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In the past decade, the concept of environmental justice
has received increased attention.1,2 This concept refers
to the possibility of inequitable distribution of environ-

mental hazards by socioeconomic class or race. One such
hazard — community levels of air pollution — is associated

with variability in mortality rates. Significant associations
between air pollution and mortality were observed in a
comparison of 6 American cities.3 In a study involving re-
spondents to an American Cancer Society survey,4 data on
ambient air pollution from 151 metropolitan areas in the
United States were linked to data on individual risk factors
for 552 138 adults. During 16 years of follow-up, exposure
to fine particulate matter and sulfur-oxide–related pollution
was associated with death from all causes, lung cancer and
cardiopulmonary disease. The authors estimated that mor-
tality risk associated with fine particulate air pollution at
levels found in more polluted US cities was comparable to
that associated with being moderately overweight.

In each of these studies, pollution was measured at cen-
tral sampling stations, and all residents were assigned the
same exposure level. One might suspect that exposure to air
pollution would vary with socioeconomic status. For exam-
ple, residents of poorer neighbourhoods might be closer to
point sources of industrial pollution or be exposed to
greater amounts of vehicular emissions from higher traffic
density.5 We hypothesized that there would be intra-urban
variability in mortality associated with socioeconomic sta-
tus and pollution exposure. To test this hypothesis, we fol-
lowed a cohort of residents in the Hamilton–Burlington
area of southern Ontario.

Methods

The study group comprised residents of Hamilton and
Burlington who had been referred for pulmonary function testing
between 1985 and 1999 at the Firestone Institute for Respiratory
Health in Hamilton. They included people referred for specialist
assessment and those referred for spirometry testing only. Infor-
mation available in the database of the pulmonary function testing
laboratory included Ontario Health Insurance number, postal
code, age, sex, body mass index (BMI) and pulmonary function
test measures, including forced vital capacity (FVC) and forced
expiratory volume in the first second (FEV1). Smoking history was
not recorded. Predicted FVC and FEV1 volumes were computed
using the equations in Neas and Schwartz.6 The Ontario Health
Insurance number was used to link people with Ontario Health
Insurance Plan (OHIP) billing files for 1992–1999. (Ontario re-
placed family-based medicare numbers with personal health in-
surance numbers in 1992.)

Mortality was monitored beginning Jan. 1, 1992, or the date of
the subject’s first visit to the Firestone Institute, whichever was
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Abstract

Background: Community levels of air pollution have been associ-
ated with variability in mortality rates, but previous studies
have inferred exposure to pollutants on a citywide basis. We
investigated mortality in relation to neighbourhood levels of
income and air pollution in an urban area.

Methods: We identified 5228 people in the Hamilton–Burlington
area of southern Ontario who had been referred for pul-
monary function testing between 1985 and 1999. Nonacci-
dental deaths that occurred in this group between 1992 and
1999 were ascertained from the Ontario Mortality Registry.
Mean household income was estimated by linking the sub-
jects’ postal codes with the 1996 census. Mean neighbour-
hood levels of total suspended particulates and sulfur dioxide
were estimated by interpolation from data from a network of
sampling stations. We used proportional hazards regression
models to compute mortality risk in relation to income and
pollutant levels, while adjusting for pulmonary function, body
mass index and diagnoses of chronic disease. Household in-
comes and pollutant levels were each divided into 2 risk cate-
gories (low and high) at the median.

Results: Mean pollutant levels tended to be higher in lower-
income neighbourhoods. Both income and pollutant levels
were associated with mortality differences. Compared with
people in the most favourable category (higher incomes and
lower particulate levels), those with all other income–particu-
late combinations had a higher risk of death from nonacciden-
tal causes (lower incomes and higher particulate levels: rela-
tive risk [RR] 2.62, 95% confidence interval [CI] 1.67–4.13;
lower incomes and lower particulate levels: RR 1.82, 95% CI
1.30–2.55; higher incomes and higher particulate levels: RR
1.33, 95% CI 1.12–1.57). Similar results were observed for
sulfur dioxide. The relative risk was lower at older ages.

Interpretation: Mortality rates varied by neighbourhood of resi-
dence in this cohort of people whose lung function was tested.
Two of the broader determinants of health — income and air
pollution levels — were important correlates of mortality in
this population.
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later. To ensure that all subjects were alive at the start of follow-
up, we excluded 64 people without an OHIP transaction after
1991. Deaths occurring in the cohort between 1992 and 1999
were ascertained from the Ontario Mortality Registry. Because
only 27 deaths occurred among people under 40 years of age, the
study was limited to people aged 40 years and over. We excluded
22 deaths from accidental causes. In addition, we excluded people
with cancer diagnosed either before or within 45 days after the
initial visit. This left 5228 people available for analysis of the ini-
tial 13 863. This study was approved by the Research Ethics
Board at St. Joseph’s Healthcare, Hamilton.

