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City/Year/PM
(mean) Study Description Results and Comments

PM RR for total
deaths PM Lags Reference

�%!%#%

Toronto
1970-1991
TSP (80);
CoH (0.42
/1000ft) 

Total, cardiovascular, COPD, pneumonia,
respiratory, cancer, and the remaining
mortality series were related to TSP, SO2,
CoH, NO2, O3, and CO, adjusting for
seasonal cycles (by high-pass filtering each
series) temperature, humidity, day-of-week, 
using OLS regression.  Factor analysis of
multiple pollutants was also conducted to
extract automobile related pollution, and
mortality series were regressed on the
resulting automobile factor scores. 

TSP (0 day lag) was significantly
associated with total and cardiovascular
deaths. NO2 0 day lag) was a significant
predictor for respiratory and COPD
deaths.  2-day lagged O3 was associated
with total, respiratory, and pneumonia
deaths.  Factor analysis showed a factor
with high loadings for NO2, CoH, and
CO, apparently representing automobile
factor.  This factor was a significant
predictor for total, cancer,
cardiovascular, respiratory, and
pneumonia deaths.

2.8% per
100�g/m3 TSP 

0 day lag Özkaynak
et al. (1996)

Toronto
1980-1994
TSP (60);
CoH (0.42);
SO4

= (9.2
�g/m3);
PM10 (30,
estimated);
PM2.5 (18,
estimated)

Total, cardiac, and other nonaccidental
deaths (and by age groups) were regressed
on TSP, CoH, SO4

=, CO, NO2, SO2, O3, 
estimated  PM10 and PM2.5 (based on the
relationship between the existing every-6th-
day data and SO4

=, TSP and CoH), 
adjusting for seasonal cycles, day-of-week,
temperature, and dewpoint using GAM
Poisson model. 

Essentially all the pollutants were
significant predictors of total deaths in
single pollutant models, but in two
pollutant models with CO, most
pollutants’ estimated RRs were reduced
(all the PM indices remained significant). 
Based on the results from the co-
pollutant models and various stepwise
regressions, the authors noted that the
effects of the complex mixture of air
pollutants could be "almost completely
explained by the levels of CO and TSP". 

2.0% (0.7, 3.3)
per 88 �g/m3

TSP;
2.9% (1.5, 4.4)
per 42 �g/m3

PM10; 4.2% (2.9,
5.6) per 22 �g/m3

PM2.5 

0 day lag for
TSP and
PM10;  Avg.
of 0 and 1
day for CoH
and PM2.5

Burnett et al.
(1998)
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City/Year/PM
(mean) Study Description Results and Comments

PM RR for total
deaths PM Lags Reference

Mexico-City
1993-1995
PM2.5

(mean:27)

Total, respiratory, cardiovascular, other
deaths, and age-specific (age >= 65)
deaths were related to PM2.5, O3, and NO2,
adjusting for 3-day lagged temperature
and periodic cycles, using Poisson GAM
model.

PM2.5, O3, and NO2 were associated with
mortality with different lag/averaging
periods (1 and 4 day lags; 1-2 avg.; 1-5
avg., respectively).  PM2.5  associations
were most consistently significant.  SO2

was available, but not analyzed because of
its "low" levels.

1.3% and 1.4%
(0.2, 2.5) per
100 �g/m3 for
total deaths for
0 and 4 day,
respectively

0 day and
4 day lag

Borja-Aburto
et al. (1998)

Mexico-City
1993-1995
PM2.5 (mean:
27.4 �g/m3)

Infant mortality (avg. ~ 3/day) related to
PM2.5, O3, and NO2, adjusting for
temperature and smoothed time, using
Poisson GAM models.

Excess infant mortality was associated
with PM2.5, but also with NO2, and O3 in
the same average/lags.  NO2, and O3

associations were less consistent in multi-
pollutant models. 

6.9% (2.5, 11.3)
per 10 �g/m3 

Avg. 3-5
lag days

Loomis et al.
(1999)
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�����42��$��$��������$�(�����������$ ��''����$��$��'�������)��$�2������������$�'��!%�

����'�$$����$�#����������'�$��#����2�����$�������������!��$!��� ����!�����$��������������!1

#�!��6�'�$����)�2�����$���������(�!�*	

1+%�����!�#�����6��!������ �(���!��$���������


'����!�����!�*	��'+�/�#��;!�� ���������'�$��#����2��%���$�"�"���$���$�"�����������)��!�!�� ����	:

'����!�����!�#�!����������$�����2��������������!��$���'����!�$�#������$������$�'��!%����#��		
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�$��$��'�$��� �����������!��'���)��'���$��(���$���������!%������!��������%�*	

1+����������������	�

����!��!�@�� ������$�� ���!(!��$�����'���$��42.������������$���;)�.��$�(������������(����$�� 	3
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'��(�����$��$���)'����)��� ($����$.��$��('�$����#�)����������������!��$�"����%���$��������$���	7
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��!��$!�"�$�!!����'���������$�%/1

8���!'���������%�*	


+���"����'�����������  ����� ��$�������$�� ���$��$��������'���$��42/


 ���7���(�!<��)� �������)!�"��!(!������  ����� ���!�$�����6��!(�������������������������!����$�:

�������#�)���!��$!�"�$�!!����'���������$���$��F�!�$!���@���'���%������)��6��!(�����������	



��������	
��������������������������������������������

���������	�
����

����
��������

���������� �������

��������

����
����

����

��
��
����


��� �������!"# 

�������

�������������

�
����$����" 

��������

%�����


&�����������''�����'

(
�������������� &�'���
��

&����)�������#**�

"������+,�-��.�

�""�
��"

"��/�
����

0���1�
��

�
������
�

�������

�������

2,,,���!"#���

/�
����"

,3#2��"�

���������������

4������!����'��

*�����

(
����������0�������5%6���
�

�����
��
���53��(""�
�

��"���
����'�����������
��7���3

����
�����3

�+889 

6�"�
���7:����

-����
��-����

�����
������������

%�� 2,,�����������

����/����

���������
�

�����
����3

+;,�����'

������������


����


�������'��� ��
�������"�


-���/���������

��������

�
��
�������������
��'�(51*��(519�

�
��(51+#�����.�
���.
�-
���7�

�1����������'�����
�'�����<��
�������

�
���/�������������.�
���"&0�<

�
��������(����
�
�������/����'����3

%��$1��
���$

����3��+889 

6�"�
���7:���

-���������������
���

�
�������/���.�


��������-���

%���-�����

-����

���-���

�
���


2,,�����������

����/����

���������
�

�����
����

+;,�����'

������������


����


�������'��� ��
�������"�


-������-���

�
���
�'����-��

7������
���

���"�
�-��

�
���
��
�

��������

��"7�
������"�
�-������-���

�
���
��
��������������������


���
�'���
�����������
���
1�����'��

(����
��(�	*3����"7�
���������
��

������������������������
��'

��+1�������.�
����
���
�������

���������
��'�(51*��(51;��(51+,���
�

(51+#3

%��$1��
���$

����3��+88= 

6�"�
����-��

���������������

>����%�� (
�/��� 23;��

2;,,���!"�

>����
��+,��

+,,���!"�

%���

>���?�=��

+,��"<

%���?�"��


���"�����'

,3*��"

��������
�/���

'��������*4��

(
�����������������'�7���	���)

�
��(514�7�����������������������

-���%����-��������
���	���)

-������������7�����������������

������-���>��3

@����������3

�+884 

������(�&��
�

�!�1��"����

*�-��.�

%�� ��������

�
�������


+,,����2,,���

�����
�������



�������'��� (
������

�
��!-��.�'��

;���+9�-��.�

&��������
�������
��'�%��

�����������7��������������������

����
������������-�����
������
�

�
�����-�������������
��/�
�����

����������
�3�����������
����-���

��������7���.���7�����"�
�-��

��	1����/��$�������������

���"����3

����������3

�+889 

@
��

7
���+

8
8
8

=
14

2
%

&
�

)
�
1%

@
�0

@
�
�A

>
@

�
�
�@

&
��

(�
�



��������	���������
��������������������������������������������

���������	�
����

����
���������

���������� �������

��������

����
����

����

��
��
����


��� �������!"# 

�������

�������������

�
����$����" 

��������

%�����


&�����������''�����'

(
�������������� &�'���
��

������(�&��"�����9

��=�-��.�

%���-�����

-����

�/��7�"�


(
���������

�
�������


+,,�������

�
�������


"��
����"�����'

,3*��"

(
������

�
��!-��.

'���9���

8�-��.�

�
��
������������
��'��
���
1

�����'���(�	��
��(����
���"7�
��

%��!�/��7�"�
��
�"������"�������

�/��7�"�
1���
���
�"���3������"����

�
��������
��
'��""������������
�

���.�
����
���/����'������'��
�"���

������-���%��!�/��7�"�
3

��.�
������3�
�+88= 

���
�'��"���(��

�������
����"�
��

�������
�

����
��������

�'���61%��

�������� ,3+�
�!"�

��61%��

��������"���
�

�������
��'

����������


����������-��

�
��/�����

���������B,3+��"

���������

������'��

=2������

��61%����
��������(�����������


�
��������������/�����'�������


"&0��/����
���7������
���
������

���.�
����������
3

����
�����3

�+88= 

%���1�%���������������������

>���1�>�7�
�������������

(51*��(51;��+519��(514��(51+,��(51+#�1�(
�����.�
�

��	�1����������
��	�����

(����(�	*�1�(""�
����7���
�

��1+���������+�6����������

	���)�1�	��
����������������������
����"����
��)����

@
��

7
���+

8
8
8

=
14

#
%

&
�

)
�
1%

@
�0

@
�
�A

>
@

�
�
�@

&
��

(�
�



��������	


 �����������������������������

��������������������� �!��� ��"�� �� ��#��������$�"��"%�����%� ��&� ����� ��'��� ����(�#	
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8.  INTEGRATIVE SYNTHESIS OF KEY POINTS:1

PM EXPOSURE, DOSIMETRY, AND HEALTH RISKS2

3

4

8.1 INTRODUCTION5

This chapter integrates key information on exposure-dose-response risk assessment6

components drawn from the preceding detailed chapters (Chapters 3 to 7), in order to provide a7

coherent framework for assessment of human health risks posed by ambient particulate matter8

(PM) in the United States.  Given that substantial additional important new information is9

expected to become available during the next 6 to 9 mo for incorporation into a second external10

review draft of this document, only very provisional conclusions can now be drawn from the11

information discussed in earlier chapters and a preliminary attempt at an integrative synthesis12

framework set forth below.  The key elements of the integrative synthesis framework include13

discussion of:  (a) atmospheric science and exposure research evidence substantiating14

distinctions between fine and coarse particles as separate subclasses of ambient PM air15

pollutants; (b) factors affecting PM dosimetry, especially in the human respiratory tract; (c) the16

expanding epidemiologic evidence regarding effects of ambient PM on human health; and17

(d) new toxicological evaluations of pathophysiologic effects of PM and potential mechanisms18

of action.19

20
21

8.2 AIRBORNE PARTICLES:  DISTINCTIONS BETWEEN FINE AND22
COARSE PARTICLES AS SEPARATE POLLUTANT SUBCLASSES23

As discussed in detail in Chapter 3 of this document, airborne PM is not a single pollutant24

but several classes of pollutants, each consisting of a number of chemical species.  One25

classification is based on the natural division of the atmospheric aerosol into fine-mode and26

coarse-mode particles.  Fine-mode particles, in addition to being smaller than coarse-mode27

particles, differ in many aspects such as formation mechanisms, chemical composition, sources,28

physical behavior, human exposure relationships, and control approaches required for risk29

reduction.  Such differences alone are sufficient to justify consideration of fine-mode and30

coarse-mode particles as separate pollutants.  Table 8-1 compares several key points that 31



TABLE 8-1.  COMPARISON OF PHYSICAL AND CHEMICAL PROPERTIES OF AMBIENT PARTICLES:
FINE MODE (Nuclei Mode Plus Accumulation Mode) AND COARSE MODE

Fine Coarse

Nuclei Accumulation

Formed from: Combustion, high temperature processes and atmospheric reactions Break-up of large solids/droplets

Formed by: Nucleation
Condensation
Coagulation

Condensation
Coagulation
Evaporation of fog and cloud droplets in
which gases have dissolved and reacted

Mechanical disruption (crushing, grinding, abrasion of
surfaces)
Evaporation of sprays
Suspension of dusts
Reactions of gases in/on particles 

Composed of: Sulfates
Elemental carbon
Metal compounds
Organic compounds with
very low saturation vapor
pressure at ambient 
temperature 

Sulfate, SO4
�2

Nitrate, NO3
-

Ammonium, NH4
+

Hydrogen ion, H+

Elemental carbon,
Large variety of organic  compounds
Metals: compounds of Pb, Cd, V, Ni, Cu,
Zn, Mn, Fe, etc.
Particle-bound water

Suspended soil or street dust
Fly ash from uncontrolled combustion of coal, oil, wood
Nitrates/chlorides from HNO3/HCl
Oxides of crustal elements,
(Si, Al, Ti, Fe)
CaCO3, NaCl, sea salt 
Pollen, mold, fungal spores
Plant/animal fragments
Tire, break pad, road wear debris

Solubility: Probably less  soluble than
accumulation mode

Largely soluble, hygroscopic and
deliquescent

Largely insoluble and non-hygroscopic

Atmospheric 
half-life:

Minutes to hours Days to weeks Minutes to hours

Removal
Processes:

Grows into accumulation
mode

Forms cloud droplets and rains out 
Dry deposition

Dry deposition by fallout 
Scavenging by falling rain drops

Travel distance: <1-10s of km 100s to 1000s of km <1 to 10s of km
(100s-1000s in dust storms)

Source:  Adapted from Wilson and Suh (1997).
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differentiate fine-mode from coarse-mode particles.  Various physical and chemical differences1

between fine-mode particles and coarse-mode particles, their sources, factors affecting human2

exposure, and their respiratory tract deposition are also summarized below as a prelude to more3

in-depth discussion of key health effects associated with ambient PM exposures and other4

information useful in assessing PM-related public health risks in the United States.5

6

8.2.1 Size Distinctions7

Four approaches are used to classify particles by size:  (1) modes, based on formation8

mechanisms and the modal structure observed in the atmosphere; (2) size cut point, based on the9

50% cut point of the specific sampling device; (3) occupational classification based on10

dosimetry, the ability of particles to enter certain regions of the respiratory tract, and11

(4) regulatory size cuts.  The modal structure is shown in Figure 8-1.  In the ambient atmosphere12

the fine particle mode (�1.0 �m diameter) is composed of the nuclei mode and the accumulation13

mode.  The nuclei mode is clearly observable only near sources of condensible gases.  Particles14

in the nuclei mode rapidly grow into the accumulation mode but the accumulation mode does not15

grow further into the coarse particle mode.  The lognormal distribution (in units of particle16

diameter) is frequently used to approximate the distribution of particle number, surface area,17

volume, or mass.  The nuclei mode (�0.1 �m) includes ultrafine particles (toxicology18

terminology) and nanoparticles (aerosol physics terminology).  Particle diameters are usually19

given as aerodynamic equivalent diameter, dae, defined as the diameter of a particle with a20

settling velocity equal to that of a sphere with unit density (1 g/cm3).  This is the most appropriate21

diameter for discussion of lung deposition and particle collection.  The accumulation mode22

typically has a mass median aerodynamic diameter (MMAD) of 0.3 to 0.7�m and a geometric23

standard deviation, �g (a measure of the size dispersion), of 1.5 to 1.8.  The coarse particle mode24

may also contain multiple modes but they are not readily distinguished.  Therefore, the coarse25

particle mode tends to have a broader size distribution, with �g = 2.2 to 2.4.  Measured MMADs26

typically range from 6 to 20 �m diameter in the ambient atmosphere, but these values may be27

low because of the difficulty of collecting particles in the upper tail of the coarse-mode28

distribution.29

Agreement has been reached between the International Standards Organization (ISO) and30

American Council of Government Industrial Hygienists (ACGIH) who have promulgated 31
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Figure 8-1. Volume size distribution, measured in traffic, showing fine-mode and coarse-
mode particles and the nuclei and accumulation modes within the fine-particle
mode.  DGV (geometric mean diameter by volume, equivalent to volume
median diameter) and �g (geometric standard deviation) are shown for each
mode.  Also shown are transformation and growth mechanisms
(e.g., nucleation, condensation, and coagulation).

