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WHAT THIS PAPER ADDS 

 

• Many time-series studies have demonstrated significant positive associations between 

mass concentration of ambient particulate matter and adverse acute cardiopulmonary 

health outcomes. 

 

• However, the hypothesis, based principally on toxicological evidence, that the 

concentrations of some metals in PM are explanatory factors for the health outcomes, 

has not been tested directly in the epidemiological context. 

 

• Within the limitations of the study power, analysis of 1 year of direct chemical 

determination of daily particle-bound metals, and of a further 7 years of reconstructed 

estimated daily metals exposures, showed no evidence of significant associations 

between particle-bound metal concentrations and cardiopulmonary health outcomes 

independent of PM mass.  

 

• Metal content may still be a causal agent in adverse responses from exposure to PM, 

but the generally strong correlations between metal and total PM observed here 

suggests that unambiguous quantification of associations between adverse health 

outcomes and PM metal exposure will be difficult, even using more powerful time 

series of direct measurements. 
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ABSTRACT  
 

Objectives: To assess whether adverse acute cardiopulmonary health outcomes are associated 

with concentration of trace metals in airborne particulate matter. 

Methods: Daily PM10 and PM2.5 was collected for one year in Edinburgh, UK, and the water-

soluble and total-extractable content of 11 trace metals determined in each sample. Time 

series were analysed using generalised additive Poisson regression models, including 

adjustment for minimum temperature and loess smoothing of trends. Methods were explored 

of extending the time series of metal concentration in daily PM10 for the previous 7 years 

using multiple regression of the variation in metal content for the 1 year of measurements and 

the associated variation in air mass source region and other concurrently-measured potential 

predictor variables. 

Results: The 1 year of direct measurements showed no evidence of significant associations of 

particle-bound metal concentration with health outcomes beyond that expected by chance. 

Analysis of the extended time series showed significant positive associations with 

cardiovascular admissions both for total PM10 and for a number of the metals (e.g. Cu, Fe, Ni, 

V, Zn) but the metal effects were no longer significant after adjusting for PM10.  

Conclusions: Within the limitations of its power, the epidemiological results have not 

provided evidence for associations between particle-bound metal concentrations and adverse 

health outcomes that are substantially greater than for total PM. The generally strong 

correlations between metal and total PM suggest that quantifying independent effects of PM 

metal exposure on health will be difficult, even using more powerful time series of direct 

measurements. 

 

 

INTRODUCTION 

 

Many time-series studies have demonstrated significant positive associations between mass 

concentration of ambient particulate matter (PM) and acute impacts on human morbidity and 

mortality.
1
 However, PM is highly diverse in size and chemical composition, so an important 

question is whether specific chemical properties are responsible for the adverse health 

associations observed with PM mass, which may then allow better-targetted abatement 

strategies. There has been some progress towards answering the question, predominantly 

through toxicological rather than epidemiological studies, but considerable uncertainty 

remains.
2
 

 

A number of toxicological studies
3-5

 have shown that transition metal content of PM 

(especially Fe, Cu, V, Zn) promotes in vitro and in vivo inflammation response, mediated by 

reactive oxygen species generated through redox reactions of the metals.
6
 However, the 

hypothesis, based on the toxicological evidence, that the concentrations of some metals in 

ambient PM are explanatory factors for adverse acute cardiopulmonary health outcomes, has 

not been tested directly in the epidemiological context because of lack of sufficient 

chemically-speciated ambient measurements. This work is the first direct study of the 

quantitative relationship between respiratory and cardiovascular mortality and morbidity and 

daily concentration of metals in PM10 and PM2.5 size fractions.  

 

METHODS 

 

Metal exposure data 

Simultaneous samples of PM10 and PM2.5 were collected daily for 1 year (1999-2000) at an 

urban background site in central Edinburgh, UK (population ~450,000) using Partisol 2025 
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units (R & P, USA).
7
 Each filter was extracted sequentially with 18 M� ultrapure water at 37 

ºC (the “water-soluble” fraction), followed by a 2.8:1 v/v mixture of concentrated HCl and 

HNO3 acids at 190 ºC, and the concentration of As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Ti, V and Zn 

in each extract quantified using ICP-MS (VG Elemental PasmaQuad).
8
 The sum of the metal 

yield from both extractions gave the “total-extractable” metal content of PM for that sample. 

Metal data are expressed as both ng m
-3

 airborne concentration and ng µg
-1

 metal:particle 

mass factor. Full detail of procedures, and of the concentrations measured, are given 

elsewhere.
7,8

 

 

Epidemiological methods 

Data for deaths and hospital admissions in City of Edinburgh post-code sectors were obtained 

from the Information and Statistics Division of National Health Service Scotland. Five 

different health outcomes were considered (numbers of hospital admissions and deaths from 

respiratory and cardiovascular causes plus deaths from all causes), separated into two age 

groups (65 and over, and under 65). 