OHIP records were used to classify underlying respiratory dis-
ease status through the diagnostic codes submitted by specialist
physicians (International Classification of Diseases, ninth revision7

[ICD-9] codes 491, 492 and 496 [chronic obstructive pulmonary
disease (COPD)], 493 [asthma], 494 [bronchiectasis], 501 [as-
bestosis], 502 [silicosis] and 515 [postinflammatory pulmonary fi-
brosis]). The OHIP records and the Ontario hospital discharge
database were also searched for diagnoses of diabetes mellitus
(ICD-9 code 250) and chronic ischemic heart disease (ICD-9
codes 412–414). Patients were classified with these disorders if the
diagnosis had been made in 2 or more claim submissions by a
general practitioner, 1 claim submission by a specialist or in any
admission to hospital.

Postal codes were used in the estimation of household income
and air pollution levels. The ArcView geographic information sys-
tem (version 3.2; ESRI, Redlands, Calif.) was used with the Statis-

tics Canada 1999 postal code conversion file; locations were re-
lated to mean household income estimated in enumeration-area
data gathered in the 1996 census. The ArcView geographic infor-
mation system was also used to estimate mean air pollutant levels
in the vicinity of the patients’ residences. The spatial domain was
limited to the Hamilton–Burlington urban airshed. Available pol-
lution data were 24-hour measurements of total suspended partic-
ulates (1992–1994), sampled every sixth day in accordance with
the North American synoptic cycle, and mean daily sulfur dioxide
levels (1993–1995), calculated from continuous hourly measure-
ments (see Appendix 1 for a description of these pollutants). We
used pollution data for only these 3 years because it was a period
when the Ontario Ministry of the Environment’s monitoring net-
work in the Hamilton–Burlington urban airshed had the maxi-
mum number of monitoring stations (9 for sulfur dioxide and 23
for total suspended particulates).

Levels of both pollutants are known to decrease outward from
the heavy industrial zone in north-central and northeastern
Hamilton.8 To model the pollution concentration gradients more
accurately in peripheral areas, data from the Ministry of the Envi-
ronment’s monitoring stations in neighbouring municipalities
were also used, increasing the total number of stations to 19 for
sulfur dioxide and 29 for total suspended particulates. Universal
kriging — a stochastic geostatistical method that takes into ac-
count spatial dependence9 — was used for spatial interpolation be-
tween monitoring stations. GS+ geostatistics software (version
2.1; Gamma Design Software, Plainwell, Mich.) was used to gen-
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Fig. 1: Distribution of residence locations of the study population in the Hamilton–Burlington municipalities in
southern Ontario. Shading shows the estimated mean levels of total suspended particulates (TSP) by residence lo-
cation (the distribution of the mean levels of sulfur dioxide by residence location was qualitatively similar).



erate the interpolation estimates. The 3-year means were applied
to the entire observation period, 1992–1999.

The Cox proportional hazards model10 was used to model risk
of death from nonaccidental causes and from cardiopulmonary
disease (ICD-9 codes 401–440 and 480–519). The Cox models
were stratified by sex and 5-year age groups to allow a baseline
hazard measure for each category. Interactions between indepen-
dent and stratification variables were examined. Model diagnostics
included examination of Cox–Snell residuals and the assumption
of proportional hazards. Cox regression analysis gives hazard ra-
tios (relative instantaneous risk of death) as outputs; in this report,
we refer to these as relative risks.

The study population was not a random sample of residents of
Hamilton–Burlington municipalities, and there may have been a
geographic selection bias, although subjects were drawn from
throughout the Hamilton–Burlington region (Fig. 1). To account
for possible clustering of mortality rates in neighbourhoods, we
used the Hamilton neighbourhood definitions derived by Lugi-
naah and colleagues11 to adjust the estimates of variance for clus-
tering in neighbourhoods. Calculations were performed with the
use of the Stata Statistical Software (version 7.0, Stata Corp., Col-
lege Station, Tex.).