Source:  Wilson et al. (1977).

definitions of particle size fractions that are based on the ability of particles to penetrate to1

various depths within the respiratory tract (Vincent, 1995).  Inhalable refers to particles which2

can enter beyond the external airway openings and, as discussed in Chapter 10, has a practical3

upper limit of 40 to 60 �m.  Thoracic refers to particles which can penetrate beyond the larynx;4

about 50% of particles of 10 �m aerodynamic diameter will penetrate beyond the larynx. 5

Respirable refers to particles which can reach the air exchange portion of the lung.6
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The appropriate division between the fine and coarse fractions is not sharply defined, but1

falls in the range between 1.0 and 3.0 �m dae, where fine-mode and coarse-mode particles2

overlap but where particle mass is at a minimum.  Thus, in general, particles less than 1.0 �m dae3

are fine-mode particles and particles greater than 2.5�m dae are coarse-mode particles.  However,4

as the relative humidity approaches 100%, fine particles may grow beyond 1.0 �m and even5

beyond 2.5 �m dae; and, in very dry environments, it may also be possible to find particles less6

than 1.0 �m dae in the small size tail of the coarse particle mode.  It is important to note that7

PM2.5 may sometimes contain an appreciable quantity of coarse-mode particles in the 1 to 2.5 �m8

dae size range.9

PM2.5 particles are frequently referred to as fine particles, while the difference between10

PM2.5 and PM10 (PM(10-2.5)), is sometimes referred to as coarse particles or as the coarse fraction of11

PM10.  In the present discussion, fine-mode particles and coarse-mode particles are used to12

emphasize that important distinctions include not just size but also other additional fundamental13

differences in sources, formation mechanisms, and chemical composition.14

The indicators for the current PM standards are PM10 and PM2.5.  Since neither the15

respiratory tract nor particle samplers can separate particles with a sharp cut, PM10 is defined as16

having a 50% cutpoint at 10 �m dae.  PM10 samplers collect all fine-mode particles.  They also17

collect a decreasing fraction of coarse particles as the diameter increases above 10 �m dae and an18

increasing fraction of particles as the diameter decreases below 10 �m dae.  The mass of the19

coarse fraction ranges from 20% of PM10 in some eastern urban areas to 80% of PM10 in some20

dry western areas.  The penetration curve for PM10 is very close to that of thoracic particles21

(Figure 3-6).  PM10 is a design standard where the specified design provides a 50% cut point at22

10 �m dae.  PM2.5 is a combination of design and performance specifications which provide a23

50% cut at 2.5 �m dae.  This cut insures that virtually all fine particles will be collected, even24

under high relative humidity conditions, but it also includes a fraction of the small-size tail of the25

coarse particle distribution.26

27

8.2.2 Formation Mechanisms28

Fine particles may be formed during combustion processes.  Fine particles are also formed29

from condensible gases by nucleation (gas molecules coming together to form a new particle),30

and grow by condensation (gas molecules condensing onto a pre-existing particle).  Condensible31
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gases (low saturation vapor pressure at ambient temperature) may be formed by volatilization of1

material during combustion or other high temperature processes or by atmospheric reactions that2

generate condensible gases.  Gases may dissolve in a liquid droplet (either a solution particle or a3

cloud or fog droplet), react with another dissolved gas, and form a low vapor pressure product. 4

When fog and cloud droplets evaporate, particulate matter remains, usually in the fine particle5

mode.  Gases may also react directly with solid particles or in water films on solid particles.6

Coarse particles are formed by mechanical processes which produce small particles from7

large ones.  Energy considerations normally limit coarse mode particles to sizes greater than8

about 1.0 �m dae.9

Particles are designated as primary if they are emitted directly into the air as particles or as10

vapors which condense to form particles without chemical reaction.  Examples of primary11

particles are (a) elemental carbon chain agglomerates formed during combustion and12

(b) chemical species such as lead, cadmium, selenium, or sulfuric acid which are volatile at13

combustion temperature but form PM rapidly as the combustion gases cool.14

Particles are designated as secondary if they form following a chemical reaction in the15

atmosphere which converts a gaseous precursor to a product which either has a low enough16

saturation vapor pressure to form a particle or reacts further to form a low saturation vapor17

pressure product.  Examples are the conversion of sulfur dioxide (SO2) to sulfuric acid (H2SO4)18

which nucleates or condenses on existing particles, or the conversion of nitrogen dioxide (NO2)19

to nitric acid (HNO3) which may react further with ammonia (NH3) to form particulate20

ammonium nitrate (NH4NO3).21

Coarse particles are normally primary since they are formed by mechanical rather than by22

chemical processes.  An exception is the reaction of acid gases with carbonate (CO3
=) containing23

particles in which the CO3= may be replaced by sulfate (SO4
�2), nitrate (NO3

-), or chloride (Cl-). 24

Other exceptions are the reaction of HNO3 with NaCl to form NaNO3 and HCl gas and the25

reaction of SO2 with wet NaCl to form Na2SO4 and HCl gas.  Similar reactions may occur26

between other basic and acidic species.27

28

29



October 1999 DRAFT-DO NOT QUOTE OR CITE8-7

8.2.3 Chemical Composition1

8.2.3.1 Fine-Mode Particulate Matter 2

In the ambient atmosphere, fine-mode particulate matter is mainly composed of varying3

proportions of sulfate, nitrate, hydrogen, and ammonium ions; elemental and organic carbon;4

trace elements such as metals; and particle-bound water.5

Sulfates/Acid.  Sulfur dioxide (SO2), emitted mainly from combustion of fossil fuel, is6

oxidized in the atmosphere to form sulfuric acid (H2SO4) particles.  The H2SO4 may be partially7

or completely neutralized by reaction with ammonia (NH3).  Since the particles usually contain8

water, the actual species present are H+, HSO4
-, SO4

�2, and NH4
+, in varying proportions depending9

on the amount of NH3 available to react with the H2SO4.  Particle strong acidity is due to free H+10

or H+ available from HSO4
- or H2SO4.11

Nitrates.  Nitrogen oxides (NOx= NO + NO2) are formed during combustion and other high12

temperature processes involving air.  The NO is converted to NO2 by ozone (O3) or other13

atmospheric oxidants.  During the daytime, NO2 reacts with the hydroxyl radical (OH) to form14

nitric acid (HNO3).  During nighttime, it forms nitric acid through a sequence of reactions15

involving ozone and the nitrate radical (NO3).  Ammonia reacts preferentially with sulfuric acid16

to form sulfate particles, but, if sufficient NH3 is available, particulate ammonium nitrate17

(NH4NO3) will also form.18

Elemental Carbon.  Chain agglomerates of very small elemental carbon (EC) particles are19

formed during combustion, such as in open hearth fireplaces, wood stoves and diesel engines.20

Organic Carbon.  Several heterogenous categories of organic carbon (OC) compounds are21

also often found in ambient air, as follows:22

� Primary-anthropogenic.  Incomplete combustion also leads to hundreds of organic23

compounds with low enough vapor pressure to be present in the atmosphere as particles,24

including mutagenic species such as some polyaromatic hydrocarbons (PAHs).25

� Secondary-anthropogenic.  Some organic compounds, including aromatics (larger26

than benzene), cyclic olefins and diolefins, and other C7 or higher hydrocarbons, react27

with O3 or OH to form polar, oxygenated compounds with ambient temperature,28

saturation vapor pressures low enough to form particles.29

� Primary biogenic.  Viruses, some bacteria, and plant and/or animal cell fragments may30

be found in the fine mode.31
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� Secondary biogenic.  Monoterpenes, C10 cyclic olefins released by plants, and other1

organic compounds from plants, also react in the atmosphere to yield organic particulate2

matter.3

Trace Elements.  A variety of transition metals and non-metals are volatilized during the4

combustion of fossil fuels, smelting of ores, and incineration of wastes and are emitted as fine5

particles (or vapors which rapidly form fine particles).6

Water.  Sulfates, nitrates, and some organic compounds are hygroscopic, i.e., they absorb7

water and form solution droplets.  A variety of atmospheric pollutant gases can dissolve in the8

water component of the particle.  This provides a possible mechanism for carrying into the lung9

soluble species such as SO2, H2O2, HCHO, etc., which, when in the gas phase, would normally be10

removed in the nose, throat, or upper airways.  The amount of particle-bound water increases as11

the relative humidity increases; relative humidity in the respiratory tract approaches 100%.12

13

8.2.3.2 Coarse-Mode Particulate Matter14

Coarse-mode PM sources are primarily crustal, biological, or industrial in nature.15

Crustal.  Crustal material, from soil or rock, primarily consists of compounds that contain16

Si, Al, Fe, Mg, and K (small amounts of Fe and K are also found among fine-mode particles but17

come from different sources).  In urban areas, much crustal material arises from soil which is18

tracked onto roads during wet periods and is suspended in the air by vehicular traffic.  In rural19

areas, tilling, wind blowing over disturbed soil, or vehicles traveling on unpaved roads can20

generate coarse particles.  Where farms have been treated with persistent pesticides or herbicides,21

these materials may also be present in suspended soil particles.22

Biological.  Biological materials such as bacteria, pollen, spores, and other plant and23

animal fragments are mostly found in the coarse size range (i.e., 2.0 to 10 �m dae for most,24

>20 �m dae for some).25

Industrial.  A variety of industrial operations generate coarse particles.  Examples are26

construction and demolition, open pit mining, grain handling, coal handling, etc.  Also, coal and27

oil combustion generate fly ash which is similar in chemical composition to soil and crustal28

material but can be differentiated by microscopic examination.  In the U.S. almost all fly ash29

from large scale coal and oil combustion is removed by effective particle control technologies.30

31
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8.2.4 Atmospheric Behavior1

Coarse-mode particles are large enough so that the force of gravity exceeds the buoyancy2

forces of the air.  Therefore, large particles tend to rapidly fall out of the air.  Coarse-mode3

particles are also too large to follow air streams, so they tend to be easily removed by impaction4

on surfaces.  The atmospheric half-life of coarse particles depends on their size, but is usually5

only minutes to hours.  However, vigorous mixing and convection, such as occurs during dust6

storms, can lead to longer lifetimes for the smaller size range of coarse-mode particles.7

In contrast, fine-mode particles are small enough that gravitational forces are largely8

overcome by the random forces from collisions with gas molecules.  Thus fine particles tend to9

follow air streams and are typically not removed by impaction (unless the air stream is10

accelerated in a particle sampler).  Accumulation-mode particles are sufficiently larger than gas11

molecules that their diffusion velocity is low.  Removal by dry deposition is inefficient since they12

do not readily diffuse through the boundary layer of still air next to surfaces.  Therefore,13

accumulation-mode particles have very long half-lives in the atmosphere, travel long distances,14

and tend to be more uniformly distributed over large geographic areas than coarse-mode15

particles.  The atmospheric half-life of accumulation-mode particles with respect to dry16

deposition is on the order of weeks.  Removal of accumulation-mode particles occurs when the17

particles absorb water, grow into cloud droplets, grow further to rain drops, and fall out as rain. 18

This process reduces the atmospheric half-life of accumulation-mode particles to a few days.19

Nuclei-mode particles, formed by nucleation of low saturation-vapor-pressure substances,20

tend to exist as disaggregated individual particles for very short periods of time (<minutes) in the21

ambient atmosphere due to rapid aggregation into accumulation- mode particles.  Thus,22

nuclei-mode particles, possibly present in continuously supplied high concentrations near high23

temperature sources, tend to grow rapidly into larger accumulation-mode particles that may be24

dispersed more widely over long distances.25

26

8.2.5 Sources27

The major sources of PM2.5 and PM(10-2.5) components are summarized in Table 8-2.  The28

nature of fine and coarse PM sources are very different.  Fine particulate matter is produced29

mainly by the condensation of gases in the high temperature environment of combustion30

chambers; the condensation of atmospheric precursor gases, some of which may undergo further 31



TABLE 8-2.  CONSTITUENTS AND MAJOR SOURCES OF ATMOSPHERIC PARTICLES

Sources

Primary (PM < 2.5 �m) Primary (PM > 2.5 �m) Secondary PM Precursors (PM < 2.5 �m)

Aerosol species
Natural Anthropogenic Natural Anthropogenic Natural Anthropogenic

SO4
�2

Sulfate

Sea Spray Fossil fuel combustion Sea Spray — Oxidation of reduced sulfur
gases emitted by the oceans
and wetlands; and SO2 and
H2S emitted by volcanism
and forest fires

Oxidation of SO2

emitted from fossil fuel
combustion1

NO3
- — Motor vehicle exhaust2 — — Oxidation of NOx produced

by soils, forest fires, and
lightning

Oxidation of NOx

emitted from fossil fuel
combustion; and in
motor exhaust

Minerals Erosion,
re-entrainment

Fugitive dust; paved,
unpaved roads;
agriculture and forestry

Erosion, re-entrainment Fugitive dust; paved,
unpaved road dust,
agriculture and forestry

— —

NH4
+

Ammonium
— Motor vehicle exhaust2 — — Emissions of NH3 from wild

animals, undisturbed soil
Emissions of NH3 from
animal husbandry,
sewage, fertilized land

Organic carbon 
(OC)

Wild fires Open burning, wood
burning, motor
vehicle exhaust,
cooking

— Tire and asphalt wear,
paved road dust

Oxidation of hydrocarbons
emitted by vegetation,
(terpenes, waxes); wild fires

Oxidation of
hydrocarbons emitted by
motor vehicles, open
burning, wood burning

Elemental carbon
(EC)

Wild fires Motor vehicle
exhaust, wood
burning,  cooking

— — — —

Metals Volcanic activity Fossil fuel
combustion, smelting,
brake wear

Erosion, re-entrainment,
organic debris

— — —

Bioaerosols Viruses, bacteria — Plant, insect fragments,
pollen, fungal spores,
bacterial agglomerates

— —

1Major source of each component shown in boldface type.
2Relatively minor primary source of substance, included only for the sake of completeness.
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reactions in particles; and the condensation of low vapor pressure photochemical reaction1

products.  Coarse particles, on the other hand, are produced mainly by the mechanical processes2

(e.g., wind erosion, tire friction).3

For a variety of reasons, concentrations of aerosol constituents measured at specific4

monitoring sites do not reflect the composition that would be obtained from a straightforward5

application of the emissions shown in Chapter 4.  Although mineral dust, from wind erosion,6

agricultural activities and fugitive dust, represents the largest single category of PM2.5 emissions7

by mass (accounting for 62% of the total), it rarely accounts for more than half of the mass of8

ambient samples.9

In contrast, the results of a number of monitoring studies show that in the eastern and10

central United States, mineral dust contributes less than 10% of PM2.5 and about 15% of PM2.5 in11

the West.  During dust storms in arid regions of the West, the fractional contribution of mineral12

dust to PM2.5 can be much higher.  Sulfate and associated water of hydration constitute a larger13

fraction of PM2.5 in the East than in the West.14

There has been a marked improvement in recent years in the ability of receptor models to15

apportion PM to its sources.  This improvement has come about because of the use of organic16

species (i.e., organic compounds in the OC fraction) as tracers to distinguish among different17

forms of combustion (e.g., gasoline vs diesel fueled vehicles, biomass burning, and meat18

cooking) and even to identify vegetative detritus.  The removal of Pb from gasoline had limited19

the ability of receptor models to apportion PM to mobile sources in the past.  However, the use of20

organic compounds as tracers has been employed in a few studies, mainly in the western United21

