
have no meaning on public exposure. For public 
exposure study, more epidemiological evidence for 
ambient PM trace element exposure-response to 
public health and identification of sensitive subpo- 
pulations is needed. 

Potential health effects at low levels of exposure 
to trace element especially to mercury, platinum, 
barium etc. are needed, which have not received the 
controlling recommendation values, but are thought 
to have adverse health effects.  

The exposure to PM trace elements in some 
developing countries needs to be concerned, since the 
PM concentration in these countries may be much 
higher than that in most developed countries. The life 
styles in developing countries may be quite different 
from those in developed countries which may lead to 
different chemical fractions.  

Toxicology of PM trace elements needs further 
investigation    Since the toxicity of PM trace 
elements is closely associated with their chemical 
species, characterization of exposure to different 
element species are needed. But before this, 
classification of the bioavailability and toxicity of 
different element species is needed, while the 
analysis methods for these species need improv- 
ement.  

The interaction between different elements needs 
further investigation, and particularly, biological 
effects may be different at various ratios of even the 
same elements.  

REFERENCES 

1. EC/WHO (2002). Guidelines for Concentration and Exposure- 

Response Measurement of Fine and Ultra-fine Particulate 
Matter for Use in Epidemiological Studies. European 
Commission/WHO, EUR 20238 EN, Geneva. 

2. Judith, C. C. (1995). Measurement Methods to Determine 
Compliance with Ambient Air Quality Standards for Suspended 
Particles. J. Air and Waste Manage. Assoc. 45, 320-382. 

3. Judith, C. C. and John, G. W. (1998). Guideline on Speciated 
Particulate Monitoring. U. S. E. P. A. Research Triangle Park, 
NC, U.S.A. 

4. S. Moreno-Grau, A. Pérez-Tornell, J. Bayo, J. Moreno, J. M. 
Angosto, and J. Moreno-Clavel (2000). Particulate matter and 
heavy metals in the atmospheric aerosol from Cartagena, Spain. 
Atmos. Environ. 34, 5161-5167. 

5. Nikolaos S. Thomaidis, Evangelos B. Bakeas, and Panayotis A. 
Siskos (2003). Characterization of lead, cadmium, arsenic and 
nickel in PM2.5 particles in the Athens atmosphere, Greece. 
Chemosphere 52, 959-966.  

6. Ki-Hym, Kim, Jin-Hong, Lee, and Mi-Suk, Jang. (2002). Metals 
in airborne particulate matter from the first and second 
industrial complex area of Taejon city, Korea. Environ. Pollut. 
118, 41-51. 

7. Mustafa, Yatin, Semra, Tuncel, Namik, K. Aras, Ilhan, Olmez, 
Sezer, Aygun, and Gurdal, Tuncel. (2000). Atmospheric trace 
elements in Ankara, Turkey: 1. factors affecting chemical 
composition of fine particles. Atmos. Environ. 34, 1305-1318. 

8. F. Wei, E. Teng, G. Wu, W. Hu, W. E. Wilson, R. S. Chapman, J. 
C. Pau, and J. Zhang (1999). Ambient Concentrations and 
elemental compositions of PM10 and PM2.5 in four Chinese 
cities. Environ. Sci. Technol. 33, 4188-4193. 

9. Y. Shen, L. Chen, J. Sun, Z. Zheng, and H. Guo (2002). 
Concentration feature of element Cu, Zn, Pb, As, etc. in PM2.5 
of Shanghai atmosphere. J. Fudan University (Natural Science) 
41(4), 405-408. (In Chinese)  

10.WHO (2000). Air Quality Guidelines for Europe, 2nd ed. WHO 
Regional Publications, European Series, No. 91, Copenhagen. 

11.Tsai, F. C., Apte, M. G., and Daisey, J. M. (2000). An 
exploratory analysis of the relationship between mortality and 
the chemical composition of airborne particulate matter. 
Inhalation Toxicol. 12(Suppl.), 121-135.  

12.Laden, F., Neas, L. M., Dockery, D. W., and Schwartz, J. (2000). 
Association of fine particulate matter from different sources 
with daily mortality in six U. S. cities. Environ. Health 
Perspect. 108, 941-947. 

13.Mar, T. F., Norris, G. A., Koenig, J. Q., and Larsen, T. V. 
(2000). Associations between air pollution and mortality in 
Phoenix, 1995-1997. Environ. Health Perspect. 108, 347-353.  

14.Mar, T. F., Norris, G. A., Larsen, T. V., Wilson, W. E., and 
Koenig, J. Q. (2003). Air pollution and cardiovascular mortality 
in Phoenix, 1995-1997. In: Revised analyses of time-series 
studies of air pollution and health, Special report, pp.177-182. 
Health Effects Institute, Boston, MA, U.S.A. 

