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Summary

Background Ambient PM;, is associated with mortality; however, potential changes in this association over time and
the factors explaining such changes are unclear. Therefore, we aimed to examine whether mortality risk associated
with PM;, has changed from 1979 to 2019 and whether changes in socioeconomic or environmental conditions can
explain any temporal variation in the association between PM;, and mortality.

Methods We applied an extended two-stage time-series design to assess temporal change in the association between
PM,, and all-cause mortality across 143 cities in 26 countries from 1979 to 2019. In the first stage, city-specific and
time-specific associations between PM;, and mortality were estimated using quasi-Poisson regression after each city
time series was divided into non-overlapping 3-year segments. In the second stage, these estimates were pooled by
use of longitudinal random-effects meta-regression with calendar year as a predictor. We further investigated
whether selected socioeconomic and environmental factors explained observed temporal trends by including these
variables in the second-stage model.

Findings Totally, 23-2 million deaths were analysed. The overall association between PM;, and mortality had
increased from 1979 to 2019, indicating a stronger association at a given PM;, concentration over time. A 10 pg/m>
increase in daily PM;, was associated with a 0-23% increase in all-cause mortality in 1979 (95% CI 0-05-0-41), and
this association increased to 0-51% in 2019 (0-36-0-65). Temporal patterns in the PM;—mortality association varied
across cities and were positively associated with population ageing over time and negatively associated with annual
mean PM;, concentrations.

Interpretation The findings of this study suggest that the effect of a given increment of PM;, on mortality has
increased over time. Applying historical risk estimates could underestimate the current health burden. Continuous
updating of evidence on the health impacts of air pollution is essential to ensure accurate and valid estimates.
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Introduction

Ambient particulate matter (PM) is a major public health
burden worldwide. According to the Global Burden of
Disease study, PM ranked as the fourth highest risk factor,
contributing to 4-72 million deaths globally in 2021.!
Short-term exposure to PM is associated with adverse
health outcomes, including increased mortality,** and the
PM-mortality association varies across populations and
locations.** However, potential temporal changes in this
association are unclear, as most previous studies have
implicitly assumed that the PM-health relationship remains
constant over time.'"** Here, the temporal change does
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not refer to PM concentrations but to the health impact
associated with a given PM concentration (ie, the relative
risk).

Several mechanisms can drive temporal changes in the
health impacts of PM. First, PM is a complex mixture
whose toxicity depends on chemical composition.” As
emission sources change over time, PM composition and
associated health impacts likely shift. Second, the effects of
PM depend on population characteristics. For example,
health impacts tend to be greater among older adults
(aged 65 years and older) and socioeconomically dis-
advantaged populations, including those with low income
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Research in context

Evidence before this study

We searched PubMed, Web of Science, Scopus, and Google
Scholar for studies examining temporal changes in the association
between PM,, exposure and mortality. Search terms included
“temporal variation”, “temporal heterogeneity”, “temporal
trend”, “temporal change”, “mortality”, “death”, “PM,,", and
“particulate matter”. We included population-based
epidemiological studies assessing temporal changes in PM;,-
related health effects, and excluded studies that did not examine
PM,o-specific associations, did not assess temporal changes, or
focused on individual physiological measurements such as peak
expiratory flow. Few studies examined temporal changes within
specific countries, and their findings varied across locations. One
multicountry study was identified, but it did not report a
significant temporal change with regards to the association
between PM;, and mortality. We found no studies that have
examined factors potentially influencing such temporal changes
on an international scale.

Added value of this study
We found that the mortality effects associated with PM,
exposure increased over time across 143 cities in 26 countries. In

than others.** Thus, PM health impacts could change as
populations age and socioeconomic conditions shift. Third,
environmental conditions such as temperature or greenness
influence the PM-health association.’

Few studies have investigated temporal changes in PM
effects on mortality, and results are highly heterogeneous.
Evidence from China, Greece, and South Korea suggests
increasing associations, whereas studies from the USA,
Germany, and Japan report decreasing effects.’*"> The
reasons for these discrepancies remain unclear, and
comparing findings is challenging because of substantial
variation in analytical methods. Moreover, the respective
data originate predominantly from high-income countries,
which limits generalisability and applicability to low-
income and middle-income countries. Addressing these
gaps requires multicountry studies applying a consistent
analytical framework across diverse populations.