States.22

23

8.2.6 Community and Personal Ambient PM Concentrations Exposure24
Relationships25

As discussed in Chapter 5, atmospheric behavior differences between fine-mode and26

coarse-mode particles lead to important differences in relationships between personal exposure to27

these ambient PM constituents and their ambient concentrations measured at a central fixed-site28

monitor.  Fine particles tend to have long atmospheric half-lives, can travel long distances, and29

therefore can result from distant or widely distributed sources.  Evidence from some cities (e.g.,30

Philadelphia), suggest that the concentrations of fine particles may be uniform over large urban31
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areas.  Thus, a PM2.5 measurement at one site may give a reasonable estimate of the fine particle1

concentration across a city or even wider regional areas, assuming the site is not unduly2

influenced by a local source of fine particles.  Ambient coarse particles, however, have more3

localized and variable sources and, because such particles are rapidly removed, their4

concentration decreases with distance from the source and the distribution of PM(10-2.5) may not be5

uniform across a city or region.  Thus, people in one part of a city may experience high6

concentrations of coarse fraction particles on one day while people in a different part of the city7

may experience high concentrations on another day, even though the city-wide average8

concentration may be the same on both days.  This unevenness of coarse mode particle9

distribution across a city may need to be taken into account when assessing health impacts in10

community epidemiological studies.11

A further consideration arises with regard to relationships between ambient (outdoor) PM12

concentrations and personal or indoor exposures to PM of the same AD size.  Because people13

spend most of their time indoors, the particle concentrations indoors tend to dominate personal14

exposures.  However, indoor exposure is due both to particles generated indoors and to ambient15

particles generated outdoors but which have infiltrated indoors.  Major indoor sources of fine16

particles are smoking and cooking.  The major indoor sources of coarse particles are indoor17

activities that resuspend previously settled PM and that stir up and suspend other materials,18

including a variety of biological materials such as mold spores and insect debris.  Household19

cleaning, especially dusting and vacuuming, can dramatically increase indoor coarse particle20

concentrations.  When doors and windows are open, both fine-mode and coarse-mode particles21

will penetrate from outdoors to indoors with little loss in passage.  When doors and windows are22

closed, particle penetration depends on AD size and air exchange rate, with penetration of23

ambient particles to indoor microenvironments decreasing with increasing AD size.  Once24

indoors, particle sizes influence their half-lives in that microenvironment.  Coarse-mode particles25

are rapidly removed by deposition, whereas ultrafine and accumulation-mode particles have26

longer half-lives.  The production of indoor-generated particles is controlled by daily indoor27

activities, which Mage et al. (1999) have shown to be independent of ambient PM28

concentrations.  The exposure to indoor-generated particles will often not be significantly29

correlated with the concentration of ambient (outdoor-generated) particles.  Therefore,30
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time-series epidemiology based on ambient PM measurements is not capable of identifying1

health effects related to indoor-generated particles.2

The various penetration and removal processes for PM can be modeled, and the equilibrium3

ratio of the concentration of ambient particles which have penetrated indoors and remained4

suspended to the concentration of ambient particles outdoors (called the infiltration ratio) can be5

calculated as a function of the air exchange rate, the penetration factor, and the deposition6

removal rates which are a function of particle AD size.  Infiltration ratio calculations, based on7

data from the Particle Total Exposure Assessment Methodology Study (PTEAM), were depicted8

in Figure 13-2 of U.S. Environmental Protection Agency (1996).  As is evident in Figure 5-139

(Chapter 5, this document) the infiltration ratio of sulfate, which is almost completely of outdoor10

origin and expected to be in the fine-mode, is greater than that of PM2.5.  Figure 5-4 (Chapter 5,11

this document) shows that PM2.5, in turn, has a greater infiltration ratio than PM(10-2.5).12

The more uniform distribution of ambient fine-mode particles across a city and the higher13

infiltration ratio for fine particles means that an ambient measure of fine particles at a central site14

may provide a useful estimate of the average exposure of people in the community to fine-mode15

particles of ambient origin.  For example, experimental data on personal exposure to sulfates,16

which are predominantly of outdoor origin and in the fine-mode particle size range, show17

consistently high correlation of total human exposure to sulfate with outdoor central-site18

measurements of ambient sulfates (0.78 < R2 < 0.92) (Figure 5-13).  However, because of the19

non-uniform regional concentrations and lower infiltration ratios, an ambient measure of coarse20

particles, such as PM(10-2.5) at a central site, may not provide nearly as good an indication of21

exposure of people in the community to coarse particles of ambient origin.  Much of the22

time-series epidemiology currently available is based on ambient TSP or PM10 measurements,23

which represent the sum of both fine and coarse (in the case of TSP) or the sum of fine particles24

and the coarse-mode fraction of TSP less than 10 �m AD (in the case of PM10).  In Philadelphia,25

and in some other cities to a lesser extent (where PM10 is not dominated by coarse wind-blown26

dust), it has been shown that TSP and PM10 concentrations correlate better with PM2.527

concentrations than with the coarse fraction of PM10 (PM(10-2.5)).  It is thus possible that the28

observed statistical relationships between various ambient particle indicators and health29

outcomes are largely due to an underlying relationship between fine-mode particles and health30

outcomes, or an undiscovered pollutant highly correlated with ambient PM2.5 concentrations. 31
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This hypothesis is supported by recent epidemiological analyses (e.g., Schwartz et al., 1996) for1

cities where both PM2.5 and PM(10-2.5) data are available.2

3

4

8.3 FACTORS AFFECTING PM DOSIMETRY5

A full characterization of the exposure-dose-response continuum is needed to reduce6

uncertainty in extrapolations from laboratory animals or healthy humans to susceptible humans.7

In the case of PM, this characterization requires understanding of particle deposition and8

clearance, toxicant-target interactions, and tissue responses.9

10

8.3.1 Factors Determining Deposition and Clearance11

Particles are deposited in the respiratory tract by mechanisms of impaction, sedimentation,12

interception, diffusion, and electrostatic precipitation.  Differences in ventilation rates, in the13

upper respiratory tract structure, and in the size and branching pattern of the respiratory tract may14

alter particle deposition.  Air flow in the extrathoracic (ET) region is characterized by high15

velocity and abrupt directional changes and, thus, deposition in this region, especially for PM16

> 1 �m, is mainly by inertial impaction.  However, for ultrafine particles, deposition in the17

ET region is mainly by diffusion although electrostatic precipitation may also play a role.  In the18

alveolar (A) region, deposition by diffusion is important.19

Disposition and retention of deposited particles depends on clearance and translocation20

mechanisms that vary across respiratory tract regions.  Sneezing and nose wiping or blowing and21

mucociliary transport to the gastrointestinal tract via the pharynx are important clearance22

processes for particles deposited in the ET region, whereas coughing, mucociliary transport,23

endocytosis by macrophages or epithelial cells and dissolution and absorption into the blood or24

lymph are important in the tracheobronchial (TB) region.  Endocytosis by macrophages or25

epithelial cells and dissolution and absorption into blood or lymph are important mechanisms in26

the A region.  The fate of a deposited particle depends on the deposition site, physicochemical27

properties of the particle (e.g., solubility), and time.28

Variation in respiratory tract architecture, especially in the smaller conducting airways and29

gas exchange regions, can be critical to the dosimetry of inhaled particles.  Deposition of ambient30

particles in the lung depends in part upon their aerodynamic and physicochemical properties. 31
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Structural changes in the respiratory tract with chronic obstructive pulmonary disease (COPD)1

affect airflow and the aerodynamic behavior of inhaled particles.  In severe COPD, the healthy2

portion of the lung receives more of the tidal volume resulting in some ventilatory units receiving3

a larger particle burden than others.  Kim and Kang (1997) demonstrated greater deposition of4

1 �m particles in people with varying degrees of airway obstruction than in healthy subjects.  The5

increase in deposition was greatest for COPD patients and asthmatics but was also increased for6

smokers.  Svartengren et al. (1994) showed enhanced deposition in asthmatics.  Bennett et al.7

(1997) reported a greater deposition rate (particles/time) in COPD patients and an increased8

ventilation which resulted in a total deposition approximately 2.5 fold greater than in healthy9

adults.  Model simulations also predict that dose expressed in particle numbers per anatomical10

unit would be increased in people with compromised lungs (Miller et al., 1995).  Not only may11

patients with preexisting COPD be susceptible because of an enhanced or altered deposited dose12

pattern, but their disease may also predispose these patients to altered responses to the toxic13

effects of ambient PM.14

Physicochemical characteristics of particles (e.g., particle diameter, distribution,15

hygroscopicity) interact with the anatomic (e.g., branching pattern) and physiologic (e.g.,16

ventilation rate, clearance processes) factors to influence deposition and retention of inhaled17

aerosols.  Two key parameters which characterize size distribution are the MMAD and the �g of18

the particles.  The relative contribution of these anatomic, physiologic, and physicochemical19

properties as well as ambient concentration and exposure duration must be integrated to assess20

overall deposition.21

The influence of the particle size distribution on the fraction of particles deposited in the22

respiratory tract is illustrated in Figure 8-2.  This figure depicts the predicted deposition fractions23

for an adult male, using a typical ventilation pattern, in the alveolar (A), tracheobronchial (TB),24

and thoracic (A + TB) regions.  The difference between total respiratory tract and total thoracic25

deposition fractions represents the extrathoracic (ET) or upper airway deposition fraction.  The26

deposition fraction in the respiratory tract, relative to unit mass concentration in air, is shown for27

particles of different MMAD, in the range of 0.1 to 100 �m, for a geometric standard deviation28

of 1.8.  A recent model simulation considered regional deposition in the respiratory tract regions29

(nasopharyngeal, tracheobronchial, and pulmonary) for the fine and coarse fraction of PM10 for30

both mass and number deposition (Table 8-3).  This simulation is for a healthy person breathing 31
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Figure 8-2. Human respiratory tract PM deposition fraction and PM10 or PM2.5 sampler
collection versus mass median aerodynamic diameter (MMAD) with geometric
standard deviation, �g = 1.8.  Alveolar, tracheobronchial, or total thoracic
deposition fractions predicted for normal augmenter versus mouth breather
adult male using a general population (ICRP66) minute volume activity
pattern and the 1994 ICRP66 model.

150 �g/m3 PM10 (57% PM2.5) for 24-h at varying activity and ventilation patterns.  The results1

indicate the clear dominance of both mass and number of fine mode particles in the pulmonary2

region and the dominance of coarse mode mass in the extrathoracic region.3

Simulations, performed for U.S. Environmental Protection Agency (1996), showed that4

alveolar deposition fraction is fairly uniform for aerosols between 0.5 and 4.0 �m MMAD. 5

Alveolar region deposition increases for particles less than 0.5 �m.  Particles in the 0.3 to 0.5 �m6
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TABLE 8-3.  MODEL SIMULATION CONSIDERING REGIONAL DEPOSITION
FOR FINE AND COARSE PM10 FOR MASS AND NUMBER

Region For PM10 = 150 �g/m3 (57% = PM2.5) 24 h exposure

Mass
Dose

Fine/
Coarse

Fractional Mass Deposited,
�g/day

% of Inhaled Fraction
Mass Deposited

NPL Fine
Coarse

25-51
413-687

1.5%
30%

TBL Fine
Coarse

29-38
50-52

1.5%
   4%

PUL Fine
Coarse

108-194
44-55

6%
2%

Number
Dose

Fine/
Coarse

Fractional Number of
Particles Deposited/day

% of Inhaled Fraction
Number Deposited

NPL Fine
Coarse

5-15 x 108

6-10 x 106
0.06%
13%

TBL Fine
Coarse

2.2-3.1 x 1010

10.7-11.1 x 105
2%
2%

PUL Fine
Coarse

9.3-16.7 x 1010

13.6-17 x 105
9%
3%

NPL = Nasopharyngeal
TBL = Tracheobronchial
PUL = Alveolar - Pulmonary region
Fine = PM2.5

Coarse = PM(10-2.5)

Source:  Venkataraman and Kao (1999)

range undergo the lowest deposition rate in the respiratory tract.  In the aerodynamic range of1

particles (� 1.0 �m MMAD), deposition fraction increases as particle size increases and2

sedimentation and impaction become important deposition mechanisms, especially for larger3

particles (> 5 �m MMAD) in the TB region.  This pattern is altered slightly for mouth breathing4

versus normal breathing, in that mouth breathers have a greater TB deposition of particles larger5

than 2.5 �m (i.e., the coarse fraction of PM10) than they would if breathing PM only via the nose.6

7
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8.3.2 Factors Determining Toxicant-Target Interactions and Response1

Differences in susceptibility can be due to factors influencing deposited and retained2

particle mass or number, toxicant-target interaction, or tissue response.  Deposited particle dose3

may be characterized in terms of particle mass, particle number, or particle surface area.4

Furthermore each of these parameters can be expressed per gram of tissue, per cm2 of respiratory5

tract surface area, or as dose/unit time.  The most suitable metric to characterize a response will6

likely depend upon the mechanism of action of the particle or particle constituent.  The7

biologically-effective dose may be described by particle mass or number deposition alone if the8

particles exert their primary action on the surface contacted (Dahl et al., 1991).  For longer-term9

effects, the deposited dose may not be a useful metric, since particles clear at varying rates from10

the different respiratory tract regions.  When considering the epidemiologic data, dose metrics11

could be separated into two categories, pattern and quantity of acute deposition and the pattern12

and quantity of retained dose.  The deposited dose may be more important for daily mortality,13

hospital admissions, work loss days, etc.  On the other hand the retained dose may be more14

important for chronic responses.15

Many analyses have relied upon the particle mass concentration (�g/m3) breathed by16

exposed individuals.  If relative risk (RR) estimates were calculated based on various internal17

dose metrics (e.g., deposited dose [mass] normalized per unit tracheobronchial or alveolar18

surface area or normalized per critical cell type such as the alveolar macrophage), relationships19

could change.  The fine fraction contains by far the largest number of particles, and those20

particles have a larger aggregate surface area than coarse-mode particles.  Retardation of alveolar21

macrophage phagocytosis due to particle overload appears to be better correlated with particle22

surface area than particle mass (Morrow, 1988; Oberdörster et al., 1995a,b).  Also, ultrafine23

particles have been shown to be less effectively phagocytosed by macrophages than larger24

particles (Oberdörster et al., 1992a,b).25

Figure 8-3 presents an example which illustrates the complexities of considering PM26

“dose” using different metrics (e.g., such as mass, surface area, and number of particles).  For the27

accumulation mode, which constitutes about 40% of the total mass in the illustrated sample, the28

geometric mean for the volume distribution, DGV, equivalent to the volume median diameter, is29

0.31 �m.  When the median diameter is expressed in terms of surface area, or count, the30

respective median diameters of the accumulation mode are 0.19 �m and 0.07 �m.  By far the 31
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Figure 8-3. Distribution of coarse (c), accumulation (a), and nuclei or ultrafine (n) mode
particles by three characteristics:  volume (V), surface area (S), and number
(N) for the grand average continental size distribution.  DGV = geometric
mean diameter by volume; DGS = geometric mean diameter by surface area;
DGN = geometric mean diameter by number; Dp = geometric diameter.