Results

Study population, household income 
and pollution levels

Of the 5228 study subjects, 626 died during the follow-
up period, 604 of nonaccidental causes. Of the respiratory
disease diagnoses derived from the OHIP records, COPD
was diagnosed in 2035 subjects (431 died), asthma in 604
(28 died), bronchiectasis in 141 (31 died), asbestosis in 39 (4
died), silicosis in 24 (3 died) and postinflammatory pul-
monary fibrosis in 240 (75 died). Those with diagnoses of
both asthma and COPD were classified in the COPD
group. Because there were only 21 deaths among subjects
with only asthma, and because preliminary analysis showed
that their relative risk of death was similar to that of people
without a respiratory diagnosis, people with only asthma
and those without a respiratory diagnosis were classified in
one group. In this article, we refer to all chronic pulmonary
diseases, excluding asthma, as CPD.

The distribution of the study population by respiratory
disease diagnosis is shown in Table 1, along with mean val-
ues of clinical and spatial variables. About half of the cohort
did not have CPD or asthma diagnosed by a specialist. On
average, subjects with CPD were older, had poorer lung
function and a lower BMI than those without CPD. Those
with CPD were estimated to have lower household income,
consistent with the inverse relation between smoking
prevalence and income.12 Exposure to pollutants of those
with CPD was similar to that of people without CPD.

The distribution of mean levels of total suspended partic-
ulates by residence location of the study population is shown
in Fig. 1. The distributions of the estimated concentrations
of total suspended particulates and sulfur dioxide (Fig. 2, top
panel) reveal mean, median and interquartile ranges of 41.3,

40.8 and 13.0 µg/m3 respectively for total suspended particu-
lates, and 4.9, 4.6 and 1.3 parts per billion for sulfur dioxide.
The graphs in the bottom panel of Fig. 2 show the relation
between pollutant levels and income (the solid lines are
means estimated with the use of a locally weighted regres-
sion [LOESS] smoother13): the mean pollutant levels tended
to be higher in the lower-income neighbourhoods.

Mortality in relation to household income 
and pollution levels

To investigate the relations between mortality, income
and pollution levels, we divided the study population into
those above and those below the median for household in-
come and for level of the 2 pollutants measured. Cox mod-
els for death from nonaccidental causes and from car-
diopulmonary disease were applied using these variables
(Table 2). All models were adjusted for age, sex, FVC,
FEV1, BMI, the square of BMI, and diagnoses of CPD, is-
chemic heart disease and diabetes. There were no signifi-
cant violations of the proportional hazards assumption.

The reference category was the most favourable one
(i.e., above the median income level and below the median
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Table 1: Baseline characteristics of residents in the Hamilton–
Burlington area in southern Ontario who had been referred
for pulmonary function testing between 1985 and 1999 and
number of deaths in cohort from 1992 to 1999, by respiratory
disease diagnosis

Respiratory disease diagnosis

Characteristic

Chronic pulmonary
disease*
n = 2185

No chronic
pulmonary disease†

n = 3043

Mean age at study entry
  (and SD), yr 65.4 (11.4) 57.5 (11.8)
Men, no. (and % of all men) 1121 (49) 1185 (51)
Women, no. (and % of all
  women) 1064 (36) 1858 (64)
Diabetes mellitus, no. (and %) 421 (19.2) 419 (13.8)
Chronic ischemic heart
  disease, no. (and %) 915 (41.9) 775 (25.5)
Mean FVC (and SD), % of
  predicted 74.4 (21.1) 87.2 (18.5)
Mean BMI (and SD), kg/m2 27.3   (6.2) 29.3   (6.2)
Mean household income
  (and SD), $[thousands] 46.2 (18.4) 50.8 (19.6)
Mean sulfur dioxide level
  (and SD), ppb   5.0   (1.0)   4.8   (1.0)
Mean level of total suspended
  particulates (and SD), µg/m3 42.0   (9.1) 40.8   (9.1)
Total no. of deaths 453 173
No. (and %) of deaths from
  cardiopulmonary disease 263 (58) 78 (45)

Note: SD = standard deviation, FVC = forced vital capacity, BMI = body mass index, ppb =
parts per billion, SO2 = sulfur dioxide, TSP = total suspended particulates.
*Includes people with chronic pulmonary disease, other than asthma alone, diagnosed by a
specialist.
†Includes people with asthma alone or no respiratory disease (see Methods for details).



pollution level). Subjects with all other income–pollutant
combinations had a higher risk of death than those in the
reference category (Table 2). In all models, age was a sig-
nificant effect modifier. The interaction term was less than
1.0, so that the relative risk was lower with increased age.
Both income and exposure to pollutants were associated
with differences in mortality. If income is constant, either
high or low, then those living in neighbourhoods with
above-median pollution levels had higher mortality rates
than those in neighbourhoods with below-median levels.

