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I ABSTRACT |
Background/Aim
Evidence demonstrates that coronary artery calcification (CAC) is a biological marker for cardiovascular disease (CVD) risk pre-
diction. Acute cardiovascular effects of temporary and chronic environmental particle exposures sensitive to <2.5 micrometers
in diameter (here termed “PM, .”) have been well-studied. However, thete is less information on the long-term effects of PM, |
exposures on the eatlier pre-clinical stage of CVD, especially in women (in whom it is also established experience frequent car-
diovascular late- and under-diagnoses). This phase of pre-diagnosis pathological activity is classified as subclinical atherosclerosis
(SCA) unless and until a patient meets established clinical diagnostic criteria. In this systematic review, we summarize reported as-
sociations of long-term PM, . and SCA exposure, with investigators placing an emphasis on gender differences in any documented
associations.
Methods
We conducted a comprehensive literature review for articles published from 2007 to 2022 that reported associations of long-term
PM,  and SCA and evaluated each study with areas of particular focus including study designs, populations at risk, and exposure
measures.
Results
Investigations representing four cohorts yielded equivocal findings related to long-term PM, . exposure and CAC. Three cohorts
reported positive associations between long-term PM,, and CAC development/progression. Two studies supported a strongly
positive associations among women ot postmenopausal women for PM, , on CAC. Studies, however, evaluating PM, , exposure
associations with carotid intima-media thickness (another biomarker of SCA), reflect increases in both men and women with
PM, | levels but reporting no gender differences in PM, , exposure and this measure of SCA.
Conclusion
Our study identifies important gaps in current knowledge synthesis including different methods of PM, ; estimation and link-
age, a lack of consensus of what constitutes long-term air pollution, and the selection of important covariates and intermediate
vatiables. Our aim is to outline best practices going forward in the investigation of PM, , long-term exposure and SCA in women.
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INTRODUCTION | mented by the application of both time series and case crossover
analyses which are effective approaches to capture acute effects.”*

ir pollution (AP) is a well-established public health problem.  However, less is known about the long-term or chronic effects of
Most notably, particulate matter (PM) with an acrodynamic AP on the cardio-vasculature. This requires a longitudinal or retro-

size of <2.5 um (PM, ) and <10 pm (PM10) has been studied  spective cohort design in which exposure has accumulated over a
extensively for over several decades.' The association of PM, _ and long span of time.>*

increased risk of acute myocardial infarction has been well-docu-
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Subclinical atherosclerosis (SCA) is one example of a car-
diovascular outcome relevant to PM, . exposure, takes decades to
develop and is difficult to assess. Given the availability of historic
AP data, average cumulative AP exposure (a year or more) can be
estimated and mapped to an individual’s residential history. There
are opportunities to study long-term AP exposures in relation to
long-term atherosclerotic processes using conventional tomogra-
phy-based measures such as coronary artery calcification (CAC).
Another way to overcome this challenge in assigning temporality in
the case of chronic exposure and cardiovascular disease is to focus
the research on a vulnerable subpopulation where effects of the
exposure can be measured in a shorter timeframe or where specific
intermediate measures can link the exposure to the outcome. An
important example may be to measure associations in middle-aged
women, as a potential “at risk” and particularly informative popu-
lation. In this population, age is a risk factor for both long-term
exposure to AP and cardiovascular disease (CVD). Middle-aged
women are of particular interest in this scenario given that the
menopause transition is underway.” The dynamic hormonal and
metabolic changes in middle-aged women® may be important in-
termediaries between AP exposure and CVD risk. A focus on this
subpopulation and these specific physiologic processes can im-
prove measurement of the health effects of AP, give insight into
biologic mechanisms, and support efforts to reduce chronic dis-
ease burden in women.

BACKGROUND |

Subclinical Measures of Atherosclerosis and Particulate Matter:
Potential Pathways

Atherosclerosis, a progressive disease, is characterized by the
plaque accumulation in the arteties.” Along the biological pathway
leading to a clinical coronary event, there are subclinical changes in
the endothelium of the coronary and carotid arteries, which have
been shown to be predictive of future cardiovascular risk." CAC is
a significant marker of SCA and coronaty heart disease (CHD).'""?
There is a direct correlation of coronary calcium measuted by elec-
tron beam computetized tomography (EBCT) and atherosclerotic
lesions in the arteries of the heart.” Traditional cardiovascular risk
factors, including age, smoking, systolic blood pressure (SBP), dia-
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stolic blood pressure (DBP), high-density lipoprotein cholesterol
(HDLc), and body mass index (BMI), are also significant predic-
tors of CAC. See Figure 1 below of potential pathways of PM,
and its potential involvement in the development of CAC/sub-
clinical atherosclerosis.

Controlled exposure and cellular experiments shed light
on mechanisms linking PM, , exposure with CAC. At the cellu-
lar level, cell types, including lung epithelial, endothelial cells, and
cardiomyocytes, have shown to respond to in vitro PM exposure
with elevated reactive oxygen species (ROS) levels and oxidative
stress.''° With the controlled exposute, inhalation of the tiny pat-
ticles (e.g,, PM, ) deep into lungs and blood circulation through
the alveolar-capillary membrane may stimulate an inflammatory
response (e.g., increased levels of interleukin (IL)-6, nitric oxide
(NO)) and decrease cell viability in human coronary artery epitheli-
al cells, which impacts vascular health, further hardening arteties.”
The commonly proposed physiological pathways linking AP and
CV events are through: 1) pulmonary oxidative stress or inflam-
mation (this implies lung-specific inflammation); 2) endothelial
dysfunction (blood vessel endothelium); and 3) atherothrombo-
sis.”” The inflammation and coagulation systems’ interaction are
the key mechanism leading to endothelial dysfunction, which link
to eventual CV events."” Stimuli such as air pollutant exposutre may
initiate the development and progression of calcification through
the death of smooth muscle cells (SMC), which could be the driv-
ing force for eatly microcalcification.' This is then followed by
infiltration of macrophages into the lipid pool, undergoing cell
death and calcification, which leads to the development of a ne-
crotic cote processed along with inflammation." In addition, ROS
regulate the activity of redox-sensitive signaling pathways and af-
fect vascular biology® Inhalational exposute to AP triggers not
only inflammation but also major ROS generated in AP exposure,
which affects NO release, leading to endothelial dysfunction, with

detrimental effect on vascular cells.?"?

Diverse Methods Used in Measuring Particulate Matter Exposure

Researchers in the US. have access to a variety of measures of
outdoor air quality.*** The U.S. Environmental Protection Agency

Factors fluctuate during
menopause transition {m)

Figure 1. Potential Pathways of PM, ; and its Potential Involvement in the Development of CAC
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(EPA) and the Clean Air Act mandated the widespread installa-
tion of air pollution monitors by the federal, state, and local gov-
ernments that covers to a large extent the most populated geo-
graphic areas of the US. Early studies utilized “nearest monitor”
for exposure assessments as well as “distance from a road” for
exposure measurement. Nearest monitor readings are not appli-
cable for large swaths of the US and abroad that are largely rural
but populated where no monitors are in place. A new approach
to exposure assessment was developed and came into wide use
starting in 2000”° with the use of modelled data in the EPA’ hi-
erarchical bayesian model (HBM). This approach estimated PM,

throughout the US. (https://www.cdc.gov/nceh/tracking/ phase
htm).”” These ate modelled daily estimates and are available for the
12 km (Eastern U.S.) and 36 km (contiguous 48 U.S. states) resolu-
tion. HBM estimates provides both spatial and temporal variance
of PM,,
the U.S. in the areas where air monitors are sparser. This opened
the field and permitted more standardized and validated measure-
ments for use in epidemiological studies.”® Another reasonable and

allowing the estimation of air concentration values across

validated approach in countries where such systems are not in place
is to estimate individual levels of air pollution using co-kriging, a
geostatistical tool, to predict air pollution at unsampled point loca-
tions using air pollution monitor data.”’ The kriging methodology
allows the assessment of spatial variations and account for domi-
nant wind patterns. Kriging is the best linear unbiased estimator,
and its estimate is based on the variogram model and the values
and location of the measured air pollution points.” An important
aspect of predictions based on kriging is that it includes a measure
of uncertainty of predictions. Recent studies incorporated satellite
information into air pollution models to better characterize PM,

31,32

exposure than centralized monitoring data.”’** Employing remote

sensing for F’M2 , measurement better captures PM2 s composition
at a finer geographic resolution and provides a more robust mea-
sures of PM, .

resolution of air pollution modeling.

over a given area, increasing spatial and temporal

Is the Menopause Transition a Critical Window for Air Pollution
and Cardiovascular Disease?

Women are much less likely to suffer from or die of CHD before
age 55 than men but lose this protection after age 55.” During the
menopausal transition, a vulnerable period of accelerating CVD
risk, women undergo adverse alterations of vascular remodeling,
which are believed to be affected by more than chronologic aging

alone.’*»

Previous studies reported that women with premature
or early menopause, defined by surgical intervention or premature
ovarian failure, may also have an increased risk of non-fatal cardio-

vascular disease.®

Along general pathways described above on how PM,
exposure might contribute to adverse cardiovascular changes and
increase CVD risk, there is evidence supporting a connection be-
tween PM, | exposure and increases in inflammatory markers such
as C-reactive protein (CRP), plasminogen activator inhibitor Type 1
(PAI-1) and homocysteine among midlife women.™” Among mid-
dle-aged women, there are alterations in estradiol (E2) level during
their menopausal transition, which could be the reasons support-

ing the connections between PM, , exposure and CVD risk during
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women’s midlife. Interestingly, studies have shown links between
the menopausal transition and adverse alterations in low-density
lipoprotein cholesterol (LDL-C), and E2 levels among non-obese
839 which could increase their CVD risk. Therefore, it is
possible that these physiological changes during the menopausal

women,

transition, involving changes in E2,* and inflammation markers*!
(such as CRP), could augment the adverse effect of PM, _ exposure
on SCA. Because those unique physiological changes descrlbed
above, there ate strong reasons to study menopausal women as a
distinct and unique subset of the adult population.

