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Abstract

Purpose of Review—Fine particle (PM, 5) levels have been decreasing in the USA over the
past decades. Our goal was to assess the current literature to characterize the association between
PM5 5 and adverse health at low exposure levels.

Recent Findings—We reviewed 26 papers that examined the association between short- and
long-term exposure to PM> 5 and cardio-respiratory morbidity and mortality. There is evidence
suggesting that these associations are stronger at lower levels. However, there are certain
methodological and interpretational limitations specific to studies of low PM 5 levels, and further
methodological development is warranted.

Summary—There is strong agreement across studies that air pollution effects on adverse health
are still observable at low concentrations, even well below current US standards. These findings
suggest that US standards need to be reevaluated, given that further improving air quality has the
potential of benefiting public health.
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Introduction

Methods

The Clean Air Act requires that the Environmental Protection Agency (EPA) sets standards
(NAAQS; National Ambient Air Quality Standards) for pollutants considered harmful for
human health and the environment. Periodically, these standards are reviewed and may be
revised based on epidemiological studies. Due to this regulatory action, air pollution levels
have been consistently declining over the past decades in the USA [1].

The identification of the shape of the concentration—response curve, and particularly whether
there is a threshold exposure, can be a key issue in decision making for policy makers. The
comprehensive characterization, therefore, of the effects of air pollution at low levels is
warranted, as this may inform future standards and, subsequently, impact the health of
millions of Americans, and people around the world.

Recent studies have highlighted that air pollution effects on adverse health are still
observable in low concentrations, even well below current standards. To inform future risk
assessment and design new and maximally efficient—both cost- and health-wise—policies
and regulations, it is crucial to (1) characterize the shape of the concentration-response
function at low concentrations, and (2) systematically assess the findings of these studies,
i.e., to evaluate the association between air pollution and adverse health at these low
concentrations.

For this review, we identified published articles that examine the impacts of exposure to fine
particles (PM, s; particles with aerodynamic diameter < 2.5 pm)—a pollutant that has been
consistently linked to numerous adverse health outcomes [2¢¢, 3-6]—at low concentrations
and cardiovascular and respiratory mortality and hospitalizations. We summarize our
findings and provide some insight on methodological limitations of existing analyses that
might hinder interpretation.

We conducted a literature search in the National Library of Medicine’s MEDLINE/PubMed
database (https://www.ncbi.nlm.nih.gov/pubmed/). The inclusion/exclusion criteria were
designed to identify original population-based research articles evaluating the impacts of
exposure to low concentrations of PM, 5 on cardiovascular and respiratory mortality and
morbidity. We included studies published in English from 2015 to 2018.

As part of the inclusion criteria, we only included studies with low air pollution
concentrations defined as those that are below the current NAAQS. The primary NAAQS for
PM, 5 are 12 pg/m? for annual concentrations and 35 pg/m3 for daily concentrations. Given
that PM, 5 levels are on average higher in Asia and Europe, and in general much higher than
the current US NAAQS and WHO guidelines, our interest in the effects of exposure to low
levels of air pollution led us to exclude these areas from our review to provide a
comprehensive representation of the health effects of low exposure levels in the areas that
such levels are observed or currently plausible.
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We included studies examining either short-term (daily or few days moving averages) or
long-term (annual or average of few years) PM> 5 exposures, with the outcome defined as a
death or hospitalization due to cardiovascular disease (CVD), respiratory disease, or
subcategories of these definitions. We placed no restrictions on the study design or analysis
method used. We excluded studies only involving children, toxicology, climate, prenatal air
pollution, Air Quality Index, pollutants other than PM,, 5, those outside the USA or Canada,
those with average long-term or average short-term PM, 5 concentrations above the
corresponding NAAQS, and those not involving humans.

Given that most studies did not refer to the health impact of low concentrations exposure in
the title or abstract, we defined the key words for our literature search to be general and
inclusive. We used the following keywords: low particulate, PM> s, particulate, admissions,
hospitalization, mortality, morbidity, NAAQS, below standard, pollution, and deaths.

Summary of Findings

Using various combinations of the keywords, the search yielded a total of 1827 articles for
mortality and 248 articles for hospital admissions. After excluding articles involving
children, toxicology, climate, prenatal air pollution, Air Quality Index, pollutants other than
PM, 5, not involving humans, and duplicates, a total of 530 articles remained. Of these, 60
articles were conducted in the USA or Canada, with outcomes defined as CVD or
respiratory mortality and hospitalizations. Full-text review of the 60 articles was conducted,
and 26 articles were found to meet our inclusion criteria.

Table 1 presents a summary of the 26 articles. For each study, we extracted information on
location, the study’s time frame, population description, exposure assessment and temporal
resolution, health outcome, methods used for the analysis, and main findings. Among the 26
articles, 19 were conducted in the USA, and 7 in Canada. Of these, 21 examined total or
cause-specific mortality, 1 examined both mortality and hospital admissions, and 4 examined
cause-specific admissions.