In this study, we aimed to examine whether mortality risk
associated with PM;, has changed over time, using data
from 143 cities in 26 countries. We further examined
whether temporal changes in socioeconomic or environ-
mental conditions could explain any temporal variation in
the association between PM;q and mortality. Although
PM, s is also associated with health, we focused on PM;,
because monitoring data are available over longer and more
widespread time series and include the coarse fraction,
which has distinct health effects beyond those attributable
to PM,.5s alone. Moreover, PM;, remains a key regulated
air quality standard in many countries and serves as the
primary metric when PM, 5 data are unavailable.

this multicountry analysis, we identified significant temporal
changes in the association between PM;, and mortality.
Compared to a previous international study, our analysis benefits
from a longer overall study period and longer duration of data
available for individual cities. Additionally, temporal trends
suggest that socioeconomic and environmental factors, such as
the increasing proportion of older adults (aged 65 years or older)
and changing ambient PM,, concentrations, partly explain the
observed changes.

Implications of all the available evidence

Our findings suggest that the association between PM,, exposure
and mortality is not static but has increased over time and is
associated with factors such as population ageing and changes in
ambient PM;, concentrations. Applying historical risk estimates
to contemporary populations could lead to a systematic
underestimation of the current health burden, although the
overall health burden attributable to PM,, depends on other
factors that might change over time (eg, pollution level,
population characteristics). Continuous updating of evidence on
the health impacts of air pollution is essential to ensure accurate
and valid estimates.

Methods

Study design

This multicountry, multicity time-series study included
26 countries and 143 cities with data collected between
Jan 1, 1979, and Dec 31, 2019. To examine temporal
changes in the association between PM;, and mortality,
we applied an extended two-stage design that can be used
in a longitudinal setting.”®* This design separates the
analysis into two parts: estimating location-specific and
time-specific exposure-response associations and pooling
the resultant estimates with linear predictors of the calendar
year.

This study did not require institutional review board
approval, as confirmed by the Yale University institutional
review board (protocol ID: 2000036560). Written informed
consent from individuals was not required owing to the
nature of the study.

PM,,, temperature, and mortality data

Daily mean PM;,, temperature, and all-cause mortality
counts for 143 cities in 26 countries (1979-2019) were
obtained from the Multi-Country Multi-City (MCC) Collab-
orative Research Network. The MCC network is an inter-
national collaboration of researchers to compile city-level
environmental and mortality data from official national or
governmental sources.? Air pollution and meteorological
data were collected from fixed-site monitoring stations
operated by public authorities, and mortality data from
national or regional death registries. Each city had at least
one monitoring station. When data from multiple stations
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were available, we averaged daily values across stations to
obtain a single city-level PM;, and temperature series, which
we matched to the daily all-cause mortality for that city.
Although the overall study period spanned 1979 through
2019, the specific study periods varied by city because of data
availability (appendix pp 10-12)). Further details on the data
are provided in the appendix (pp 5-8).

Explanatory variables

We gathered information that could be related to the tem-
poral changes in the association between PM;, and mor-
tality. Annual statistics on population size, the percentage
of the population aged 65 years or older, and per capita
gross domestic product for each city during the study period
were sourced from open-source datasets, including the
Organization for Economic Co-operation and Develop-
ment, the World Bank, and statistics from national or local
governments.'*” When city-specific values were unavail-
able, we used data from larger administrative units
(eg, county, metropolitan area, or country). Annual aver-
ages of PM; and temperature were calculated from the
MCC dataset, and the annual geographical average of the
enhanced vegetation index, representing green space
density, was derived from NASA MODIS satellite data.’