OBJECTIVES |

This review first focused on the exposure measurement methodol-
ogy, study designs and results of the association of PM, , and SCA,
measured as CAC in the general population. Second, particular at-
tention was paid to describing theories of the underlying biology in
the general population and in women undergoing the menopause
transition. Through a synthesis of the literature, recommendations
for future studies in women at midlife were provided. The major
goal was to identify research gaps based on conducted review and
propose a conceptualized model to better evaluate this association.

Studies published from 2005 to the present which con-
sidered the long-term impact of PM,
risk using a measure of CAC were included in the review.**** An-
other important measure of SCA, carotid Intima medial thickness
(CIMT) has been also associated with PM, . and other air pollut-
ants. Although CIMT is not as predictive of mcldent CVD as CAC,
midlife women experience significant increases in CIMT during

and its constituents on SCA

the menopausal transition making this measure of specific inter-
est. Therefore, we also reviewed additional studies™***" assessing
the association between PM, _ exposure and CIMT of the carotid

arteries, and differences in this association by gender or age.

METHODS |

Evaluate the Association between Long-term PM, . Exposure and
Coronary Artery Calcification

To identify published research on the association between PM, .

exposure and CAC, we used the National Library of Medlcme
(PubMed) on June 25, 2022, including all investigations using
atherosclerosis with AP as MeSH terms for our search. The key-
wotds (“particulate matter’MeSH Terms| OR “air pollution”[MeSH
Terms]) were combined with ((“azberosclerosis’MeSH Terms))
OR (“atherosclerosis, coronary”’[MeSH Terms]) OR (“coronary artery
calcification”’[MeSH Terms]|) OR (“subclinical atherosclerosis’[MeSH
Terms))), for the search. All titles were initially reviewed from the
search to screen the relevant and original studies addressing associ-
ations between AP and SCA among women from 2007-2022. Ad-
ditionally, only English language studies, those involving humans,
women and middle-aged participants were included. The epide-
miologic investigations with cross sectional or longitudinal cohort
designs were included. After a complete review of all abstracts, and
full texts, there were eight separate publications assessing the long-
term exposute to PM,; and the risk of SCA as measured by CAC

(Figure 2). Long-term PM, , exposure was defined by our review
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as those assessing cumulative exposures. We included only those
studies that evaluated the PM, , long-term exposure and its chronic
effect to CAC. Different approaches across the reviewed studies
were applied to assess the long-term exposure of PM, ..

For selected studies on the associations of PM,, and
CAC, information related to study design, population at risk and
sample sizes, and general demographic characteristics were ex-
tracted; details of the exposure assessment as well as method of
outcome measurement, primary findings, adjustment factors, and
effect modification terms were noted. We summarized findings to
date and proposed models going forward that may improve the
study of the association of PM,, and CAC in women at midlife.
We compared and contrasted each of these studies for the follow-
ing components: 1) design of each investigation; 2) population at
risk/clinical measures including age, gender and race/ethnicity; 3)
exposure assessment methodology (e.g., how PM, | was estimated);
4) timing and the definitions of long-term exposure; 5) specific re-
sults of the association of PM, ; and CAC, including risk estimates
and 95% CI confidence intervals in general population, or men and
women when applicable. Additionally, a descriptive summary and
synthesis of associations between PM, | exposure and CAC were
provided, with a focus on whether age and gender differences were
evaluated in those studies.

()penventio

PUBLISHERS

Evaluate the Association between Long-term PM, . Exposure and
Carotid Intima Medial Thickness

Studies that reported on associations of long-term PM, . exposure
and carotid intima medial thickness (CIMT) were also reviewed be-
cause changes in CIMT have been observed during the menopause
transition. As our main interest and focus of this review is on the
studies of PM, , exposure and CAC, we had a particular focus on
studies that evaluated gender or menopausal status as effect modi-
fiers of PM,  exposure and CIMT association. For those studies,
we focused on summarizing the role of gender and menopausal
status on PM, _ exposure and the CIMT association.

RESULTS |

Effects of PM, ; Exposure on CAC among the General Population
and in Women

Design of each investigation: Eight studies assessing the associa-
tion between ambient AP (PM, . exposure) and CAC among the
general population and in women were reviewed (Figure 2). They
included 1) four separate investigations from the Multi-Ethnic
Study of Atherosclerosis (MESA) by Roux et al,* Sun et al,* Kim
et al,¥ Kaufman et al*; 2) two studies from the German Heinz

Records identified
through PubMed
searching on June 2022
(n=822)

Figure 2. Inclusion and Exclusion Criteria for Literature Review on Previous Studies Evaluated Association between PM, ; and CAC

Records screened
(n=822)

Records excluded

*Not English {exclude 37);

Mot Human studies (exclude 175)
Mot Published in 2007-2022 (exclude 137)
Mot include women (exclude 262)
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Abstracts assessed fo
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(n=141)
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*Not Epidemiology studies
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Nixdorf Recall Study (HNRS) by Hoffmann et al* and Hennig et
al’'; 3) one investigation from the Framingham Offspring cohort
by Dorans et al”’ and 4) the coronary atherosclerosis disease eatly
identification and risk stratification by non-invasive imaging (CRE-
ATION) Chinese cohort by Wang et al.*? All the studies, except for
the most recent MESA work in 2016," the study conducted using
the Framingham Offspring cohort in 2016 by Dorans et al,”” and
the last published piece of work using the Heinz Nixdorf Recall
Study by Henning et al,”' were cross-sectional studies.

The four studies assessed the PM, ; and CAC association
using the MESA cohort collected CAC data at baseline (2000-
2002),5444648 and the one longitudinal study also utilized CAC re-
peated measures data collected at follow-up visits from 2002 to
2005 and from 2010 to 2012.* In addition, the German HNRS
study by Hoffmann et al* utilized baseline data (2000-2003) on
4,494 men and women from a highly industrialized rural area in
Germany, and in 2020 Hennig et al’' used the same cohort and the
follow-up visits” data (2006-2008) to conduct longitudinal study.
The aim of the original HNRS study was to improve the predic-
tion of cardiovascular events by integrating new imaging and non-
imaging modalities in risk assessment,”” so the air pollution data
was added to this cohort later for evaluating the association with
CAC. Furthermore, the Framingham Offspring cohort by Doran
et al”” included 3,399 participants and 51% were men. The incep-
tion of the Framingham Offspring cohort was investigating the
familial clustering of CVD phenotypes and the role of shared en-
vironmental factors versus genetic factors in contributing to such
aggregation.”® The air pollution data were added to this cohort
by Dorans et al,"” and they conducted the study assessing the as-
sociation between PM, . and CAC presence and progression. The
last published piece of work (Wang et al*?) came from the CRE-
ATION Chinese study. The data were collected from 8,168 adult
outpatients aged 25 to 92 with suspected CHD in 2015 to 2017 at
baseline.* The original aim of this study was to identify risk factors
that lead to coronary artery atherosclerotic plaque progression and
CAD events and Wang et al*? added the air pollution estimation
data to conduct their study.

Population at risk/clinical measures: The characteristics of each
reviewed study, summarized in Table 1, including age and gender
distribution of the study population, the two key factors of inter-
est. The US MESA, US Framingham Offspring, German HNRS,
and Chinese CREATION studies had similar study aims to deter-
mine the relationship between PM, . exposure and CAC presence
ot progression.*”* The four most common ethnic groups (includ-
ing: White, African American, Chinese American, and Hispanic)
in the United States were included in MESA, and CAC was found
to be higher in white patients.* The HNR study group at base-
line (mean age=060.2; range: 45-74) was slightly younger than the
MESA cohort (mean age=062; range: 45-84-years) and included
individuals with previous CV disease (CVD).”* The Framingham
Offspring cohort had an average age of 52.2 and 59-years-old at
baseline and at follow-up CAC measuring visits, and approximately
half wete women.” The Chinese CREATION study included a
wide age range (age range: 25-92-years), with an average age at
baseline of 56.9 (SD: 10.4).* Of all participants across reviewed
studies, 46.4-53% were women, and the average age of the general
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population ranged from 52.2 to 62-years-old (exception: the Chi-
nese CREATION cohort had a very wide age range: 25-92-years).
When comparing the age range of included participants in the two
longitudinal studies, the MESA cohort by Kaufman et al* was old-
er, on average, than was the Framingham offspring cohort (62 us.
52.2-years-old), and it had more female participants (53% vs. 46.4%
female) (Table 1).

