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There is conflicting evidence regarding the association between different size fractions of particulate matter (PM) and cardiac and respiratory morbidity

and mortality. We investigated the short-term associations of four size fractions of particulate matter (PM1, PM2.5, PM10, and PM10–2.5) and carbon

monoxide with hospital admissions and emergency room (ER) visits for respiratory and cardiac conditions and mortality in Spokane, Washington. We

used a log-linear generalized linear model to compare daily averages of PM and carbon monoxide with daily counts of the morbidity and mortality

outcomes from January 1995 to June 2001. We examined pollution lags ranging from 0 to 3 days and compared our results to a similar log-linear

generalized additive model. Effect estimates tended to be smaller and have larger standard errors for the generalized linear model. Overall, we saw no

association with respiratory ER visits and any size fraction of PM. However, there was a suggestion of greater respiratory effect from fine PM when

compared to coarse fraction. Carbon monoxide was associated with both all respiratory ER visits and visits for asthma at the 3-day lag. We feel that

carbon monoxide may be serving as a marker for combustion-derived pollutants, which is one large component of the diverse air pollutant mixture. We

also found no association with any size fraction of PM or CO with cardiac hospital admissions or mortality at the 0- to 3-day lag. We found no consistent

associations between any size fraction of PM and cardiac or respiratory ER visits or hospital admissions.
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Introduction

Atmospheric particulate matter (PM) is a complex mix of solid

and liquid phase particles with a range of sizes, shapes, and

chemical compositions. The US Environmental Protection

Agency (USEPA) set national ambient air quality standards

(NAAQS) for PM10, particulate matter with a mass median

aerodynamic diameter less than 10mm, in 1989. More recently,

the USEPA also adopted new NAAQS for PM2.5. Most of the

PM2.5 mass is found in particles with diameters less than 1mm

and consists mainly of the condensed products of either

incomplete combustion and/or atmospheric chemical reactions.

Their small size makes them readily inhalable and capable of

penetrating deep into the airways. In contrast, larger particles

between 2.5 and 10mm mainly consist of mechanically

generated material (e.g., crustal material) and are also readily

inhalable, but deposited in the upper airways.

The different sources and chemical composition of fine and

coarse PM could lead to different associations between

morbidity and mortality outcomes. In semiarid areas like

Spokane, WA, PM2.5 may contain a measurable contribution

from crustal sources (Claiborn et al., 2000). In most regions,

both PM1 and PM2.5 are indicators of fine PM, but it is possible

that there will be differences in associations between health

outcomes and these size fractions in Spokane. The source of the

PM may also yield different associations with health effects. For

example, PM from combustion sources contains a significant

carbon component, while crustal PM contains a significant

amount of inorganic, mineral oxides. To distinguish PM from

specific sources requires chemical speciation as well as size

selective sampling. Alternatively, PM sources can be related to

other indicators such as carbon monoxide, which is a marker for

combustion-derived pollutants.

Epidemiological studies have consistently found small

association between mortality and measures of atmospheric

PM, the most commonly examined of which is PM10. A

recent meta-analysis by Levy et al. (2000) estimated that
Received 28 October 2002; accepted 22 March 2004; published online 9

June 2004

Address all correspondence to: Dr. Lianne Sheppard, Box 357232,

Department of Biostatistics, University of Washington, Seattle, WA

98195-7232, USA. Tel: þ 1-206-616-2722. Fax: þ 1-206-616-2724.

E-mail: Sheppard@u.washington.edu

Journal of Exposure Analysis and Environmental Epidemiology (2005) 15, 153–159

r 2005 Nature Publishing Group All rights reserved 1053-4245/05/$30.00

www.nature.com/jea



mortality rates increase by 0.7% per 10 mg/m3 increase in

PM10 concentrations. Similarly, NMMAPS (Samet et al.,

2000) estimated that for the same increase in PM10, mortality

increased by 0–2% in most of their 90 cities. For most

individual cities, the association between PM10 and mortality

was not significant, but a combined analysis did find a 0.2%

increase in mortality overall. Epidemiological studies have

also found small associations between respiratory and cardiac

morbidity outcomes and particulate air pollution (Schwartz,

1996, 1999; Sheppard et al., 1999; Norris et al., 2000;

Atkinson et al., 2001; Morris, 2001). As with the mortality

analyses, most of these studies examine associations with

PM10 and a few include fine particles as well. Some studies

indicate that PM2.5 may be more strongly associated with

health than PM10, but the evidence is not definitive. There

have been very few studies examining the associations

between coarse particle mass and health outcomes. Despite

this relative lack of information, the EPA is required to set a

coarse particle air quality standard as part of the overall

revisions of the PM standard.