Statistical analysis
Estimating temporal change in PM, effects
In the first stage of the analysis, the study period for each
city was divided into smaller datasets, each covering non-
overlapping 3-year time windows (2000-02, 2003-05, and
soon). Within each window, the associations between PM;q
and all-cause mortality were estimated using quasi-Poisson
generalised additive models. The 2-day moving average of
PM¢ (including the event day and the day before) was used
as the main exposure, following a prior MCC analysis.? The
2-day average provided the best fit, indicated by the lowest
mean generalised cross-validation score.? Covariates inclu-
ded a natural spline function with six degrees of freedom (df)
for the 4-day moving average of temperature (from lag 0 to
3 days), a natural cubic spline function of time with seven df
per year, and an indicator variable for the day of the week.?
In the second stage, we modelled the temporal trend in the
PM;o—mortality association using a longitudinal random-
effect meta-regression, accounting for both within-city and
between-city variations, with best linear unbiased pre-
dictions. This model is an extension of the standard meta-
regression model along the lines of a mixed-effects linear
model, to further account for the longitudinal structure of
the data.'” With the first-stage estimates for each year
(defined as midpoints of 3-year time windows) as the inde-
pendent variable, we added a linear term for the calendar
year indicating the temporal change in the association
between PM;, and mortality. We also included random
intercept terms at the city and country levels. The temporal
changes in the association between PM;,and mortality were
predicted using the coefficient of calendar year for the period
1979 to 2019. The association between PM;, and mortality
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was presented as the percent increase in mortality per
10 pg/m’ increment in PM; and their 95% CI.

Explaining the temporal trend

After identifying the temporal trend using the longitudinal
random-effect meta-regression model, we extended the
model by adding five potential explanatory city-level time-
varying variables (per capita gross domestic product, the
percentage of the population aged 65 years or older, annual
mean PM;, temperature, and enhanced vegetation index)
as fixed-effect terms to assess whether they explained part
of the temporal variation. We incrementally introduced
explanatory variables into the primary model that identified
temporal trends in PM;, effects. Each variable was first
added individually to the primary model, followed by a
multivariable model built using forward selection. The
significance of the explanatory variable was tested through
likelihood ratio tests. Further methodological details are
available in appendix (pp 8-9), and R code and simplified
synthetic example datasets are available on GitHub and
archived on Zenodo.

Sensitivity analysis

We conducted several sensitivity analyses. First, we modi-
fied random intercepts to include either city or country
levels. Second, we tested 4-year and 5-year time windows
(instead of 3 years). Third, we re-estimated trends for three
subperiods (1979-92, 1993-2006, and 2007-19) and for the
period with the maximum data availability across cities
(2000-15). Fourth, we fitted the temporal trend using
non-linear terms and varied the df for temperature. Fifth,
we adjusted for co-pollutants (SO,, NO,, CO, and O;) and
relative humidity, using both station-based observations
(where available) and ERA5-Land data for relative humidity.
Sixth, we restricted analysis to cities with 20 or more daily
deaths. Finally, we tested alternative PM;,lags up to 7 days.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

This study included 23-2 million deaths across 143 cities in
26 countries from 1979 to 2019; the study periods varied
among cities owing to data availability. On average, cities
recorded 27-2 deaths per day and a daily PM;, concentra-
tion of 30-6 pg/m>. These numbers varied considerably
among countries, with the lowest average number of
deaths per day recorded at 2-9 in Cyprus and the highest at
1341 in Iran. Average PM;, concentrations ranged from
14-9 pg/m> in Sweden to 88-4 pg/m” in Iran (table 1). Daily
mortality and PM,, concentration both declined over time.
From 2000 to 2015, which is the period with the greatest
data availability across cities, average daily deaths decreased
from 27-7 to 226, and the average PM;, concentration
decreased from 30-4 to 26-1 pg/m*. Country-specific
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Figure 1: Estimated temporal trend of the association between PM,, and
all-cause mortality across 143 cities in 26 countries from 1979 to 2019

temporal trends in daily mortality and PM,, concentration
are presented in the appendix (p 19).

