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This study was undert.aken lo detl•rmirw whetlwr 
variations in concentrations of pnrticulates in thl' 
ambient air of Montreal, Quebec, during the period 
1984 to 1993, were associated with daily variations in 
cause-specific daily mortality. Fixed-site air pollu-
tion monitors in Montreal provided daily mcan 
levels of various measures of particles ~~ gascous 
pollutants. Total sulfate was also measured daily 
(198&-1993) at a monitoring station 150 km southcnst 
of the city (Sutton, Quebec). Wc uscd coefficient of 
haze (COB), extinction coeffi~ent, and sulfate Crom 
the Sutton station to predict fine particlcs and sul-
fate from fine particles for i:lays that wcre nùssing. 
We estimated associations betwecn cause-spc<'ific 
mortality and PMu, PM10 , predicted fine particles 
and fine sulfate particles, total suspended pnrticles, 
coefficient of baze, extinction coefficient, and total 
sulfate measured at the Sutton station. We selected 
a set of underlying causes of death, as recorded on 
the death certificates, as the endpoint and then re-
gressed the logarith.m of daily counts of cause-spcci-
fic mortality on the daily mean levels for the above 
mensures of particulates, aftcr accounting for sen-
sonal and subseasonal ftuctuotions in the mortality 
time series, non-Poisson dispersion, Wl'athcr \'ari-
ables, and gaseous pollutants. Wc found positive and 
statistically significant associations betwcen the 
daily measures of ambient particle mass and sulfate 
mass and the deaths from rcspirntory discases and 
diabetes. The mean percent.age change in daily mor-
tality (.MPC), evaluated at the interquartilc range for 
pollutanu averaged ovcr the day of death and thl' 
preceding 2 days, for deaths from n-spirnt.ory dis-
e~s was MPCcon = 6.90°10 (95% Cl: :J.69-10..21 "'•), 
MPCPNdlr:<NI PMU= 9.o:w. (9/i 0 ô ('I: li.R.1- 12.33°ô), und 
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MP( \ .. 11 .. n oulrA, .. = 4.64~1• (95% CI: 2. -Ui H.86°1.). For diu -
betes, the correspond.ing estimates were MPCnm = 
7.50° .. (95"'• Cl: 1.96-13.34•/o), MPC.,, ............ PMU= 7.59" '• 
195°'• Cl: 2.36-13.09%), and MPCsuu.on owt,te = 4A8° ô 
(!)5% CI: 1.08-7.99'/o). Among individuals older thnn 
65 yenrs at timc of dcath, we found consistent asso-
ciations across our metrics of particles for neo-
plnsms and coronary artery diseases. Associations 
with sulfate mass were also found among elderly 
persons who died of carqiovascular diseases and of 
hmg cancer. 'i'hesc associations were consistent 
with linèar rclationship!>· The assodqtions found 
for rcspiratory diseascs and for cardiovascular dis-
('1,~es, cspecialJy in the.elderly, are in linc with some 
of the current hypotheses regarding mechanisms 
by which ambicnt particles may increase daily 
mortality. The positive associations found for can-
cer nnd for diabetes may be understood through 
a gencral hypothesis proposed by Frank and Tan-
11:crsley, who suggested that persons ln failing 
hc,lth may be at higher risk for externaJ insults 
through the failure of regulating physiological set 
points. The association with diabetes may be inter-
prcted in light of recent to:rlcological findings that 
inhalation of urban particles in animals increases 
hlood pressure and plasmatic levels of endothelins 
llrnt l"nhance vasoconstriction and alter elcc-
lrophysiology. Furthcr research to confirm thcse 
findings and to determine whetbcr they arc causal 
is warrantcd. , 2001 Academk rres11 
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total suspcnclf'd purticles; PM 10 ; PM2.s; sulfate; co1?f-
fid,•11t of han•; lime series; Ppicl••miology. 
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INTRODUCTION 

Numerous studies from around the world have 
shown,,.associations between daily nonaccidental 
mortality"'anâ ambient air particles <Dockery and 
Pope, 1994; Goldberg. 1996; Schwartz, 1991; Zmirou 
el al., 1998). These data have been derivcd mostly 

, from parallel time series studies, in which daily vari-
ations in the number of deaths in a population arc 
regressed onto daily fluctuations in ambicnt concen-
trations of air pollutants. Studies have been carried 
out in countries with varied levels of industrial-
ization and air pollution, and the results for non-
accidentai deaths have been rather consistent 
regardless of the extent of pollution or the mix of 
pollutants (Goldberg, 1996; Schwartz, 1991). A strik-
ing aspect of these associations is that levels of the 

•pollutants··are -within limits set by most national 
·ambient 'air' quality standards. 

Despite the consistency of the results, little is 
known about which specific causes of death con tri b-
ute to the overall increases in daily mortality. The 
conventional wisdom is that when daily levels of air 
pollution become elevated persons wi~h rcspiratory 
and cardiovascular diseases are at higher risk of 
dying, and this conjecture has been confirmed in 
a number of studies (e.g., Pope el al., 1992; Schwartz 
and Dockery, 1992; Schwartz, 1993, 1994; Anderson 
et al., 1996; Bacharova et al., 1996; Ballea\et et al., 
1996, 1997; Ito and Thurston, ~996; Sunyer et al., 
1996; Zmirou et al., 1996; Ostro el al., 1996; Oab 

. et al., 1996; Vigotti et al., 1996;- Michelozzi et al., 
1998). Other causes of death have not been investi-
gated adequlltely, -a1though there )Jave been t·.vc re-
ports of increases in daily mo1tality from cancer 
when air pollution is higher (Schwartz and Dockery, 
1992; Ito and Thurston, 1996). The investigation of 
a wider range of causes of death can facilitate the 
determination of the specific subgroups that arc sus-
ceptible to the effects of air pollution. In this, the 
second of a series of papers, we present a time series 
analysis of cause-speci.fic mortality in Montreal, 
Quebec; subsequent papers will focus on the identi-
fication of subgroups by use of medical information 
recorded before death. 