In terms of exposure assessment, 15 studies used PM, 5 estimated from spatio-temporal
prediction models [2ee, 3, 7, 8, 17, 18, 21, 22+, 23-25, 27-30], two [13, 14] used the EPA
Downscaler (DS) model [31], five used PM> 5 concentrations measured at monitoring
stations and downloaded from EPA’s Air Quality System (AQS) database or other county
monitors [10, 15, 16, 19, 26], two used measurements from the Harvard Supersite in Boston
[12, 20], and two studies compared results obtained using five [11] and ten [9] different
exposure models. In terms of exposure duration, 15 studies examined mean annual PM 5,
ten studies daily PM, 5, and one study included both daily and annual averaged exposures.

PM, 5 concentrations have been decreasing during the last 10 years; therefore, many studies
were in areas where the 75th percentile of the PM, 5 distribution was below the NAAQS. We
grouped the papers in three categories: (1) studies conducted in areas where air pollution
levels were below the NAAQS, (2) studies restricting the study population and analysis to
low levels, (3) studies with a PM, 5 concentrations that could be above the NAAQS but that
estimate concentration-response functions to specifically examine non-linear relationship
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between PM> 5 and the outcome allowing for a potentially different effect estimate at lower
levels. We discuss findings for each category in detail next.

Studies Conducted at Low Levels

We identified 10 studies [7-16] that were conducted in areas with low PM, 5 levels (Table 1,
Fig. 1). Five of these studies investigated associations with long-term exposures and five
investigated associations with short-term exposures. Figure 1 presents the percent increase in
the outcome for 1 pg/m3 increase in PM, s, for each study.

Among the five studies [7-11] that examined long-term PM, 5 exposure and total or cause-
specific mortality, the annual average PM> 5 concentrations ranged between 8.3 and 12.5
pg/m3. Apart from Pun et al. [10] who used concentrations measured at monitoring stations,
the other long-term exposure studies used predictions from spatio-temporal models, two of
which used concentrations from different exposure models [9, 11]. The strongest association
was reported by Crouse et al. [7] in a study in Canada with a 8.8% (95%CIl 6.9, 10.7)
increase in mortality per 1 ug/m3 increase in PM, 5, while the percent increases in the other
studies varied between 0.9 and 5% increase in mortality. Effect estimates with PM, 5 were
lower (e.g., 0.5% increase in mortality [12]) and largely indistinguishable from no
association [13-16] among the short-term exposure studies. DeVries et al. [16] estimated a
7% decrease in mortality for 1 pg/m?3 increase in daily PMs 5. The short-term exposure
studies used PM,, 5 concentrations from monitoring stations [12, 15, 16], while others used
predictions from the EPA DS model [13, 14].

Studies that Restrict Analyses at Low Levels

Eight studies [2ee, 3, 17, 18-21, 22¢¢] did not explicitly focus on low concentrations but
conducted additional analyses restricting the data to low levels to estimate the effects below
the NAAQS. Of these studies, three examined associations with long-term exposures, four
examined associations with short-term exposures, and one examined associations with both
long- and short-term exposures. Figure 2 presents the percent increase in the outcome for 1
pg/m3 increase in PM, 5 for each study for the full study population and when restricting
below NAAQS. Three of these studies [2e¢, 3, 22¢¢] also estimated a non-linear
concentration-response function.

All the studies found significant effects at low concentrations (with the exception of the
Makar et al. study [17] that did not report statistically significant effect estimates for total
mortality, only for admissions). Of the studies that examined long-term effects, all reported
higher effect estimates at low concentrations compared to those in the full range of PM> 5.
The majority of studies that examined short-term effects also found stronger associations at
lower levels; these associations though were lower (with effect sizes below 1%) compared to
the effect sizes of the long-term exposure studies.

In addition, one study [22¢¢] in New England using the Medicare cohort applied a Poisson
survival analysis to simultaneously estimate the short-term (2 days average) and long-term
(365 days average) effects of PM5 5 and mortality. They observed that both short- and long-
term PM,, 5 exposures were significantly associated with all-cause mortality for the entire
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population, and that the estimated effects were higher when restricting the population to
those with low concentrations.

Makar et al. [17] is the only study that dichotomized PM s at 12 pg/m3 in the full cohort,
using <12 pg/m3 as the reference category, and in a subsample restricted to concentrations
<12 pg/m3, dichotomizing the exposure at 8 ug/m3. The authors reported that in this
subsample, an increase of PM, 5 levels from below 8 pg/m3 to above 8 pg/m3 was
significantly associated with cause-specific hospital admissions with estimated outcome
increases varying between 0.7 and 2% per 1 pg/m?3 increase in PM, 5 concentrations,
depending on the outcome, but did not find evidence of a significant increase in mortality.

Studies that Estimate Non-linear Concentration-Response Functions

Eight articles published between 2015 and 2018 [23-30] examined potentially non-linear
concentration-response functions between PM, 5 and the outcome across a range of
exposures. One study examined the short-term effects, while the other seven used annual
PM, 5 averages from spatio-temporal prediction models. All of them found an increasing
monotonic shape, four of them found a steeper slope at lower concentrations (supralinear
shape), including a study assessing short-term exposures, and four studies a linear
monotonic increase. To note, most of the studies were conducted in areas with PM; g
concentrations below the NAAQS.