Overall, across the 143 cities, the effects of PM;, on
mortality increased over time. A 10 ug/m? increase in PM;
was associated with a 0-23% (95% CI 0-05-0-41) increase in
all-cause mortality in 1979, which increased to 0-51%
(0-36-0-65) in 2019 (figure 1). This increase corresponds to

Number of Period Total deaths* Daily mean deaths Daily mean Daily mean
cities PMyo (pg/m?) temperature (°C)

Canada 3 2000-2011 140 11- 3( ) 17-6 (13-6) 5.3 (12:2)
Chile 2 2004-2013 61 5(5-9 50-9 (41-6) 13-0 (3-9)
Colombia 1 2002-2013 327 74- 6 (10- 4) 627 (19-3) 13-9 (0-9)
Cyprus 5 2005-2019 74 9(2-4) 437 (41-6) 20-6 (6-2)
Czech Republic 1 1994-2009 214 36 6 (7-3) 36-2 (24-6) 88 (8:1)
Ecuador 1 2014-2019 67 35 -6 (12:2) 43-9 (17-0) 155 (1-1)
Estonia 4 2003-2019 105 (5 ) 16-4 (12-3) 6-2 (9-0)
Finland 1 1994-2014 153 20-0 (47 19-9 (16-4) 6-2(8-9)
France 20 2000-2017 2034 15-6 (23 8) 22.0 (11-8) 12:7 (6-8)
Germany 13 2000-2019 2521 30-5 (22-0) 22.6 (13-9) 105 (7-3)
Greece 1 2001-2010 288 78-9 (12-4) 439 (23-5) 18-7 (7:5)
Iceland 1 2002-2018 23 37 (2:0) 21-0 (18-9) 5-5(5-0)
Iran 1 2002-2012 539 134-1 (15:0) 88-4(47-2) 17-3(9:9)
Israel 4 2000-2019 373 13-3(9-4) 512 (77-7) 206 (6-1)
Italy 13 2006-2015 663 14-2 (17-1) 332 (22:0) 15-6 (7-4)
Japan 7 1979-2019 4277 56-6 (56-0) 35-5(23-9) 15-0 (8-7)
Mexico 4 2000-2012 1530 102-2 (100-5) 521 (26-0) 17-1 (3-5)
Norway 1 2000-2018 85 12:4 (3-9) 21.5 (12-4) 57 (8-2)
Portugal 4 1999-2018 818 320 (21-8) 237 (17-2) 15.8 (5-4)
South Africa 1 2004-2013 345 94-4 (17-5) 56-8 (29-9) 167 (4-3)
South Korea 7 1999-2015 1662 38-6 (32:0) 52:2 (32-6) 13-9 (9-5)
Sweden 1 1994-2010 161 25-9 (5-6) 14-9 (8-7) 7-2(8-2)
Switzerland 8 1995-2013 234 45 (3-4) 25-3 (16-8) 105 (7-6)
Taiwan 3 1994-2014 1210 52.6 (23-0) 63-6 (33-9) 24-0 (4-8)
UK 23 1992-2016 2823 19:6 (39:6) 22:0 (12-2) 10-7 (5-2)
USA 13 1987-2006 2499 35-1(40-4) 30-2 (18-5) 11-7 (10-3)
Pooled 143 1979-2019 23226 27-2 (39-0) 30-6 (27-4) 12-9 (8-3)

Data are mean (SD). *Total deaths are expressed in thousands and rounded to the nearest 1000.

Table 1: Summary of all-cause mortality, PM,,, and temperature in 143 cities across 26 countries

an annual change of 0-0069% (0-0022-0-0117) in mortality
risk from a given increment in PM;,.

The overall estimate showed an increasing temporal
trend, whereas the country-specific analyses revealed het-
erogeneous results (figure 2). The association between
PM;o and mortality increased over time in Iceland, Japan,
and Portugal (p=0-013, p=0-0002, and p<0-0001, respect-
ively), whereas that in France and South Africa lessened.
Some countries, including Canada, Israel, Germany, and
the UK, showed no distinct temporal changes in the effects
of PM . The city-level estimates also showed heterogeneous
results (appendix p 20).