MATERIALS AND METHODS 

We have described in our companion paper 1Gold-
berg et al., 2001) the methodology used in this study 
(see also Goldberg et al., 2000). ln brief, the study 
population consisted of all residents of Montreal who 
died in the metropolitan area du ring the period 1984 
to 1993 and who were registernd with the universal 

provincial health insurance plan . Subjects were 
id,•ntified from the computerized provincial data-
hase of deat h certificates thàt pro\·idcd identifying 
informntion on subjects, date of dcath, place of 
d~ath. residl•ncc at timc of death. and underlying 
cause of death coded in the Ninth revision of the 
l nternational Classification of Diseascs ( ICD9J. 

D11ring the study period, measurements of partic-
ulate air pollution,.ftotal suspended particles !TSPl, 
particulalcs having aerodynamic diameters of 10 
and 2.5 Jlffi or un der I PM 10 , PM2 5 l, and sulfates from 
thcse metric~ wcre made at a frequency of every 
6 days at several fixed-site monitoring stations in 
Montreal (Brook et al., I997a,bJ. From July 1992 to 
September 1995, the measurement schedule for 
PM 10 and PM2 5 was increased at one site to daily 
sampling <Brook el al., 1997a). Coefficient of haze 
,r.OH), which mcasures organic and inorganic car-
hon, and critcria gaseous pollutants were measured 
continuously. We also made use ofmeasurements of 
daily total sulfate 11986-1993) from an acid rain 
monitoring station at Sutton, Quebec, a rural com-
munity about 150 km southeast from the city. These 
data represent background levels throughout south-
wcst Quebcc, including Montreal <Brook et al., 
l997a). The average correlation between sulfate 
rncasured at this station and the two Montreal 
stations was 0.9. 

Visibility, barometric pressure, temperature, total 
precipitation (distinguishing s.now from rain), rel~-
ti ve h umidity, and dew point temperai.ure were mea-
surcd · at Dorval International Airport. Visibili.ty_at 
n-oôr(îir at other times of the day when there was no 
precipitation, was converted into an extinctio11 
coefficient (a measure of light scattering and 
absorption), afl.er accounting for relative humidity 
1 Ôzkaynak et al., 1985; Kinney and Ozkaynak, 1991; 
Delflno, 1994). 

Wc also devcloped statistical models for the period 
1986-1993 to estimate fine particle mass and sulfate 
fronf PM2 5 when measurements were not taken, us-
ing COH, the extinction coefficient, and sulfate from 
Sut ton as predictor variables {hereafter ref erred to 
as predicted PM2_5 ). The R2 for the prediction mode! 
for PM2 ;; was 0.72 and for sulfate from PM2_5 it was 
0.80. 

We present. herein results for select.cd underlying 
causes of death that include ail of the major ctiseases 
lsce Table 1). We used quasi-likelihood estimation 
within the context of the Generalized Additive Mod-
els rHastie and Tibshirani, 1990) to model the ex-
pected logarithm of daily counts of cause-specific 
dcalhs as functions of the predictor variables. Wc 
se)Pcted the family of locally weighted regression 
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smoothers !LOESS) for the nonparametric terms. 
We assumed that the daily counts of death were 
distributed approximately as a Poisson variate with 
constant over- or underdispersion and that yearly, 
seasonal, and subseasonal variations in the mortal-
ity time series represented unmeasured processcs 
(e.g., influenza epidemics l that may confound the 
association between mortality and air pollution. We 
regressed the natural logarithm of the daily number 
of deaths on a LOESS term for day-of-study, thus 
providing an adjustment for seasonal and sub-
seasonal variations (temporal fil ter), another term to 
account for annual trends in daily mortality, and 
LOESS terms to adjust for the potential confounding 
efTects of relevant weather variables. For each un-
derlying cause of death, we used Bartlett's statistic 
CPriestly, 1981) to select the smoothing bandwidth 
(span for the LOESS function) of the temporal filter 
that was consistent with a white noise process. In-
cluding this filter and a term for calendar year, we 
sought the combination of weather variables that 
yielded a minimum Akaike Information Criterion 
from among various sets of models that included 
different weather variables across lags O to 5 days. 

Single-pollutant models using daily mean values 
across the fixed-site monitoring stations were con-
sidered first. We also estimated mortality with the 
previous day's level of air pollution (lag 1 day) and 
with the average of lags O to 2 days ( rel'&#ed to as 
the "3-day mean"). For those pollutànts not mea-
sured daily, lags were taken by shifting the poilu tant 
time series forwanl. The 3-day mean coule! not be 
calculated for pollutants that were nut mouitored 

- daily. 
Continuous variables representing weather and 

air pollution were entered into the model non-
parametrically using a LOESS smoother that had 
a span of 50%. Exposure-response functions for the 
particle variables were plotted from the fitted mode!, 
and we used an approximate F test to determine 
whether the fitted nonparametric smooth was con-
sistent with a linear exposure-response function 
tHastie and Tibshirani, 1990). 

We also estimated parametric, linear tenns for the 
relative increase in the logarithmic number of daily 
deaths per unit increase in the pollutant. We cal-
culated the percentage change in the mean number 
of daily deaths for an increase of the interquartile 
range (IQ) for each index of particles, i.e., as 
[exp(/1 x IQ) - 1] x lOO~'o, where P is the estimated 
regression coefficient. We refer to this quantity as 
the "mean percentage change" (MPC) in daily mor-
tnlity. Ninety-five percent <"rinfi<lenrP intrrvals cr.11 

' ' . 

the assumption that the estimated regression coef-
ficient was distributed normally, with the standard 
error corrected for non-Poisson dispersion. 