In six out of eight studies, a type of a spline (such as natural or penalized splines) with a
number of degrees of freedom varying between 2 and 4 was used to estimate the
concentration-response function. One paper [30] employed restricted cubic splines with and
without measurement error correction and reported de-attenuated effect estimates when
adjusting for measurement error.

In Canada, where the 75th percentile of the PM, 5 concentrations were < 12 ug/m3 and
therefore well below the NAAQS, Pinault and co-authors [25] applied the Shape Constrained
Health Impact Function (SCHIF) developed by Nasari et al. [32]. The algorithm resulted in
16 to 21 shapes, and the SCHIF ensemble was then defined as a weighted average of the
predictions of all models examined at any concentration with weights defined by the
likelihood function value. The authors found that in general the best fitting shape for most
causes of death was supralinear, with the greatest effect on the outcome estimated in the
lower concentrations of exposure.

Methodological Challenges of Existing Studies

Study Designs

All 26 studies used different statistical models. For long-term exposures, all papers used Cox
proportional hazards models (13 out of 26). All but two [17, 26] allowed for baseline
hazards to vary with age and sex, four studies [7, 8, 25, 29] allowed for baseline hazards to
vary with region, and two [18, 25] investigated the sensitivity of their results when
stratifying on additional variables. For short-term exposures, time series (9 out of 26) and
case crossover (4 out of 26) designs were used. Four studies utilized causal inference tools,
such as propensity scores (IPW, marginal structural models, and sub classification; 3 out of
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26) or instrumental variables (3 out of 26). Multi-pollutant models or models including
multiple components of PMs 5 were considered in 13 out of 26 papers. Each study design
and corresponding statistical approach is based on a different set of assumptions for
confounding adjustment.

Study design is highly dependent on the exposure window (short- or long-term) and the
outcome of interest (such as binary, count, or time to event). Wherever possible, researchers
could study the robustness of their scientific results under different appropriate study
designs.

Confounding Adjustment Across Exposure Levels

Eighteen out of 26 studies performed confounding adjustment by including potential
confounders in an outcome regression model. In all studies of long-term exposure, age and
sex was adjusted for in the Cox proportional hazards model, along with additional individual
or ecological covariates. In crossover study designs, individual covariates are balanced
thanks to the study design and researchers adjusted for time-varying covariates. All but three
papers [12, 19, 20] considered various model specifications including which variables are to
be included, the functional specification of the covariate adjustment, and the presence of
effect modification. In our opinion, studies should evaluate and report the robustness of their
results under different model specifications.

Model results were interpreted for the whole range of observed exposures. By including
covariates in the regression model, the same confounding adjustment is performed across all
exposure levels. For that reason, regression models are often implicitly based on the
assumption that confounders are equally strong (or weak) across all exposure levels. If
covariates confound the exposure-response relationship by differing amounts at different
exposure levels, the estimated confounding adjustment will be a compromise of the
confounding strength across the exposure levels, with exposure levels with high sample sizes
driving the confounding adjustment the most. Therefore, in the presence of different
confounding across exposure levels, model results might be biased, especially at the very
low levels where data are sparse [33]. For this reason, confounding adjustment should be
localized to target the exposure level of interest rather than assuming, as these studies have,
that the confounding structure is constant across exposure levels.

Restricting Analyses to Low Levels

Eight out of 26 studies considered a model fit to a subset of the data below a certain
pollution level (annual or daily). Restricting the analysis to a subset of the data is useful in
localizing the confounding adjustment, and for this reason, study results on the health effects
of air pollution at these levels may be more informative.

However, restricting the analysis to a subset of the data has some interpretational limitations.
Considering a subgroup of the data effectively changes the population of interest.
Specifically, it is likely that the subpopulation exposed to low levels of PM, 5 does not have
the same characteristics as the full study population. If the distribution of certain modifiers
of the association between PM> 5 and the outcome of interest is different among participants
living in lower exposure levels (e.g., rural vs. urban residence, age, socio-economic status,
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etc.) compared to the characteristics in the full population, then the effect estimates from the
restricted analysis are not necessarily directly comparable to those of the full analysis. For
example, the composition of PM, s—a well-recognized modifier [34, 35]—likely differs
across locations with different PM5 5 concentrations [36]. These should be taken into
account when comparing estimated PM, 5 effects at low levels from restricted analyses to
results from a full data analysis, since differences in the distribution of effect modifiers in
the two groups of data could lead to estimates of the two analyses that correspond to
different and not comparable populations. Additionally, this should also be considered when
interpreting non-linear concentration-response curves, as differences in the distribution of
modifiers across the PM, 5 concentration range could manifest as a non-linear association.
Therefore, when a restricted analysis is performed, researchers should ensure that they
provide descriptive statistics of the target population (all data) and the restricted population
(subset on which analysis is performed). Finally, restricting analyses to study participants
exposed at low levels might also induce selection bias when the interest lies in estimating the
exposure effect for the full population at low levels, if this restriction also changes the
distribution of the outcome of interest.