Exposure assessment methodology: In this section, we summa-
rized the exposure assessment measures in detail for each of the
included studies. Overall, there were varied assessment techniques
of PM, . exposure within the four cohorts. Fatly investigations
(Hoffmann et al®
road to the residence. More recently, the exposure has been es-

and Dorans et al*’) used distance from a main

timated based on hierarchical models including nearest monitor,

inverse-distance monitor weighting, and city-wide average.*****

Diez Roux et al,* (MESA) imputed mean PM, , data, us-
ing a spatial-temporal model. In addition, they also estimated mean
2001 PM,, exposure for each participant by averaging available
daily data collected at the nearest monitor of the residential ad-

dress at baseline.*

There was significant heterogeneity in the level
of exposure between the six study sites (Baltimore, Maryland; Chi-
cago, Illinois; Forsyth County (Winston-Salem), North Carolina;
Los Angeles County, California; New York City, NEW York; and
St. Paul, Minnesota), with PM varying from 12.82 (SD=0.71) in
Minnesota to 24.10 (SD=3.29) pg/m’ in California.46 In another
MESA study conducted by Sun et al,48 PM, . components were
considered (sulfur, elemental carbon, silicon, and organic carbon)
when evaluating the association with CAC. Three approaches were
used for exposure assessment: nearest monitor, inverse-distance
monitor weighting, and city-wide average. In the study conducted
by Kim et al,*® two advanced exposute prediction modeling ap-
proaches were used, and those approaches have been described
in detail elsewhere.” Briefly, annual averages of predicted PM,
components’ concentrations at baseline participant addresses were
estimated for one year from May 2007 to April 2008 when data
on all four PM, , components were available.*>* Unfortunately, the
modeling was based on 2009-2010 levels of the PM,; as testing
was not available during the study baseline period (2000-2002),
which lead to exposure misclassification® This use of levels from
misaligned years could introduce significant bias, as we know there
has been a significant downward trend in AP for the past 20-years.
The authors stated that the study intent was to obtain the most
valid and precise measures of association possible, and therefore
they predicted individual-level concentrations based on a rigor-
ous exposute modelling approach,” which is a more accurate ap-
proach compared to that used by Sun et al* MESA (Kaufman et
al**) used average measurements from a cohort-focused monitor-
ing campaign, the spatiotemporal model employed, incorporating
community specific measurements, agency monitoring data, and
geographical predictors, for PM, _ exposure estimation.

Hoffmann et al® (Germany HNRS) estimated exposure
using the residence-based approach, and the daily mean value for
PM, , for 2002 was calculated for each grid of 5 km. In addition,
they also estimated distances between residences and major roads
using official digitized maps and categorizing them into high traffic
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Table 1. Description of Studies Included for Synthesis
Study A
. ge, years %
Author Stu.dy Population Pop Size/# Exposure Measurement Outcome Mean °
Design (Location, Female
(Range)
Characteristics)
Germany,
Distance from residence to road approach
2000-2003 . )
Hoffmann  Cross- ] ) 4494 to characterize exposure; Daily mean value ~ CAC 60 (7.8) 5|
etal® sectional Heinz Nixdorf for PM, ; exposure for 2002 was calculated  -Ln (CAC+) :
Recall Study for each grid cell
(HNRS)
20-year imputed mean; and 2001 mean PM
were estimated. Imputed exposure used CAC
Di - I .
iez Cross. USA, 2000-2002 5172 for imputed PM; spatio-temporal model,.and mean 2001 1) Presence of CAC:
Roux ; PM, . exposure was estimated for each Agatston scores>0; 62 (45-84) 53
46 sectional MESA 5041 for 2001 mean PM 25 - . .
et al participant by averaging all available daily 2) Ln (CAC) for persons
values collected at the monitor nearest with nonzero CAC
their residential address at baseline.
CAC
Sun Cross- USA, 2000-2002 PM, ; exposure: ) Nearest monitor 1) Presence of CAC:
et al® sectional MESA 6256 (primary approach); 2) inverse-distance Agatston scores>0; 62 (45-84) 52
monitor weighting; 3) city-wide average 2) Ln (CAC) for persons
with nonzero CAC
Long-term concentrations of PM, ; CAC
Kim Cross. USA, 2000-2002 5488; comPonents'at particiPants’ h?mes were 1) Presence of CAC:
et a3 sectional MESA -2683, presence of predicted using both city-specific Agatston scores>0; 61.9 (45-84) 52.3
CAC;-2805,no CAC spatio-temporal models and a national 2) Ln (CAC) for persons
spatial model with nonzero CAC
CAC
1) Detectable CAC:
-3399 Agatston scores>0; 5222t |
2at |
USA, 2002-201 1 CAC round | measured ) 2) Ln (CAC) for persons .
D Longitudinal . in 2002-2005: Spatio-temporal model PM, ; exposure and ith CAC: scan (SD:
orans ongitudina Framlr!gham in Sahaeg residential proximity of major roads With nonzero ’ 11.7); 46.4
etal cohort Offspring cohort  CAC round 2 measured 3) Detectable progression  gg 90 gcay
study in 2008-201 1, for 51% of CAC between the | (SD: 11.8)
of participants and 2™ round of scans; T
4) Annual change in CAC
per year
Individual-weighted PM
6795 integration of all a itori d CAC
-In ration X re monitorin; n
. USA,2002-2012  -5834 had at least two cgration o1a  exposure monitoring 2 _
Kaufmann  Longitudinal modeling outputs into a final, 1) CAC mean progression
44 (mean follow-up CAC scans; o o 62 (45-84) 53
etal cohort . individual-level prediction, for each 2-week rate over follow-up;
6.2-years) MESA 96| had only baseline : L X
period of follow-up, permitting time-varying ~ 2) Ln (CAC+25)
CAC scan . L K
time-location information
Hierarchical land-use regression modeling,
for PM, ; exposure, based on annual mean CAC
Wang Cross- China, 2015-2017 8168 daily monitoring data; I) Detectable CAC: 56.9 (25-92; 5|
etal®? sectional CREATION sensitivity analysis, estimated cumulative CAC>0; SD=10.4)
exposures back for 3,4,5, 6,and 10-year 2) Severe CAC: CAC>400
periods before 2015
Residence-based approach to characterize
' CAC
Henni Longtoudiral Germany, 4814 midd] q exposure (land use regression and P . 1 CAC
Ete:lnlg CZ:EI:: "3 2000-2003 and adultsmll | S:Laag: CAC chemistry transport modelings); Daily mean r?gressmn ° ’ 59.1 (SD:7.6) 53
2006-2008, HNRS ’ values for PM, , for 2000-2002 and % mcfreasce:gnual growth
2006-2008 were calculated for each grid cell rate for
Pop size/#, population size; PM, ;, particulate matter <2.5 ym in diameter

exposure (£100 m) zs. low traffic exposure categoties.®

In 2020,

annual mean daily monitoring data (2014-2015) from the nation-

Hennig et al using also HNRS cohort calculated daily mean PM,
for each grid cell and conducted the cohort study. They utilized
residence-based approach to characterize the PM, ; exposure, in-
cluding land use regression and chemistry transport models.”
Dorans et al,”” in the Framingham Offspting study relied on resi-
dential distance from a major roadway as well as residential PM,
exposure. Spatially resolved average PM, | exposures were used for
exposure assessment. Averaged daily total PM, ; predictions over
the same index year were used to estimate the annual average PM,

14

exposure for all participants.” Wang et al** used hierarchical land-

use regression modeling for PM, . exposure assessment based on

2.5

wide monitors. In addition, this study further tested different PM, |
exposure time window impacts on CAC, including cumulative ex-
posures going back for 3-6-years and for 10-year periods before

baseline CAC measurement.*

The mean level of PM,, exposure reported by the US
MESA studies (by Diez Roux et al*; Kim et al”; Sun et al*%; and
Kaufman et al*') and German HRNS study (by Hoffman et al®)
ranged from 13.7 to 22.8 nug/m’ The median value in the US
Framingham Offspring Study was 10.7 pg/m?; and the average was
70.1 pg/m? (SD=20.0) in the Chinese study.***’
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Of the seven investigations, the earlier studies by Hoff-

1** and Diez Roux et al*

mann et a were weighted towards roadway
proximity- and monitor-based measurements. Roadway proximity
does not provide a metric of PM, . (ug/m’) and is therefore more
imprecise. On the other hand, MESA studies, Framingham Off-
spring study, and a study used CREATION cohort utilized spa-
tiotemporal models (e.g., satellite-derive measurements in land-use
regression) to predict PM, , levels. The use of different methodol-
ogies of exposure assessment across studies may have contributed
to the differences noted. Overall, those studies that employed spa-
tiotemporal exposure assessment are less prone to exposure mis-
classification than the studies that used monitor-based measures,

thus, given the more valid exposure assessment.

Timing of exposure metric and measures of PM,; long-term
exposure: The ranges of PM,, long-term exposure measures’
time across studies included in this review were from one-year
average (e.g., Hoffman et al®), to 20-yeats’ exposure (Diez Roux
et al*) based on the closest monitor.