 

The numbers of deaths and admissions were tested for association with particle-bound metal 

concentration by generalised additive Poisson regression (GAM) models using S-PLUS 

software. This method involves the use of loess (locally weighted regression) to fit smooth 

curves to the patterns of incidence over time, with the degree of smoothness determined by 

the width of the time window used in the regression. Confidence limits for effect sizes can be 

derived by examining the difference in deviance when the pollution term is included or 

excluded from a fit involving the other terms chosen. 

 

GAMs with 30-day windows were applied to each combination of metal, PM fraction, health 

outcome and age group, using the average of the previous three days’ particle-bound metal 

concentrations and also adjusting for day of the week and minimum temperature, with the 

latter also fitted by loess but with a relatively coarse smoothing. A loess fit using a 30-day 

smoothing window dealt sensibly with the over-dispersion in some health outcome data 

arising from seasonal and short-term variations in number of events (e.g. an influenza 

epidemic). Sensitivity analyses with different loess window sizes or pollution lags did not 

change the general conclusions. 

 

With 11 different metals measured in four different PM fractions being correlated with five 

different health outcomes in two different age groups, a total of 440 significance test results 

are available, and thus the issue of multiple testing clearly arises. Correspondingly, a subset of 

60 “primary” analyses was defined using water-soluble and total particle-bound 

concentrations of five metals (Cu, Fe, Ni, V and Zn) that were the best a priori candidates for 

having adverse effects on health, and also on three health outcomes based on previous results 

for Edinburgh
9
 (cardiovascular admissions and respiratory and all-cause deaths in those aged 

over 65). The remaining “secondary” analyses were screened for more than the expected 

number of formally significant results.  

 

Estimation of additional metal exposure 

Multivariate regression was explored as a way of estimating the metal content of daily PM10 

for the 7 years prior to the one year of direct measurements. The regression variables tested 

were the 30 variables of distance north and distance east of Edinburgh, and pressure level, for 

the air mass back trajectories at 12, 24,…120 hours prior to daily arrivals in Edinburgh 

(calculated using the trajectory model at the British Atmospheric Data Centre 

(www.badc.rl.ac.uk)), plus daily mean windspeed, daily rainfall, minimum and maximum 

temperature, and daily mean concentrations of the co-pollutants NO2, CO, SO2 and O3. The 
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approach was predicated on the observation that air-mass source region (i.e. long-range 

transport) contributes to variation in PM chemical composition.
8
 The regression equations of 

significant predictor variables for metal:particle mass factors derived from the one year of 

measurements were applied to archived daily PM10 between 1992 and 1999.  

 

 

RESULTS 

 

Confidence limits for the effects associated with the measured metal data for the 60 “primary” 

analyses are shown in Table 1. Only four of the 60 analyses are significant (which is no more 

than would be expected if no true associations), and in each case the estimate suggests a 

decreasing risk with increasing exposure to particle-bound metal. 

 

 

Table 1: Approximate 95% confidence limits for percent changes in relative risk in subjects 

aged �65 for three health outcomes over the interquartile range from one year of daily 

measurements of particle-bound metal concentrations (unadjusted for PM10 or PM2.5 mass). 

The relative risks associated with PM10 and PM2.5 mass are given in the bottom two rows. 

Significant results are shown as * = P <0.05 or ** = P <0.01. The R
2
 values in the penultimate 

column indicate the power of the regression models to predict the one year of measured 

particle-bound metal concentrations. The final column is the square of the Spearman rank 

correlation coefficient between daily metal concentration in the PM2.5 or PM10 fractions and 

either total PM2.5 or PM10 for the year of measurements and provides an indication of the 

strength of the predictive relationship between total PM and its metal content. 

 

Metal fraction 
Cardiovascular 

admissions 

Respiratory 

deaths 

All-cause 

deaths 

R
2
 

regression  

R
2  

PM mass 

V PM10 water -6, +7 -13, +12 -8, +2 0.39 0.37 

 PM10 total -8, +10 -11, +11 -7, +2 0.40 0.39 

 PM2.5 water -6, +5 -3, +4 -7, +2  0.55 

 PM2.5 total -5, +6 -9, +12 -7, +1  0.54 

       

Fe PM10 water -8, +5 -4, +1 -10, +1 0.14 0.26 

 PM10 total -18, -1 * -8, +8 -5, +5 0.47 0.21 

 PM2.5 water -6, +4 -4, +14 -10, +7  0.34 

 PM2.5 total -3, +2 -8, +8 -2, +1  0.32 

       