Source:  Whitby (1978).
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largest number of particles are contained in the nuclei mode, which is inconsequential in terms of1

mass.  The composition of the particles in each mode is different, as are their hygroscopicity,2

solubility, translocation pathways, and toxicity.3

How could particle size be important in biological activity?  The mass of the particle may4

be important if the mechanism of action of the particle is related to its persistence.  Larger5

particles will typically take longer to dissolve or to be degraded enzymatically.  If presentation of6

active groups to cell surfaces by less soluble particles is important in the mechanisms of action,7

then the total surface area of the particles should be important.  The largest aggregate surface area8

is in the accumulation mode.  Biological effects on epithelial cells or macrophages may depend9

on the number of cell surface receptors that are contacted or the number of particles ingested by a10

phagocytic cell.11

12

8.3.3 Construction of Exposure-Dose-Response Continuum for PM13

Toxicological data in laboratory animals typically can aid the interpretation of human14

clinical and epidemiological data because these studies provide concentration- and duration-15

response information on a more complex array of effects and exposures than can typically be16

evaluated in humans.  However the use of laboratory animal toxicological data has typically been17

limited because of difficulties in quantitative extrapolation to humans.  The various species used18

in inhalation toxicological studies do not receive identical doses in comparable respiratory tract19

regions (ET, TB, A) when exposed to the same aerosol (same composition, mass, concentration,20

and size characteristics).  Furthermore, a number of recent toxicological studies of in vivo PM21

effects use intratracheal instillation, which is problematic in terms of extrapolation to inhalation22

in humans.  Such interspecies and methodological  differences are important because the adverse23

toxic effects are likely related more to the quantitative pattern of deposition within the respiratory24

tract than to the exposure alone; this pattern determines not only the initial respiratory tract tissue25

dose, but also the specific pathways by which the inhaled particles are cleared and redistributed.26

Another difficulty in elucidating the exposure-dose-response continuum using laboratory27

animal data is that different endpoints are typically assayed in the laboratory animals and the28

relationship of these endpoints to the human health outcomes have not been established. 29

Epidemiological studies evaluate endpoints such as illness, hospital admissions, and emergency30

room/doctor visits; homologous biochemical or pathological endpoints in laboratory animal31
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models are unknown.  However, a growing number of newer PM laboratory animal studies have1

been performed on compromised animal models and, increasingly, human clinical studies are2

examining the responses of older adults and those with cardiac or pulmonary disease.3

In summary, until the mechanism(s) of action for effects induced by ambient PM or its4

important constituents can be more definitively characterized, the linkage between exposure and5

response provided by dosimetry cannot be considered quantitative.  Thus, any insights to be6

derived from dosimetry will be limited until the dose metrics that correlate well with PM7

mechanism(s) of action are determined.8

9

10

8.4 EXPANDING EPIDEMIOLOGIC INFORMATION ON HEALTH11
EFFECTS OF PARTICULATE MATTER12

8.4.1 Introduction13

The purpose of this section is to update the most recent previous assessment (U.S.14

Environmental Protection Agency 1996) of the information on human health epidemiology15

studies of effects of exposure to ambient PM.  This includes assessment of new scientific16

evidence in the following areas by:  (1) reporting the strengths and limitations of the available17

epidemiologic findings, particularly those that tend to support or to refute the findings previously18

reported; (2) assessing the biomedical significance and the coherence of the new studies,19

including aspects of human exposure to ambient PM and biological consequences of such20

exposure; (3) evaluating the plausibility of inferences about the relationship(s) between human21

health and ambient PM exposure based on aerometric studies, exposure assessments, studies of22

deposited PM dose, and studies on mechanisms of toxicity; (4) assessing the extent to which23

adverse health effects may be attributable to PM and to other environmental factors, with24

particular attention to PM size fractions, sources, or specific chemical components;25

(5) quantifying the relationships between ambient PM concentrations and adverse health effects26

in susceptible sub-populations at different time scales, where epidemiologic and toxicologic27

evidence supports such quantification.  Table 8-4 summarizes some of this information for fine28

and coarse mode particles.29

In recent years, many epidemiologic studies have shown associations of short-term ambient30

air pollution exposure with mortality, exacerbation of pre-existing illness, and physiologic 31
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TABLE 8-4.  FINE AND COARSE MODE:  EXPOSURE, DEPOSITION,
EPIDEMIOLOGY, AND BIOLOGICAL EFFECTS

FINE MODE PARTICLES
(FMP)

COARSE MODE PARTICLES
(CMP)

EXPOSURE Ambient monitor representative
of personal exposure to FMP
mass

Ambient monitor not as
representative of personal exposure
to CMP mass

LUNG DEPOSITION1

Mass:
AL deposition exceeds combined
NP and TB deposition by two
fold.  Approximately 9% of
inhaled mass is deposited

AL deposition is about half of TB
deposition.  NP deposition about 5x
(AL + TB).  Approximately 35% of
inhaled particles are deposited

Number: Responsible for 
> 99% alveolar,
> 99% TB

Responsible for 
< 1% alveolar,
< 1% TB

Particles/macrophage: > 99% < 1%

EPIDEMIOLOGY
Acute:  Increase in daily mortality

2% per increase of 10 �g/m3.
Statistically significant

0.5% or less per increase of
10 �g/m3.  Often not statistically
significant

Chronic:  Decrease in life span

Relationship statistically
significant

Relationship not statistically
significant

INITIATORS OF
BIOLOGICAL EFFECTS
(Hypotheses, Speculation)

Strong acidity, transition metals,
ultrafines, dissolved gases

Silica, biological substances: spores,
insect and plant fragments

NP - Nasopharyngeal
TB - Tracheobronchial
AL - Alveolar

1Venkataraman and Kao (1999)

changes.  These studies have increased concern as to whether ambient air pollution exposure1

can promote, and perhaps even produce, harmful health outcomes, even when pollutant2

concentrations are at or below current U.S. air quality standards.3
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The epidemiologic database regarding short-term ambient air pollution exposure is growing1

rapidly, and its interpretation is evolving with insights from the new data.  As recently as the2

mid-1990's, many epidemiologic studies had reported associations of mortality and exacerbation3

of pre-existing disease with ambient levels of PM, some of which had not only demonstrated4

significant PM associations in single (PM) or multipollutant models but also had investigated or5

reported such associations with gaseous pollutants (including CO and O3).  Since then, a growing6

number of epidemiologic studies have given more thorough consideration to both PM and7

gaseous pollutants, and many have frequently observed positive, statistically significant8

associations of harmful effects with both.  Thus, although associations of PM with harmful9

effects continue to be observed consistently across most of the new studies, the newer findings10

appear to complicate further the task of trying to sort out relative contributions to the observed11

epidemiologic associations of (a) PM acting alone; (b) PM acting in combination with gaseous12

co-pollutants; (c) the gaseous pollutants per se; or (d) the overall ambient pollutant mix.  With13

considerable new experimental evidence also in hand, and after more analysis of this issue, it is14

possible to hypothesize ways in which ambient exposure to multiple air pollutants (including not15

only PM acting alone but also in combination with others) could plausibly be involved in the16

complex chain of biological events leading to harmful health effects in the human population.17

In epidemiologic studies of ambient air pollution, small positive estimates of air pollutant18

health effects have been observed quite consistently.  These estimates have frequently been19

statistically significant at ��0.05.  If ambient air pollution actually promotes or produces harmful20

health effects, relatively small effect estimates from current PM concentrations in the U.S. and21

many other countries would generally be expected on biological and epidemiologic grounds. 22

Also, the magnitudes and significance levels of observed air pollution-related effects estimates23

have varied somewhat from place to place.  This would also be expected if the observed24

epidemiologic associations denote actual effects, because, not only would the complex mixture25

of PM vary from place to place but also the affected populations may also differ in characteristics26

that could affect susceptibility to air pollution health effects.  These characteristics include27

demographic and socioeconomic factors, underlying health status, indoor-outdoor activities, diet,28

medical care systems and access to them, and exposure to risk factors other than ambient air29

pollution, such as extreme weather conditions.30
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Thus, although it has been argued that the observed effects estimates for ambient air1

pollution are not sufficiently constant across epidemiologic studies and that epidemiologic2

studies are trustworthy only if they show relatively large effects estimates (e.g., large relative3

risks), these arguments have only limited weight in relation to ambient air pollution studies. 4

Also, in any large population exposed to ambient air pollution, even a small relative risk for a5

widely prevalent health disorder could calculate to a substantial public health burden attributable6

to air pollution exposure.7

The ambient atmosphere contains numerous air pollutants, and it is important to continue to8

recognize that health effects associated statistically with any single pollutant may actually be9

mediated by multiple components of the complex ambient mix.  Specific attribution of effects to10

any single pollutant may therefore be overly simplistic.  PM is one of many air pollutants derived11

from combustion sources, including mobile sources.  These pollutants include PM, CO, sulfur12

oxides, nitrogen oxides, and ozone, all of which have been considered in various epidemiologic13

studies to date.  Numerous volatile or semivolatile organic compounds are also emitted by14

combustion sources or formed in the atmosphere, which have not yet been systematically15

considered in relation to the non-cancer health outcomes usually associated with exposure to16

criteria air pollutants.  In many of the newly available epidemiologic studies, harmful health17

outcomes are often associated with multiple combustion-related or mobile source-related air18

pollutants, and some investigators have raised the possibility that PM may be a surrogate or19

marker for a larger subset of the overall ambient air pollution mix.  However, others have20

reserved judgment on this issue, and many, including the National Research Council (National21

Research Council, 1998, 1999), have emphasized the need for further research on PM in order to22

better address this issue.23

As discussed above, small health effects estimates have generally been observed for24

ambient air pollutants, and small effects would indeed be expected on biological and25

epidemiologic grounds.  In contrast to effects estimates derived for the 1952 London smog26

episode with RR > 4 for extremely high (�2 mg/m3) ambient PM concentrations, effects27

estimates in most current epidemiology studies at distinctly lower PM concentrations (often28

�200 to 500 �g/m3) are small and the statistical estimates (a) are more often subject to relatively29

small (but proportionately large) differences in estimated effects of PM and other pollutants,30

(b) may be sensitive to a variety of methodological choices; and (c) may sometimes not be31
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statistically significant, reflecting low statistical power of the study design to detect a small but1

real effect.2

It seems likely that pollutant effects estimates in multi-pollutant models would be more3

biologically and epidemiologically sound than those in single-pollutant models, although it is4

conceivable that single pollutant models might also be credible if independent biological5

plausibility evidence supported designation of PM or some other single pollutant as likely being6

the key toxicant in the ambient pollutant mix being evaluated.  However, neither of these7

possibilities have been convincingly demonstrated, and scientific consensus as to optimal8

modeling strategies for time series air pollution studies has not yet been achieved.  Therefore, the9

choice of effects estimates to employ in risk assessments for short-term ambient air pollution10

effects remains open to question.11

In available studies, statistical uncertainty has generally been assessed rather superficially,12

without formal consideration of the model tuning performed by the investigators.  For example,13

lag times and averaging times for air pollutant metrics have usually been selected to maximize14

statistical effects estimates for pollutants.  This technique may have led not only to unrealistically15

large reported effects estimates, but also to inappropriately narrow confidence intervals.  In future16

studies, uncertainty arising from model tuning should be more carefully assessed.  In this effort,17

resampling or simulation procedures, which would recreate the entire model estimation process,18

should be considered.19

Exacerbation of heart disease has been epidemiologically associated not only with ambient20

PM, but also with other combustion-related ambient pollutants such as NO2 and CO.  Thus, the21

quantitation of the proportion of risk for such exacerbation specifically attributable to ambient22

PM exposure is unclear.  Recent studies, e.g. concentrated ambient particle studies (CAPS), have23

demonstrated cardiovascular effects in response to ambient particle exposures and studies24

utilizing other techniques have also produced various results suggesting some plausible25

mechanisms for cardiovascular effects.  However, much remains to be resolved with regard to26

delineation of dose-response relationships for the induction of such effects and the extrapolation27

of such to estimate effective human equivalent exposures to ambient PM (or specific constituent)28

concentrations.29

If observed associations of ambient PM with heart disease exacerbation prove to be causal30

and specific to PM, they would be of genuine public health concern.  In the U.S. in 1997, there31
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were about 4,188,000 hospital discharges with heart disease as the first-listed diagnosis1

(Lawrence and Hall, 1999).  Among these, about 2,090,000 (50%) were for ischemic heart2

disease, 756,000 (18%) for myocardial infarction or heart attack (a subcategory of ischemic heart3

disease), 957,000 (23%) for congestive heart failure, and 635,000 (15%) for cardiac4

dysrhythmias.  Also, there were 726,974 deaths due to heart disease (Hoyert et al., 1999).  Even a5

small percentage reduction in admissions or deaths due to heart disease would predict a large6

number of avoided cases.7

Many investigators have also observed associations of short-term fluctuations in ambient8

PM with daily frequency of respiratory illness.  In most cases, exacerbation of pre-existing9

respiratory illness has been assessed, though some cases of acute respiratory infection may be10

considered as occurrence of new illness, especially in young people.  Symptoms of acute11

respiratory distress in children have been linked to elevated PM concentrations in studies in the12

U.S. and other countries, with asthmatics apparently more susceptible than non-asthmatics. 13

However, some studies have also found associations between child respiratory symptoms or14

reduced lung function and other pollutants (such as O3) in addition to PM, or no significant15

relationship with air pollution.  The credibility of ambient PM plausibly being linked to16

exacerbation of pre-existing respiratory disease (e.g., asthma) is enhanced by newly reported17

dosimetry study results noted earlier, which show greater lung deposition of 1 �m particles in18

people with varying degrees of airway obstruction than in healthy subjects.  The increased19

deposition was greatest for COPD patients and asthmatics, but smokers also showed increased20

deposition as well.21

In the United States in 1997, there were 3,475,000 hospital discharges for respiratory22

diseases; 38% for pneumonia, 14% for asthma, 13% for chronic bronchitis, 8% for acute23

bronchitis, and the remainder not specified (Lawrence and Hall, 1999).  Of the 195,943 deaths24

due to respiratory diseases, 44% were due to acute infections, 10% for emphysema and25

bronchitis, 2.8% for asthma, and 42% for unspecified COPD (Hoyert et al., 1999).26

A small number of recent studies have identified young infants as an additional subgroup27

potentially at risk from PM exposures.  Effects may include intrauterine growth reduction or low28

birth weight, known to be infant health risk factors, as well as excess infant mortality.  Some29

studies have found that PM is not as good a predictor of these endpoints as other pollutants, such30

as CO for example.31
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The epidemiologic evidence has expanded greatly in quantity, increasing the number and1

quality of both reported positive findings and some null or negative findings.  The most2

important additions to the database assessed in the 1996 PM AQCD (as evaluated in Chapter 6 of3

this document) are:4

– More studies of health endpoints using ambient PM10 and closely related mass5

concentration indices (e.g., PM13 and PM7), which lessen the need to rely on non-gravimetric6

indices (e.g., BS or CoH);7

– New studies on a variety of endpoints for which information on the ambient coarse PM8

fraction (PM(10-2.5)), the ambient fine particle fraction (PM2.5), and even ambient ultrafine particle9

mass concentrations (PM0.1 and smaller) were observed or estimated from site-specific10

calibrations, with somewhat mixed results.  Also, a few new studies in which the relationship of11

some health endpoints to ambient particle number concentrations were evaluated;12

– Many new studies which evaluated the sensitivity of estimated PM effects to the13

inclusion of gaseous co-pollutants in the model;14

– Preliminary attempts to evaluate the effects of air pollutant combinations or mixtures15

including PM components, based on empirical combinations (e.g., factor analysis) or source16

profiles;17

– New studies of infants and children as a potentially susceptible population;18

– New studies of cardiovascular endpoints with particular emphasis on assessment of19

cardiovascular risk factors as well as symptoms;20

– Studies on asthma and other respiratory conditions exacerbated by PM exposure.21