Specifically, Hoffman et al® in the HNRS study used a
residence-based approach to estimate PM, , with the European Air
Pollution Dispersion model for an annual average for 2002, and
the study period was 2000-2003. They also added a proximity to
major roadways estimate as a surrogate for PM, .* Hennig et al*
estimated mean long-term PM,_ in a spatial grid of 1x1 km? as-
signed to participants’ addresses using the European Air pollution
Dispersion chemistry transport model. They calculated daily PM, |
data utilizing the routine monitoring data from local environmental
agency for time 2000-2003 and 2006-2008 and assigned to partici-
pants’ baseline and follow-up addresses using geographic informa-
tion systems and used those daily values for year 2004 and 2005,
when modelled data were not available.” The longest measure of
long-term exposure was cartied out by Diez Roux et al*® (MESA)
who estimated a 20-year exposure of PM,, for 1982-2002 by us-
ing geocoded residence over time and the closest monitor for all
addresses within 13.1 km of a monitor. Sun et al** MESA study
built upon the Diez Roux™
elemental carbon (EC) components of PM, , and using community
monitors for 2007 to 2009.

model with organic carbon (OC) and

Community monitors for the MESA study were deployed
in 2005 and ended in 2008, and the Sun et al*® study used 2007-
2008 monitors to estimate exposures for baseline measures (2000-
2002), as the monitored data only became available several years
after baseline. The endpoint measures were obtained during the
petiod 2000-2002.* Exposures may have varied as the data were
collected 5 to 8-years later than the endpoint outcome measures.
The authors addressed the exposure misclassification by assign-
ing “future” exposure to the participants in their final analyses.
They justified this by stating that there was a good correlation over
the 6-year MESA study petiod (2002-2007).* Howevert, theit ex-
posure assessment of assigning a later-than-outcome assessment
time exposure to the participants (extrapolating exposures) was
not accurate, compared with assigning the exposure prior to the
outcomes wete measured. Kim et al” (MESA) looked specifically
at only chemical components of PM,, using 2007-2008 modeled
spatiotemporal estimates. Finally, Kaufman et al* as a final MESA
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project, was the only study to consider progression of CAC, with
a large sample size and an average of 6.2-years’ follow-up. Partic-
ipant-specific PM, , exposure averaged over the years 2000-2010
ranged from 9.2-22.6 pg/m’. PM,, exposure estimations were
from 1999 to 2012, while the CAC measures wetre done at baseline
(2000-2002) and at follow-up visits (2002-2005; 2005-2007; 2010-
2012).4

The Framingham cohort study (Dotans et al'’) adopted
a 2003 average PM, . from a spatiotemporal model as well as an
average for the entire period of 2003-2009. They also included a
measure of residential proximity to a major roadway, which is a
surrogate for exposure to local traffic emissions.

Wang’s study in 2019 of 8,867 individuals in China fol-
lowed people from 2015-2017 but used 2014-2015 annual mean
daily monitoring data for estimating long-term air pollution con-
centrations for each participant.* The annual mean levels of PM_,
exposutes were 70.1 (SD=20.0) ug/m’.*

In their sensitivity analyses, they also estimated cumula-
tive exposures back for 3- up to 10-year prior to the baseline visit
and evaluated the associations with the CAC.

In summary, there appear to be vatious definitions of
long-term exposure in human health studies of PM,, and SCA
association. The reason may be due to the unknown latency period
related to the development of SCA, CAC, and plaque. Therefore,
investigators often are left to adopt the annual average of PM, _ or
possibly a six-years’ PM, . exposure, based on the length of their
investigations. The important aspect of the exposure measure is,
however, is to capture true exposure over a period. Overall, the
studies we reviewed adopted at least one year prior to the baseline
visits’ PM, . exposure as a surrogate for their long-term PM,  as-
sighment.

Results of the Association of PM, . and CAC, Including Risk Estimates
and 95% Confidence Intervals

Studies that reported null or equivocal findings: Five of the
eight investigations have yielded equivocal or null findings relat-
ed to long-term PM_ . exposure and subsequent CAC measure-
ments.?** All the adjustment covatiates in each included study
for the risk estimates were reviewed and summatized below in
table. In the German HNRS cohort, Hoffman et al*® reported that
PM, , exposure was not associated with higher CAC in all sub-
jects (12.7% higher CAC per interquartile range (IQR) increase
in PM, <391 pg/m*>, 95% CI: -5.6, 45.5). However, those who
lived 50 m from a major road had a statistically significant higher
chance for a high CAC (OR=1.63, 95% CI: 1.14-2.33) compared
to those who lived >200 m away from a major road; and a strong
association in men and younger participants was teported.” In
subgroup analyses, the study reported that PM, _ exposure showed
stronger effects on CAC among the participants who had not been
working full-time in the last 5-years before the baseline visit.*
Within the MESA study, Diez Roux et al* failed to find a statisti-
cally significant association between PM, . exposure and CAC. In
addition, they found no evidence that long-term PM, . exposure
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was more strongly associated with CAC in subgroups, including
women and older people.

Later analysis within the MESA cohort by Sun et al®®
showed that none of the evaluated PM,
ated with risk of CAC. No effect modlﬁcatlons were evaluated in
this study. In other work from MESA published in 2014, Kim et

a143

Components was associ-

utilized a different modelling approach than Sun et al*® dis-
cussed above. Regardless, they were not able to detect an associa-
tion between CAC and any of the modeled PM,,
addition, the study did not evaluate any effect modifiers, neither by

exposures. In
gender nor by age.

Finally, using the Framingham Offspring Cohort partici-
pants, Dorans et al*” did not observe any association between PM,
exposure and any CAC in the region with relatively low-levels of
and little variation in PM, 5 in 2003=10.7
pg/m?® and range: 2.9- 26 7 pg/m?). Interestingly, their subgroup
analyses, which were published in supplemental material, showed

, exposure (median PM,

a stronger association between PM, ; and CAC among men than
women, though the interactions evaluated were not statistically sig-
nificant (OR for male: 1.03, 95% CI: 0.92, 1.15 »s. female: 0.92,

95% CI: 0.82, 1.04).

Studies that are supportive of an association between PM, ; exposure
and CAC: Kaufman et al* assessed associations of progression of SCA
with ongoing exposure of PM, .. This longitudinal cohort work from
MESA showed a statistically significant positive association between
PM, , exposure and CAC progression which considered CAC measure-
ments over time (Agatston unit yearly change per IQR PM, , exposure
(5 pg/my’) increase: 4.1 (95% CI: 1.4 to 6.8).* They also reported that the
associations between PM, , and CAC progtession wete stronger among
women and those older than 65 (specific data on the risk estimates were
not available).*

Wang et al*? utilized a cohort of Chinese participants and
found a positive association between long-term PM, . exposure and
CAC severity (Agatston unit % increase per PM, exposure IQR
increase (30 pg/m?): 27.2 (95% CI: 10.8 to 46.1)). @ They conclud-
ed that PM,,
with CAC. In addition, they evaluated interactions of the exposure

exposures were independently positively associated

response by age and gender and found that PM, _ exposure effects
on CAC were stronger among males (percent change in CAC (95%
CI): 42.2 (24.3, 62.7) vs. females: 17.6 (2.6, 34.8)) and among those
older than 60.

In 2020, Hennig et al®' reported positive association be-
tween PM, , and CAC progression in middle-aged participants with
no or minor atherosclerotic burden at baseline, while overall no
consistent associations were observed. With an increase of 1.5 ug/
m’in PM, , they reported an estimated odds ratio of 1.19 (95% CI:
1.03, 1.39) for progression of CAC and an increased CAC annual
growth rate of 2% (95% CI: 1%, 4%).

In summary, as described eatlier, both exposure (PM, )
and outcome (CAC) measure methods had limitations (e.g,, tempo-
ral, and spatial resolution issues). The investigators tried to control
confounding in their different populations. Most of the studies
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adjusted for age, gender, race, socioeconomic factors (e.g., educa-
tion, income, area of residence), BMI, physical activity, smoking,
and some studies further adjusted for lipid levels (e.g,, HDL, LDL,
triglycerides), blood pressure, physical activity, alcohols consump-
tion, diabetes, hypertension, and lipid-lowering medication, when
assessing the association between long-term PM, , and CAC (Table
2). Results need to be interpreted with caution because adjustment
for those factors (e.g., potential mediators) for assessing the asso-
ciation is not optimal for mediation analyses as doing so may block
the pathway. These previous studies adjusted for covariates to ex-
plore whether they alter the association between PM, , and CAC. To
summarize the reviewed risk estimates, non- statlstlcally significant
findings were reported by investigators in all cross-sectional stud-
ies related to PM, , exposure and CAC presence association,?##4
except for one Chmese study by Wang et al.**In addition, the longi-
tudinal design was adopted for three of the investigations of PM,
exposure on CAC progression. Kaufman et al* US modelled CAC
progression and its association with PM, | exposure and reported
a positive association. Hennig et al’' reported positive associations
among a subgroup of people who had no or minor atherosclerotic
burden at baseline. However, the Framingham Offspring cohort
study by Dorans et al'" evaluated the association between PM,
exposure and CAC presence and progression and found no signifi-
cant relationship.

Effects of PM,, exposure on CAC among women: Four out of the
8 studies examined effect modification by sex or age with PM,
to CAC tisk.***%47 Although all four studies reported that the
assessed interactions were not statistically significant, two of the
studies concluded that the effect of PM,
stronger in subgroup analyses of the elderly and women (Table
2).* Kaufman et al* (MESA) study found that the association
between PM,
though the evaluated interactions wete not statistically significant.*

exposure to CAC was

and CAC progression was stronger among women,

The study by Wang et al'* conducted further sensitivity analyses
among postmenopausal women (N=1732 out of 3790 women,
45.7% postmenopausal women). They reported that the positive
association of PM, _ exposure and CAC was significant and much
stronger among this subgroup of women (34.5% greater CAC
score for a 10 pg/m? increase in PM, ; 95% CI: 5.8% to 70.9%).*
These findings indicate that there is a potential stronger effect
among women or among women after menopause for PM, , expo-
sure to CAC development.