These challenges are always present when study results from one population are used to
inform what would occur in a different population. For the reasons described above, findings
from studies conducted using information on populations living in low levels of air pollution
might not be generalizable to populations living at higher levels.

Exposure Assessment and Measurement Error

Seventeen of 26 studies relied on spatio-temporal models to assign exposure to individuals,
while 7 studies used PM> 5 concentrations measured at monitoring stations. Although the
error structure is known to vary by study design and exposure window examined, studies
quantifying exposure measurement error at different scenarios have all shown a bias towards
the null [37-39]. Prediction models allow researchers to assign exposures to participants
living in areas with limited or no monitors. Although use of such prediction models induces
less exposure measurement error compared to use of monitors, these are still subject to
potential measurement error [39]. Only one of the examined studies attempted to correct for
this measurement error [30], and three conducted sensitivity analysis to evaluate robustness
of results using predictions from prediction models compared to observed concentrations at
monitoring locations [2¢e, 3, 30]. In addition, a different study compared circulatory
mortality effect estimates obtained using different prediction models and observed
significantly harmful associations in every model, albeit there was some variability in the
hazard ratios estimated [9]. Similar findings were obtained in another study that compared
cause-specific mortality risks in urban vs. rural areas using five different exposure models
[11]. While there is some literature attempting to correct for measurement error in exposure
in this context [37, 40, 41], to date, no study has explicitly focused on measurement error
arising in low concentrations of air pollution or the potential differing measurement error
across the distribution of PM> 5 concentrations. As these spatio-temporal prediction models
are developed overall and not specifically for low concentrations, their predictive accuracy
may differ across the range of the observed PM> 5 concentrations, and subsequently the
measurement error structure may also differ by exposure levels. The uncertainty in these
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predictions, even in the absence of bias, also likely differs across the range of the observed
PM,, 5 concentrations. Lastly, large measurement error at low exposure levels is likely to lead
to reduced statistical power in detecting health effects at low levels.

Discussion

We searched the literature between 2015 and 2018 to identify articles that characterize the
relationship between short- and long-term exposure to PM, 5 and cardio-respiratory hospital
admissions and mortality. We identified 26 papers that satisfied our search criteria. These
papers used different statistical models, exposure assessment methods, and different ways to
evaluate effect estimates at low levels. Nonetheless, most of the included studies reported
statistically significant harmful associations even at levels below the current standards.

As the PM, 5 concentrations are declining, there is increasing interest in quantifying the
PM,, 5 effects on adverse health at these lower concentrations. Past studies had reported no
threshold in associations with air pollution [42-44]; the concentration distributions of those
studies, nonetheless, do not reflect current and future levels. We classified the articles in this
paper into three distinct categories, one of which was studies that flexibly examined the
concentration-response curve across the observed PM5 5 range. Half of those studies
reported a linear association, while the other half reported a supralinear association, with
larger effect estimates at lower levels.

These results were in agreement with results from studies in which sub-analyses restricted
the study population to a sample only exposed at low levels. The effect estimates of these
sub-analyses were almost always higher than the effect estimates obtained in the full
population (Fig. 2). Nonetheless, these results should be interpreted with caution. It is likely
that the subpopulations that live at low levels are not exchangeable with the populations that
live at higher levels. If the distribution of potential modifiers differs across the range of the
PM5 5 concentrations, then this could explain the changes in the estimated effects above and
below the standards. PM, 5 levels, for instance, have been found to vary across census tracts
with differing age, racial, and socio-economic distributions [45], and these factors have also
been identified as known modifiers [2¢¢, 46, 47]. Moreover, locations with higher PM 5
concentrations are likely to have different constituent composition [36], which in turn has
been found to modify the association between PM> 5 and adverse health [34]. Direct
comparisons, therefore, between effect estimates above and below the standards should be
avoided unless accompanied with comparison of population and composition characteristics.

There have been a few studies recently that characterize the concentration-response function
between PM> 5 and health outcomes. For instance, Burnett et al. [48] developed integrated
exposure—response (IER) that covered the global range of exposure by integrating available
information on rate ratios from studies of ambient air pollution, second hand tobacco smoke,
household solid cooking fuel, and active smoking. Pope et al. [49] subsequently applied this
IER approach and observed a steeper association between PM, 5 and CVD at low exposures
that leveled off at higher exposures, concluding that breathing combustion-related fine
particulate matter from multiple sources contributes to CVD risk. In another study, Burnett
et al. [50] used the Global Exposure Mortality Model (GEMM), developed by Nasari et al.
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[32], and information on 41 cohorts from 16 countries, and observed a supralinear
association between PM> 5 and non-accidental mortality, with a different shape for each
cause of death. This study, however, focused on a wide range of concentrations, not solely
focusing on low levels. Finally, a recent meta-regression also reported a non-linear
concentration response curve with a steeper slope at lower levels, in agreement with
previously reported estimates [51].