We examined the association of PM with mortality,

hospital admissions, and emergency room (ER) visits among

residents of Spokane, WA. The health effects of PM have

been studied in Spokane previously. Schwartz et al. (1999)

found no association between dust storms (days of high

winds where PM10 concentrations to exceeded 100 mg/m3)

and increased mortality in Spokane. Norris et al. (2000)

found that Spokane emergency department visits for asthma

were increased during stagnation episodes (3-day lag), but

they found no specific associations with PM10. We extended

these analyses by examining the association of four size

fractions of PM (PM1, PM2.5, PM10, and coarse fraction PM

[PM10–2.5]), and carbon monoxide (CO) with respiratory and

cardiac hospital admissions, respiratory ER visits and total

mortality. By looking at different size fractions of PM, we

attempted to determine which size fractions were more

strongly associated with several measures of health. We also

examined associations with CO as a marker of combustion-

derived pollutants. We hypothesized that elevations in the fine

fractions of PM would have greater cardiac and pulmonary

health effect than an equivalent increase in coarse fraction

PM. Moreover, we postulated that the health effect from PM

would be greatest at the 1–2-day lag.

Methods

Nonaccidental mortality data (ICD9o800) from Spokane

from 1/95 through 12/99 (N¼ 1825) were compiled from

death certificates and summarized into daily counts. Hospital

admissions were retrieved from the Comprehensive Hospital

Admissions Reporting System from 1/95 through 12/00

(N¼ 2191) and ER visit records from 1/95 through

6/01 (N¼ 2373) were collected directly from the four

Spokane-area hospitals. We summarized the daily number

of hospital admissions and ER visits for all respiratory causes

(ICD9 codes 460–519) for our primary respiratory analyses.

Respiratory outcomes were further subcategorized into four

groups: asthma (ICD 493), COPD (ICD9 491, 492, 494,

496), pneumonia (codes 480–487), and acute upper respira-

tory tract infections, not including colds and sinusitis (ICD9

464–466, 490). Information on cardiac outcomes (ICD9

390–459) was only available for hospital admissions. We

removed any subjects who did not give a Spokane-area zip

code as their residence from all morbidity and mortality

outcomes. Readmissions within 2 weeks of the first admission

were also excluded from the analysis.

Air pollution and meteorological data were collected from

an ongoing health and exposure assessment study taking

place in Spokane and from the Spokane County Air

Pollution Control Agency. PM with a mass median

aerodynamic diameter less than 10 mm (PM10), less than

2.5 mm (PM2.5) and less than 1 mm (PM1) were estimated at

hourly resolution using Tapered Elemental Oscillating

Microbalances (Rupprecht and Patashnik, Inc., Albany,

NY, USA) from the Rockwood site in Spokane. The

Rockwood site is located in a residential/light commercial

area and provides the most extensive sampling of population

exposure to PM in Spokane.

Carbon monoxide was collected from five sites in Spokane

and averaged over the sites into one daily concentration.

Before calculating the average we standardized each CO site

to have a common mean and variance. The standardization

was needed because the CO monitoring sites were active for

different time periods and had different means and variances

due to particular characteristics of a site such as traffic density

(Table 1). The sites were correlated with each other

(0.57oro0.82) and all of the sites were active from 1/97

to 7/99. During the period where readings were available

from all sites, we calculated a site-specific standardization by

adding and multiplying by appropriate constants. We applied

each site correction to the site’s data and then determined the

average daily concentration. We used a square root

transformation to make the CO data more closely follow a

Normal distribution.

Missing data were fairly common for PM1 (18.5%

missing) and less common for PM2.5 (6.7%) and PM10

Table 1. Mean, variance and time period active of five CO monitoring

stations in Spokane.

Site Mean Variance Period active

Hamilton St 1.73 0.46 1/95–6/01

Backdoor Tavern 1.29 0.23 1/95–7/99

Spokane Club 1.41 0.32 1/95–6/01

Third and Washington 1.82 0.33 1/97–6/01

Rockwood 0.42 0.15 3/96–6/01
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(6.9%). We used multiple imputation (Rubin, 1976) to

predict missing hourly resolution PM data using meteor-

ological variables including stagnation, a colocated nephel-

ometer, regression splines for long-term seasonal trends, and

indicator variables for hour of the day as additional

predictors. In place of wind speed, we used a stagnation

index because it was a better predictor of PM concentrations

in Spokane (Norris et al., 2000). Stagnation was defined as

the proportion of hours below the median wind speed in the

previous 24-h period. Hourly PM data were then averaged to

daily resolution for use in the regression models because the

mortality, hospital admissions, and ER visits were only

available at daily resolution. Appropriate corrections when

using multiple imputed data sets were made to the standard

error estimates (Schafer, 1997).