The new studies are discussed below from the point of view of the aspects (1-5) listed in the first22

paragraph of this section.23

24

8.4.2 Strengths and Limitations of Newly Available Daily Time-Series Studies25

The new studies show a somewhat greater diversity of findings than in U.S. Environmental26

Protection Agency (1996), shifting attention to the possibility of a multiplicity of PM health27

effects (and perhaps some non-effects) being associated with PM of different size ranges or28

chemical composition in a variety of different environmental contexts.  While a number of daily29

time-series studies continue to show significant excess mortality or hospital admissions30

associated with PM10 or PM2.5 exposure, some other credible new studies show smaller31
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non-significant (but positive) associations with ambient PM, whereas a few others report some1

negative associations.2

These differences are often found in multiple-city studies in which the investigators used3

the same analytical strategies, and models adjusted for the same or similar co-pollutants and4

meteorological conditions, raising the possibility of different findings being attributable to5

statistical variability.  Examples of newly reported multiple-city studies include the APHEA6

mortality studies in several European cities (Katsouyanni et al., 1997; Zmirou et al., 1998),7

mortality in the three Wasatch Front SMSAs in Utah (Pope et al., 1999), mortality in Seoul and8

Ulsan, Korea (Lee et al., 1999), and hospital admissions in eight U.S. counties (Schwartz, 1999). 9

Findings of some apparent different effects between the adjacent “Twin Cities” of Minneapolis10

and St. Paul, and between the nearby cities of Seattle and Tacoma (Schwartz et al., 1999) suggest11

that some components of variability may not be adequately explained by the statistical models, or12

that differences in adverse health effects attributable to PM may exist at a sub-regional scale. 13

Differences between findings for Western European cities (with relatively high and statistically14

significant mortality), and for Central-Eastern European cities (with little indication of excess15

mortality) are most likely attributable to differences in the PM index used and/or differences in16

implementation of the analytical strategy, although statistical variability cannot be entirely ruled17

out.  The large 20-city and 100-city NMMAPS studies of mortality in U.S. cities now in progress18

are expected to provide further useful information about (a) the relative importance of PM in the19

presence of varying ambient co-pollutants and (b) between-region and within-region differences.20

21

8.4.3 Combining Results from Hospital Admissions Studies22

Questions about the proper way to combine information from diverse studies need to be23

considered.  It is clear that combined analyses of independent studies at different locations are the24

most appropriate for meta-analyses, especially when carried out by the same team of researchers,25

using common methods for data collection and analysis.  Independent studies from different26

investigators, reporting the same endpoints for the same exposure metrics, are next most useful. 27

Many studies for hospital admissions data are discussed in Section 6.2.3.  Table 6-19 shows28

21 studies of hospital admissions at various locations related to PM10.  Some studies were29

adjusted for two or more co-pollutants, with results shown for PM10 RR with O3 as a30

co-pollutant, whereas other studies were not adjusted for O3.  Some studies in the same city31
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report two or more different endpoints, some studies report results for two or more cities using1

the same or similar methods, and sometimes the same city is analyzed by different investigators,2

e.g., all-ages respiratory disease in Toronto in Thurston et al. (1994) and Burnett et al. (1997a,b). 3

Consequently, the combined analyses in Table 6-21 involve a smaller number of cities within the4

same respiratory hospital admissions category and age sub-group:  all-age respiratory admissions5

and asthma admissions, elderly admissions for all respiratory admissions, pneumonia, and6

COPD, with smaller numbers yet for the multi-pollutant models.7

Both the single-pollutant models and two-pollutant combined analyses show positive RR8

associated with PM10, statistically significant in four of the five endpoints.  In two-pollutant9

models with PM10 and O3, PM10 RR ranged from 1.02 (not significant) for all-ages asthma10

admissions to 1.12 for all respiratory admissions and 1.14 for elderly COPD.  Tables 6-20 and11

6-22 show similar findings for SO4
�2 as the PM metric, with fewer endpoints.  The SO4

�2 results12

are positive and significant for all-ages respiratory admissions in single-pollutant and13

two-pollutant models.14

New PM10 studies emphasizing cardiovascular outcomes are also described, but are not15

integrated with the findings for respiratory hospital admissions.  A quantitative synthesis across16

eight U.S. counties reported by Schwartz (1999) shows a statistically significant relative risk of17

2.48 per 25 �g/m3 (6.15 �g/m3 per 50 �g/m3 PM10) for hospital admissions for heart disease, in a18

model that also includes CO as a co-pollutant; the CO effect was also positive and significant. 19

Schwartz’s U.S. meta-analyses for cardiovascular disease admissions do not include results from20

Canada (Burnett et al., 1997a,b; 1999) or Morris and Naumova’s (1998) Chicago findings.  The21

results are quantitatively consistent with elevated risk of hospital admission for heart disease,22

especially in elderly populations exposed to PM10.23

Meta-analyses for mortality studies have been reported for the APHEA studies in Europe24

(Katsouyanni et al. 1997; Zmirou et al., 1998).  No recent meta-analyses for mortality have been25

reported for U.S. cities.  The Zmirou et al. (1998) study tends to support findings of significant26

excess cardiovascular and respiratory mortality associated with PM (as BS) exposure in western27

European cities, but not in Central-Eastern European cities.  These results, and earlier single-city28

results of daily-time series studies, also find some evidence for effects on total mortality and29

cause-specific mortality in many (but not all) U.S. cities, and are consistent with the findings of30

the combined hospital admissions studies.31
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8.4.4 Strengths and Limitations of Prospective Cohort Studies1

The estimation of effects associated with long-term exposure to PM was discussed in some2

detail in the previous PM AQCD (U.S. Environmental Protection Agency, 1996).  The Harvard3

Six Cities Study (Dockery et al., 1993), the American Cancer Society data base (ACS) Study4

(Pope et al., 1995), and the Adventist Health Study of Smog in California (AHSMOG (Abbey5

et al., 1991, 1995) all used the prospective cohort study design.  In this design, a cohort of6

individuals is recruited at the beginning of the study and followed for a long period.  Individual7

subject data are collected at the beginning of the study, and may or may not be updated during8

followups.  Whenever the health outcome of interest occurs, its time of occurrence is recorded. 9

Data analysis compares time to occurrence of the outcome in subjects with different levels of air10

pollution exposure.  These studies are not always designed to be representative of a certain11

population; they may depend on recruiting volunteers, some of whom may live in the same12

household or may choose to participate because their friends and relatives participate.  Greater13

randomization may be possible within focused sub-populations, as in AHSMOG.14

The shortcomings of this study design in available air pollution studies were discussed in15

U.S. Environmental Protection Agency (1996).  The most important are:  (1) community-level16

concentrations measured at SAM; (2) exposure metrics in the Six Cities and ACS Studies were17

limited to long-term averages; (3) adjustments for co-pollutants were often not made;18

(4) important personal covariates may have been omitted; and (5) important personal covariates19

may have changed during the course of the study.  The Six Cities and ACS Studies found rather20

similar effects of PM2.5 or SO4
�2 between the most and least polluted cities in the study, for both21

sexes, including substantially larger effects of PM on total and cardiopulmonary mortality than in22

the daily mortality studies, and suggested an elevated lung cancer risk.  New analyses of the23

Harvard Six Cities and ACS Studies, sponsored by the Health Effects Institute, are expected to24

evaluate the sensitivity of the findings to alternate model specifications, inclusion of other25

personal risk factors, and inclusion of co-pollutants when feasible. 26

New results from the AHSMOG study (Beeson et al., 1998; Abbey et al., 1999) are27

somewhat different, as discussed in section 6.3.3.  No excesses were found for long-term PM28

exposure (nor almost any other pollutant) for females for almost all mortality endpoints.  There29

was a very strong relationship between PM10 and mortality in males for two causes of death:30

(1) death from any nonmalignant contributing respiratory cause in the death certificate (as31
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opposed to the first-listed cause in the other prospective cohort studies); and (2) lung cancer. 1

Males also had a significantly increased incidence of diagnosed lung cancer, but females did not.2

The results are summarized in the following Tables, 8-5 to 8-7.  These data show the3

relative risks of total mortality, cardiopulmonary mortality, and lung cancer, by sex and smoking4

status, for the three prospective cohort studies.  The AHSMOG subjects are included with5

never-smokers, although some past smokers may be misclassified.  Smoking status is also6

subject to mis-classification in the other studies.  The statistically most significant results are in7

the ACS Study, due to the much larger sample sizes than in the other two studies.8

9

10

TABLE 8-5.  RELATIVE RISK (RR) OF TOTAL MORTALITY IN THREE
PROSPECTIVE COHORT STUDIES, BY SEX AND SMOKING STATUS

SEX SMOKING STATUS STUDY PM INDEX PM INC.1 RR RR LCL RR UCL

F NON-SMOKER Six Cities PM10 50 1.280 0.704 2.345

ACS PM2.5 25 1.215 1.020 1.440

SO4 15 1.147 1.045 1.261

AHSMOG PM10 50 0.879 0.713 1.085

PAST Six Cities PM10 50 1.999 0.704 5.632

PAST + CURRENT ACS PM2.5 25 1.102 0.898 1.338

SO4 15 1.104 0.977 1.240

CURRENT Six Cities PM10 50 1.442 0.719 3.166

M NON-SMOKER Six Cities PM10 50 1.568 0.674 3.678

ACS PM2.5 25 1.245 1.000 1.554

SO4 15 1.104 0.977 1.247

AHSMOG PM10 50 1.242 0.955 1.616

PAST Six Cities PM10 50 1.611 0.930 2.825

PAST + CURRENT ACS PM2.5 25 1.164 1.051 1.297

SO4 15 1.104 1.037 1.176

CURRENT Six Cities PM10 50 1.858 1.090 3.166

Sources:  Dockery et al. (1993); Pope et al. (1995); Abbey et al. (1999).
1PM increment in �g/m3
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TABLE 8-6.  RELATIVE RISK (RR) OF CARDIOPULMONARY MORTALITY IN
THREE PROSPECTIVE COHORT STUDIES, BY SEX AND SMOKING STATUS

SEX SMOKING STATUS STUDY PM INDEX PM INC. RR RR LCL RR UCL

F NON-SMOKERS ACS PM2.5 25 1.585 1.235 2.039

SO4 15 1.316 1.147 1.518

AHSMOG PM10 50 0.841 0.639 1.107

AHSMOG - CRC PM10 50 1.219 0.739 2.011

PAST + CURRENT ACS PM2.5 25 1.276 0.918 1.760

SO4 15 1.219 1.008 1.465

M NON-SMOKERS ACS PM2.5 25 1.245 0.929 1.668

SO4 15 1.205 1.023 1.412

AHSMOG PM10 50 1.219 0.862 1.616

AHSMOG - CRC PM10 50 1.537 0.879 2.688

PAST + CURRENT ACS PM2.5 25 1.235 1.061 1.440

SO4 15 1.126 1.037 1.233

F+M ALL Six Cities PM10 50 1.744 1.202 2.501

Sources:  Dockery et al. (1993); Pope et al. (1995); Abbey et al. (1999).

The only significant Six Cities finding in Table 8-5 is for male current smokers; the1

AHSMOG subjects have similar RR for total mortality as the ACS and Six Cities Studies.2

A similar finding in shown in Table 8-6 for cardiopulmonary mortality (no Harvard Six Cities3

data available by sex), with ACS results significant for non-smokers and smokers in both sexes,4

and AHSMOG males similar to ACS non-smoking males (though not significant).  Lung cancer5

mortality is not significant for females in any study in Table 8-7, but male lung cancer is highly6

significant for AHSMOG non-smokers and for ACS smokers in the 151-city study (SO4).7

All of these long-term studies report many statistically significant findings associated with8

long-term mean PM concentrations.  The AHSMOG study also reports more significant and9

larger relationships with a different PM metric, the mean number of days in the a year in which10

PM10 levels exceed 100 �g/m3 (or some other level).  Due to the small number of prospective11

cohort studies, the differences in findings by sex and smoking status, and the “patchy” pattern of12
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TABLE 8-7.  RELATIVE RISK (RR) OF LUNG CANCER MORTALITY IN THREE
PROSPECTIVE COHORT STUDIES, BY SEX AND SMOKING STATUS

SEX SMOKING STATUS STUDY PM INDEX PM INC. RR RR LCL RR UCL

F NON-SMOKERS ACS PM2.5 25 0.644 0.203 2.091

SO4 15 1.432 0.731 2.800

AHSMOG PM10 50 1.808 0.343 9.519

PAST + CURRENT ACS PM2.5 25 0.949 0.563 1.595

SO4 15 1.074 0.781 1.479

M NON-SMOKERS ACS PM2.5 25 0.483 0.086 2.714

SO4 15 1.261 0.501 3.190

AHSMOG PM10 50 12.385 2.552 60.107

PAST + CURRENT ACS PM2.5 25 1.123 0.827 1.533

SO4 15 1.316 1.104 1.577

F+M ALL Six Cities PM10 50 1.744 0.689 4.390

ACS PM2.5 25 1.031 0.796 1.338

SO4 15 1.261 1.082 1.465

Sources: Dockery et al. (1993); Pope et al. (1995); Abbey et al. (1999).

comparisons shown in Tables 8-5 to 8-7, a quantitative meta-analysis does not seem to be1

feasible at this time.  Reanalyses of the Harvard Six Cities and ACS Studies by HEI may report2

the results in a form that facilitates comparison with the AHSMOG findings.3

4

8.4.5 Evaluating the Coherence of the New Studies5

Aspects of coherence (Bates, 1992) were discussed in detail by U.S. Environment6

Protection Agency (1996).  Determination of coherence involves assessment of the entire body of7

epidemiology studies, as well as supporting medical and toxicological data, for consistency8

across a variety of health outcomes by repeated observation in different populations of9

individuals, under different circumstances of duration and level of ambient PM concentration,10

and in different places.  The adverse health effects associated with PM are:  (1) lung function11

decrements; (2) respiratory symptoms, or exacerbation of symptoms requiring bronchodilator12
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therapy; (3) hospital admissions for respiratory and cardiovascular causes; (4) emergency medical1

visits; and (5) death largely from cardiopulmonary causes in the elderly.  None of the currently2

available time series studies are based on a temporal sequence of these outcomes in single3

individuals.  Panel studies of respiratory symptoms have assessed the repeated occurrence of4

symptoms in individuals, but not at the progression of, for example, repeated respiratory5

symptoms into hospital admissions, or repeated hospital admissions into cardiopulmonary6

mortality.  Indeed, the extent to which this progression occurs in the population is uncertain. 7

While some studies are currently underway that will examine large public health data bases, no8

preliminary results have been published.  It is therefore necessary to look at indirect indicators of9

the quantitative consistency at a group level.10

For example, from asthmatic panel studies, it is apparent that mild asthmatics selected for11

study are seldom hospitalized; their asthma symptoms can largely be controlled by medication. 12

They may be sufficiently mild that changes in pulmonary function or occurrence of symptoms13

can be detected and self-treated.  Although less likely to be selected to participate in panel14

studies, moderate to severe asthmatics are more likely to go to a hospital or emergency15

department for asthmatic episodes.  There is no clear evidence that ambient PM concentrations16

are associated with a progression from mild to severe asthmatic symptoms as studied; mild and17

severe asthmatics appear to be distinct sub-groups.18

It is by no means self-evident that the numbers of events on some appropriate baseline of19

time and reference group will follow a sequence of:  lung function decrements > respiratory20

symptoms > ER visits > hospital admissions > death.  There are many causes other than PM for21

each of these endpoints.  For example, lung function decreases with age and chronic respiratory22

illness and is affected by cigarette smoking and exposure to occupational air pollution. 23

A number of studies have found an association of mortality with reduced lung function24