We examined whether city-specific, time-varying socio-
economic and environmental factors could explain vari-
ation in temporal trends of PM effects. Two variables were
significantly associated with the changing PM;q-related
mortality, ie, the percentage of the population aged 65 years
and older (likelihood ratio test p=0-013) and the annual
mean PM;, concentration (p=0-034). The percentage of the
population aged 65 years and older was positively associated
with an increased PM;q-related mortality risk over time,
whereas annual PM;, concentrations showed a negative
association (table 2). We further attempted to expand the
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model by including both the population aged 65 years and
older and the annual PM;, concentration; however, includ-
ing both explanatory variables simultaneously did not
improve the model fit significantly (p=0-25; appendix p 13).

We performed several sensitivity analyses, and the results
were consistent. Varying model parameters, using longer
time windows, and modelling temporal trends with non-
linear terms produced similar estimates (appendix p 14).
Stratified analyses using three study-period intervals con-
tinued to show increasing temporal trends in PM; effects,
although these trends were not statistically significant
(p=0-16 for 1979-92, p=0-08 for 1993-2006, and p=0-32 for
2007-19). Similar results were observed when analyses
were restricted to the most common period across cities
(2000-15; p=0-49), likely reflecting the shorter study peri-
ods and reduced statistical power (appendix pp 21-22).
Additional adjustment for co-pollutants, adjustment for
relative humidity, extension of PM;, lag period, and exclu-
sion cities with low mortality counts did not considerably
change our results (appendix p 23).

Discussion

We examined the potential change in PM;q-related mor-
tality risk using data from 143 cities across 26 countries
from 1979 to 2019. The effects of a given increment of PM o
concentrations have increased over time. These changes
were likely associated with the changes in population
structure and PM;, concentrations. Our results are con-
sistent with those of previous studies that investigated the
temporal heterogeneity in of PM;,— mortality associations.
Similar increases in all-cause mortality were observed in
Seoul, South Korea, and Athens, Greece, in the early
2000s." By contrast, Renzi and colleagues? did not observe a
clear temporal pattern in Rome, Italy, from 1998 to 2014,
consistent with our country-specific results for Italy (p=0-79).
In the eastern USA, the effects of PM;o on mortality
decreased from 1987 to 2000." A different study reported that
the risk of respiratory hospitalisation per 10 pg/m? increase
in PM,.5 decreased from 1999 to 2008 but then increased
until 20162 Another study found that the association
between PM,.s and circulatory hospitalisations increased
over time in 968 USA counties from 2000 to 2016.> Our
results also showed a heterogeneous temporal trend within
the USA.

A 2024 multicountry study using MCC data examined
temporal changes in mortality effects associated with air
pollutants.® This previous analysis investigated temporal
variations in the associations of PM;4, PM,.5, and NO, with
circulatory and respiratory mortality across 380 cities in
24 countries from 1995 to 2016, reporting an increasing
effect of PM,.5 on circulatory mortality over time. Although
their findings for PM;, were not significant (p=0-71), the
direction of the observed associations suggested an increas-
ing temporal trend in the effects of PM;, on respiratory and
cardiovascular mortality. Compared with this previous study,
our analysis benefits from a longer overall study period
(41 vs 22 years) and a more extended duration of data

www.thelancet.com/planetary-health Vol = m 2026

available per city (at least 9 years vs at least 5 years). Fur-
thermore, our study provided evidence for all-cause mortal-
ity, and we examined the factors behind temporal changes,
considering both spatial and temporal dimensions, which
are aspects that were not previously investigated. Despite
some differences, both studies suggest that the effects of PM
on mortality have increased over time.

Several factors can explain the increasing impact of PM;q
on mortality over time, including changes in PM compos-
ition, population characteristics, and other environmental
conditions. In our study, population ageing appeared to be
an important contributor to the increasing PM;o—mortality
association over time. Adults aged 65 years and older are
generally more susceptible to air pollution than those
younger than 65 years at the same exposure level, and the
proportion of older adults is increasing in many pop-
ulations because of longer life expectancy and declining
fertility.* As societies age, a larger share of the population
could become vulnerable to PM;,, which could contribute
to higher mortality risks associated with PM, over time.