RESULTS 

There were a total of 133,904 nonaccidentnl 
<leaths du ring the study period 1984- 1993. with neo-
plasms, cnrdiovascuiar diseases, and respira tory dis-
eases accounting for 31.5, 42.8, and 8.5 ° o of ail 
deaths, respecti\'ely (Table 1). Sorne of these cause-
specific timt!"series were overdispersed (e.g., cardio-
vascular diseases l, and this arose mostly from strong 
seasonal fluctuations in mortality. (Graphs of ail 
ti~e series are available from the first author at 
http://www.epi.mcgill.ca). However, the filtering of 
each of these time series to white noise (using LO-
ESS with spans of either 91 or 131 days of 3653 days 
of obserYations) considerably reduced the overdis-
persion and the serial autocorrelation. 

Mean concentrations of PM10 and PM2_5 were 32.2 
and 17.4 µg/m3

, respectively, and mean concentra-
tions of ozone and sulfur dioxide were 29.0 and 
17.8 µg/m3

, respectively. (See our companion paper 
! Goldberg et al., 2001) for details of the distribution 
of pollutants and weather variables.) Measurements 
for TSP, PM10, P:M2.s, and sulfate from these metrics 
wcre available for only 12 to 17% of the total number 
of days on study. Measurements of total sulfate at 
Sutton were on band for 8 of the 10 years (1986-
1993). Thus, the statistical power for detecti.ng ex· 
cess d±illy f!10rtality for t~e_sé inèasùrcs of particles 
Was l···<luced · · · · · ··- · ·· · -: · · '· , .. · · ·-:~ ~ · · · "" . -~ . . : .. ; 

'T'aMe 2 sh()ws the results of the rP.grPssion ana-
lyses for those underlying causes of death with 
a mean of more than one death per day. We did not 
find any consistent positive associations (95% Cls 
excluding unity) across our indices of particles 
a mong persons who died from A1DS and renal dis-
e·ases (data not shown) or from accidenta! deaths. 
N~plasms, Jung cancer, nonmalignant digestive 
diseases. and neurological conditions were for the 
most part not found to be associated with particles, 
except in a few analyses. In addition, all cardio-
vascular conditions combined and coronary artery 
diseases were not associated with particle mass, but 
were rather consistently associated with sulfate 
particles and the extinction coefficient, particularly 
at lag 1 day and at the 3-day mean. 

The endpoints showing the most consistent posi-
tive associations were for deaths from respiratory 
discases and from diabetes. However, we did not find 
~-t ;if isti,;i llv significant positive associations for TSP. 

1 , lf , • ,:, .. . ; '1 il 



PARTICULATE AIR POLLUTION ANfJ CA! SE-Sl'ECIFIC MORTALITY 

TAULE 1 

29 

Daily Mortality in Monlrt'al. 1984-)!)93, by Cnu11e or Death and Age Group 

Tntal 
Numbt•r of 

days in wlurh l'ncenl1les 
1('09 
cod<'s 

numher lherP wrrr no Vanance 
L'nderl)ing cause of death nf deaths d,•aths ~Iran Variance - mean 25th .'iOth 75th 100th 
--------------------·------------ ----------
;,;on accidentai 

Less than 65 years old 
65 Years old and older 

Ne6plaams 
Less than 65 years old 
65 Years old and older 

Lung cancer 
Less than 65 years old 
65 Years old and older 

Cardiovascular diseases 
Less than 65 years old 
65 Years old and aider 

Coronary artery disease 
Less than 65 years old 
65 Years old and older 

Respiratory diseases 
Less than 65 years old 
65 Years old and older 

Nonmalignant digestive 
diseases 
Less than 65 years old 
65 Years old and older 

Other oonaccidental causes 
Less than 65 years old 
65 Years old and older 

Diabetes 
Less than 65 years old 
65 Years old and older 

Rena! Diseases 
Less than 65 yéani old 
65 Years old and older 

Neurological conditions 
·Less than 65 years oÎd 
65 Years old and older 

Accidents 
Less than 65 years old 
65 Years old and aider 

1-799 

140-2:19 

162 

390-459 

410- 414 

460- 519 

520-579 

580- 799 

250 

580-693 

800- 999 

13390,1 
:11756 

1021-18 
421-10 
14023 
28117 
11322 

•1261 
7061 

57296 
9644 

47652 
34313 

6414 
27899 
11394 

J.128 
9966 

5802 
1708 
4094 

17272 
4953 

12319 
:y;77 

:~;sb 
2947 
1798 
233 

1565 
4256 

472 
:1784 
70:l5 
4603 
2432 

0 
:1 
0 
0 

84 
0 

174 
1113 
.543 

0 
289 

0 
0 

67 1 
0 

216 
2468 

321 

740 
227:J 
l l!l!i 

4!) 
1025 

156 
1361 
2987 
1655 
2224 
3425 
236.'i 
1188 
:3214 
1:161 
5fi7 

108:1 
1891 

•013, 036, 046, 290,294,310. 320-337, 342,348, :149, 352, 742 . 

3-day mean were generally stronger than those at 
lag O or lag 1 days. The MPCs in daily mortality from 
respiratory diseases, evaluated at the 3-day mean 
for increases across the interquartile ranges, were 
MPCcoH = 6.90% (95 1% Cl: 3.69-10.21 %), 
MPCPredicùd PM2.S = 9.03% (95% CI: 5.83-12.33%), 
MPCEninc:tion = 4.33% (95% CI: 1.49-7.25%), and 
MPCsutton suifa~= 4.64% (95% Cl: 2.46-6.86%). For 
diabetes, the corresponding estimates were MPCcoH 
= 7.50% (95% Cl: 1.96-13.34%), MPCrrodict,-d PM2.a 

= 7.59% (95% CI: 2.36-13.09%), MPCt:,tmrt ... n = 
5.52% (95% Cl: 0.60-10.67%), and MPC!',"""" ,u1r.1~ = 