The remaining seven studies assessed association be-
tween PM
status nor were able to assess the menopausal transition as an ef-
expo-

; exposure and CAC neither adjusted for menopause

fect modifier for evaluating the association between PM, ,
sure and CAC. %

PM“
viewed the studies assessing the PM,

and CIMT: effect of gender or age as modifier: We also re-
exposure and CIMT risk
association with a focus on looking at those studies, which particu-
larly assessed gender or age as effect modifier. We found five stud-
ies, which examined effect modifications by gender.****573 Table
3 includes information on study design, cohort, and evaluated ef-
fect modification in detail. Overall, findings suggest that there is no
statistically significant interactions of gender or age on the PM,,
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Table 2. Association between PM, ; Exposure and the Development of CAC

Effect Measure Risk Estimate,

LCL to UCL
Author Exposure Outcorc;i:\:zie:rs‘ment ! (OR,RR, (Lower Adjustment Factors Effect Modification
%change) 95% CI)
CAC Subgroup analyses among
Use of chest CTs for each participants who had not been
participant. CAC score % increase per Positive associated, Age, sex, city of residence, area of working full-time
Hoffmann  PM, calculated by the Agatston IoQR increafe 391 but NS: 17.2% residence, education, smoking, physical during the last 5-years
et al exposure score. Final CAC score /mz) ' (95% Cl:-5.6 to inactivity, waist to hip ratio, diabetes, 3 4
was summation of CAC Hg 45.5) blood pressure and lipids
scores of all foci in the No effect modification by age or
epicardial coronary system sex was found
Age, Sex, race, socioeconomic The following variables were
CAC factors, BMI, hypertension, HDL-C, explored 'fo'r effect m'odlﬁcatlon:
Diez Two chest CT per LDL-C, smoking, diabetes, diet and age, sex lipid levels, site,
Roux PM,s participant, calculated Relative prevalence NS physical activities. The following education,'race/ethnicicy, diabetes,
et al®® exposure mean A at;ton score: variables were explored for effect BMI, smoking
N & ’ modification: age, sex, lipid levels, site,
50% had CAC>0 education, race/ethnicity, diabetes, BMI,  No effect modification by age or
smoking sex was found
CAC Age, gender, race-ethnicity; total
) cholesterol, HDL cholesterol, smoking
49% had CAC>0,and their RR per IQR status, hypertension,
median CAC score are 86  increase . . A
Sun PM, (IQR: 270.5); Presence of CAC NS lipid-lowering medication; Effect modification by variables
etal®® exposure T education, income, waist not assessed
Two chest CT per -In (detectable .
cicipant. calculated CAC) circumference, body surface area, BMI,
participant, calculate BMI2. diabetes. LDL.
mean Agatston score 7 I? etes, LPL .
triglycerides; metropolitan area
CAC Age, gender, race/ethnicity;
PM,s 48.9% had CAC >0, and Framingham Risk Score (total
eEpos'urIe and t6h|e‘i)r r:éanl(():IAC score are cholesterol, HDL cholesterol, smoking
chemical . =10.1); )
Kim composition ( ) Relative risk NS s'ta'tus. hypértensm'n, . Effect modification by variables
etal® lipid-lowering medication); extended not assessed
of Two scans were set of variables (education, income,
PM,, obtained for each ID; the waist circumference, body surface
exposure mean Agaston score of the area, BMI, BMI2, diabetes, LDL,
2 scans were used triglycerides); metropolitan area
Primary model: age, age2, sex, BMI,
smoking, education, median
census-tract value of
CAC owner-occupied housing units
CAC was detectable in (quartiles), cohort (offspring or third
47% of observations generation), date of scan and number
° of days between scan and examination
ORs of: at which individual-level covariates
PM,s Detectable CAC -Detectable CAC reported. No effect modification by age, sex,
Dorans exposure and ng"ess":" thresholds and average CAC NS Repeated measures analyses:scan (1* o0 10-year risk of T
ctal® residential are: CA;_O' threshold -Detectable CAC or 2™ round); for detectable CAC athero;clerotic CVD. or smokin
proximity of change in score of 3.4; progression and progression: age at MDCT | (age, ’ g
major roads 0<CAC=100, change of age?2), covariates reported at Offsprin status was found
15.9; 100<CAC<300 average annual ge, P pring
che.m,ge of 46.7: ! change in CAC Examination 7 or Generation 3
300<CACSI.0(‘)0 change Examination |,and time between
of 73.7: CAC>1000 MDCT scans; for annual change in
change of 325 CAC, age at Ist scan (age, age2) and
time since first scan and included
interaction terms with time since first
scan: age at first scan (age, age2), sex
and cohort
Baseline age, sex, ethnlc'lty, S|t§. 'CT Effect modification by
CAC scanner type, BMI, physical activity, [ K and
smoking and second-hand smoke several factors was weak an
Two chest CT per exposure (both time-varying) inconsistent between PM,  and
participant, calculated Agatston unit empployment outside the);ufn‘e total NOX, another exposure this study
Kaufmann ~ PM, mean Agatston score; yearly change per 4.1 (95% Cl: 1.4 . S evaluated
: cholesterol, HDL, triglycerides, statin
etal exposure IQR (5 pg/m?) to 6.8)

CAC increased average by
24 Agatston units per year
(SD 58)

increase

use (time-varying), neighborhood
socioeconomic index, level of
education, income

Additional models: blood pressure and
diabetes.

Suggested a greater impact to
elderly (65-74-years), women,
non-obese (BMI<30), hypertensive
individuals
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CAC

% increase per

Age, sex, BMI, smoking (status,
duration, and intensity), alcohol

consumption, education, and physical
activity; area-level variables:

Potential effect modification was
evaluated for specific participant
characteristics (age and sex),

disease risk factors (BMI, smoking,
diabetes, and statin use), and
geography (region and
urbanization)

Wa"482 PM, Summed total CAC score IQR increase (30 27.2 (95% CI: 108 rpanization (2500 population per Association of CAC with PM,
etal exposure Mean CAC was 91.4 pg/m’) to 46.1) 1 1-km? grid), study region (e.g., was greater among male, diabetes,
(322.2) Agatston units north, southeast, and southwest), and elderly (260-years) partici-

Beijing residence (yes or no),and pants

categ.ories of residence distances to In restricted analyses,

Fuwai Hospital postmenopausal women (N=1732
out of 3790, 45.7%), had an even
stronger association between
PM,; and CAC (PM, per 10 pg/
m?: 34.5%; 95%Cl, 5.8% to 70.9%)

OR of detectable
PM % Cl: .
5 CAC>0= detectable CAC  CAC per | unit 128 (95% CI: 1.13
exposure increase in PM to 1.45)
2.5
PM,, 1.59 (95% Cl: 1.20
expzcisure CAC>400=severe CAC OR of severe CAC t0221) Age, sex, BMI, smoking status and
quantity, environmental tobacco o
. 1.20 (95% Cl: smoke, LDL-C/HDL-C, physical No effect modification by age, sex,
. Progression of CAC:Yes . 1.02-1.43) -, . ) BMI, DM, incident statin intake,
Hennig OR of progression activity, education, traffic noise and for . N )
) vs.No X - low education, smoking, and high
etal of CAC per IQR dichotomous outcomes additionally ) ) ) )
) . o 1. CVD risk (using Framingham risk
increase in PM, 1.55 (95% ClI: years of follow-up. score) was found
PM, (1.5 pg/im’) 1.05-2.29) Extended model adjusted for SES
exposure Annual growth and city

rate in Agaston
score=log(CAC +1)-
log(CAC +1)/years of
follow-up

Annual growth
rate change for
CAC

Among those with
no/minor

atherosclerotic
burden at baseline

PM, , particulate matter<2.5 um in diameter
OR: Odds ratio; RR: Relative risk; IQR: Interquartile range