To conclude, there is strong evidence suggesting that particle exposures remain harmful even
at levels that are lower than the current US standards. Future studies could address the
potential methodological limitations which may be present in the studies examined and are
related to known forms of bias, i.e., residual confounding, selection bias, and exposure
measurement error. Also, they could address potential interpretational limitations; if the
population characteristics and the particle composition is not comparable at lower and higher
concentration levels, then the estimated health effects may not be comparable either. Despite
these, all studies considered in this review have different study designs, different
populations, different exposure assessment approaches, and different confounding
adjustment. Therefore, it is highly unlikely that the estimated effects at low PM 5 levels are
fully attributed to these limitations, and we consider the consistency of the study results to
indicate the presence of negative health effects even at low PM, 5 levels.

Conclusions

The body of evidence to date strongly suggests that no threshold exists in the association
between PM, 5 and adverse health, and that no levels are safe. The effect estimates reported
in the studies cited here suggest that the NAAQS may need to be reevaluated; improving air
quality with even lower PM,, 5 than currently allowed by US EPA standards will benefit
public health.
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Abbreviations

Totm total mortality

CVDm cardiovascular mortality

CHFm Congestive Heart failure mortality
IHD m Ischemic heart disease mortality
Circul m Circulatory mortality

Resp m Respiratory mortality
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COPDm COPD mortality

Pneum m Pneumonia mortality

CLRDm Chronic lower respiratory disease mortality
Tot HA total hospital admissions

CVD HA cardiovascular hospital admissions

CVD EV cardiovascular Emergency Visits

Resp EV Respiratory Emergency Visits

Resp HA Respiratory hospital admissions

Circul HA Circulatory hospital admissions

References

Papers of particular interest, published recently, have been highlighted as:
= Of major importance

1. Samet JM. The clean air act and health — a clearer view from 2011. N Engl J Med. 2011;365:198-

201. [PubMed: 21732828]

2++. Di Q, Wang Y, Zanobetti A, Wang Y, Koutrakis P, Choirat C, et al. Air Pollution and Mortality in

the Medicare Population N Engl J Med [Internet]. Massachusetts Medical Society; 2017 [cited
2019 Jan 10];376:2513-22. Available from: http://www.nejm.org/doi/10.1056/
NEJMoal702747.Largest national study of the association between long-term PM» 5 and
mortality. Estimated both effects at low concentrations and the concentration-response function at
low concentrations.

3.Di Q, Dai L, Wang Y, Zanobetti A, Choirat C, Schwartz JD, et al. Association of short-term

exposure to air pollution with mortality in older adults. JAMA - J Am Med Assoc. 2017;318:2446—
56.

4. Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger SL, et al. Fine particulate air

pollution and hospital admission for cardiovascular and respiratory diseases. JAMA.
2006;295(10):1127-34. [PubMed: 16522832]

5. Hoek G, Krishnan RM, Beelen R, Peters A, Ostro B, Brunekreef B, et al. Long-term air pollution

exposure and cardio- respiratory mortality: a review. Environ Health [Internet]. 2013;12:43
10.1186/1476-069X-12-43.

6. Zanobetti A, Schwartz J. The effect of fine and coarse particulate air pollution on mortality: a

national analysis. Environ Health Perspect [Internet]. 2009;117:898-903 Available from: http://
www.nchi.nlm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=19590680.

7. Crouse DL, Philip S, Van Donkelaar A, Martin RV, Jessiman B, Peters PA, et al. A new method to

jointly estimate the mortality risk of long-term exposure to fine particulate matter and its
components. Sci Rep. 2016;6:18916 10.1038/srep18916 [PubMed: 26732864]

8. Weichenthal S, Pinault LL, Burnett RT. Impact of oxidant gases on the relationship between outdoor

fine particulate air pollution and nonaccidental, cardiovascular, and respiratory mortality. Sci Rep.
2017;7(1):16401 10.1038/s41598-017-16770-y [PubMed: 29180643]

9. Jerrett M, Turner MC, Beckerman BS, Pope CA, van Donkelaar A, Martin RV, et al. Comparing the

health effects of ambient particulate matter estimated using ground-based versus remote sensing
exposure estimates. Environ Health Perspect. 2017;125:552—-9. [PubMed: 27611476]

Curr Environ Health Rep. Author manuscript; available in PMC 2020 April 16.


http://www.nejm.org/doi/10.1056/NEJMoa1702747
http://www.nejm.org/doi/10.1056/NEJMoa1702747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=19590680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=19590680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=19590680

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Papadogeorgou et al.

Page 11

10. Pun VC, Kazemiparkouhi F, Manjourides J, Suh HH. Long-Term PM2.5 Exposure and Respiratory,
Cancer, and Cardiovascular Mortality in Older US Adults Am J Epidemiol [Internet]. Oxford
University Press; 2017 [cited 2019 Jan 5];186:961-9. Available from: https://
academic.oup.com/aje/article/186/8/961/3852285.