:16. 7 !il.5 
R 7 9. 1 

28.0 40.;l 
11.5 12.0 
3.8 3.8 
7.7 - 8.4 
3.1 3.2 
1.2 1.2 
1.9 2.0 

15.7 19.3 
2.6 2.8 

13.0 15.7 
9.4 10.8 
1.8 1.8 
7.6 8.5 
3.1 3.8 
OA 0.4 
2.7 3.3 

1.6 1.6 
0.5 0.5 
1.1 1.1 
4.7 5.7 
1.4 1.5 
3.4 3.9 
1.0 1.1 
0.2 0.2 
0.8 0.8 
0.5 0 .5 
0. 1 0.1 
0.4 0.4 
1.2 1.3 
(i. l 0. 1 
1.0 1.2 
1.9 2.1 
1.3 1.4 
0.7 0.7 

1.40 
1 05 
1.44 
1.04 
1.00 
1.09 
1.03 
1.00 
1.05 
1.23 
1.08 
1.21 
1.15 
1.00 
1.12 
1.23 
1.00 
1.22 

1.00 
1.00 
1.00 
1.21 
1.07 
1.15 
1.10 
1.00 
1.00 
1.00 
1.00 
1.00 
1.08 
1.i.J\, 
1.20 
1.11 
1.08 
1.00 

32 :35 41 89 
7 R 11 22 

24 2R 32 79 
9 11 14 25 
2 4 5 12 
6 8 9 22 
2 3 4 12 
0 1 2 6 

2 3 9 
13 15 18 42 

1 2 4 11 
10 13 16 40 

7 9 12 23 
1 2 3 8 
5 7 10 19 
2 3 4 12 
0 0 1 •l 

2 4 11 

2 8 
0 0 1 5 
0 1 2 8 
3 5 6 16 
0 1 2 7 
2 3 5 14 
0 2 7 
0 0 0 4 
0 I 5 
0 0 l 6 
0 0 0 2 
0 0 1 6 
0 l 2 7 
0 lJ O 2 
0 l 2 7 
1 2 3 9 
0 1 2 9 
0 0 1 7 

4.48 % (95% Cl: 1.08-7.99%). All of these assoc1-
ations were consistent with a log-linear response 
function. 

Table 3 shows the results for COH, predicted 
PMv .. and Sutton sulfate after adjusting separately 
for the effects of S02 and 0 3 (all pollutants were 
evaluated at the 3-day mean, and the copollutants 
were entered into the models using LOESS smooths 
(spans of 50%)). We found generally that these ad-
justments increased the standard errors for the met-
ries of particlcs and that changes in t.he est.imates 
rnuld eit.her increase or decrease the estimate~ of 

0 
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TABLE 2 
Summary Estimates of the M<'an Perc<'nlngl' Chanite in C1111st>-Sp<'cilk Onily !\1ortnlity ecroH,; the l11trrq1111rtilt• Rnngi• 

of Lagged F.xposurt:'S lo SC'll'ckrl M1•11s11rl'~ of Pnrtirh•s. !\font"'al, 1984-199:J• 

Cause of death 

Neoplasms 
Lung cancer 

Cardiovascular diseases 
Coronary artery disease 

Respiratory diseases 
( 2:65 yearsl 

Nonmalignant digestive 
diseasea 

Accidents 
Other nonaccidental causes 

Neurological conditions 
Diabetes 

Neoplasms 
Lung cancer 

Cardiovascular diseases 
Coronary artery disease 

Respiratory dises.ses 
( ~65 yearsl 

Nonmalignant digestive 
diseases 

Accidents 
Other nonaccidental causes 

Neurological conditions 
Diabetes 

Nf'oplasms 
Lung cancer 

Cardiovascular diseases 
Coronary artery disease 

Respiratory diseases 
( ~65 yearsl 

Nonmalignant digestive 
diseases 

Accidents 
Other nonaccidental causes 

Neurological conditions 
Diabetes 

Neoplasms 
Lung cancer 

Cardiovascular diseases 
Coronary ertery disease 

Respiratory diseases 
1 ~65 yearsl 

Nonmalignant digestive 
diseases 

Accidents 
Other nonaccidental causes 

Neurological conditions 
Diabetes 

~lcan 
pen:entagr 

chan~ti' !1:," .. (' 1 

- -·---~~---··-··---------
l.ag I d.1, 

\l,•;in 
pncrnt:il(r 

rhani.:l'' %" •• ('( 

Cot'llicipnt of hall'• rq ·- 1./!5 U I t'OII 11r11ls µcr 'l:!7 :-1 lrne::ïr melersJ 
1.15 -0.04-2.:15 117 - 003-239 
2.46 0 19-4 79 Il füi - 1 61 - 2.96 
0.73 - 0 .10-J.7R n 28 - · 0 75- 1 32 
1.28 0 8S- l.82 0 04-2.62 () ·Ili 
4.06 

·- 1.28 

1.05 
3.:15 
1 98 
4 21 

1.53 
6. 13 
l.86 
2 58 
1.83 

9.:Jfi 

4 . J.I 
1.27 
2.29 
0.99 

l 44 
2.34 
1.54' 
0.13/ 
3.16 

NIC 

- 6.4(i 
· 0 .18 

NIC 
NIC 

1.12 
2.77 
0 .69) 
IJ.85 
2.11 

4.50 

NIC 
• 0 .39 

2 .51 
NIC 

1.59-6.59 

- !i.·IO-:l 02 

1.94 4.12 
1 •15-5 28 
301 - 7 2:J 
0 12-8.47 

4 65 

1. !l() 