We regressed the daily counts of mortality and categories

of ER visits and hospital admissions against daily pollution

levels using a log-linear Poisson model. ER visits, hospital

admissions, and mortality were treated as three distinct

outcomes. Controlling for seasonal confounding is particu-

larly important in these types of time series models due to the

fact that both PM concentrations and our outcomes are

generally elevated in the winter. To control for the potentially

confounding effects of longer-term trends including season-

ality, we used a log-linear generalized linear model (GLM)

that included natural splines for calendar time (McCullagh

and Nelder, 1989). We examined the Akaike Information

Criterion (AIC) and autocorrelation of residuals to determine

the best fitting model (Akaike, 1973). We did not use the AIC

as a rigid optimization criterion because it tended to over fit

the time trends, which induced autocorrelation in the

residuals. The final morbidity models use 8 degrees of

freedom (df) per year to control for long-term time trends.

Seasonal trends were less strong for mortality, so we used 6 df

per year in the mortality models. With these choices, we

ensured that little information from time scales longer than

about 45 days (morbidity) and 60 days (mortality) were used

in estimation of beta. In addition to controlling for season,

we also controlled for temperature (2 df), relative humidity,

and the day of the week (indicator variables).

There were 9 days when PM10 concentrations greatly

exceeded their typical range, many of which were the results

of dust storms. These days were potentially influential in our

PM10 analyses, so we repeated our analyses removing days

when PM10 concentrations were greater than 100 mg/m3.

Removing these data points had little effect on the regression

coefficients, so we included all days in our final models. We

explored pollution lags ranging from zero to three days.

For comparison with many papers in the published

literature and to address the impact of recently identified

problems with generalized additive models (GAM) in

estimating air pollution health effects (Dominici et al.,

2002; Klein et al., 2002; Ramsay et al., 2003a), we also fit

identical models for each outcome using GAM (Hastie and

Tibshirani, 1990). The structure of the GAM was identical to

the GLM except that smoothing splines were substituted for

natural splines. Computation in the GAM model relies on

the backfitting algorithm in addition to iteratively reweighted

least squares, while GLM only uses iteratively reweighted

least squares. We used standard S-plus convergence criteria

for the GAM; these have been shown to be too lax in this

setting (Dominici et al., 2002, 2004).

Results

Figure 1 depicts daily time series plots for PM1, PM2.5, PM10

and CO including imputed data points (average of the five

imputed values). In all, 90% of concentrations ranged

between 3.3 and 17.6mg/m3 for PM1, between 4.2 and

20.2mg/m3 for PM2.5, between 7.9 and 41.9mg/m3 for PM10,

and between 1.25 and 3.05 p.p.m. for CO. We found the

highest correlations to be PM1 with PM2.5 and PM10 with

PM10-2.5, while CO was more strongly correlated with fine

particles (Table 2).

The morbidity and mortality outcomes are summarized in

Table 3. There were more visits to the ER for respiratory

causes (12.2 visits/day) than hospital admissions for respira-

tory causes (7.3 admissions/day). Asthma, pneumonia, acute

upper respiratory infections, and COPD accounted for

12.2 ER visits per day (499% of visits) and 5.6 hospital

admissions per day (78% of admissions). There were an

average of 7.3 adult cardiac admissions per day and 9.0

deaths per day in Spokane during the study period. In

general, the number of events per day increased during the

winter, with the strongest seasonal trend evident in

respiratory outcomes. After adjusting for covariates, the

Poisson model assumes that the number of events per day

have equal mean and variance. There was evidence of the

variance being greater than the mean (overdispersion) for all

of the outcomes, which we controlled for in our models.