11. Garcia CA, Yap PS, Park HY, Weller BL. Association of long-term PM2.5 exposure with mortality
using different air pollution exposure models: impacts in rural and urban California. Int J Environ
Health Res. 2016;26:145-57. [PubMed: 26184093]

12. Schwartz J, Austin E, Bind MA, Zanobetti A, Koutrakis P. Estimating causal associations of fine
particles with daily deaths in Boston. Am J Epidemiol. 2015;182:644-50. [PubMed: 26346544]

13. Yoo EH, Brown P, Eum Y. Ambient air quality and spatio-temporal patterns of cardiovascular
emergency department visits. Int J Health Geogr. 2018;17:18. [PubMed: 29884205]

14. Hao Y, Balluz L, Strosnider H, Wen XJ, Li C, Qualters JR. Ozone, fine particulate matter, and
chronic lower respiratory disease mortality in the United States. Am J Respir Crit Care Med.
2015;192: 337-41. [PubMed: 26017067]

15. Rodopoulou S, Samoli E, Chalbot MCG, Kavouras IG. Air pollution and cardiovascular and
respiratory emergency visits in Central Arkansas: a time-series analysis. Sci Total Environ.
2015;536:872-9. [PubMed: 26232212]

16. DeVries R, Kriebel D, Sama S. Low level air pollution and exacerbation of existing COPD: a case
crossover analysis. Environ Health. 2016;15(1):98. [PubMed: 27756407]

17. Makar M, Antonelli J, Di Q, Cutler D, Schwartz J, Dominici F. Estimating the causal effect of low
levels of fine particulate matter on hospitalization. Epidemiology. 2017;28:627-34. [PubMed:
28768298]

18. Wang Y, Shi L, Lee M, Liu P, Di Q, Zanobetti A, et al. Long-term exposure to PM 2.5 and
mortality among older adults in the southeastern US. Epidemiology. 2017;28:207-14. [PubMed:
28005571]

19. Schwartz J, Fong K, Zanobetti A. A national multicity analysis of the causal effect of local
pollution, NO2, and PM2:5 on mortality. Environ Health Perspect. 2018;126:087004.

20. Schwartz J, Bind MA, Koutrakis P. Estimating causal effects of local air pollution on daily deaths:
effect of low levels. Environ Health Perspect. 2017;125:23-9. [PubMed: 27203595]

21. Lee M, Koutrakis P, Coull B, Kloog I, Schwartz J. Acute effect of fine particulate matter on
mortality in three southeastern states from 2007-2011. J Expo Sci Environ Epidemiol.
2016;26:173-9. [PubMed: 26306925]

22¢+. Shi L, Zanobetti A, Kloog I, Coull BA, Koutrakis P, Melly SJ, et al. Low-concentration
PM2.5and mortality: estimating acute and chronic effects in a population-based study. Environ
Health Perspect. 2016;124:46-52 [PubMed: 26038801] Estimated simultaneously the short- and
long-term PM, 5 effects on mortality. In addition, the authors estimated both the effects at low
concentrations and the concentration-response function.

23. Crouse DL, Peters PA, Hystad P, Brook JR, van Donkelaar A, Martin RV, et al. Ambient PM2.5,
03, and NO2 exposures and associations with mortality over 16 years of follow-up in the
Canadian census health and environment cohort (CanCHEC). Environ Health Perspect.
2015;123:1180-6. [PubMed: 26528712]

24. Pinault L, Tjepkema M, Crouse DL, Weichenthal S, Van Donkelaar A, Martin RV, et al. Risk
estimates of mortality attributed to low concentrations of ambient fine particulate matter in the
Canadian community health survey cohort. Environ Health. 2016;15:18 10.1186/
§12940-016-0111-6. [PubMed: 26864652]

25. Pinault LL, Weichenthal S, Crouse DL, Brauer M, Erickson A, van Donkelaar A, et al.
Associations between fine particulate matter and mortality in the 2001 Canadian Census Health
and Environment Cohort Environ Res [Internet]. Academic Press; 2017 [cited 2019 Jan
5];159:406-15. Available from: https://www.sciencedirect.com/science/article/pii/
S0013935117305480.

26. Weichenthal S, Kulka R, Lavigne E, van Rijswijk D, Brauer M, Villeneuve PJ, et al. Biomass
burning as a source of ambient fine particulate air pollution and acute myocardial infarction.
Epidemiology. 2017;28:329-37. [PubMed: 28177951]

Curr Environ Health Rep. Author manuscript; available in PMC 2020 April 16.


https://academic.oup.com/aje/article/186/8/961/3852285
https://academic.oup.com/aje/article/186/8/961/3852285
https://www.sciencedirect.com/science/article/pii/S0013935117305480
https://www.sciencedirect.com/science/article/pii/S0013935117305480

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Papadogeorgou et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 12

Villeneuve PJ, Weichenthal SA, Crouse D, Miller AB, To T, Martin RV, et al. Long-term exposure
to fine particulate matter air pollution and mortality among Canadian women. Epidemiology.
2015;26: 536-45. [PubMed: 25894856]

Thurston GD, Ahn J, Cromar KR, Shao Y, Reynolds HR, Jerrett M, et al. Ambient particulate
matter air pollution exposure and mortality in the NIH-AARP diet and health cohort. Environ
Health Perspect. 2016;124:484-90. [PubMed: 26370657]

Lim CC, Hayes RB, Ahn J, Shao Y, Silverman DT, Jones RR, Garcia C, Thurston GD Association
between long-term exposure to ambient air pollution and diabetes mortality in the US. Environ Res
[Internet]. 2018 [cited 2019 Feb 13];165:330-6. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/29778967.