15.Schwartz, J. (2003). Daily deaths associated with air pollution 
in six US cities and short-term mortality displacement in 



PM TRACE ELEMENTS HEALTH EFFECTS 355

Boston. In: Revised analyses of time-series studies of air 
pollution and health, Special report, pp. 219-226. Health 
Effects Institute, Boston, MA, U.S.A.  

16.Pope, CA. III. (1991). Respiratory hospital admissions 
associated with PM10 pollution in Utah, Salt Lake, and Cache 
Valleys. Arch. Environ. Health 46, 90-97.  

17.Pope, CA. III., Dockery, D. W., Kanner, R. E., Vollegas, G. M., 
and Schwartz, J. (1999). Oxygen saturation, pulse rate, and 
particulate air pollution: a daily time-series panel study. Am. J. 
Respir. Crit. Care Med. 159, 365-372.  

18.Dockery, D. W., Pope, C. A.III, Kanner, R. E., Villegas, G. M., 
and Schwartz, J. (1999). Daily changes in oxygen saturation 
and pulse rate associated with particulate air pollution and 
barometric pressure. Health Effects Institute research report No. 
83. Cambridge, MA, U.S.A. 

19.Frampton, M. W., Ghio, A. J., Carson, J. L., Carter, J. D., and 
Devlin, R. B. (1999). Effects of aqueous extracts of PM10 filters 
from the Utah Valley on human airway epithelial cells. Am. J. 
Physiol. 277, L960-L967.  

20.Soukup, J. M., Ghio, A. J., and Becker, S. (2000). Soluble 
components of Utah Valley particulate pollution alter alveolar 
macrophage function in vivo and in vitro. Inhalation Toxicol. 12, 
401-414.  

21.Dye, J. A., Lehmann, J. R., McGee, J. K., Winsett, D. W., 
Ledbetter, A. D., Everitt, J. I., Ghio, A. J., and Costa, D. L. 
(2001). Acute pulmonary toxicity of particulate matter filter 
extracts in rats: coherence with epidemiological studies in Utah 
Valley residents. Environ. Health Perspect. 109 (Suppl. 3), 
395-403. 

22.Ghio, A. J. and Devlin, R. B. (2001). Inflammatory lung injury 
after bronchial instillation of air pollution particles. Am. J. 
Respir. Crit. Care Med. 164, 704-708.  

23.Wu, W., Samet, J. M., Ghio, A. J., and Devlin, R. B. (2001). 
Activation of the EGF receptor signaling pathway in human 
airway epithelial cells exposed to Utah Valley PM. Am. J. 
Physiol. 281, L483-L489.  

24.Pagan, I., Costa, D. L., McGee, J. K., Richards, J. H., and Dye, 
J. A. (2003). Metals mimic airway epithelial injury induced by 
in vitro exposure to Utah Valley ambient particulate matter 
extracts. J. Toxicol. Environ. Health 66, 1087-1112.  

25.Godleski, J. J., Verrier, R. L., Koutrakis, P., and Catalano, P. 
(2000). Mechanisms of morbidity and mortality from exposure 
to ambient air particles. Health Effects Institute, Research 
report No. 91. Cambridge, MA, U.S.A. 

26.Muggenburg, B. A. Barr, E. B., Cheng, Y. S., Seagrave, J. C., 
Tilley, L. P., and Mauderly, J. L. (2000). Effect of inhaled 
residual oil fly ash on the electrocardiogram of dogs. In: Grant, 
L. D., ed. PM2000: particulate matter and health. Inhalation 
Toxicol. 12 (Suppl. 4), 189-208. 

27.Muggenburg, B. A., Benson, J. M., Barr, E. B., Kubatko, J., and 
Tilley, L. P. (2000). Short-term inhalation of particulate 
transition metals has little effect on the electrocardiograms of 
dogs having preexisting cardiac abnormalities. Inhalation 
Toxicol. 15, 357-371. 

28.Dreher, K. L., Jackot, R. H., Lehmann, J .R., Richards, J. H., 
McGee, J. K., Ghio, A. J., and Costa, D. L. (1997). Soluble 
transition metals mediate residual oil fly ash induced acute lung 
injury. J. Toxicol. Environ. Health 50, 285-305. 

29.Kodavanti, U. P., Jaskot, R. H., Costa, D. L., and Dreher, K. L. 
(1997). Pulmonary proinflammatory gene induction following 
acute exposure to residual oil fly ash: roles of particle- 
associated metals. Inhalation Toxicol. 9, 679-701.  