Our findings also suggest that the temporal changes in
the mortality effect of PM;, might be related to changes in
PM;, characteristics over time. In the extended model,
annual PM;, concentration was included as a proxy for
such changes, and decreasing PM;, concentrations over
time were significantly (p=0-034) associated with stronger
mortality effects. Previous studies have reported that
reductions in PM mass are not uniform across all chemical
components and that some species decline preferentially
depending on their emission sources.”” Reductions in
ambient PM;, concentrations changing PM chemical
composition could affect PM toxicity and thereby influence
mortality; however, confirming this hypothesis will require
studies incorporating detailed compositional data.

These findings could relate to the dose-response rela-
tionship between PM;, and mortality. The mortality effects
of PM, s are reported as supralinear, characterised by a steep
slope at low concentrations, followed by a decrease in the
slope at higher concentrations.®®” A reduction in PMyq
concentration over time might have resulted in lower mor-
tality effects, in line with the supralinear dose-response
association.

This study has some limitations. This is a multicountry
analysis; however, the geographical distribution is skewed
towards the northern hemisphere, and data remain insuf-
ficient for regions such as Australia, Africa, South America,
and central and west Asia. Additionally, the included study
areas were predominantly urban and located in high-
income or middle-income countries. The temporal trend of
health risks from PM may differ in non-urban environ-
ments and low-income countries. Likewise, differences in
temporal trends based on individual characteristics, such as
age, sex, and socioeconomic position, could not be inves-
tigated because of the scarcity of data. Future research is
needed to investigate temporal trends in PM;, risks for
other populations and parts of the world, possibly with daily
modelled pollution estimates, which introduce uncertainty
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Figure 2: Country-specific temporal trend of the association between PM,, and all-cause mortality across 143 cities in 26 countries from 1979 to 2019

The x-axis scale differs across the panels because the study period differs for all countries. The blue line shows the overall temporal trend, and the red lines indicate temporal trend for individual cities.
The x-axis represents calendar year, and the y-axis shows the percent change in all-cause mortality risk per 10-pg/m? increase in PM;,. Panels are ordered alphabetically by country name.

For countries represented by only one city, the city name appears in the panel label. n denotes the number of available cities, and the numbers beneath each country name indicate the percent change
in the PM,o-mortality risk per year, along with their 95% Cls. PM=particulate matter.

Percent change in PM;,-mortality risk (95% Cl) p valuet
Calendar year* Second variablef
Calendar year 0-0069% (0-0022 to 0-117) - Ref
Calendar year + per capita GDP 0-0027% (-0-0040 to 0-0093) 0-047% (-0-005 to 0-098) 0-086
Calendar year + population number 0-0067% (0-0020 to 0-0115) 0-014% (-0-002 to 0-029) 0-084
Calendar year + percentage of population aged >65 years 0-0011 (-0-0053 to 0-0076) 0-112% (0-026 to 0-198) 0-013
Calendar year + PM;, concentration 0-0041% (-0-0013 to 0-0094) -0-067% (-0-127 to —0-007) 0-034
Calendar year + temperature 0-0069% (0-0021 to 0-0117) 0-010% (-0-101 to 0-122) 0-857
Calendar year + EVI 0-0059% (0-0009 to 0-0109) -0:045% (-0-106 to 0-016) 0-157
EVI=enhanced vegetation index. GDP=gross domestic product. Ref=reference. *Percent change in PM,o-mortality risk by 1 year. tPercent change in PM;g-mortality risk per IQR
increase. The IQR values are as follows: per capita GDP: US$21 629; population number: 1824 096; percentage of the population aged 65 years and older: 5:9%; PM;o
concentration: 16-7 ug/mg; temperature: 4-9°C; EVI: 0-10. $p value for likelihood ratio test.
Table 2: Results of longitudinal random-effects meta-regression of PM,o-mortality risk per IQR increase in each explanatory variable

but may allow analysis in locations without monitoring
data. Additionally, our data show high variability across
countries. In some countries, data were available for dozens
of cities, whereas in others, only one or two cities were
covered. Caution should be exercised when extrapolating
results from a few cities to the country level and when
comparing results among countries. As our data cover an
extended time period, improvements in death registration
systems and in environmental monitoring over time may
have affected data comparability and introduced additional
uncertainty into our estimates.