Hart JE, Liao X, Hong B, Puett RC, Yanosky JD, Suh H, et al. The association of long-term
exposure to PMa 5 on all-cause mortality in the nurses’ health study and the impact of
measurement-error correction. Environ Health. 2015;14:38 10.1186/s12940-015-0027-6 [PubMed:
25926123]

US EPA O. Downscaler model for predicting daily air pollution. [cited 2019 Feb 13]; Available
from: https://www.epa.gov/air-research/downscaler-model-predicting-daily-air-pollution..

Nasari MM, Szyszkowicz M, Chen H, Crouse D, Turner MC, Jerrett M, et al. A class of non-linear
exposure-response models suitable for health impact assessment applicable to large cohort studies
of ambient air pollution Air Qual Atmos Heal [Internet]. Springer Netherlands; 2016 [cited 2019
Jan 5];9:961-72. Available from: http:/link.springer.com/10.1007/s11869-016-0398-z.

Papadogeorgou G, Dominici F. A causal exposure response function with local adjustment for
confounding: a study of the health effects of long-term exposure to low levels of fine particulate
matter. 2018 [cited 2019 Apr 9]; Available from: http://arxiv.org/abs/1806.00928.

Kioumourtzoglou M-A, Austin E, Koutrakis P, Dominici F, Schwartz J, Zanobetti A. PM» 5 and
survival among older adults: effect modification by particulate composition. Epidemiology
[internet]. 2015 [cited 2015 Apr 1]; Available from: http://www.ncbi.nlm.nih.gov/pubmed/
25738903.

Dai L, Zanobetti A, Koutrakis P, Schwartz JD. Associations of fine particulate matter species with
mortality in the United States: a multicity time-series analysis. Environ Health Perspect. 2014;122:
837-42. [PubMed: 24800826]

Austin E, Coull BA, Zanobetti A, Koutrakis P. A framework to spatially cluster air pollution
monitoring sites in US based on the PM2.5 composition. Environ Int [Internet]. 2013 [cited 2013
Sep 16];59:244-54. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23850585.

Wu X, Braun D, Kioumourtzoglou M-A, Choirat C, Di Q, Dominici F. Causal inference in the
context of an error prone exposure: air pollution and mortality. Ann Appl Stat. 2019;13(1): 520-47
[PubMed: 31649797]

Zeger SL, Thomas D, Dominici F, Samet JM, Schwartz J, Dockery D, et al. Exposure measurement
error in time-series studies of air pollution: concepts and consequences. Environ Health Perspect.
2000;108:419-26. [PubMed: 10811568]

Kioumourtzoglou MA, Spiegelman D, Szpiro AA, Sheppard L, Kaufman JD, Yanosky JD, et al.
Exposure measurement error in PM2 5 health effects studies: a pooled analysis of eight personal
exposure validation studies. Environ Health. 2014;13(1):2 10.1186/1476-069X-13-2. [PubMed:
24410940]

Szpiro AA, Paciorek CJ. Measurement error in two-stage analyses, with application to air pollution
epidemiology. Environmetrics. 2013;24:501-17. [PubMed: 24764691]

Gryparis A, Paciorek CJ, Zeka A, Schwartz J, Coull BA. Measurement error caused by spatial
misalignment in environmental epidemiology. Biostatistics. 2009;10:258-74. [PubMed:
18927119]

Pope CA, Dockery DW. Health effects of fine particulate air pollution: lines that connect. J Air
Waste Manage Assoc. 2006;56:709-42.

Schwartz J, Laden F, Zanobetti A. The concentration-response relation between PM2.5and daily
deaths. Environ Health Perspect. 2002;110:1025-9.

Pope CA. Invited commentary: particulate matter-mortality exposure-response relations and
threshold. Am J Epidemiol. 2000;152: 407-12. [PubMed: 10981452]

Curr Environ Health Rep. Author manuscript; available in PMC 2020 April 16.


http://www.ncbi.nlm.nih.gov/pubmed/29778967
http://www.ncbi.nlm.nih.gov/pubmed/29778967
https://www.epa.gov/air-research/downscaler-model-predicting-daily-air-pollution
http://link.springer.com/10.1007/s11869-016-0398-z
http://arxiv.org/abs/1806.00928
http://www.ncbi.nlm.nih.gov/pubmed/25738903
http://www.ncbi.nlm.nih.gov/pubmed/25738903
http://www.ncbi.nlm.nih.gov/pubmed/23850585

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Papadogeorgou et al.

45.

46.

47.

48.

49.

50.

51.

Page 13

Bell ML, Ebisu K. Environmental inequality in exposures to airborne particulate matter
components in the United States. Environ Health Perspect [Internet]. 2012 [cited 2018 May
27];120:1699-704. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22889745.