Table 3. Effect Modification for the Association between PM, ; Exposure and the Development of CIMT
Author  Study Design Study Population Pop Sizel# Exposure Outcome Evaluated Effect Modification
- . For CIMT, association between PM, ; and CIMT was stronger
) TW°' C'I'"'Cal trials among older (260-years), women, person using lipid-lowering
Kiinzli Cross-sectional  P2ruicipants from 798 PM CIMT therapy at baseline, and never smokers.
etal Los Angeles, CA, 25
USA, 1998-2003 Strongest association was in women 260-years (N=186 out
of 355 women) (15.7%, 95% Cl: 5.7-26.6%)
DI The following variables were explored for effect modification:
iez - ) ) o
USA, 2000-2002 age, sex, lipid levels, site, education, race/ethnicity, diabetes,
ROU);(’ Cross-sectional MESA 4912 PM, CIMT BMI, smoking.
etal
No effect modification by age or sex was found
Five clinical trials'
L Cohort, L e .
Kiinzli Longitudinal participants from 1483 PM CIMT progression Associations between PM, ; and CIMT progression were not
etal’’ a:;glst:s ina Los Angeles, CA, 25 progressio different by sex, lipid-lowering treatment, and ethnicity.
Y USA, 1998-2003
Effect modification was investigated by including interaction
terms, and no effect modification by sex was found.Younger
d obese participants, those without diabetes mellitus
G ,2000-2003 an participants, '
E::Ier Cross-sectional H:‘;\San)’ 3380 PM, CIMT statin users, and participants with any full-time employment
and residents of Bochum and Essen, Germany show slightly
stronger associations, but all 95% Cls were not statistically
significant.
N=6256 for baseline: Effect modification was examined by age, gender, race,
Cohort, N=5660 (83%) had ' education, obesity, diabetes, hypertension, statin therapy, and
Adar Longitudinal and USA, 2000-2002 ° CIMT risk and baseline CIMT
49 . 2 ultrasound exams,  PM, .
etal cross-sectional MESA N progression
analyses 2000-200§, N‘5362 Association between PM, ; and CIMT was strong among
had no missing data women, diabetics, hypertensive, and residents of St Paul.
CIMT: Carotid intima-media thickness test
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One cross-sectional study (N=798), by Kunzli et al*’ used
two clinical trials’ data from the Vitamin E Atherosclerosis Pro-
gression Study (VEAPS), and the B-Vitamin Atherosclerosis Inter-
vention Trial (BVAIT). The study exposure was annual mean PM,
(ranged: 5.2-26.9 pg/m’; mean=20.3), assigned to participants us-
ing their geocoded residential areas. This study reported that the
association between PM, . exposure and CIMT was strong among
older people (=60-years), and women, with the strongest associa-
tion found in women =60-years (N=186 out of 355 women; %
difference in CIMT=15.7%, 95% CI: 5.7-26.6%). However, they
reported that there was no clear evidence of associations of PM,
exposure with CIMT by age or sex, as all their evaluated p for in-
teractions were greater than 0.05.%

The study by Diez Roux et al'® which used the MESA
cohort (N=5172), also evaluated the association between PM,
exposure to CIMT, along with CAC as summarized above. The
exposure data were obtained from a space-time model of EPA
monitor data linked to participants’ residential history data. A weak
, exposure and CIMT,
controlling for age, sex, race/ethnicity, socloeconomlc factors, diet,

positive association was reported for PM,

smoking, physical activity, blood lipids diabetes, hypertension, and
BMI (1-4% increase per 12.5 ug/m’ increase in PM, ). The hetero-
geneity of effects was examined by this study, and they reported
that there was no evidence of any assessed effect modification,
including age and sex.*

Kunzli et al’’ used data from five clinical trials (the
VEAPS, the BVAIT, the Estrogen in the Prevention of Atheroscle-
rosis Trial, the Troglitazone Atherosclerosis Regression Trial, and
the Women’s Estrogen Lipid-Lowering Hormone Atherosclerosis
Regression Trial) to conduct a longitudinal analysis for assessing
the association between PM,,
PM, , were derived from a geo-statistical model with data from the

exposure and CIMT progression.

monitoring station and home outdoor mean concentrations were
estimated.”” A positive, but not statistically significant association
was reported for PM, . exposure and CIMT progression. For the
effect modifications they tested, they found that associations did

not differ by sex.”’

Another cross-sectional study conducted by Bauer et al*®
using the HNRS cohort estimated residential long-term exposure
to PM, , using a chemistry transport model. The inter-decile range
increase in PM,, was 4.2 ug/m’ and was associated with a 4.3%
increase in CIMT.*® They evaluated several effect modifiers, includ-
ing age and sex and found no statistically significant differences in
the associations between PM, _ exposure and CIMT.*®

Furthermore, Adar et al” using the MESA cohort data
evaluated the cross-sectional and longitudinal associations between
PM,, exposure and CIMT. The PM, , exposure was estimated over
the previous year’s baseline and between ultrasounds of CIMT using
a spatiotemporal model. This study suggested that higher long-term
PM, , exposures were associated with increased CIMT progression
and the reductions in PM,
progtession.” Among their evaluated effect modifiers, a stronger as-

exposure were related to slower CIMT
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sociation was detected for women, but not for age,” although this
tested interaction was not statistically significant.

In summary, we considered five investigations that were
robust to include both men and women for not only assessing
long-term PM, , exposure and its effect on CIMT, but also evalu-
ating if the strength of the PM,, effect differ by gender. Two of
those studies (Adar et al®; Kunzh et al’’) reported that women may
be at higher risk of PM, , exposure effects on CIMT as compared
to men. However, although the other studies reported an increase
in CIMT associated with PM,
peared to be no strong evldence of effect modification by gender.

; in both men and women, there ap-

DISCUSSION |

Our review was able to build upon eatlier work by Akintoye et al
; and SCA and focused

specifically on women in midlife who are postmenopausal or el-

in assessing the association between PM,

derly. The results of our review indicate that middle-aged women
may be a vulnerable group, but significant differences in risk ex-
posure impact of PM, _ particulate matter, as measured by typical
subclinical atherosclerosis (SCA) measures the statistical evidence
provided in the articles to date and reviewed by investigators here
does not support a hypothesis of such a difference. However, we
maintain our recommendation that group differences in risk expo-
sure outcomes are a critical area of study and propose continued
studies of the social impact of environmental pollution exposure,
both acute and chronic, immediate, and cumulative. In this review,
we identified several sources of methodologic heterogeneity which
could explain the overall null findings.

A limitation of the existing work that evaluated the as-
sociation between PM,
the included studies only considered the overall association in the

exposure and CAC risk is that most of

general population and were not designed to consider or sensitively
detect or report any group differences by menopausal status. Only
one recent study, by Wang et al” evaluated the association among
the subgroup of postmenopausal women, and showed a stronger
association compared to the group of premenopausal women. No
study has evaluated the effect of PM, . exposure on CAC progres-
sion in women. The MESA cohort that evaluated PM, , exposure
and CAC association, included an older population (rnean age=02),
in which most of the women were postmenopausal; therefore, they
were could not assess the impact of the menopausal transition on
PM, . exposure and CAC risk.

Previous studies on the biological changes occurring
among women, which may affect their cardiovascular health during
midlife, may provide support for further work in this area. A study
using both the Healthy Women Study cohort and the Women’s
Healthy Lifestyle Project cohort reported that hormone-regulated
changes, which commonly occur during menopausal transition,
could potentially increase CVD risk and progression of subclini-
In addition, previous studies (e.g., SWAN) have also

addressed this vulnerable period of menopausal transition for
60,61

cal disease.”

women effected by their reproductive or biological changes.
Furthermore, in the Nurses’ Health Study, natural menopause was
found to be associated with increased CHD risk (though this study
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did not adjust for age and smoking).** Another study conducted in
2018 by Cabrera-Rego et al*® reported that the menopausal transi-
tion is associated with increased carotid arterial stiffness, indepen-
dent of age.

To disentangle the effects of menopause transition and
chronological aging on the PM,, exposure and CAC risk asso-
ciation, a longitudinal study with measures of the physiological
changes during menopausal transition would be helpful to identify
causal effects. There is an important opportunity going forward
to incorporate women in midlife and the effects of chronic air
pollution exposure on biomarkers of inflaimmation, hormonal
measures, and their commensurate effect on cardiovascular dis-
ease. Future investigations both in the US and abroad are needed.
However, the data regarding the role of menopausal transition
when assessing the association between PM, ; exposure and CAC
is not well-substantiated, as this information was not collected
within each investigation over time. As summatized above, the
only work assessing menopausal status’s effect on PM, , exposure
and CAC presence association considered baseline menopausal
status cross-sectionally.” They did not have further data available
to explore the potential physiological changes occurring before or
around menopause. This limited their ability to evaluate further on
how menopausal status change may affect the association between
PM,  exposure and CAC. The cross-sectional approach cannot
take into consideration the heterogeneity of the changes occur-
ring in women transitioning through menopause (e.g,, changes in
E2). Longitudinal analyses will be needed to explore the potential
effect modification (e.g.,, factors changing over the menopausal
transition) and their roles affecting the association between PM,
exposure and development of CAC. Measuring and modeling the
association with repeated measures of covariates’ variables in a
longitudinal framework that is more sensitive to subtle physiologic
changes over time will produce different insights, as compared to
cross-sectional approaches.

PM, ; Exposure-inflammation Markers-CAC, among Middle-aged
Women

Using 1,923 women (age range: 42-54) from the study of women’s
health across the nation (Ostro et al**), a multi-centet, multi-racial/
ethnic, longitudinal study, investigators reported that chronic long-
term PM, _ exposure is associated with increased CRP levels. In
this study, the association between PM,_ and CRP was observed
among the mid-life women with an even stronger effect in sev-
eral susceptible subgroups, including those with high blood pres-
sure.* In addition, another SWAN study, by Green et al*” provided
evidence that the exposures to PM,, in the preceding year are
associated with adverse effects on inflammation (e.g., CRP) and
hemostasis (a physiologic response to vascular injury) for CV out-
comes. What's more, a previous SWAN study by Wu et al! re-
ported gaseous air pollutants (CO, NO,, SO,) and the associations
with increased thrombotic potential (formation of a blood clot)
and cholesterol metabolism disruption which has been linked to
atherosclerosis.” Those studies provided insight on the potential
pathway we could explore further through inflammation markers
linking the PM, _ exposure and CAC association.
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PM, ; Exposure-hormone-CAC, among Middle-aged Women

Furthermore, there is evidence showing the linkage between PM,
exposure and SCA through hormone level changes. Though the
biologic mechanism of the interaction between PM,, exposure
and menopausal transition to the CAC development remains un-
certain, experimental, and animal studies have examined some po-
tential mechanistic links. As indicated by the Nurses’ Health Study,
it is likely that decreasing estrogen over the menopausal transi-
tion may alter the lipoprotein profiles, which could contribute to
the development of SCA. Another SWAN?'s study reported that
women with higher E2 levels before menopause and then lower E2
thereafter were associated with lower odds of plaque, compared to
women with the low E2 trajectory.”” Based on these study findings,
it is possible that during the menopausal transition, fluctuating es-
trogen is a potential explanation for causing women during this
period to become more vulnerable to the effects of PM, . expo-
sure than general populations for SCA.® Therefore, it is interesting
to explore the role of menopause transition or hormone changes
during the menopausal transition on the association between PM, |
exposure and SCA.