3 56 
2 91 
0.6fi 
5.99 

2 24 - 7 li 

- 2.19-6.15 

0.61 - 6.59 
1 02-4.83 
3.78- 5.30 
1.85- 10.30 

Tutal susp,.nd1,d part1cles tlQ ~ 28.57 111:'m'I 
- 1 50- 4.64 0 26 - 3 44 -3.04 

0 19 12.41 6.17 - 0 05-12.78 
0 91 - 4.71 0.26 3.01 - 2.56 

- 1.09- 6.:J/l Il 2fi - 3 86- 3.50 
•i .25 8.30 ;, 59 - 0 85-12.45 

l.:l!l 17.!J.I 2'.!0 ti.-16- 11 65 

- 11.71 • 4.08 r,.O!l 12 30- 2.70 
• .. J.55 - fi .:12 ;J 5/i - 1.65-9.02 

- 7.32 12.90 12 35 2.00-23.76 
- 9 .:31 - 12.45 !i 92 .. 5.01-18.10 

PM 11,1IQ . '.'I :,:, 1,rtm"1 
1.61 ,j 1)8 ? !)fi fin~ n.?1 

• 3 .04- 8.01 :J.01 - 281- 9.17 
i .:W- 4.3!> 192 1 - 11.70-4.62 

- 3 .31 - 3.69 268) 0.74-6.23 
- 2.98 9.69 :l.05 - 2.98- 9.46 

1 2!1 (i48- 9 70 

- 13.:M U.!!8 ~.18 ·1.17- 11.10 
4.85- -1 .70 4.7/J - 0.27- 10.02 

!I.~ 041- 19.97 
1:120 2 fül 2-1 .79 

PM,r. tJQ l '.1 :, J 11~/rn 1 1 

- 1.50- 3.81 - IJ.:!5 3.07- 2.45 
- l.90- 7.66 :J.14 - l.89- 8.42 

1.6!1- J 13 1 68) 058- 3.99 
2 . lli :1.9{i 2 80 0 13-5.82 
.1 :lH 7 !12 li .1[, 097- 12.02 

l.fl:i 11 :rn '.I IH !J.91 - 4.06 

:101 - 3 33- 9.76 
4.44 - :J .ci:1 3.66 - 0.67- 8.18 

10 :!R !i!H NIC 
12 n:1 :!Ol - 21.84 

.! d.1, nwan 

\l,·an 
Jll·rrt•nt .,.:,· 

d,ani!•'' 

2 34 
3.05 
IJ 19 
0.94 
6 90 

IJ 67 

.1 :18 
:, l•I 
0. 12 
7.50 

0 .77 -3.93 
0.04- 6. 15 

- 1.15- 1 54 
- 0 .80-2. 72 

3 .69-10 21 

- 2.12-3.54 

- 0.45-7 . .17 
2 .62- 7.71 

- 2 .84-3.17 
1.96-13.3·1 

----------
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Cause of death 

Neoplasms 
Lung cancer 

Cardiovascular diseases 
èoronary artery d isease 

Respiratory diseases 
( ~65 years) 

Nonmalignant digestive diseases 
Accidents 
Other nonaccidental causes 

Neurological conditions 
Diabetes 

Neoplasms 
Lung cancer 

Cardiovascular diseases 
Coronary artery disease 

Respiratory diseases 
( ~65 years) 

Nonmalignant digestive diseases 
Accidents 
Other nonaccidental causes 

Neurological conditions 
Diabetes 

Neoplasms 
Lung cancer 

Cardiovascular diseases 
Coronary artery disease 

Respiratory diseases 
(~65 yearsl 

Nonrnalignant digestivf! diseasf!s 
Accidents 
Other noneccidental causes 

Neurological conditions 
Diabetes 

Neoplasms 
Lung cancer 

Cardiovascular diseases 
Coronary artery disease 

Respiratory diseases 
(~65 years) 

Nonmalignant digestive diseascs 
Accidents 
Other nonaccidental causes 

Neurological conditions 
Diabet.es 

Mean 
pc>rcentagr 

d1;1ngc' 

1 5:i 
1 .'i6 
0 !)7 
1.04 
4.24 

4.47 
1.08 
3.01 
1.51 
5.48 

1 16 
J.îl 
0.86 
1.10 
0 .99 

2.ïl 
0 .07 
1.42 
0.60 
4.33 

0 .88 
0 .34 
0 41 
0.85 
1.28 

.1.00 
1 02 
0 .69 

- 0.61 
3 .06 

TABLE 2-r·.,111111uc·d 

% ",, Cl 

Pr!'dictcd PM ,.:' ' l<l 
o. 2!) . '2 .8:J 

0.82 -3 !)!) 
- 0 15 2 10 
- 0 ·12 Vi2 
1 6:3 -6 !)2 

1.08- i 98 
- 2.15-4.41 
1.05- 5.01 

- 2.15-5.31 
1.24- 9.91 

!\l•·a n 
p,•, n •n t ;IJ!_P 

,·hangp" 

'.I ',fi 1•1!1111 ' 1 
1 1 ;, 
0 71 
0 7-; 
1 17 
tiOI 

0 HH 
:J Ofi 
2 ï6 

0 0:1 
5!H 

Extinction coeffici!'nt I Jq - 0 11 km · 11 
0.09- 2.24 0 81 

.. 0.31 - 3.76 0.•12 
- 0.08- 1.80 fJ 60 
- 0.12- 2.33 1 25 

1.09-3.10 2 89 

- 0.07-5.57 
2.67 2.87 

- 0 23 3.09 
- 2.62-3.92 
0.83-7 96 

Sullon ~ulfatc·' riq 
.,;0.91- 1. 70 
. -~°1.22- 1.93 

0 32 1 lot 
· 0.12- 1.83 
- 0.44-3.02 

0.88- 5. lô 
- ()9:l :l.01 

0.58- 1.97 
- 2.9fi- J.78 
0.43 fi .76 

1.29 
0.19 

0 89 
- 2.04 
2 93 

- '.,U,O pg/m3 > 

0.59 
060 
0,!)7 
1 21 
:J.62 

0 fi:J 
1 :n 
1 Ili 
(>.:18 
2 3!1 

!).",",, lÏ 

t1 11 .:! 12_ 
1 ïO .l 1 î 
o :JA t !li 

- 0 :J/J-'2 67 
3.-11 -1'.ÔÏ 

· 2.54-1 .-12 
- 0 .06-6.30 
0.78- -1 ï7 

:J 66- 3.73 
1 fi!l - 10.36 

- 0 26- 1.89 
2.!i0- 1.70 

- 0.34- 1.54 
0 04- 2.48 
0 .1:17- -1 .96 

- 1 52-1.19 
- 2.90-2.60 

0.80- 2.60 
- ., .31 - 1.35 

0 .59- 6.58 

0.21 - 1.41 
O.!l5- 2. l!l 

0.23- 1 72 
0.25- 2.18 
1.92- 5.34 

- 2.86- 1.66 
O.Sï-3 .34 
O. 12-2.45 

· l.!J6-2.78 
- 0 25-:i. 13 

Prroictcd !111lfalc from l'M _. .:· < l<l '.! !)I) pg/ 111 1 1 
1.27 0.33-2 21 o 82 
0 .81 - 0.9!l- 2.64 71.îG 
0.62 - 0.23- IA7 0 QtJ 
0 89 
2.3::1 