The associations of a 10mg/m3 increase in PM1 and PM2.5,

a 25 mg/m3 increase in PM10 and PM10–2.5, and a 1 p.p.m.

increase in CO with respiratory ER visits are shown in

Table 4. All respiratory ER visits combined showed smaller

relative risks at the 1-day lag and larger associations at the 2-

and 3-day lags for CO. A 1 p.p.m. increase in the 3-day lag

of CO was associated with a 1.03-fold increase in respiratory

ER visits (95% CI¼ [1.00, 1.06]). We found a similar trend

of increasing strength of association with PM1 and PM2.5,

but the results are less pronounced compared to CO. No

trend in the strength of association was seen for PM10 or

PM10-2.5 and all of the relative risks estimates were near

unity.

We further broke down respiratory ER visits into

subcategories to determine if a particular type of respiratory

event drove the results (Table 4). A 1 p.p.m. increase in the 3-

day lag of CO was associated with 1.06-fold increase in ER

Air pollution, morbidity and mortality Slaughter et al.
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visits for asthma (95% CI¼ [1.00, 1.11]), but no associations

at other lags or with other pollutants were found. We saw a

trend of increasing association with increasing lag for asthma

with CO and for acute URIs with PM1, PM2.5, PM10, PM10–

2.5 and CO. We did not find any associations between

pneumonia or COPD and any measure of PM or CO.

In addition to ER visits, we examined the association of

PM with hospital admissions for respiratory causes (Table 5).

We found no significant associations with CO or any size

fraction of PM. We did not find a similar trend of increasing

association with increasing lag that was seen in the ER visits:

however, the strongest associations with all respiratory

hospital admissions were found at the 3-day lag for PM1

and PM2.5. Subanalyses found no associations with any

pollutant and hospital admissions for specific respiratory

causes including asthma, pneumonia, or COPD.
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Figure 1. PM1, PM2.5, PM10, and CO time-series plots.

Table 2. Pearson correlations among pollutants and temperature
(N¼ 2354 days).

PM1 PM2.5 PM10 PM10-2.5 CO Temperature

PM1 1

PM2.5 0.95 1

PM10 0.50 0.62 1

PM10–2.5 0.19 0.31 0.94 1

CO 0.63 0.62 0.32 0.32 1

Temperature �0.28 �0.21 0.11 0.11 �0.29 1

Table 3. Summary statistics for morbidity and mortality outcomes
(cases per day).

Outcome Mean 5th 25th 50th 75th 95th

All respiratory ER visits 12.2 5 8 12 15 22

Pneumonia 2.0 0 1 2 3 5

Acute URI 5.8 1 3 5 8 12

COPDa 1.4 0 0 1 2 4

Asthma 3.0 0 2 3 4 6

All respiratory hospital admissions 7.3 2 5 7 10 14

Pneumonia 3.0 0 1 3 4 7

Acute URI 0.7 0 0 0 1 3

COPDa 1.1 0 0 1 2 3

Asthma 0.8 0 0 1 1 3

Cardiac hospital admissionsa 7.3 3 5 7 9 12

Mortality 9.0 4 7 9 11 14

aOnly includes subject Z15 years of age.

Air pollution, morbidity and mortalitySlaughter et al.
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We also investigated the association of PM1, PM2.5, PM10,

PM10–2.5, and CO with hospital admissions for cardiac

disease and mortality. Table 6 summarizes the associations

for PM2.5 and PM10. We found no associations between

nonaccidental mortality or hospital admissions for cardiac

causes and any size fraction of PM or CO. There was also no

clear trend for increasing/decreasing strength of association

with increasing/decreasing lag. Associations were generally

largest at the 1-day lag and were weaker at 2–3-day lag for all

PM measures.

We compared our results using both generalized linear

models (GLM) and generalized additive models (GAM).

Conceptually, the models were identical in that they both

assumed a linear pollutant effect and controlled for

meteorology and seasonality using smoothing techniques

with the same degrees of freedom and day of the week using

indicator variables. Figure 2 compares the regression

coefficients, the standard errors, and the significance of the

association of the 0- to 3-day lags PM2.5 with all of the

morbidity and mortality outcomes for GLM and GAM.

Point estimates were occasionally larger but more often

smaller using GLM (Figure 2a) and the standard error

estimates were always larger with GLM (Figure 2b).

Consequently, most of the associations between PM2.5 and

health were weaker using GLM (Figure 2c). We saw the same

trends in point estimates, standard errors, and overall

significance when we used the other pollutants. Furthermore,

when we analyzed our data using GAM, we found significant

associations of PM1 and PM2.5 with respiratory ER visits

and hospital admissions at the 2- and/or 3-day lags. These

associations with fine PM were insignificant when we

analyzed the data using GLM.