The evidence above shows that a longitudinal observa-
tional cohort with those variables (e.g., inflammation markers, hor-
mone levels) available will be helpful to explore the association
between PM, , and CAC among middle-aged women with a focus-
ing on considering the underlying biology of mid-life transitions.
Evaluating the role of menopausal transition on PM, . exposure
and CAC association could help target the populations of indi-
viduals at high-risk of CAC or high-risk period of increasing CAC
risk for preventing CVD.

CONCLUSION |

This overview considers the extent to which gender and specifical-
ly postmenopausal or older women may be at increased CVD risk
for the health effects of PM, .. Our study found from previous ob-
servational studies that there is equivocal evidence with some, but
not all studies reporting associations between PM, , exposure and
CAC presence ot progression among the general population.**
Subgroups of postmenopausal and older women showed stronger
associations between PM, | exposure and CAC. We conclude that
there was limited evidence for the association of PM, . exposure
in women and CAC, and little to no knowledge of the role of
the menopausal transition in this association. To date, no study
has been carried out on middle-aged women who are undergoing
the menopause transition to specifically study this association. One
important reason to pursue this study design is to elucidate poten-
tial mediators and/or effect modifiers that are expressed as part of
the menopause transition, which might improve estimation of AP
effects on women’s health. Key components of future research on
this important question include longitudinal measures of physi-
ologic changes (i.e., CAC progression) during menopausal transi-
tion. This will advance the field by narrowing the list of candidate
pathways illustrated here and increase knowledge of the unique
effects of AP on women’s health.

33 Talbott EQ, et al

Systematic Review | Volume 7 | Issue ||


http://dx.doi.org/10.17140/EPOJ-7-129

Epidemiol Open J. 2022; 7(1): 22-37. doi: 10.17 140/EPOJ-7-129

FUNDING |

None.

ACKNOWLEDGEMENTS |

NA.

CONFLICTS OF INTEREST |

The authors declare that they have no conflicts of interest.

REFERENCES |

1. Achilleos S, Kioumourtzoglou MA, Wu CD, Schwartz JD,
Koutrakis P, Papatheodorou SI. Acute effects of fine particulate
matter constituents on mortality: A systematic review and meta-
regression analysis. Environ Int. 2017; 109: 89-100. doi: 10.1016/j.
envint.2017.09.010

2. Du Y, Xu X, Chu M, Guo Y, Wang J. Air particulate matter
and cardiovascular disease: The epidemiological, biomedical and
clinical evidence. | Thorac Dis. 2016; 8 (1): E8-E19. doi: 10.3978/j.
issn.2072-1439.2015.11.37

3. Talbott EO, Rager JR, Benson S, et al. A case-crossover analysis
of the impact of PM2.5 on cardiovascular disease hospitalizations
for selected cdc tracking states. Environ. Res. 2014; 134: 455-465.
doi: 10.1016/j.envres.2014.06.018

4. Amsalu E, Wang T, Li H, et al. Acute effects of fine particulate
matter (PM2.5) on hospital admissions for cardiovascular disease
in beijing, china: A time-series study. Environ Health. 2019; 18(1):
70. doi: 10.1186/512940-019-0506-2

5. Talbott EO, Zborowski J, Rager ], Stragand JR. Is there an inde-
pendent effect of polycystic ovary syndrome (PCOS) and meno-
pause on the prevalence of subclinical atherosclerosis in middle
aged women? Vasc Health Risk Manag. 2008; 4(2): 453-462. doi:
10.2147 /vhrm.s1452

6. Dabass A, Talbott EO, Rager JR, et al. Systemic inflammato-
ry markers associated with cardiovascular disease and acute and
chronic exposure to fine particulate matter air pollution (PM(2.5))
among US NHANES adults with metabolic syndrome. Environ Res.
2018; 161: 485-491. doi: 10.1016/j.envres.2017.11.042

7. El Khoudary SR, Greendale G, Crawford SL, et al. The
menopause transition and women’s health at midlife: A prog-
ress report from the Sstudy of Women’s Health Across the Na-
ton (SWAN). Mengpanse. 2019; 26(10): 1213-1227. doi: 10.1097/
GME.0000000000001424

8. Auro K, Joensuu A, Fischer K, et al. A metabolic view on meno-
pause and ageing. Naz Commun. 2014; 5(1): 4708. doi: 10.1038/

ncomms5708

9. Bai Y, Sun Q. Fine particulate matter air pollution and athero-

()penventio

PUBLISHERS

sclerosis: Mechanistic insights. Biochim Biophys Acta. 2016; 1860(12):
2863-28068. doi: 10.1016/j.bbagen.2016.04.030

10. Toth PP. Subclinical atherosclerosis: What it is, what it means
and what we can do about it. Inz | Clin Pract. 2008; 62(8): 1246-
1254. doi: 10.1111/}.1742-1241.2008.01804.x

11. Budoff MJ, Achenbach S, Blumenthal RS, et al. Assessment
of coronary artery disease by cardiac computed tomography: a
scientific statement from the American Heart Association Com-
mittee on Cardiovascular Imaging and Intervention, Council on
Cardiovascular Radiology and Intervention, and Committee on
C. Cireulation. 2006; 114(16): 1761-1791. doi: 10.1161/CIRCULA-
TIONAHA.106.178458

12. Otsuka F, Sakakura K, Yahagi K, Joner M, Virmani R. Has our
understanding of calcification in human coronary atherosclerosis
progressed? Arserioscler Thromb Vase Biol. 2014; 34(4): 724-736. doi:
10.1161/ATVBAHA.113.302642

13. Stiirzlinger H, Antony K, Pichlbauer E. Computed tomogra-
phy for the measurement of coronary calcification in asymptom-
atic risk patients. GMS Health Technol Assess. 2006; 2: Doc11.

14. Hamanaka RB, Mutlu GM. Particulate matter air pollution:
effects on the cardiovascular system. Front Endocrinol (Lansanne).

2018; 9: 680. doi: 10.3389/fend0.2018.00680

15. Montiel-Déavalos A, de Jesuslbarra-Sanchez M, Ventura-Gal-
legos JL, Alfaro-Moreno E, Lopez-Marure R. Oxidative stress and
apoptosis are induced in human endothelial cells exposed to ur-
ban particulate matter. Toxzco/ in Vitro. 2010; 24(1): 135-141. doi:
10.1016/}.6iv.2009.08.004

16. Yang X, Feng L, Zhang Y, et al. Cytotoxicity induced by fine
particulate matter (PM(2.5)) via mitochondria-mediated apoptosis

pathway in human cardiomyocytes. Ecofoxico!/ Environ Saf. 2018,
161: 198-207. doi: 10.1016/j.ecoenv.2018.05.092

17. Mills NI, Donaldson K, Hadoke PW, et al. Adverse cardiovas-
cular effects of air pollution. Naz Clin Pract Cardiovase Med. 2009;
6(1): 36-44. doi: 10.1038/ncpcardio1399

18. Mori H, Torii S, Kutyna M, Sakamoto A, Finn AV, Virmani
R. Coronary artery calcification and its progression: What does it
really mean? [ACC Cardiovasc Imaging. 2018; 11(1): 127-142. doi:
10.1016/}.jemg.2017.10.012

19. Blaha M], Mortensen MB, Kianoush S, Tota-Maharaj R,
Cainzos-Achirica M. Coronary artery calcium scoring: Is it time
for a change in methodology? LACC Cardiovasc Imaging. 2017; 10(8):
923-937. doi: 10.1016/j.jemg.2017.05.007

20. Akoumianakis I, Antoniades C. Impaired vascular redox sig-
naling in the vascular complications of obesity and diabetes mel-
litus. Antioxid Redox Signal. 2019; 30(3): 333-353. doi: 10.1089/
ars.2017.7421

Systematic Review | Volume 7 | Issue ||

Talbott EQ, et al 34


http://dx.doi.org/10.17140/EPOJ-7-129
http://doi.org/10.1016/j.envint.2017.09.010
http://doi.org/10.1016/j.envint.2017.09.010
http://doi.org/10.3978/j.issn.2072-1439.2015.11.37
http://doi.org/10.3978/j.issn.2072-1439.2015.11.37
http://doi.org/10.1016/j.envres.2014.06.018
http://doi.org/10.1186/s12940-019-0506-2
http://doi.org/10.2147/vhrm.s1452
http://doi.org/10.1016/j.envres.2017.11.042
http://doi.org/10.1097/GME.0000000000001424
http://doi.org/10.1097/GME.0000000000001424
http://doi.org/10.1038/ncomms5708
http://doi.org/10.1038/ncomms5708
http://doi.org/10.1016/j.bbagen.2016.04.030
http://doi.org/10.1111/j.1742-1241.2008.01804.x
http://doi.org/10.1161/CIRCULATIONAHA.106.178458
http://doi.org/10.1161/CIRCULATIONAHA.106.178458
http://doi.org/10.1161/ATVBAHA.113.302642
http://doi.org/10.3389/fendo.2018.00680
http://doi.org/10.1016/j.tiv.2009.08.004
http://doi.org/10.1016/j.ecoenv.2018.05.092
http://doi.org/10.1038/ncpcardio1399
http://doi.org/10.1016/j.jcmg.2017.10.012
http://doi.org/10.1016/j.jcmg.2017.05.007
http://doi.org/10.1089/ars.2017.7421
http://doi.org/10.1089/ars.2017.7421