(Strachan, 1992; Higgins and Keller, 1970).  Strachan (1992) notes that little is known about the25

constitutional or environmental determinants of lung function decline.  Longitudinal studies such26

as the Harvard Six Cities Study might possibly be used to evaluate a hypothetical causal27

pathway.  Ambient PM concentration � PM exposure � FEV1 decrease � death in28

individuals.  The decline of FEV1 may be either a precursor of ambient-PM-induced health29

effects, or an independent factor in susceptibility to air pollution effects leading to hospital30

respiratory admissions or mortality.  The relationship of declines of lung function with death is31
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that a decline in FVC or FEV1, is prognostic mainly in the later stages of CHF or COPD.  This1

does not necessarily imply that modest declines in healthy people will be prognostic of life2

shortening.3

The relationship of hospital admissions and mortality in independent studies has been4

studied.  Hospital admissions may be affected by health status as well as by environmental5

factors.  For an individual, the relationship of prior hospital admissions to mortality is uncertain. 6

In general non-environmental studies (Seneff et al., 1995), hospitalization in the preceding few7

months or year is a good predictor of subsequent hospital admissions or death.  The major risk8

factor for subsequent death was the development and severity of non-respiratory organ system9

dysfunction.  Medical intervention is typically provided to the most seriously ill individuals, but10

if these interventions reduce the likelihood of death associated with elevated ambient PM11

concentration and exposure, then it is possible that many of the deaths attributed to ambient PM12

may occur in a less frequently hospitalized population.  Consistency would be suggested if there13

were more cause-specific hospital admissions than deaths from respiratory or cardiovascular14

causes as described in U.S. Environmental Protection Agency (1996).15

The results of peak flow analyses in acute asthma studies consistently show small16

decrements for both PM10 and PM2.5.  This was observed for both morning (AM) and afternoon17

(PM) peak flow.  Most studies showed increases in cough, phlegm, difficulty breathing, and18

bronchodilator use, although these increases were generally not statistically significant.  The19

results for nonasthmatic groups of the acute peak flow analyses consistently show small20

decrements for increases in PM10, similar to those found for asthmatics.  The results of the21

chronic morbidity studies are not consistent.  Some studies show effects for some endpoints, but22

other studies fail to find the same effects.  It is generally more difficult to find a gradient in long23

term exposures than for short term exposure studies.  For this reason, it is not surprising that the24

long-term studies show less consistency than the acute studies.25

The results of recent studies of the association of PM mass with hospital admission are26

generally consistent with and supportive of the studies presented in U.S. Environmental27

Protection Agency (1996).  Moreover, mathematical syntheses of multiple hospital admissions28

studies for the various age and disease categories were conducted as part of this current29

assessment.  Statistically significant and reasonably consistent RR effect sizes (i.e., within their30
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respective confidence intervals) were generally found across admissions categories for both PM101

and SO4
�2.2

A review of the studies summarized in U.S. Environmental Protection Agency (1996)3

indicated that previously-available epidemiologic studies of chronic PM exposures collectively4

indicated increases in mortality to be associated with long-term exposure to airborne particles of5

ambient origin.  The PM effect size estimates for total mortality from these studies also6

suggested that a substantial portion of these deaths reflected cumulative PM impacts above and7

beyond those exerted by acute exposure events.8

The new AHSMOG study (Abbey et al., 1999) provides all-cause mortality RR estimates9

for adult males that are quantitatively and qualitatively consistent with prior semi-individual10

studies, especially the Six Cities Study.  Extensive new by-gender, by-cause, and multiple11

pollutant sensitivity analyses, as well as a more comprehensive analyses of numerous potentially12

uncontrolled factors in this study (such as of the effects of variations in the time spent outdoors)13

provide important new evidence that is largely supportive of the association of mortality with PM14

of ambient origin previously reported by the Six Cities and ACS Studies.15

Published cross-sectional studies collectively indicate that older adults and infants are the16

age groups most affected by ambient PM, while both the cross-sectional and semi-individual17

studies indicate that deaths involving respiratory disease (either malignant or not) are most18

associated with exposure to PM air pollution.  These results are biologically plausible and19

consistent with a causal relationship between mortality and exposure to PM of ambient origins.20

With regard to the role of various PM constituents in the PM-mortality association,21

cross-sectional studies have generally found that the fine particle component, as indicated either22

by PM2.5 or sulfates, was the PM constituent most consistently associated with mortality. 23

In addition, the Six-cities prospective semi-individual study also indicates that the fine mass24

components of PM are more strongly associated with the mortality effects of PM than the coarse25

PM components.26

Recent investigations of the public health implications of these PM mortality effect27

estimates were also reviewed.  Life table calculations by Brunekreef (1997) found that relatively28

small differences in long-term exposure to airborne particulate matter of ambient origin can have29

substantial effects on life expectancy.  For example, a calculation from the 1969-71 life table for30
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U.S. white males indicated that a chronic exposure increase of 10 �g/m3 PM was associated with1

a reduction of 1.31 years for the entire population’s life expectancy at age 25.2

Deaths due to respiratory causes may not be consistently observed over different time3

scales for ambient PM exposures.  For example, PM exposures on a short time scale are reported4

as being associated with excess cardiopulmonary deaths and respiratory hospital admissions. 5

However, it is not clear that such deaths or hospital admissions in association with high ambient6

PM concentrations represent a long-term difference in the mortality rate, or a displacement of7

events that would have occurred a few days later without the high PM levels.  The prospective8

cohort mortality studies do not yet allow assessment as to whether the occurrence and frequency9

of deaths from short-term exposures are consistent with a higher rate of occurrence of deaths,10

associated with longer-term exposures, on a scale of months or years.11

There is as yet little basis (conceptual, experimental, or mathematical) that would allow a12

quantitative linkage of endpoints between mortality attributable to short ambient PM exposures13

(“acute”) and mortality attributable to longer ambient PM exposures (“chronic” or14

“sub-chronic”).  Exposure indices are more easily compared at different time scales when15

endpoints are identified (Evans et al., 1984).  One hypothesis for discussion is that an individual16

with high susceptibility to ambient PM at a given moment (e.g., elderly, with an acute respiratory17

infection as well as COPD or other serious pre-existing conditions) may succumb to a moderately18

elevated ambient PM exposure or to some coincident cause, although that individual may have19

survived the same PM exposure if it had occurred during a time of lesser susceptibility to20

ambient PM.21

U.S. Environmental Protection Agency (1996) reported that the relative risk for excess22

daily mortality associated with a large PM increment (50 �g/m3 or 25 �g/m3) was only about23

1.05, whereas the excess risk associated with 20 �g/m3 PM2.5 between Portage and Steubenville24

was 1.26 in the Six Cities Study, and a comparable PM2.5 increment found a mortality RR of25

1.17 in (Pope et al., 1995) for 50 U.S. cities.  This is consistent with the hypothesis that there is a26

risk from long-term exposure to PM that is substantially larger than just the accumulation of27

mortality due to PM episodes involving short-term PM exposures.28

29

30

31
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8.4.6 Evaluating the Plausibility of Inferences about the Relationships1
Between Human Health and Ambient PM Concentrations 2

Chapter 5 reviewed the PM exposure literature and the latest advances in our understanding3

of the relationships between human exposure to PM of ambient origin and ambient PM4

concentrations (Mage et al., 1999).  Until recently, there was some confusion in the air pollution5

community between the correlation of personal exposure to total PM (PM of ambient origin plus6

PM of non-ambient origin) and ambient PM concentrations, and correlations of personal7

exposure to PM of ambient origin and ambient PM concentrations (e.g., Gamble, 1998).  PM8

generated from sources that influence ambient PM concentrations (such as traffic, industry and9

photochemical reactions) is distinctly different in chemical and toxicological character from PM10

generated from indoor sources, such as smoking and human-generated detritus (Siegmann et al.,11

1999).  Consequently, these categories of PM need to be treated separately, as they represent12

distinctly different classes of pollutants.13

Chapter 5 shows that the cross-sectional correlation of a group of people’s personal total14

PM exposures and ambient PM concentrations of same AD size is often of order zero because of15

the highly variable large amounts of non-ambient PM generated by personal activities and indoor16

sources independently of the ambient PM concentration.  However, the longitudinal correlation17

between a given person’s total-exposure to PM and concentration of ambient PM of the same18

AD size is often of order 0.7 to 0.9.  Because people tend to visit the same residential and19

occupational environments from day to day, where sources of PM and air exchange rates usually20

have a small variability, the higher individual longitudinal correlations with total PM exposure21

reflect the correlation of personal exposure to PM of ambient origin with ambient PM22

concentrations.23

Therefore the correlation of human health effects with ambient PM concentrations is a24

reasonable basis for inferring (a) that there is either an actual relationship between ambient PM25

concentrations and health effects or (b) that the statistical relationship is confounded by some26

other gaseous pollutants or ambient PM constituents highly correlated with the total mass of27

ambient PM.28

29

30

31
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8.4.7 Assessing the Extent To Which Adverse Health Effects Are Attributable1
to PM Size Fractions or Components, or Other Environmental Factors2

8.4.7.1 Introduction3

Recent epidemiology studies have greatly extended the data base from which inferences4

may be drawn about the health effects of PM size fractions, chemical components, or source5

categories.  The size categories of most current interest (PM1.0, PM2.5, PM(10-2.5)) are now included6

in new epidemiologic studies of ultrafine particles (Peters et al., 1997; Norris et al., 1999) and in7

new studies of morbidity and mortality specifically addressing PM2.5 and PM(10-2.5), discussed in8

Section 6.4.6.  Effects associated with PM2.5 have been found in some new studies, but not all.9

The effects of aerosol acidity and sulfate concentration were extensively reviewed in U.S.10

Environmental Protection Agency (1996) and are assessed again here in Chapter 6 of this11

document.  In general, H+ and SO4
-2 are less consistently reported to be significantly associated12

with adverse health effects than are PM2.5 and PM10, but positive findings occur sufficiently13

frequently that a contributing role of these species in causing or promoting health effects14

(possibly in the presence of other pollutants or factors) cannot be eliminated.  While15

toxicological studies of the effects of acids, transition metals, and other specific chemical16

components of PM (alone or in combination) on animals suggest that adverse effects in humans17

may also occur, there is as yet little epidemiologic evidence to confirm the predicted effects.18

A number of toxicological studies have been carried out with complex materials that19

simulate specific sources or components of airborne particles, including residual oil fly ash20

(ROFA) and diesel exhaust emissions (DE), as well as studies with concentrated particles21

sampled directly from urban air.  These studies show numerous physiological and biochemical22

responses in laboratory animals, particularly in animals with natural or artificially induced23

pre-existing disease.  Only very limited data on concentrated ambient particles and some24

constituents are available for humans.25

Finally, much recent interest has focused on aspects of urban air pollution that can be26

constructed or derived from multiple-element or multiple-component data.  One approach is to27

construct “source profiles” analogous to those used in various source apportionment studies, and28

then to estimate the contribution of each source (identified by elemental tracers, for example)29

to the airborne aerosol mass.  Laden et al. (1999) has used this approach to conclude that particle30

components of “crustal” origin (presumably rich in Al and Si) appear to have no effect on excess31
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mortality attributable to PM2.5 in the Harvard Six Cities Study.  A second approach is to construct1

factors that are combinations of air pollutants and meteorological variables, and to use these2

factors as predictors of adverse health effects.  In a study in Toronto, Ozkaynak et al. (1996)3

found that some factors predictive of excess mortality involved combinations of air pollutants4

(including TSP and gaseous co-pollutants), whereas others were almost “pure” factors involving5

only a single component such as ozone.  In particular, weather effects on mortality were largely6

separable from air pollution effects in Toronto.  This tends to confirm the findings of other7

investigators that effects of weather on health may be large, but are also largely separable from8

those of air pollution.9

It is likely that U.S. cities have important similarities and differences in their source10

profiles for PM.  The “crustal” particles are likely relatively higher in the western states than in11

the east, and in areas where agriculture or construction produce significant soil turnover. 12

Particles from mobile source internal combustion engines are widespread, although related PM13

levels may vary substantially from city to city and season to season.  In some cities, a measurable14

contribution to airborne particles may also arise from use of wood or oil for home heating, which15

may be nearly absent in other cities.  In the absence of specific information, it would reasonable16

to assume that the human health hazards associated with these components may vary from time17

to time and place to place, so that a single PM mass concentration may imply different levels of18

potential hazard to human health.  Risks associated with a specific PM component within a19

specific exposure scenario, for example, “heating oil combustion particles during winter air20

stagnation with temperatures less than 0�C” may be comparable.  However, it is unlikely that the21

sum of the PM components in different exposure scenarios would all consistently add up to an22

equivalent health risk at equivalent PM mass concentrations within a specific size range.  This23

argument is sufficiently important to warrant evaluation, in some detail, of the evidence for24

differential toxicity for so-called “crustal” particles.25

26

8.4.7.2 Epidemiology Evidence Suggesting that Crustal Particles Are Less Clearly Harmful27
to Human Health28

Three informative assessments published since 1996 deal explicitly with health effects of29

PM10 in the western U.S. states.  PM10 is sometimes dominated by particles of crustal or30

geological origin that are believed to have been transported by wind from rural areas into the31
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metropolitan areas of Spokane, WA, (Schwartz, 1999) and the Utah MSAs of Ogden, Salt Lake1

City, and Provo/Orem (Pope et al., 1999).  PM10 in the Coachella Valley of California is also2

dominated by coarse particles.  The very high PM10 concentrations on certain days were3

presumably not dominated by the typical urban sources of PM2.5 and coarse particles. 4

Concentrations of urban source particle mixtures tend to be highest on days with low wind speed,5

not high wind speed.  None of these epidemiology studies used PM(10-2.5) as an index.6

The identification of these particles as “crustal” is an indirect inference.  Studies reviewed7

in the 1996 PM AQCD (Gordian et al., 1996; Hefflin et al., 1994) also did not rely on specific8

identification of coarse crustal particles.  The assumption is that most PM2.5 particles are9

produced by combustion sources, and that high concentrations of PM2.5 particles occur when10

locally-produced particles are ‘trapped’ in an urban airshed by stagnant air (see Chapter 4). 11

During periods of high wind, elevated concentrations of PM10 will often be associated with12

non-local particle sources, such as dusts from agriculture or mineral extraction processes,13

construction, forest fires, and transport of sand or natural dusts.  This can be indirectly assessed14

by determining whether elevated PM10 concentrations occur at the same time as below-average15

concentrations of PM1.0 or of gaseous pollutants that are typically produced by urban combustion16

sources.17

18

Spokane Study (Schwartz et al., 1999)19

There was only limited information about PM2.5 particle (FP) concentrations in the Spokane20

study (Schwartz et al., 1999).  Measured PM1.0 concentrations were typically less than 10 �g/m321

even when PM10 concentrations were > 150 �g/m3 during dust storm episodes.  Fluctuations in22

PM2.5 tended to be proportional to PM10 from 12:00 to 24:00 during the high-wind episode. 23

There were also large and proportional fluctuations in PM(10-2.5) and PM(2.5-1.0) during the episode24

while PM1.0 concentrations were reduced and stable.  It is likely then that much of the PM2.5 was25

also of crustal origin, especially in the “large fine particle” or “inter-modal” (PM(2.5-1.0)) fraction26

in Spokane.27

Conversely, dust episodes may lead primarily to increases in the PM(10-2.5) fraction, with28

little change in PM2.5 or PM1.0 based on size-fractionated PM measurements near Fort Ord,29

California.  The large increase in PM10 occurs almost completely in the PM(10-2.5) fraction, leaving30

PM2.5 and PM1.0 fractions little changed.  As shown in Figure 8-4, the lower “hump” represents31
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Figure 8-4. Fort Ord CA dust episode:  fine and coarse particles.