Discussion

We investigated the short-term effects of four size fractions of

PM (PM1, PM2.5, PM10, and coarse fraction PM), and CO

on daily counts of ER visits, hospital admissions and

mortality. Based on previous studies, we expected to see

small effects in each of these measures. Our results can rule

out any effects larger than about 6%. In general, we found

stronger associations with CO and the smaller size fractions

of PM than we did with PM10 or PM10–2.5. The strongest

associations were found for respiratory outcomes with CO,

however, such low concentrations of CO could not directly

cause the health effect. CO could be a surrogate measure for

Table 4. Associations of particulate matter and carbon monoxide with

respiratory ER visits (January 1995–June 2001).

All respiratory Acute asthma COPD (adult)

PM1

Lag 1 1.01 (0.98,1.04) 1.03 (0.97,1.09) 0.96 (0.87,1.05)

Lag 2 1.02 (0.99,1.06) 0.99 (0.93,1.05) 1.02 (0.93,1.12)

Lag 3 1.02 (0.99,1.06) 1.02 (0.96,1.08) 0.99 (0.90,1.09)

PM2.5

Lag 1 1.01 (0.98,1.04) 1.03 (0.98,1.09) 0.96 (0.89,1.04)

Lag 2 1.02 (0.99,1.04) 1.00 (0.95,1.05) 1.01 (0.93,1.09)

Lag 3 1.02 (0.99,1.05) 1.01 (0.96,1.06) 1.00 (0.93,1.08)

PM10

Lag 1 1.01 (0.99,1.04) 1.03 (0.98,1.07) 1.00 (0.93,1.07)

Lag 2 1.01 (0.98,1.03) 1.01 (0.96,1.05) 0.99 (0.92,1.06)

Lag 3 1.02 (0.99,1.04) 1.00 (0.95,1.04) 1.02 (0.95,1.08)

PM10–2.5

Lag 1 1.01 (0.98,1.04) 1.03 (0.98,1.08) 1.01 (0.93,1.09)

Lag 2 1.01 (0.98,1.04) 1.01 (0.96,1.07) 0.98 (0.90,1.06)

Lag 3 1.02 (0.99,1.05) 0.99 (0.94,1.05) 1.02 (0.95,1.10)

CO

Lag 1 0.99 (0.96,1.02) 1.00 (0.95,1.06) 0.92 (0.85,1.00)

Lag 2 1.01 (0.98,1.04) 1.01 (0.96,1.07) 0.99 (0.91,1.08)

Lag 3 1.03 (1.00,1.06) 1.06 (1.00,1.11) 1.01 (0.93,1.10)

Table 5. Associations of particulate matter and carbon monoxide with

respiratory hospital admissions (January 1995–December 2000).

All respiratory Asthma COPD (adult)

PM2.5

Lag 1 0.98 (0.94,1.01) 1.01 (0.91,1.11) 0.99 (0.91,1.08)

Lag 2 0.99 (0.96,1.03) 1.03 (0.94,1.13) 1.06 (0.98,1.16)

Lag 3 1.01 (0.98,1.05) 1.02 (0.93,1.13) 1.03 (0.94,1.12)

PM10

Lag 1 0.99 (0.95,1.02) 1.03 (0.95,1.12) 0.98 (0.90,1.07)

Lag 2 0.99 (0.96,1.02) 1.01 (0.94,1.10) 1.03 (0.96,1.11)

Lag 3 1.00 (0.97,1.03) 1.00 (0.92,1.09) 1.02 (0.94,1.09)

CO

Lag 1 0.99 (0.95,1.02) 1.02 (0.92,1.13) 0.94 (0.86,1.03)

Lag 2 1.00 (0.96,1.04) 1.06 (0.96,1.17) 1.04 (0.95,1.13)

Lag 3 0.99 (0.96,1.03) 1.00 (0.91,1.11) 0.97 (0.88,1.06)

Table 6. Association of PM2.5 and PM10 with hospital cardiac

admissions (January 1995–December 2000) and mortality (January

1995–December 1999).