Ni PM10 water -3, +2 -7, +7 -6, +2 0.24 0.30 

 PM10 total -2, +1 -4, +3 -1, +1 0.17 0.03 

 PM2.5 water -8, +1 -1, +1 -36, +47  0.27 

 PM2.5 total -1, +1 -1, +2 -1, +1  0.18 

       

Cu PM10 water -1, +1 -20, +4 -9, -1 * 0.49 0.29 

 PM10 total -1, +2 -18, +7 -8, -1 * 0.53 0.18 

 PM2.5 water -2, +7 -14, +11 -10, +2  0.37 

 PM2.5 total -2, +4 -18, +6 -9, -1 **  0.31 

       

Zn PM10 water -6, +4 -25, +10 -10, +3 0.25 0.22 

 PM10 total -8, +2 -24, +7 -9, +5 0.15 0.14 

 PM2.5 water -4, +5 -13, +12 -5, +5  0.23 

 PM2.5 total -9, +5 -17, +11 -14, +11  0.18 

       

Total PM10 (7.3 �g m
-3

 increment) -10, +12 -5, +12 -10, +7   

Total PM2.5 (4.9 �g m
-3 

increment) -5, +10 -3, +5 -11, +34   
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Only three of the other 172 “secondary” analyses in those aged over 65 showed significant 

health associations with metal concentrations, which is less than expected by chance. Of the 

220 analyses in younger subjects, six at P <0.05 showed no particular pattern, but a further 

nine at P <0.05 and eight at P <0.01 were all for cardiovascular admissions. Again the 

coefficients were negative, so no suggestion of high risk from the metals concerned. 

 

For the extended time series there was a significant association with cardiovascular 

admissions for total PM10 concentration (95% CI of RR +1,+6, for 10 µg m
-3

 increment), 

consistent with previous findings for Edinburgh
9
, and also for a number of the metals, both 

water soluble and total extractable fractions. However, further multiple regressions showed 

that the metal effects were no longer significant after adjusting for total PM10 (data not 

presented). 

 

 

DISCUSSION  

 

The results of this study are essentially negative, in that no more significant results for 

association of health effects with particle-bound metal concentrations are observed than 

expected than by chance alone, whether from the one year of measurements or from the 

attempt at additional metal exposure estimation. However, the extent to which this is a 

“positively negative” conclusion clearly depends on the statistical power of the study, and 

even a year-long effort to collect measurement data is a relatively short period. For the 

measured data, the confidence intervals in Table 1 are of the order of 5-20% and need to be 

interpreted in the context of other much larger studies demonstrating effect sizes of the order 

of 1% on relative risk over corresponding ranges of total PM.
1
 It is therefore reasonable to 

state that it is unlikely that the effects on health associated with any of the particle-bound 

metal metrics are more than around 5 to 20 times as great as those of the total PM. The similar 

pattern of results for the eight-year extrapolation of metal concentrations to those for total 

PM10 is perhaps not surprising given that particle-bound metal concentrations and total PM 

are fairly strongly correlated with one another, as shown by the squared correlation 

coefficients in the final column of Table 1.  

 

This work does not necessarily show that no such health associations exist, but that the 

methodology used here has not detected them if they do. There are two aspects to this. First, 

as mentioned above, for most metals a large proportion of the day-to-day variation in metal 

concentration arises from variation in total PM10 rather than from the proportion of PM10 

composed of that metal. Secondly, the attempt to estimate daily particle-bound metal 

concentrations through regression of other data was not particularly effective as illustrated by 

the R
2
 values in the penultimate column of Table 1. Examination of confidence limits for the 

metal:particle mass factors in a multiple regression analysis of health outcomes adjusting for 

total PM10 suggest that the gain in power from using the longer time series was almost 

entirely offset by the loss from the extrapolation process.  

 

One pan-European time-series study also failed to find conclusive effects from Fe in PM10.
10

 

A few studies have investigated associations between adverse health outcome and putative 

sources of PM assigned statistically using metals as chemical tracers,
11,12

 but none of these 

studies were capable of isolating the potential health effect of individual metals. 

 

The difficulty of separately quantifying the effects of metals in real samples of PM, from that 

of total PM with which they correlate quite strongly, was also encountered in a toxicological 

study using daily samples of PM10 taken from six UK sites.
13

 Overall, the markers of in vivo 
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and in vitro inflammation examined were most strongly influenced by total PM mass dose. 

The independent effect on some of the toxicological end points of certain trace metals within 

the PM (e.g. water-soluble Zn and Mn) were less strong.    

 

In conclusion, this study, albeit relatively low powered, has not provided evidence for 

associations between particle-bound metal concentrations and adverse health outcomes that 

are substantially greater than for total PM. The generally strong correlations observed 

between metal and total PM concentrations in urban air suggest that distinguishing 

independent effects will be difficult, even using more powerful time series of direct 

measurements.  
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