fine “accumulation mode” particles, typically less than 1 �m.  The upper hump represents1

“coarse-mode” particles.  The area between 1.0 and 2.5 �m includes a mixture of “accumulation2

mode” and “coarse mode” particles.  In these figures, PM(2.5-1.0) is dominated by small3

coarse-mode particles.4

In typical urban environments, most of the mass in PM2.5 is in the lower accumulation5

mode hump, but this may be reversed during high wind episodes.  The 24-hour particle size6

distribution for high-wind episodes may be better represented by that shown in Figure 8-5.7

In Figure 8-5, the coarse mode particles are the predominant component of PM2.5 and PM(2.5-1.0),8

but a very minor component of PM1.0.  Under these conditions,it is possible that a high9

concentration of PM2.5 of largely crustal origin would not be predictive of toxicity on the10

assumption that the PM1.0 fraction is more toxic.  If the PM1.0 concentration (primarily from11
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Figure 8-5. Spokane dust storm episodes.

urban particles) is also very low under these circumstances, then there may be little excess1

mortality associated with PM2.5.  The findings of Schwartz (1999) support this hypothesis in that2

they observed no excess mortality during summer dust storms.3

Thus, there are at least some conditions under which high concentrations of crustal PM2.54

may not be associated with excess mortality in Spokane, and the original nature of the PM2.55

particles (both physical and chemical properties) likely determines its toxicity.  The findings of6

Laden et al. (1999) for the very low toxicity of the ‘crustal component’ of PM2.5 in the Six Cities7

particles tends to support this interpretation.8

The above interpretation may not apply to locations where there are substantial9

contributions of non-crustal PM2.5 from non-local sources during high wind episodes.  However,10

it is unlikely that high wind episodes in the Wasatch Front region or in Spokane are associated11

with greatly elevated PM2.5 or PM1.0 concentrations transported from other urban areas.12

13
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Utah Study (Pope et al., 1999)1

Similarly, the Utah studies by Pope et al. (1999) strongly suggest that mortality may be2

much greater in three Wasatch Front communities during periods when PM10 pollution is not3

attributable to wind-blown dust, as characterized by elevated levels of the clearing index during4

periods of elevated PM10.  The ‘clearing index’ is an indicator for air movement calculated by the5

National Weather Service for the Wasatch Front region.  It characterizes vertical and horizontal6

motion of the atmosphere, using wind speed and direction, mixing height, moisture, and7

temperature, on a scale of 0 (no movement, stagnant air) to 1000.  Under stagnant atmospheric8

conditions, Salt Lake City PM10 was dominated by small particles, 55 to 70% in the fraction9

<1 �m, and 70 to 90% in the fraction <2.5 �m during the winter of 1995-1996.  Occurrences of10

high PM10 in Salt Lake City were common during days of high clearing index in Salt Lake City,11

probably due to wind-blown transport of dust from mine tailings piles, gravel pits, cement plants,12

salt flats, agricultural fields etc (see Figure 8-6).  Such episodes were rare in Ogden and Provo.13

It should be noted that elevated PM10 concentrations were significantly associated with14

excess mortality in all three Wasatch Front cities during periods in which crustal particles were15

unlikely to have dominated the PM concentrations.  This suggests that the usual combination of16

PM from mobile and stationary sources and from secondary aerosols in these SMSAs constituted17

the major contributions to adverse health effects, but that even higher concentrations of PM1018

from crustal particles added little additional hazard.19

20

Coachella Valley, California, Study (Ostro et al., 1999)21

Recent published studies by Ostro et al. (1999, in press) in the Coachella Valley of22

California (Palm Springs and Indio) suggest that adverse health effects may be associated with23

the coarse fraction of PM10.  These studies have not been evaluated with respect to the crustal24

versus non-crustal components of PM10 in the coarse and PM2.5 fractions.  The mortality analyses25

covered the years 1989-1992, when no PM2.5 particle monitoring was carried out.  PM2.5 particle26

monitoring during April 1996 - Feb. 1997 showed that PM10 in the Coachella Valley was27

dominated by the coarse fraction (PM(10-2.5)) comprising 59% of PM10 mass at the Palm Springs28

site and 64% of PM10 mass at the Indio site.  The crustal fraction can exceed 90% of PM10 during29

wind events.30

31
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Figure 8-6. During normal wind conditions, accumulation mode particles dominate PM2.5. 
During high-wind conditions, coarse mode particles may dominate PM2.5 in
some western sites, where coarse particle are predominantly of crustal origin.

Statistically significant associations of total mortality, cardiovascular and respiratory1

mortality, and mortality in age 50+ populations were found for PM10 at lag 2 days, and with2

3-day and 5-day moving averages, and were similar in magnitude (RR 1.04 to 1.05 per 50 �g/m33

PM10 for total mortality) to other U.S. urban areas.  The PM10 effects were hardly changed when4

gaseous co-pollutants were included in the models, whereas inclusion of PM10 rendered effects of5

O3, NO2, and CO non-significant.6

PM10 source apportionment studies in the Coachella Valley during 1989 showed that crustal7

particles comprised 50 to 60 percent of the annual average PM10 mass, and much more during8

‘exceptional’ (likely wind) events.  During ‘exceptional event’ days, the percentage of “marine”9
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particles was also elevated (South Coast Air Quality Management District [SCAQMD], 1990),1

likely reflecting contributions from the Salton Sea (especially at Indio).  Windblown PM(10-2.5) and2

PM2.5 from the Los Angeles region and the Pacific Ocean are probably not highly correlated, due3

to distance > 160 km and intervening mountains.  Thus, crustal particles in the Coachella Valley4

may have components specific to this airshed.  Coarse particles of biogenic origin contribute5

13 to 15% of annual average PM10 in the Coachella Valley.6

Days with highly elevated PM10 concentrations probably included days with high wind7

speed.  When days with extremely elevated PM10 concentrations (> 91 �g/m3) were removed8

from the data set, the relative risk increased from 1.044 to 1.053 and was more significant.  It is9

therefore likely that the excess mortality was not attributable to elevated concentrations of crustal10

material on days with elevated wind speed.  This finding by Ostro et al. (1999) is thus consistent11

with Schwartz et al. (1999) and Pope et al. (1999).12

A complicating factor is that behavior affecting PM exposure may change substantially on13

windy days.  It is likely that many people spend more time indoors on days with blowing dust and14

high winds, where coarse particle penetration is less than for fine PM, and their concentrations15

may be further reduced by the use of air conditioning (especially in the Coachella Valley).  The16

resulting reduction in personal PM exposure during such episodes could contribute to the finding17

of little ambient PM10 effect during such episodes.  The extent to which the reduction in personal18

PM exposure might offset the higher ambient PM10 concentrations is unknown.19

20

Six Cities Study (Laden et al., 1999)21

The recent abstract by Laden et al. (1999) also describes a method for identification of a22

crustal component in PM2.5 using elemental composition for source apportionment.  The “crustal”23

component shows little relation to excess mortality.24

25

Summary26

Several hypotheses may be advanced as interpretations of these findings:  (1) Crustal27

materials in some western PM10 appear to have little influence on morbidity/mortality during28

high wind episodes; (2) On days with high wind speed in which PM10 is dominated by crustal29

materials, the atmospheric conditions also reduce the concentrations of anthropogenic PM2.5 and30

other gaseous co-pollutants presumably associated with PM10 toxicity; (3) during non-wind31
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events with high concentrations of coarse particles, effects may be associated with coarse-mode1

PM.  Exposure to crustal materials in PM2.5 is not likely to be greatly reduced on windy days,2

since a fraction of these particles readily penetrate indoors.  The most plausible interpretation of3

these findings is that either the composition of crustal PM2.5 particles or their environmental4

co-factors contribute to the reduced mortality.5

6

8.4.7.3 Toxicology Evidence Suggesting That Crustal Particles Are Less Harmful to7
Human Health8

Animal toxicology studies of “crustal” particles are mostly limited to inhalation or9

instillation of volcanic ash particle or amorphous silica.  Very high concentrations10

(>10,000 �g/m3) can produce transient inflammation.  There are no comparable controlled11

human exposures.  Lifetime (human) occupational exposure to respirable quartz is, however,12

associated with silicosis and occurs at average concentrations of 50 to 100 �g/m3 with a13

prevalence of up to 20%.  Nevertheless, exposure to ambient crustal particles is unlikely to have14

adverse effects in healthy humans.  It is likely that the composition of crustal particles in the15

ambient environment is not the key factor in their relatively low apparent toxicity, but rather the16

fact that the particles are large and therefore well filtered out in the upper respiratory tract (URT)17

and easily cleared after their deposition, mainly in the conducting airways.  Nevertheless, it18

should be noted that 75% of PM2.5 particles retained in lung parenchyma in one autopsy study19

were crustal in nature (Churg et al., 1997).  Key components of crustal materials are silicates;20

both ultrafine crystalline and amorphous silicates are reported to be more toxic than diesel UF21

particles (Murphy et al., 1998) in laboratory animal inhalation studies.22

23

8.4.8 Quantifying Relationships Between Ambient PM Concentrations and24
Health Effects in Susceptible Subpopulations at Different Time Scales25

Children26

Children are often at greater risk of adverse health effects from environmental toxicants27

than are adults, usually attributable to their greater exposure for body size, greater deposition or28

uptake, reduced clearance and elimination, or greater susceptibility.  On the other hand,29

sometimes they may be at lower current risk, for example, from toxicants requiring a very long30

duration of exposure to exert their effects.  Some recent new studies appear to suggest that31



October 1999 DRAFT-DO NOT QUOTE OR CITE8-48

prenatal or postnatal exposure to ambient PM may be associated with adverse effects at several1

time scales.  Other effects are associated with very short term PM or O3 exposures, 1 h or 8 h2

(Delfino et al. 1998), as well as with 24 h exposures.  Also, deposition studies tend to show3

increased extrathoracic deposition of respirable particles in children.  Deposition rate may or may4

not be increased in children, but the higher relative ventilation of children coupled with a smaller5

lung surface area suggests that greater deposition per unit surface area may occur in children6

(Bennett et al., 1997b; Bennett and Zeman 1998).7

Significant short term effects of PM on lung function and respiratory symptoms in8

asthmatics, discussed in Sections 6.2.1.1 and 6.4.2, are frequently found in children aged 5 to9

17 years.  Peak expiratory flow reductions (PEFR) are not generally significantly associated with10

PM10.  Evening PEFR reductions were significant in one study and marginally significant in two11

of six pediatric studies (lags of 2 to 5 days), with an average reduction of about 1 L/min per12

50 �g/m3 PM10.  Similarly, coughing, phlegm production, and difficulty breathing were elevated13

with odds ratios on the order of 1.1-1.2 per 50 �g/m3 PM10.14

Smaller effects have been found in non-asthmatic children (Section 6.2.1.2) with PEFR15

reduction of about 0.4 L/min per 50 �g/m3 PM10.  There was less indication of increased16

incidence of coughing, lower respiratory illness (LRI), or URI in children, except for increased17

coughing in the Utah Valley.  Bronchodilator use and respiratory symptoms associated with18

sulfates, ozone, or PM10 were also found in some studies, but not in others (Tables 6-17, 6-18). 19

The inclusion of co-pollutants in the models slightly reduced the magnitude of the estimated20

effects, which remained statistically significant.21

These studies suggest that children aged 5 to 17 years are susceptible to a variety of22

respiratory symptoms and pulmonary function decrements associated with PM (Table 6.4.4.2). 23

Various PM indexes such as PM10, BS, or H+ were significantly associated with increased contact24

with the medical care system emergency department visits, hospital admissions, or doctor’s visits25

in about half of the studies, particularly for asthma.26

Intrauterine or child mortality were reported to be significantly associated with short term27

exposure to PM in four recent studies.  PM2.5, PM10, or TSP were significantly related to28

mortality in three of the five outcomes reported (Table 6.4.4.2.3).  Additionally, five of seven29

studies show long-term ambient PM indices were associated with neonatal and infant health30

effects (Table 6.4.4.2.5), including total infant mortality, SIDS, infant mortality from respiratory31
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causes, low birth weight, or premature birth.  At this time, however, no biological mechanisms to1

explain how PM may cause these effects are evident.2

3

The Elderly4

Few of the recent time-series studies of mortality have explicitly examined age subsets,5

particularly ages > 64-65 vs. ages < 64-65 years.  Earlier studies evaluated in the 1996 PM6

AQCD found higher mortality RR for older subjects.7

One new study in Mexico City (Borja-Aburto et al., 1997) found RR for TSP of 1.059 for8

age > 65 compared to 1.058 for all ages.  Using PM2.5 as the PM indicator, Borja-Abuto et al.9

(1999) found RR of 1.058 for age > 65, compared to RR of 1.043 for all ages, in a three-pollutant10

model with O3 and NO2 (Table 6.4.6.11), without presenting comparisons for other age groups. 11

Loomis et al. (1999), in another study, found a RR of infant mortality from PM2.5 of12

1.16 (marginally significant) in a similar three-pollutant model (Table 6.4.6.12).  This suggests13

that both the very young and the elderly may be elevated risk from ambient PM2.5 in Mexico City,14

compared to those at intermediate ages.  As for some new Western European studies, Bremner15

et al. (1999) report effect sizes for mortality in London UK for age groups 0-64 yr, 65-74 yr,16

> 74 yr, > 64 yr, and all ages.  The respiratory and cardiovascular effects appeared to be much17

larger for age groups 0-64 yr to 65-74 yr than 75+, using BS as an indicator, whereas only18

respiratory deaths showed a higher elderly rate using PM10.  As Bremner et al. (1999) note, “...19

the number of deaths was three to four times greater in the older elderly group [> 74 years]; this20

means that the attributable deaths were considerably greater in the older group. ... Young elderly21

people, however, seem to be more susceptible to the effects of air pollution as judged by the22

relative risks than their older counterparts who could perhaps be seen as healthy survivors.” 23

Also, Prescott et al. (1998) showed BS to be related to significant excess mortality in people of24

aged > 64 years and smaller positive excess mortality in people of age < 65 years, based on a25

14.5 year time series study in Edinburgh UK.  In the elderly group, excess mortality was26

significant for respiratory causes and positive but not significant for cardiovascular causes.27

Two Australian studies also found age effects.  Morgan et al. (1998) found excess heart28

disease hospital admissions in Sydney of 2.82% (significant) for ages > 64 years, but only 1.02%29

(NS) in younger people associated with PM.  Simpson et al. (1997) found slight increases in30
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elderly versus non-elderly mortality RR in Brisbane:  1.010 (signif.) versus 1.001 (NS) for total1

mortality.  Both studies used nephelometer measurements as the PM index.2

Two studies of Asian populations (Ostro et al., 1998; Cropper et al., 1997) tended to see a3

decline in the RR with increasing age, with the largest risk in young children.  The relevance of4

these studies, from a very different socioeconomic situation, to U.S. populations is dubious. 5

These findings may reflect a healthy survivor effect.6

Combined analyses for respiratory hospital admissions, presented in Section 6.2, suggest7

little basis for inferring different age-specific hospital respiratory admissions rates.8

Overall the new studies in Mexico, western Europe, and Australia tend to support the9

findings of somewhat larger associations of mortality and cardiopulmonary hospital admissions10

with ambient PM in the elderly than in the non-elderly, excepting infants.  The findings are not11

wholly consistent, and suggest that differences between countries in socio-demographic factors12

such as age structure, distribution of wealth, access to medical care and public health13

interventions, as well as climate, may be responsible for differences in the susceptibility of the14

elderly to ambient PM concentrations.15

New findings on cardiovascular effects related to ambient PM are particularly important in16

assessing PM effects on the elderly.  The studies described in Section 6.2.4 and discussed in17