We computed the relative risk of death from nonacci-
dental causes by income category. Among people with be-
low-median income, the relative risk for those with above-
median exposure to total suspended particulates was 1.14
(95% confidence interval [CI] 1.07–1.20) and for those with
above-median exposure to sulfur dioxide 1.18 (95% CI
1.11–1.26); the corresponding relative risks among subjects
with  above-median income were 1.04 (95% CI 1.01–1.06)
and 1.03 (95% CI 0.83–1.28). Similarly, if pollutant cate-
gory is held constant, then people in neighbourhoods with
below-median income had higher mortality rates than those

in neighbourhoods with above-median income. The highest
mortality rates were observed among people with below-
median income and above-median pollution exposure.

Because of the effect modification by age, relative risk
was not independent of age but was highest among the
youngest subjects.

Interpretation

Mortality rates in a cohort of patients undergoing pul-
monary function testing in Hamilton, Ont., varied by lo-
cation of residence. After adjustment for age, sex, lung
function, BMI and the diagnosis of chronic diseases, we
found that people living in lower-income neighbourhoods
had higher mortality rates than those living in wealthier
neighbourhoods.

Explanations for income-associated differences in mortal-
ity include biological and sociological factors. Surveys have
found that lower-income Canadians have the highest preva-
lence of cardiovascular risk factors, particularly smoking and
excess weight.14 We did not have information about individ-
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Fig. 2: Top panel: Distribution of mean levels of total suspended particulates and sulfur dioxide in study population. Bottom
panel: Relation between mean levels of pollutants and household income; solid lines are means estimated with the use of locally
weighted regression (LOESS) smoother.13
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ual smoking habits and attempted adjustment for biological
risk factors by controlling for BMI, lung function and the di-
agnosis of chronic diseases. Dockery and associates15 re-
ported that “smokers suffer an irreversible loss of FVC and
FEV1, which is described by a linear function of their cumu-
lative cigarette smoking as measured in pack-years.” 

We believe that inclusion of lung function and the diag-
nosis of chronic pulmonary and ischemic heart diseases con-
trols for much of the effect of smoking. However, it is likely
that some residual confounding of the income–mortality re-
lation remains.

Raphael16 has argued that the most important factors per-
taining to income-associated differences in mortality are the
broader determinants of health, including education, employ-
ment, and physical and social environments. In the Hamil-
ton–Burlington urban airshed, we found an association be-
tween income and estimated air pollution exposure in the
vicinity of the study population’s residences. People living in
lower-income neighbourhoods tended to have higher mean
levels of pollution exposure than those living in higher-
income neighbourhoods. Those living in neighbourhoods
with above-median levels of particulate and sulfur dioxide air
pollution had higher mortality rates than those living in
neighbourhoods with below-median levels of such pollution.

Our study population, derived from the database of a
lung function testing laboratory, was enriched with sub-
jects with CPD. It has been suggested that people with
COPD are more susceptible to the effects of acute in-
creases in levels of air pollution.17 In our
population, the relative risk of death for
those with CPD was 1.4 in the Cox regres-
sion analysis; however, the mortality risk
associated with residence in neighbour-
hoods with long-term exposure to above-
median levels of air pollution was indepen-
dent of underlying CPD status.

Although our patients were not a ran-
domly selected sample of the population,
we believe that our results can be general-
ized. The variability of mortality rates by
socioeconomic status has been observed
elsewhere in Canada.18 The variation of pol-
lution levels by neighbourhood income in
Hamilton was independent of the identities
of people in our study population. Neither
of the American air pollution cohort
studies3,4 used estimates of income level and
instead used education level as the measure
of socioeconomic status. In both of the
American studies, increased mortality risk
was observed only in the subset of the pop-
ulation without a postsecondary education
(41.1% of those in the American Cancer
Society study and 66% in the 6-city study).19

Explanations for this finding of apparent
immunity to the adverse effects of pollution

among the better educated have been discussed.20,21 An im-
portant longitudinal study of a nationally representative
sample of 3617 Americans reported that differences in
mortality by education level were explained in full by the
strong association between education and income.22 We
thus suspect that the educational differential in the Ameri-
can studies reflects a misclassification introduced by assign-
ing the same exposure level to all subjects. Less educated
people probably lived in poorer neighbourhoods and expe-
rienced higher exposures than the better educated people.
Their higher mortality rates are consistent with our find-
ings in Hamilton.