:J.î9 
1.24 
1 26 
· 0.12 
3 77 

0 2:J- 2.02 
ll..17 .1.33 

l .:J0-6.33 
- 1 l0- 3.64 

0 20- 2.75 
- 2.84 -2.68 
O.fiï -6.% 

1 2!1 
-1 ;•o 

Il '.!2 
1 !10 
1. Ï ·I 
OJll 
1.7!) 

0 I '.! - l. î f.> 
- 1.06- 'l.61 
0.07- 1.ï!l 
O IB 242 
2 2-1 li. J!) 

- 2 .. '3 -1 - 2.86 
- 0.,10- -1 .26 
0 25- 3.25 

- 2.ï0- 2.80 
0.69-6.98 

:l-cl ay m(•an' 

~!<',Ill 

pern•nt.11!•' 
ch;in~t· · 

1 ,1(\ 

1./~.:! 
1.31 
l.fib 
9.03 

1.90 
2.0-1 
3.93 
0.66 
ï .59 

2.01 
2.19 
O.ï2 
1.89 
4 33 

1.81 
-- l.3ï 
2 .63 
O.Oî 
fi.52 

0.7f> 
0.39 
1..11 
1.50 
4.64 

0.67 
1.73 
2.04 
0.12 
4.48 

0.9ï 
1.11 
1.30 
1.62 · 
6 .2,'i 

1 29 
1.69 
2.49 
0 .35 
4.98 

0 J.1 - 2 !)h 
1 13-·1 8:i 

- 0 06-2 ïO 
- 0 12-3.51 

5.83- 12.33 

- 2.19- 6.15 
- 1.77-6.00 

1.51-6 .40 
- 3.78-5.30 

2.36- 13.09 

0.55-3.50 
- 0 .60-5.0ï 
- 0 .55- 2.02 

0 22- 3.58 
1.49-ï .25 

- 2.06- 5 84 
- 5.03- 2.4•1 

0.35- 4.96 
- 4.29- 4.64 

0 60- 10.67 

- 0.28- 1.78 
- 1.60- 2.41 

0.37- 2.26 
0.28- 2.74 
'.!.46-6.So 

- 2.12- 3.54 
- 0 .68-4.20 

0.41- 3.69 
- 2.84- 3. lî 

1.08- 7.99 

- 0.18- 2.15 
- 1.13- 3.40 

0.24-2.37 
0.24 -3.02 
180-8. ï6 

- l.84-4 .5:2 
- l.13-4.59 

0.61>- 4.36 
3.00- 3.81 
1.10- 9.00 

:n 

Note . Cl, confidence interval; IQ, inle rquartil!' rnnge. Sec Îroldbcri: I'/ r1 /. • 2001 1 for rl!'la il ;a regarding the distrih11t1ons of pollutants 
and weather variables. 

"The statistical mode! for ench cause of dealh was E1logty,ll ~ 1 • lo,•s~1, . , pan - ri+ ln<'~~ ~w ir> + multiple wc>ather variables - Ji, 
pollutant, where i is an indicator for d:iy and.ris the selected span lin days. dl\vied hy I hc tota l number of days in the s tudy period 1365311 

• MPCs calculated for an increase of e,cposure c>qual to thr inl,.rqua rt 1lr range>. 
' Estimates for the 3-day mcan wcre only ra lru);itc•d pa rt 1clr 1< thal w,•n• 111n11itnrrd ,Indy 
JFor the period 1986- 1993. 

0 
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FIG. 1. Mean percentage change in daily mort.ality fTom ail 
neoplasms evaluated at the 3-day mean for increases in the inter-
quartile ranges of select.ed me as ures of particulates, by age group. 
The estimated mean percentage change in daily nonaccidental 
mort.ality across the interquartile range is shown by the horizon-
tal bars within the vertical lines (95'1~ confidence inlervalsl. 

effect. Adjustments for S02 in the analyses of COB 
and the extinction coefficient generally attenuated 
the estimates, and adjustments for 0 3 did not greatly 
alter the estimates. For Sutton sulfate, adjt.Jltipg for 
S02 did not have a great impact on the estimâtes but 
0 3 was found to reduce the estimates, especially for 
cardiovasc.ular diseases (but not for respira tory dis-
eases or diabetes). We also adjust.ed for t.he efîe.cts of 
N02 and CO (data not shown); as was the case for 
S02 and 0 3, these adjustments either attenuated or 
did not greatly modify the estimates. 

Figures 1-4 show results for selected measures of 
particles evaluated at the 3-day mean for deaths 
from cancer, Jung cancer, cardiovascular diseases, 
and coronary artery disease, by age group. We do not 
show results for diabetes or respiratory diseases as 
there were too few deaths to conduct reliable age-
specific analyses. The figures show rather large con-
fidence intervals that reflect the statistical noise 
inherent in these time series analyses, particularly 
for the younger age group. Although we did not find 
consistent associations for neoplasms in the ana-
lyses of both age groups combined, positive asi-oci-
ations among the elderly were found across ail 
measures of particles (Fig. 1l. For Jung cancer and 
cardiovasculardiseases (Figs. 2 and 3, respectively), 
there was some suggestion of positive effects among 
the elderly only for sulfate particles. We also found 
fairly consistent associations among the elderly who 
died from coronary artery diseuses (Fig. 4 ). 
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FIG. 2. Mean percent.age change in daily mort.ality from Jung 

cancer evaluat.ed at the 3-day mean for increases in the int.erquar-
tile ranges of selected me::isures of pa.rticulat.es, by age group. The 
estirnaled rnean percent::ige change in daily nonaccidental mortal-
ily across the interquartile range is shown by the horizontal bars 
within the vertical lines (95% confidence inu-rvalsl. 