30.Molinelli, A. R., Madden, M. C., McGee, J. K., Stonebuerner, J. 

G., and Ghio, A. J. (2002). Effect of metal removal on the 
toxicity of airborne particulate matter from the Utah Valley. 
Inhalation Toxicol. 14, 1069-1086.  

31.Fortoul, T. I., Osorio, L. S., Tovar, A. T., Salazar, D., Castilla, M. 
E., and Olaiz-Fernández, G. (1996). Metals in lung tissue from 
autopsy cases in Mexico City residents: comparison of cases 
from the 1950s and the 1980s. Environ. Health Perspect. 104, 
630-632. 

32.Tsuchiyama, F., Hisanaga, N., Shibata, E., Aoki, T., Takagi, H., 
Ando, T., and Takeuchi, Y. (1997). Pulmonary metal 
distribution in urban dwellers. Int. Arch. Occup. Environ. 
Health 70, 77-84.  

33.Osman, K., Zejda, J. E., Schütz, A., Mielzynska, D., Elinder, C. 
G., and Vahter, M. (1998). Exposure to lead and other metals in 
children from Katowice district, Poland. Int. Arch. Occup. 
Environ. Health 71, 180-186.  

34.Kuschner, W. G., D’Alessandro, A., Wintermeyer, S. F., Wong, 
H., Boushey, H. A., and Blanc, P. D. (1995). Pulmonary 
responses to purified zinc oxide fume. J. Invest. Med. 43, 
371-378.  

35.Kuschner, W. G., Wong, H., D’Alessandro, A., Quinlan, P., and 
Blanc, P. D. (1997). Human pulmonary responses to 
experimental inhalation of high concentration fine and ultrafine 
magnesium oxide particles. Environ. Health Perspect. 105, 
1234-1237.  

36.http://www.inchem.org/pages/ehc.html (accessed Feb. 2004). 
37.WHO (1988). Chromium, Environmental Health Criteria 61. 

WHO, Geneva. www.inchem.org/documents/ehc/ehc/ehc61.htm 
(accessed Feb. 2004). 

38.WHO (1982). Titanium, Environmental Health Criteria 24. 
WHO, Geneva. www.inchem.org/documents/ehc/ehc/ehc24.htm 
(accessed Feb. 2004). 

39.Ghio, A. J., Stonehuerner, J., Dailey, L. A., and Carter, J. D. 
(1999). Metals associated with both the water-soluble and 
insoluble fractions of an ambient air pollution particle catalyze 
an oxidative stress. Inhalation Toxicol. 11, 37-49.  

40.Pierce, L. M., Alessandrini, F., Godleski, J. J., and Paulauskis, J. 
D. (1996). Vanadium-induced chemokine mRNA expression 
and pulmonary inflammation. Toxicol. Appl. Pharmacol. 138, 
1-11.  

41.Lay, J. C., Bennett, W. D., Kim, C. S., Devlin, R. B., and 
Bromberg, P. A. (1998). Retention and intracellular distribution 
of instilled iron oxide particles in human alveolar macrophages. 
Am. J. Respir. Cell Mol. Biol. 18, 687-695.  

42.Ghio, A. J., Carter, J. D., Richards, J. H., Brighton, L. E., Lay, J. 
C., and Devlin, R. B. (1998). Disruption of normal iron 
homeostasis after bronchial instillation of an iron-containing 
particle. Am. J. Physiol. 274, L396-L403.  

43.Kodavanti, U. P., Hauser, R., Christiani, D. C., Meng, Z. H., 
McGee, J., Ledbetter, A., Richards, J., and Costa, D. L. (1998). 
Pulmonary responses to oil fly ash particles in the rat differ by 
virtue of their specific soluble metals. Toxicol. Sci. 43, 204-212.  

44.Campen, M. J., Nolan, J. P., Schladweiler, M. C. J., Kodavanti, 
U. P., Costa, D. L., and Watkinson, W. P. (2001). Cardiovascular 
and thermoregulatory effects of inhaled PM-associated 
transition metals: a potential interaction between nickel and 
vanadium sulfate. Toxicol. Sci. 64, 243-252.  

45.Andrew, L. R. and T David, Waite. (2002). Kinetic Model for 
Fe (II) Oxidation in Seawater in the Absence and Presence of 
Natural Organic Matter. Environ. Sci. Technol. 36, 433-444. 

46.WHO (2000). Guidelines for Air Quality. WHO, Geneva. 
 

(Received February 26, 2004     Accepted August 26, 2004)
 