Our study had a number of limitations. Household in-
come was estimated from census data, so some misclassifi-
cation is likely. Information was unavailable about change
of residence during the observation period. The levels of
pollution exposure were estimated by interpolation from a
network of fixed sampling stations; this measurement er-
ror would tend to bias the regression slope toward null. In
addition, we used mean levels of total suspended particu-
lates and sulfur dioxide measured during the 3 years when
there were maximum numbers of sampling stations and
applied the levels to the entire 8-year observation period.
There was little change in pollution levels in this airshed
during the late 1990s;8,23–26 thus, it is unlikely that substan-
tial error was introduced. Other pollutants (e.g., carbon
monoxide, nitrogen dioxide and ozone) are also likely to
be associated with differences in mortality,27 but data were
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Table 2: Relative risk of death in relation to household income and pollution
levels

Cause of death;
relative risk (and 95% CI)†

Income–pollutant category* All causes‡
Cardiopulmonary

causes

Total suspended particulates
High income–low pollutant level§ 1.0 1.0
High income–high pollutant level 1.33 (1.12–1.57) 1.14 (0.86–1.51)
Low income–low pollutant level 1.82 (1.30–2.55) 1.81 (1.12–2.92)
Low income–high pollutant level 2.62 (1.67–4.13) 2.66 (1.43–4.97)
Interaction with age group¶ 0.96 (0.94–0.99) 0.96 (0.92–0.99)
Sulfur dioxide
High income–low pollutant level§ 1.0 1.0
High income–high pollutant level 1.35 (1.05–1.73) 1.54 (1.13–2.10)
Low income–low pollutant level 1.64 (1.21–2.24) 2.05 (1.45–2.91)
Low income–high pollutant level 2.40 (1.61–3.58) 3.36 (2.12–5.32)
Interaction with age group¶ 0.97 (0.95–0.99) 0.95 (0.92–0.97)

Note: CI = confidence interval.
*There are 2 categories each of household income and pollutants, low and high, divided at the medians. For
household income, median = $46 000, mean low = $34 000, mean high = $64 000. For total suspended particulate
levels, median = 41 µg/m3, mean low = 37 µg/m3, mean high = 46 µg/m3. For sulfur dioxide levels, median = 4.6 ppb,
mean low = 4.4 ppb, mean high = 5.4 ppb.
†All models were stratified by age and sex and were adjusted for pulmonary function, BMI and square of BMI, and
the diagnoses of chronic pulmonary disease, chronic ischemic heart disease and diabetes mellitus.
‡Excludes accidental deaths.
§Reference category.
¶The pollutant-associated risks varied by age group. Because the relative risk is less than 1.0, the risk was lower with
increased age.



unavailable to perform intra-urban interpolations for
these pollutants.

In conclusion, mortality rates varied by neighbourhood
of residence in our study cohort. At least part of this varia-
tion is likely related to differences in biologic risk factors
that were not controlled for. Two of the broader determi-
nants of health — income and air pollution levels — were
important correlates of mortality in this population.
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Appendix 1: Description of air pollutants studied28

Total suspended particulates
Airborne particles are a complex mixture of solid particles and liquid
droplets suspended in the air. Particles in outdoor air have numerous
sources and various chemical and physical compositions. Typically,
particles are classified according to their size; particle size affects
deposition in the respiratory tract and, consequently, the potential to
cause health effects. Monitoring, with the use of a high-volume air
sampler, captures atmospheric particulates smaller than 40 µm in
diameter. In recent years, size-fractionated measurements of particulate
matter (PM) — in particular fractions less than 10 µm (PM10) and less
than 2.5 µm (PM2.5) — have become the preferred measures of
particulate pollution. The number of sampling stations providing these
measures in the Hamilton metropolitan area was too small to permit
geostatistical interpolation. Thus, we relied on total suspended
particulates — a variable mixture of particle size fractions — as the
measure of particulate exposure. In Hamilton, the ratio of PM10 to total
suspended particulates ranges from about 0.38 to 0.50 across the city.8

Sulfur dioxide
The main source of sulfur dioxide is the combustion of fossil fuels
containing sulfur, in particular from power stations burning coal and
heavy fuel oil. Natural gas, gasoline and diesel fuels have a relatively
low sulfur content. In the Hamilton area, heavy industry creates point
sources of sulfur dioxide emissions. In northern Ontario, the smelting
of ores emits large amounts of sulfur dioxide. Sulfur dioxide can be
oxidized to sulfur trioxide, which, in the presence of water vapour, is
readily transformed into sulfuric acid mist. In addition, sulfur dioxide is
a precursor to sulfate salts, which are one of the main components of
respirable particles in the atmosphere.