Although the temporal trends in PM; effects were highly
heterogeneous across countries and cities, we were not able
to fully explain these differences. We accounted for some
variation using a small set of socioeconomic variables;
however, many potentially important influences could not
be incorporated because of data constraints. For example,
changes in PM chemical composition, improvements in
medical infrastructure, public health interventions, and
patterns of urbanisation could all modify the health impacts
of PM;, over time. Future studies with more comprehen-
sive data, including PM,.s and detailed information on its
chemical composition, are needed to better understand
these temporal trends. In addition, for some explanatory
variables, city-specific information was unavailable; therefore,
we used data from larger administrative units as proxies,
which may have introduced misclassification. Further work
should investigate how temporal trends in the concen-
tration-response function interact with other determinants
of overall health burden, including shifts in population
demographics (eg, age distribution), subpopulation-specific
responses, pollution levels, urbanicity, and other time-variant
factors.

The ambient PM;, concentrations and temperature
measurements were obtained from fixed-site environ-
mental monitors rather than personal exposure and,
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therefore, do not account for indoor or outdoor activity
patterns, which can lead to exposure misclassifications.
Although such detailed exposure assessment is not feasible
at this scale of population and over long timeframes, more
focused studies are warranted.

Lastly, in our two-stage design, the number of time-win-
dow estimates available for each city in the second-stage
analysis was relatively small, limiting the statistical power
to estimate temporal trends and to fit models with multiple
explanatory variables. In addition, the proportions of the
population aged 65 years or older and the annual PM;,
concentration were moderately correlated over time, lead-
ing to imprecise estimates when both variables were
included in the same model.

Understanding temporal heterogeneity in PM;, health
effects is essential, as such insights can inform evidence-
based policy making and help to implement effective
and efficient strategies to reduce the health burden of PM.
Many air quality policies are currently established on the
assumption that the health effects of PM remain constant,
focusing solely on changes in PM concentrations. How-
ever, our findings call this assumption into question by
providing evidence that the relationship between PM;o and
mortality can also shift over time.

The health effects of PM have been extensively researched
for nearly seven decades. Previous studies have shown that
the effects of PM can differ based on population charac-
teristics, geographical location, and PM composition or
source.***' However, it is unclear how these risks can evolve
over time. Additionally, questions remain about whether
risk estimates from past decades are still applicable today.
Our study addresses this gap by revealing that reliance on
historical estimates can lead to biased conclusions, under-
mining the accuracy of evidence-based decisions. More-
over, our findings indicate that the effects of PM;, on
mortality have increased over time, suggesting that using
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historical risk estimates might underestimate the current
disease burden attributable to PM; however, the overall
burden is also a function of other factors that change over
time, such as pollutant concentration and the shifts in
demographics patterns related to vulnerability (eg, age
distribution). Our results suggest that even in places where
air pollution levels have improved, the actual health burden
attributable to PM may not have diminished as expected
because of an increase in the health effects of PM.

The world is changing rapidly. Climate change is altering
our environment, and the population is ageing and
becoming more urbanised.” In this context, future risks
associated with PM are likely to differ from those observed
today. Accurately predicting the future health burden is
therefore crucial, and understanding the temporal changes
in PM-mortality risk would provide valuable information
for more accurately predicting future risk.

In conclusion, this study provides evidence that the
association between PM; and mortality changes over time,
with the effects of PM;, on mortality becoming more pro-
nounced. Population ageing and changes in ambient PM,
concentrations partly explain this trend. These findings
suggest that current policy estimates of air quality might
underestimate the actual health burden attributable to
PMy, if they rely on historical risk estimates, although the
overall health burden also relates to factors that vary over
time (eg, pollutant levels and age distribution). Our results
underscore the need to continuously update understanding
of air pollution and its evolving health risks to ensure that
policy interventions remain effective and responsive.
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