DISCUSSION 

We have found positive and statistically signifi-
cant. nssocintions between increases in ambient 
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FI(;. 3. '.\lean pnrentage change in daily mortality from car-
tliova.scular diseascs evaluated at the 3-day menn for increases in 
thr inlerquartile ranges o( selected measures of partirulates, by 
agr group The estimated mean percentage change in daily non-
al'ruli•nl:11 mor1:1lity across the int.erquart.ile range is shown by 
tlll' hririznnt..,l bars within the vertical lin,·~ r95a,. confidence 
intrr:al~I 
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TABLE :l 
Eslimates o( the Mean Percentage Change in Cnuse-Specific naily Mortality Adjusu-d for SuUur Dioxide or Ozone, acro1111 

the lnterquartile Range for Selected Pollutnnts Evnluntcd nt lhe 3 -0ay !\tt>an, Montreal, 1984- 1993· 
----·-- - --- -

ïnllic1ent of har.c Pn•d, .-1,,,I P'.\I , .. Extmct1on coefficient Sullon sulfate• 

Cause of dealh ïnidc ::;o, o, 1·n11I" se, _. o, ( 'rude so, o, Cn 11 I,, so, o, 
------~-·----

:-ïeoplasms 2_34• 0 !19 2 :19• 1 40 11 1:i 0 75 2 01 • 1.30 1.65· o ,r, 0.31 0 22 
Lung cancer 3.0.'i· 0 ·12 2 91 1 82 Il 10 0 RI 2. 19 1.00 1.70 019 - 025 - 0 .79 

Cardiovascular diseases 0.19 - 1.1:1 0 ;39 1 :J[ 1. ,1,1 1 15 0 ï2 0.51 0.51 1 JI' 1.20· 0 .81 
Coronary artery disease 0.94 - 0 92 1 38 1.68 1 76 1 38 1.89· 1.40 1.53 1.50' 1.34· 0 .66 

Respiratory diseases 1 ~ 65 years J 6.90' 2.57 5.48" 9.03' 7 (il)' fi 86' - .,_33• 2.39 2.97' 4.64' 3.59' 3.43' 
'."l"onmalignant digestive diseases 0.67 - l.îJ - 1.28 1.90 1 57 1.23 1.81 2.10 1.42 0 .67 0.43 - 0.65 
Accidents 3 38 601' 3 59 2.04 :J 30 0 94 .• 1.37 - 1.11 - 1.71 1.73 2.03 1.20 
Other nonaccidental causes 5.14' 3.49• 4.72· 3.93' :1.11· 2.67' 2.63' 1.32 1.78 2 04' l . 71" 1.13 

Neurological conditions 0.12 1.13 1.24 0.66 0 40 1.63 0.07 - 0.52 - 1.12 0. 12 - 0 .23 - 2 .48 
Diabetes 7.50" 3.59 9.28' 7.59 5.22 7.80- 5.52' 3.17 5.19' 4.48" 3.81° 4.66' 

•The base statistical model for each cause of death was Ellog(_y,J) = 1 t LOESSlr. span -= ri - fi , year + multiple weather variables+ p2 " 

poilu tant, where i is an indicator for day and ris the selected span, in days, div1ded by the total number of days in the study period 13653)). The 
adjustments for the copollutants included the additional term LOESSI ropollutant, span = 0.5). !,U>Cs calculated for an increase of exposure 
equal to the interquartile range. 

•For the period 1986-1993. 
• t > 1.96. 

particle mass and sulfate mass among persans who 
died from respiratory diseases and diabetes. Among 
individuals older than 65 years at lime of death, we 
found consistent associations across our:.m,,rtrics of 
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FIG. 4. Mean percentage change in da1ly mortality from cor-
onary artery diseases evaluated at the 3-day mean for increases in 
the interquartile ranges of selected mensures of particulates, by 
age group. The estimated mean percentage change in daily non-
accidentai mortality across the interquartile range is shown hy 
the horizontal bars within the vertical fines (95~ ~ confülf'nre 
intervals). 
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particles for neoplasms and coronary artery dis-
eases. Associations bctween sulfate mass were also 
found among eldcrly persons who died of cardio-
vascular diseases and of lung cancer. These associ-
ations were consistent with a linear relationship. 

We found grcater excess mort.aHty for respiratory 
dealhs than for cardiovascular deaths. Scaling our· 
estimates fur an increase of 100 µg/m3 in TSP and in 
PM 10 , for cardiova~cular diseases we found an in-
erease in daily mortality of 6.7 and 7.4%, respective-
ly; for respiratory diseases, the respective estimates 
were 5.8 and 16.5%. These values are within the 
ranges that have been reported in the literature 
(Anderson et al., 1996; Bacharova et al., 1996; Bal-
lester et al. , 1996, 1997; Dab et al., 1996; Ito and 
Thlll'ston, 1996; Michelozzi et al., 1998; Ostro et al., 
L!)96 ; Pope et al. , 1992; Schwartz and Dockery, 1992; 
Schwartz, 1993, 1994b; Sunyer et al., 1996; Vigotti 
I'/ al. , 1996; Zmirou et al., I996l. 