Kioumourtzoglou MA, Schwartz J, James P, Dominici F, Zanobetti A. PM» 5 and mortality in 207
US cities: modification by temperature and city characteristics. Epidemiology. 2016;27(2):221-7.
10.1097/EDE.0000000000000422 [PubMed: 26600257]

Bell ML, Zanobetti A, Dominici F. Evidence on Vulnerability and Susceptibility to Health Risks
Associated With Short-Term Exposure to Particulate Matter: A Systematic Review and Meta-
Analysis. Am J Epidemiol [Internet]. 2013 [cited 2013 Sep 16];178:865-76. Available from: http://
www.nchi.nlm.nih.gov/pubmed/23887042.

Burnett RT, Pope CA, Ezzati M, Olives C, Lim SS, Mehta S, et al. An integrated risk function for
estimating the global burden of disease attributable to ambient fine particulate matter exposure
Environ Health Perspect [Internet]. National Institute of Environmental Health Science; 2014
[cited 2019 Feb 13];122: 397-403. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
24518036.

Pope CA, Cohen AJ, Burnett RT. Cardiovascular disease and fine particulate matter lessons and
limitations of an integrated exposure-response approach. Circ Res. 2018;122:1645—-7. [PubMed:
29880499]

Burnett R, Chen H, Szyszkowicz M, Fann N, Hubbell B, Pope CA, et al. Global estimates of
mortality associated with long-term exposure to outdoor fine particulate matter Proc Natl Acad Sci
U S A [Internet]. National Academy of Sciences; 2018 [cited 2019 Feb 13];115:9592-7. Available
from: http://www.ncbi.nIm.nih.gov/pubmed/30181279.

Vodonos A, Awad YA, Schwartz J. The concentration-response between long-term PM2.5 exposure
and mortality; a meta-regression approach. Environ Res. 2018;166:677-89. [PubMed: 30077140]

Curr Environ Health Rep. Author manuscript; available in PMC 2020 April 16.


http://www.ncbi.nlm.nih.gov/pubmed/22889745
http://www.ncbi.nlm.nih.gov/pubmed/23887042
http://www.ncbi.nlm.nih.gov/pubmed/23887042
http://www.ncbi.nlm.nih.gov/pubmed/24518036
http://www.ncbi.nlm.nih.gov/pubmed/24518036
http://www.ncbi.nlm.nih.gov/pubmed/30181279

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Papadogeorgou et al.

Author Outcome PM25 Mean
Annual

Crouse [10] Tot m Spatio-temp mod 8.3
Weichenthal [11] Tot m Spatio-temp mod 74
Pun [12] Tot m EPA monitors 125
Garcia [8] Tot m Closest 10km 10.5
Garcia [8] Tot m Closest 50km 10.5
Garcia [8] Tot m Closest monitor 10.5
Garcia [8] Tot m IDW 105
Garcia [8] Tot m Kriging 10.5
Weichenthal [11] CVDm Spatio-temp mod 74
Pun [12] CVDm EPA monitors 125
Pun [12] CHF m EPA monitors 125
Jerrett [9] IHD m 10 exp models 12
Pun [12] IHD m EPA monitors 125
Jerrett [9] Circul m 10 exp models 12
Weichenthal [11] Respm Spatio-temp mod 74
Pun [12] Respm EPA monitors 125
Pun [12] COPD m EPA monitors 125
Pun [12] Pneum m EPA monitors 125
Daily

Schwartz [13] Tot m, IV Harvard monitor 78
Schwartz [13] Tot m. PS Harvard monitor 7.8
Yoo [14] CVD HA  EPA down-scaler 9.5
Hao [15] CLRD m  EPA down-scaler 10.7
Rodopoulou [16] CVDEV EPA monitors 124
Rodopoulou [16] Resp EV EPA monitors 124
DeVries [17] COPD EV EPA monitors 8.6

Fig. 1.
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List of the studies conducted at low levels. The results are presented as percent increase in
the outcome for 1 pg/m3 increase in PM 5
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M Ful ® Restricted

Author Outcome Exposure PM25 Mean

Annual
Makar [18] Totm  Spatio-temp mod 12 - .
Di [2] Totm Spatiotemp mod 1 L o
Wang [19] Tot m  Spatio-temp mod 10.7 . .
Shi [23] Tot m  Spatio-temp mod 8.1 it .
Makar [18] Tot HA  Spatio-temp mod 12 " .
Makar [18]  Circul HA Spatio-temp mod 12 & .
Makar [18] Resp HA Spatio-temp mod 12 L .

Daily
Shi [23] Tot m  Spatio-temp mod 82 . .
Schwartz [28] Tot m EPA monitors 12.8 .
Schwartz [21] Totm  Harvard monitor 98 E
Lee et [22] Totm  Spatio-temp mod 1 -
Di et [3] Totm  Spatio-temp mod 11.6 s
: 3I5 3I 3|5 ' w.'s zI zls 3' z.ls
% Increase

Fig. 2.
List of the studies that restrict analyses at low levels. The results are presented as percent

increase in the outcome for 1 pg/m3 increase in PM 5 for the full population (Full) and
when restricting to levels below NAAQS (Restricted)
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