Section 6.4.2.3 (e.g., Peters et al., 1997; Pope et al., 1999; Dockery et al., 1999) include studies18

in elderly subjects exposed to ambient air, who may or may not have pre-existing respiratory or19

cardiovascular conditions.  These studies suggest adverse biological changes that could have20

serious consequences in less healthy or more susceptible subjects and add to the plausibility of21

cardiovascular hospital admissions or deaths associated with current ambient PM levels.22

23

24

8.5 TOXICOLOGIC EVALUATION OF PATHOPHYSIOLOGIC25
EFFECTS OF PM CONSTITUENTS AND MECHANISMS OF ACTION26

8.5.1 Possible Mechanisms of PM-Induced Injury27

Several potential pathophysiologic mechanisms can be proposed by which ambient28

particles could conceivably contribute to morbidity and mortality.  As discussed in Chapter 7,29

PM has been identified as causing a variety of health effects including respiratory symptoms,30

mechanical changes in lung function, alteration of mucociliary clearance, pulmonary31
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inflammatory responses and morphological alterations in the lung.  In addition, PM has been1

associated with respiratory illness, hospital admissions, and increased daily mortality.2

In this section, attention is directed at pulmonary and cardiovascular mechanisms which3

could hypothetically contribute to increased morbidity and mortality.  The phenomenon of4

particle related mortality may include:  (1) “premature” death (or mortality displacement), that is5

the hastening of death for individuals already near death (i.e., hastening of certain death by hours6

or days); (2) increased susceptibility to infectious disease; and (3) exacerbation of chronic7

underlying cardiac or pulmonary disease (Utell and Frampton, 1995).  The distribution of8

deposition of particles inhaled into the respiratory tract depends on their size, shape, chemical9

composition, and the airway geometry and pulmonary ventilation characteristics of the organism.10

The mechanisms responsible for the broad range of particle-related health affects will vary11

depending on the site of deposition.  Once deposited, the particles may be cleared from the lung,12

translocated into the interstitium, sequestered in the lymph nodes, metabolized or otherwise13

transformed.14

Deposition of particulate matter in the human respiratory tract could initiate events leading15

to increased airflow obstruction, impaired clearance, impaired host defenses, or increased16

epithelial permeability.  Airflow obstruction could result from laryngeal constriction or17

bronchoconstriction secondary to stimulation of receptors in extrathoracic or intrathoracic18

airways.  In individuals with airways disease and localized airway narrowing or obstruction, PM19

accumulates more rapidly.20

Acid aerosols are known to cause slowing of mucociliary clearance.  Since this mechanism21

is important in clearing particles from the lung, including biologically active particles such as22

spores, fungi, and bacteria, impairment of mucociliary clearance could lead to increased PM23

burdens, inflammation, and infection.  Alveolar clearance may also be impaired through24

alterations in macrophage function including decreased phagocytosis, depression of mobility, and25

decreased adherence to surfaces.  Retention of PM may be associated with the initiation and/or26

progression of COPD.  Macrophages play an important role in removing and digesting particles27

and may be involved in facilitating translocation of PM to either other parts of the lung or into28

the vascular system.29

Soluble transition metals such as iron, copper, nickel, vanadium and cobalt, are capable of30

catalyzing the production of reactive oxygen species, such as hydroxyl radical.  These reactive31
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oxygen species can cause cellular injury and DNA damage which can be inhibited by1

antioxidants or free radical scavengers.  The responses to residual oil fly ash are due in large part2

to the presence of soluble transition metals; these responses (e.g., inflammation) are much3

reduced when free radical scavengers are added to the milieu.  Concentrated air particles and PM4

from various sources also show evidence of generating reactive oxygen species.  Furthermore,5

metal chelating agents are capable of reducing responses to PM and ROFA.  Both vanadium and6

nickel appear to be important toxic constituents of ROFA; their role in ambient PM is likely to be7

much less.  The ability of “ambient PM” to induce production of ROS is variable based on the8

geographic, seasonal, and chemical characteristics of the PM.9

Both ROFA and ambient PM can induce or enhance inflammation in the lung; such an10

effect may depend on particle size and deposition site as well as on chemical or biological11

composition of the particles.  Inflammatory responses can lead to increased permeability and12

possibly diffusion abnormality.  Metal compounds (e.g., NaVO3; Fe2O3; NiSO4), either13

individually or as part of a complex mixture, can initiate an inflammatory cascade using14

intracellular signaling mechanisms.  In addition, ROS can initiate a signaling cascade in15

epithelial cells that is related to cell proliferation.16

Pulmonary changes that contribute to cardiovascular responses include mechanisms which17

can lead to hypoxemia, including bronchoconstriction, apnea, impaired diffusion, and18

inflammation.  Hypoxic episodes can lead to cardiac arrhythmias and other cardiac19

electrophysiologic responses.  Additionally, many respiratory receptors have direct20

cardiovascular effects.  Stimulation of C-fibers leads to bradycardia and hypertension, while21

stimulation of laryngeal receptors can result in hypertension, cardiac arrhythmia, bradycardia,22

apnea, and even cardiac arrest.  Nasal receptor or pulmonary J-receptor stimulation can lead to23

vagally mediated bradycardia and hypertension (Widdicombe et al., 1988).  Little is known about24

age-related changes in airway receptor reflexes and their cardiac effects.  Exposure to high25

concentrations of particles (mainly by instillation) can hasten death in animals with compromised26

cardiopulmonary systems.  These responses are associated with increased inflammation and27

increased incidence of serious arrhythmias.  It is not clear that either inflammation or hypoxia is28

related to increased mortality; few systemic effects have been examined.  Among the systemic29

effects being investigated are changes in blood coagulation parameters, peripheral blood30

neutrophil levels, and levels of inflammatory mediators in heart tissue.31
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Particles that deposit in the lung can also damage respiratory tract cells.  The response of1

the respiratory tract to such particles includes the release of numerous cytokines from alveolar2

macrophages and epithelial lining cells that promote healing and repair.  Repeated cycles of acute3

lung injury and repair can lead to fibrotic changes in the lung.  Such responses are well known in4

animal models and they typically occur after several weeks of exposure to particle concentrations5

much higher than those in ambient air.6

7

8.5.2 Ultrafine Particles8

In U.S. Environmental Protection Agency (1996), concern was expressed over the potential9

role of ultrafine particles (UF; defined as particles <100 nm) in human health effects of PM. 10

Ultrafine particles have a high deposition efficiency in the extrathoracic airways (naso- and11

oropharyngeal).  The abundant vascularity of the nasal region and the ability of UF to rapidly12

enter the interstitium suggests that uptake of UF into the vascular system could occur relatively13

quickly.  Although UF also have a high deposition efficiency in the alveolar region, they14

constitute a relatively small fraction of the deposited PM mass.  However, because of their small15

size, UF tend to evade endocytosis by macrophages.16

Human exposures to ultrafine particles result in varying responses depending upon the17

composition and concentration of the particles.  Zinc oxide UF particles induce metal fume fever18

and airway inflammation whereas magnesium oxide UF particles do not (Kuschner et al., 1997). 19

Polymer fumes (UF polymer particles) can also lead to fever, diffusion impairment, and20

respiratory symptoms in humans; similar responses are seen in animals.  Ultrafine metal particles21

cause lung injury and inflammation in rats that are dependent on their composition; nickel is22

highly toxic whereas TiO2 is less so (Zhang et al., 1998).  However, UF acid aerosol was found23

to be no more effective than fine acid particles in causing morphologic or ventilatory effects in24

rats.  Nevertheless, UF acid did increase responses of rats to ozone, whereas fine acid PM did not25

(Kimmel et al., 1997).  Ultrafine amorphous silica had more effect on rat respiratory epithelium26

than either carbon black or diesel exhaust UF particles (Murphy et al., 1998).  Thus particle size27

per se does not appear to be a crucial single index of particle toxicity; rather, the chemical28

composition of the particle appears to play a key role in its effects once it has been deposited.29

However, as discussed elsewhere, particle size is the primary determinant of the deposition30

pattern of inhaled PM.  When an UF particle is deposited at a specific site within the respiratory31
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tract, the composition of the particle and the sensitivity of the tissues to those particle1

components may determine its toxicity.  Physical particle characteristics (size, solubility) which2

influence the translocation properties of the particle (e.g., to the interstitium or vascular system),3

may also play a key role in its toxicity.  Oberdörster et al. (1994) compared fine and UF TiO24

using inhalation exposure and observed that the UF TiO2 elicited greater inflammation,5

prolonged retention of UF particles with increased translocation to the epithelium, more6

epithelial effects, and impairment of macrophage function.  Thus, in this case of identical particle7

composition, the physical properties associated with UF TiO2 particles leading to their greater8

persistence within pulmonary tissues, especially in the alveoli and the interstitium, appear to be9

responsible for their greater toxicity.10

11

8.5.3 Bioaerosols12

Ambient bioaerosols include fungal spores, pollen, bacteria, viruses, endotoxin, and animal13

and plant debris.  Bacteria, viruses and endotoxin are mainly found attached to aerosol particles,14

while entities in the other categories are found as separate particles.  Data for characterizing15

ambient concentrations and size distributions of bioaerosols remain sparse.  The proportion of16

particles that are bioaerosols is variable and they are present in both the fine mode and the coarse17

mode.  The cytoplasmic content of spores and pollen may to be adhered to particles emitted by18

motor vehicles or particles of crustal origin.19

Fungal spores form the largest and most consistently present component of biological20

aerosols in ambient air.  Levels vary seasonally and spatially reaching higher levels during the21

summer and near some anthropogenic sources (agricultural activities, compost, etc.). 22

Bioaerosols can contribute to increased mortality and morbidity.  Association of fungal and23

pollen spores and fragments with exacerbations of asthma or allergic rhinits is well known.24

In addition to fungal spores and pollen, other bioaerosol material can exacerbate asthma25

and can also induce responses in nonasthmatics.  Occupational and experimental exposures of26

humans to endotoxin (lipopolysaccharide) is associated with increased airway responsiveness,27

changes in lung function, and airway inflammation.  However, these levels vastly exceed those28

typically present in U.S. ambient air.  A classic series of studies (Antó and Sunyer, 1990) proved29

that airborne dust from soybean husks was responsible for asthma epidemics and increased30

emergency room visits in Barcelona, Spain.  These studies indicate that airborne fragments of31
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biological substances can produce severe health effects when present in high concentrations. 1

A series of new studies suggest that diesel particulate matter can act as an adjuvant to increase2

the response to certain antigenic substances, including bioaerosols.  Particles may act as carriers3

as well as promote the response to antigens, leading to the exacerbation of allergic rhinitis and4

possibly allergic asthma (Diaz-Sanchez et al., 1997).5

Because of the extremely limited knowledge of ambient levels of bioaerosols and their6

composition and relative potency of various components, the small number of well conducted7

epidemiologic studies of bioaerosols, and the absence of controlled studies of ambient8

bioaerosols, the relative contribution of bioaerosols to the observed PM-associated morbidity and9

mortality effects cannot be determined with confidence at the present time.  However, it seems10

unlikely that bioaerosols play more than a minor role in such effects.11

12

8.5.4 Metals13

Soluble transition metals play an important role in the effects induced by instillation14

(suspensions or supernatant) and inhalation of residual oil fly ash (Kodavanti et al., 1998).  The15

predominant metals in ROFA particles are typically vanadium, nickel and iron.  Other metals,16

including zinc and copper, are also present depending on the source of the ROFA.  The17

characteristic responses to the individual metals vary as does their behavior in complex mixtures.18

Vanadium appears to be associated with airway inflammation and production of reactive oxygen19

species by alveolar macrophages.  Occupational studies have identified vanadium as being20

associated with “boiler maker’s bronchitis.”  Nickel is associated with pulmonary injury caused21

by ROFA, and thus increased levels of LDH and protein in bronchoalveolar lavage, and is also22

classified as a human carcinogen.  Vanadium activates macrophages whereas nickel does not. 23

There is some evidence that the effects of nickel are antagonized by the presence of vanadium. 24

On the other hand, vanadium has a greater effect on alveolar macrophage ROS production when25

it is not in the presence of nickel and/or iron.  Iron tends to produce less severe effects than either26

nickel or vanadium; it is associated with inflammatory responses in both humans and laboratory27

animals.  It is apparent that different metal components of ROFA cause different effects and that28

the individual effects of these metals may not always be expressed to the same extent in29

mixtures; antagonism has been identified for some endpoints.  These findings point to the30
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complexities of determining a mechanism of response to “PM” and further clouds the prospect of1

identifying a “magic bullet” that relates increased PM levels to increased human mortality.2

3

8.5.5 Concentrated Ambient Particles (CAPs)4

A number of new studies have examined the effects of concentrated ambient particles5

(CAPs) in animals and humans.  Petrovic et al. (1999) have studied a small number of healthy6

volunteers exposed to CAPs (max concentration of 124 �g/m3) from downtown Toronto,7

Canada.  Cardiovascular and respiratory functions showed no adverse effects and there was no8

indication of pulmonary inflammation or respiratory symptom responses.  However, there were9

trends for plasma fibrinogen and nasal neutrophils to increase.10

In laboratory animals exposed to CAPs in Boston, MA (207, 733 and 607 �g/m3) for11

3 days, lavage fluid protein and neutrophils were elevated, suggestive of an inflammatory12

response (Clarke et al., 1999).  In vitro studies using CAPs demonstrate an increased oxidative13

burst in exposed alveolar macrophages (Goldsmith et al., 1998).  Gordon et al. (1998) found14

increased peripheral blood neutrophils and decreased lymphocytes after exposure to15

110-350 �g/m3 CAPs from New York City.  Additionally they found a 10-20 beat/min increase16

in heart rate following the nose-only inhalation exposure.  This study shows that ambient PM can17

cause systemic effects that influence the cardiovascular system.18

Studies using diesel exhaust particles demonstrate that diesel particles can act as an19

adjuvant for inhaled antigens in the nose.  In addition to nasal inflammation, diesel exhaust20

(particles and gases standardized to 300 �g/m3 DPM) cause increased neutrophils, ICAM-1, and21

IL-8 in bronchoalveolar lavage fluid from exposed volunteers.  It has also been shown that diesel22

exhaust causes transcription of IL-8 and other cytokines which are responsible for attracting and23

activating leukocytes.  In support of the findings of Gordon et al. (1998), these studies also found24

increased neutrophils and platelets in peripheral blood following exposure (Salvi et al., 1999,25

2000).26

27

8.5.6 Summary28

Particle impacts on the lung depend on particle size, chemical composition, deposition29

pattern, and particle retention.  The effects range from pulmonary responses such as respiratory30

symptoms, airways inflammation, impacts on particle clearance, and epithelial cellular injury, to31
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systemic effects such as changes in blood clotting factors, increased peripheral blood neutrophils1

and changes in myocardial inflammatory mediators.2

Smaller particles (PM < 2.5 �m) have greater deposition and long term retention in the3

respiratory (alveolar) region of the lung because there are fewer large particles in ambient air,4

their deposition efficiency in the respiratory region is low, and they are likely to be cleared rather5

than translocated to the parenchyma.  However, specific particle components remain to be6

toxicologically identified with confidence as likely being responsible for the epidemiologically7

observed effects of ambient PM exposures.  Rather, the influence of a given particle constituent8

varies with the biological function being examined as well as the presence (or absence) of other9

PM constituents.  For example, metals can act additively or antagonistically with each other, and10

other PM chemical constituents may enhance the effect of biologic components.  The number of11

combinations and interactions of various physical, chemical, and biological components of PM is12

just beginning to be investigated.  Newer data expected to become available during the next13

several months will likely provide valuable additional information on toxicologically important14

PM constituents and mechanisms.15

16
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