Afrthodologic Aspects 

Data for particle mass were limilcd by the 6-day 
measurement schedule; so, we relied on indirect 
measures. These included the coefficient of haze, 
which is a reliable measure of the concentration of 
nmbient carbon particles (mostly from internai com-
bustion), the extinction coefficient (which Iargely 
mrnsures sulfate), and sulfate from the Sutton acid 
ra i11 monitoring st~,tion. The extinction coefficient is 

0 

() 
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likely to be misclassified more than particle mass 
mainly because of the subjectivity of the mensure-
ments of line-of.sight distance visibility and the ap-
proximate formula used to convert to an extinction 
measure. Measurements of suif ate at the Sutton acid 
rain station captured regional levels of sulfates but, 
despite the high correlation with measuremenls of 
sulfate in Montreal, was also misclassified because it 
did not capture local fluctuations. As we did not have 
a complete series of fine particle measurements, we 
created one using a linear regression mode) that 
included coefficient of haze, sulfate from the Sutton 
monitoring station, and the extinction coefficient. 
Although the statistical models provided reasonably 
good predictions, misclassification of this index 
should also have reduced power and attenuatcd 
estimates of eff ect. 

We assumed that any inaccuracies in the coded 
underlying causes of death had constant probability 
distributions over the 10-year period of this study. 
There are no data reporting the accuracy of underly-
ing causes of death in Quebec. In other jurisdictions, 
it bas been found that the accuracy of coding varies 
with cause of death (Alderson and M~ade, 1967; de 
Faire et al., 1976; Engel et al., 1980; Percy et al., 
1981). Site of cancer is usually coded reasonably 
accurately (above 80%), but respiratory and cardio-
vascular diseases are often confused. In . .;i:µ-ticular, 
when persons have both conditions concurrèntly and 
both contributed to death, there may be some uncer-
'tainty about which cause should be selected as the 
primary underlying cause. In olher inst.ances, t.herc 
may be errors in selecting one 1mdt>rlying cause in 
a complex chain ofhealth events (e.g., cancer leading 
to pneumonia and then to respira tory failure l . 

I nterpretation 
Our results for daily deaths from cardiovascular 

and respiratory diseases, especially among the el-
derly, are consistent with other lime series studies, 
recent toxicological studies, and current hypotheses 
about mechanisms of action. In particular, the posi-
tive associations found for elderly persons who died 
of cardiovascular and respiratory diseases are con-
sonant with the hypothesis of Bates (1992), who 
suggested that exposure to air pollutants in persons 
with cardiac disease with myocardial damage may 
cause acute pulmonary disease, such as bronchiolitis 
or pneumonia, thereby leading to congestive heart 
failure. Unfortunately, we were unable to investi-
gate congestive heart failure as there were too few 
deaths attributed to this cause. Given the high 
prevalence of congestive heart disease in the elderly. 

Lhis finding likely reflects the manner in which 
dealh certificat.es are coded. A following paper will 
clPal "';th this issue more adequately by making use 
of regularly collected medical data to identify sub-
groups of the population with these and other dis-
Pases. Our findings for an association with acute and 
dirnnic coronary artery disease among the elderly is 
also consistent .,.,;th the hypothesis of Seaton and 
col la bora tors ( Seàton et al., 1995 l, who suggested 
that in susceptible individuals, exposure to ultrafine 
particles wilL.invoke alveolar inflammation, release 
inflammatory mediators, exacerbate Jung condi-
tions, and increase coagulability of blood, thereby 
leading to acute episodes of cardiovascular disease. 

The positive associations found for cancer and for 
diabetes are more difficult to interpret. The former 
rnay be understood through a general hypothesis 
proposed by Frank and Tankersley ( 1997), who sug-
gested that persans whose health is failing may be at 
higher risk for external insults, such as exposure to 
ambient air pollution, through the failure of the 
regulation of physiological set points. The associ-
ation with diabetes is unexpected, but is not likely 
due to misclassification; data from the universal 
Quebec health insurance plan showed that 84% of 
persons who had diabetes coded as their underlying 
cause of death had also been diagnosed with diabetes 
within 5 years before they died (Goldberg et al., 
2001 ). However, these subjects also had other comor-
bid diseases, including all other cardiovascular con-
ditions (71 %) and chronic lower respiratory diseases 
l?.2%). 

Recent toxicologie data suggest a mechanism that 
could lmk effect.s in seemingly unrelated diseases 
such as coronary artery disease, diabetes, and pul-
monary diseases. Specifically, it has been shown 
that inhalation of urban particles in animais not 
having a ;;tructural lung injury increases the circu-
lating levels of endothelins, the most potent vasocon-
strijtors known I Bouthillier et al., 1998). Elevation 
of endothelins after inhalation of particles is also 
associated with a vasopressor response in experi-
mental animais IR. Vincent et al., unpublished). El-
evation of circulating endothelin-1 and endothelin-3 
has been reported in a number of conditions, includ-
ing cardiovascular disease, asthma, and diabetes. 
The peptides ha,·e vasoconstrictor and mitogenic ef-
frcts and may be involved in the pathogenesis of 
a number of conditions. Diabetes is a condition asso-
ciated with endothelial dysfonction and often asso-
ciated "';th cardiac complications. The toxicologie 
data suggest that ambient particles and particle-
assnciated chemical species may act principally 
:-i:. mdocrine/paracrine modulators; host factors will 
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determine the nature and severity of the health 
impacts from common pathways of effects in differ-
ent pathologies. Thus. one may postulate that ambi-
ent particles may affect the heart indirectly by a 
modification of endothelin homeostasis in the lungs. 
Conceivab)y, e)evated circulating endothelins would 
impact on cardiac arrhythmia and dysrhythmia, ex-
acerbate congestive heart failure, precipitate an is-
chemic heart disease, and promote infarct extension. 
but also possibly affect persons with conditions in-
volving endothelial dysfonction, such as diabetes, 
atherosclerosis, and kidney diseases. 

Further studies are needed to confirm the associ-
ations that we have found between these causes of 
death and daily ambient air particles and to deter-
mine whether the associations are a causal result of 
the particles themselves, a result of a comhination 
with other pollutants, or a rcsult of some ot.her 
process. 
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