Cardiac Admits. Mortality

PM2.5

Lag 1 1.00 (0.96,1.03) 1.01 (0.97,1.04)

Lag 2 0.98 (0.95,1.01) 0.99 (0.96,1.03)

Lag 3 1.01 (0.97,1.04) 1.00 (0.97,1.03)

PM10

Lag 1 1.02 (0.99,1.05) 1.00 (0.97,1.03)

Lag 2 1.00 (0.98,1.03) 0.98 (0.95,1.01)

Lag 3 1.02 (0.99,1.05) 1.00 (0.97,1.03)

Air pollution, morbidity and mortality Slaughter et al.
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combustion particles (Burnett et al., 1999; Fusco et al., 2001)

that induce a worsening of asthma by inciting an inflamma-

tory response in the airways with progressive decrements in

lung function and unresponsiveness to medications (Quay

et al., 1998; Baeza-Squiban et al., 1999; Morio et al., 2001;

Li et al., 2002).

Epidemiological studies have generally found small

associations between PM and morbidity and mortality

outcomes. NMMAPS estimated that mortality increases

0.2% for a 10 mg/m3 increase in PM10 in a combined analysis

of 90 US cities. Hospital admissions for respiratory causes

have been found to be associated with 50 mg/m3 increase in

PM10 (Schwartz et al., 1996), with effects estimates generally

higher than mortality and ranging from 0% to 4%. More

recently, researchers have looked for an association of

particulate air pollution with cardiac events. Schwartz

(1999) found that a 25mg/m3 increase in PM10 was

associated with a 2.5% increase in hospital admissions for

heart disease in a combined analysis of eight cities in the

United States. The association was significant in five of the

eight cities with effect estimates ranging from 1.8% to 4.2%,

including a 3.3% increase in Spokane, WA. In a quantitative

review, Morris (2001) reports an average congestive heart

failure hospital admissions increase by 0.8% per 10 mg/m3

increase in PM10. Our results are consistent with effect

estimates in this range. Schwartz (1996) reported finding a

significant association in Spokane between elderly respiratory

hospital admissions and PM10 at the 0-day lag, but did not

report associations at the 1- or 2-day lag. In our analyses, we

included all age groups; we still do not find associations of

PM10 with respiratory admissions at any lag when we restrict

our analysis to elderly subjects.

NMMAPS investigators recently found that the default

convergence criterion for GAM in S-Plus is inadequate to

accurately estimate small effects like we have in air pollution

studies (Dominici et al., 2002). In response to this finding, a

number of publications were reanalyzed using a method

other than the default GAM. In general, these new models

yielded lower effect estimate, but still identified a significant

association with PM (Health Effects Institute, 2003). Our

analysis uses generalized linear models (GLM) so it is not

susceptible to this problem. GLMs are also less sensitive to

underestimation of the standard errors than GAM when

concurvity is present (Ramsay et al., 2003b); this is the likely

explanation for our larger standard error estimates using

GLM. In our analyses, GAM with default convergence

criteria overestimated the health effects and underestimated

their standard errors. These biases can be removed by

incorporating stricter convergence criteria in the backfitting

and local scoring algorithms of GAM along with implement-

ing recent methods to more accurately calculate standard

errors from generalized additive models (Dominici et al.,

2004).

The lack of consistent results across outcomes, size

fractions of PM and CO, and lags of exposure limits our

ability to draw definitive conclusions from this analysis.

However, our results are consistent with the literature since

many of the published estimates fall within our confidence

intervals. We cautiously interpret our associations of CO with

respiratory ER visits and asthma because these significant
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Figure 2. Comparison of (a) regression coefficients, (b) standard
errors of beta, and (c) t-statistics of beta using GLMs and GAMs
from PM2.5 regressions.
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results could arise from making multiple comparisons

(Lumley and Sheppard, 2003). This caution means that we

do not need to discount selectively our marginally significant

(P¼ 0.058) estimate of a protective effect of CO on COPD at

the 1-day lag. Moreover, the lags that we found to be

significant were longer than we expected a priori (Sheppard

et al., 1999; Atkinson et al., 2001), although associations at

the 3-day lag have been reported (Norris et al., 2000; Lin

et al., 2002).

Particulate matter is a diverse mix of solid and liquid,

organic and inorganic particles, some of which may be

causing a health effect. Coarse fraction PM is composed

primarily of crustal material, while combustion is a major

source of PM1 and PM2.5. Continuing data collection efforts

in Spokane will allow us to eventually examine the

association of specific toxic metals or PM from specific

sources with these health endpoints. There is some evidence

from this analysis that fine particles may be more strongly

associated with respiratory ER visits than coarse particles.

The association between CO and respiratory problems

suggests that fine PM from combustion sources may be

more strongly associated with health effects than fine PM as

sampled based on size selective sampling. Future analyses in

Spokane will identify PM from specific sources as well as

specific chemical components that may be more strongly

related to health.
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