Epidemiol Open J. 2022; 7(1): 22-37. doi: 10.17 140/EPOJ-7-129

21. Rao X, Zhong ], Brook RD, Rajagopalan S. Effect of particu-
late matter air pollution on cardiovascular oxidative stress path-
ways. Antioxid Redox Signal. 2018; 28(9): 797-818. doi: 10.1089/
ars.2017.7394

22. Antoniades C, Shirodaria C, Leeson P, et al. MTHFR 677
C>T Polymorphism reveals functional importance for 5-me-
thyltetrahydrofolate, not homocysteine, in regulation of vascular
redox state and endothelial function in human atherosclerosis.
Circulation. 2009; 119(18): 2507-2515. doi: 10.1161/CIRCULA-
TIONAHA.108.808675

23. Antoniades C, Shirodaria C, Warrick N, et al. 5-Methyltetra-
hydrofolate rapidly improves endothelial function and decreases
superoxide production in human vessels: Effects on vascular tet-
rahydrobiopterin availability and endothelial nitric oxide synthase
coupling, Cirenlation. 2006; 114(11): 1193-1201. doi: 10.1161/CIR-
CULATIONAHA.106.612325

24. Shire JD, Marsh GM, Talbott EO, Sharma RK. Advances and
current themes in occupational health and environmental public
health surveillance. Annu Rev Public Health. 2011; 32: 109-132. doi:
10.1146/annurev-publhealth-082310-152811

25. U. S. Environmental Protection Agency (EPA). Outdoor Air
Quality Data. https://www.epa.gov/outdoot-ait-quality-data/ait-
data-basic-information. Accessed November 3, 2022

26. McMillan NJ, Holland DM, Morara M, Feng J. Combining nu-
merical model output and particulate data using bayesian space-
time modeling. Environmetrics. 2010; 21(1): 48-65. doi: 10.1002/
env.984

27. US. Centers for Disease Control and Prevention (CDC). Pub-
lic Health Air Surveillance Evaluation (PHASE) Project. https://

www.cdc.gov/nceh/tracking/phase.htm. Accessed November 3,
2022

28. Dabass A, Talbott EO, Venkat A, et al. Association of ex-
posure to particulate matter (PM2.5) air pollution and biomark-
ers of cardiovascular disease risk in adult NHANES Participants
(2001-2008). Int ] Hyg Environ Health. 2016; 219(3): 301-310. doi:
10.1016/j.ijheh.2015.12.002

29. Kerimray A, Azbanbayev E, Kenessov B, Plotitsyn P, Alim-
bayeva D, Karaca I Spatiotemporal variations and contributing
factors of air pollutants in almaty, kazakhstan. Aeroso/ Air Qual Res.
2020; 20(6): 1340-1352. doi: 10.4209/aaqr.2019.09.0464

30. Cressie NA. Statistics for spatial data. In: Statistics for Spa-
tial Data. NY, USA: John Wiley & Sons Ltd; 1993: 1-26. doi:
10.1002/9781119115151.ch1

31. Slawsky E, Ward-Caviness CK, Neas L, et al. Evaluation of
PM(2.5) air pollution sources and cardiovascular health. Environ

Epidemiol. 2021; 5(3): €157. doi: 10.1097/EE9.0000000000000157

32. Di Q, Koutrakis P, Schwartz J. A hybrid prediction model for

()penventio

PUBLISHERS

PM2.5 mass and components using a chemical transport model
and land use regression. Atmos Environ. 2016; 131: 390-399. doi:
doi: 10.1016/j.atmosenv.2016.02.002

33. Benjamin EJ, Muntner P, Alonso A, etal. Heart disease and stroke
statistics-2019 update: A report from the American Heart Associa-
tion. Circulation. 2019; 139. doi: 10.1161/CIR.0000000000000659

34. Dai W, Ming W, Li Y, et al. Synergistic effect of a physiological
ratio of estradiol and testosterone in the treatment of early-stage
atherosclerosis. Arch Med Res. 2015; 46(8): 619-629. doi: 10.1016/j.
arcmed.2015.11.003

35. El Khoudary SR, Wildman RP, Matthews K, Thurston RC,
Bromberger JT, Sutton-Tyrrell K. Progression rates of carotid
intima-media thickness and adventitial diameter during the meno-
pausal transition. Menopanse. 2013; 20(1): 8-14. doi: 10.1097/
gme.0b013e3182611787

36. Duan C, Talbott EO, Broadwin R, et al. Residential exposure
to PM2.5 and ozone and progression of subclinical atherosclero-
sis among women transitioning through menopause: The study of
women’s health across the nation. | Women’s Heal. 2019; 1-10. doi:
10.1089/jwh.2018.7182

37. Bell G, Mora S, Greenland P, Tsai M, Gill E, Kaufman JD. As-
sociation of air pollution exposures with high-density lipoprotein
cholesterol and particle number: The multi-ethnic study of ath-
erosclerosis. Arterioscler Thromb 1 asc Biol. 2017; 37(5): 976-982. doi:
10.1161/ATVBAHA.116.308193

38. Tepper PG, Randolph Jr, JF, McConnell DS, et al. Trajectory
clustering of estradiol and follicle-stimulating hormone during the
menopausal transition among women in the Study of Women’s
Health across the Nation (SWAN). | Cilin Endocrinol Metab. 2012;
97(8): 2872-2880. doi: 10.1210/jc.2012-1422

39. Matthews KA, Crawford SL, Chae CU, et al. Are changes in
cardiovascular disease risk factors in midlife women due to chron-
ological aging or to the menopausal transition? | Amw Coll Cardiol.
2009; 54(25): 2366-2373. doi: 10.1016/j.jacc.2009.10.009

40. Mendelsohn, M. E, Karas, R. H. The protective effects of es-
trogen on the cardiovascular system. N Eng/ | Med. 1999; 340(23):
1801-1811. doi: 10.1056/NEJM199906103402306

41. Christensen A, Pike CJ. Menopause, obesity and inflammation:
Interactive risk factors for alzheimer’s disease. Front Aging Neurosci.
2015; 7: 130. doi: 10.3389/fnagi.2015.00130

42. Wang M, Hou Z, Xu H, et al. Association of estimated
long-term exposure to air pollution and traffic proximity with
a marker for coronary atherosclerosis in a nationwide study in
China. JAMA Netw Open. 2019; 2(6): 1-13. doi: 10.1001/jamanet-
workopen.2019.6553

43. Kim SY, Sheppard L, Kaufman JD, et al. Individual-level con-
centrations of fine particulate matter chemical components and

35 Talbott EQ, et al

Systematic Review | Volume 7 | Issue ||


http://dx.doi.org/10.17140/EPOJ-7-129
http://doi.org/10.1089/ars.2017.7394
http://doi.org/10.1089/ars.2017.7394
http://doi.org/10.1161/CIRCULATIONAHA.108.808675
http://doi.org/10.1161/CIRCULATIONAHA.108.808675
http://doi.org/10.1161/CIRCULATIONAHA.106.612325
http://doi.org/10.1161/CIRCULATIONAHA.106.612325
http://doi.org/10.1146/annurev-publhealth-082310-152811
https://www.epa.gov/outdoor-air-quality-data/air-data-basic-information
https://www.epa.gov/outdoor-air-quality-data/air-data-basic-information
http://doi.org/10.1002/env.984
http://doi.org/10.1002/env.984
https://www.cdc.gov/nceh/tracking/phase.htm
https://www.cdc.gov/nceh/tracking/phase.htm
http://doi.org/10.1016/j.ijheh.2015.12.002
http://doi.org/10.4209/aaqr.2019.09.0464
http://doi.org/10.1002/9781119115151.ch1
http://doi.org/10.1097/EE9.0000000000000157
http://doi.org/10.1016/j.atmosenv.2016.02.002
http://doi.org/10.1161/CIR.0000000000000659
http://doi.org/10.1016/j.arcmed.2015.11.003
http://doi.org/10.1016/j.arcmed.2015.11.003
http://doi.org/10.1097/gme.0b013e3182611787
http://doi.org/10.1097/gme.0b013e3182611787
http://doi.org/10.1089/jwh.2018.7182
http://doi.org/10.1161/ATVBAHA.116.308193
http://doi.org/10.1210/jc.2012-1422
http://doi.org/10.1016/j.jacc.2009.10.009
http://doi.org/10.1056/NEJM199906103402306
http://doi.org/10.3389/fnagi.2015.00130
http://doi.org/10.1001/jamanetworkopen.2019.6553
http://doi.org/10.1001/jamanetworkopen.2019.6553

Epidemiol Open J. 2022; 7(1): 22-37. doi: 10.17 140/EPOJ-7-129

subclinical atherosclerosis: A cross-sectional analysis based on 2
advanced exposure prediction models in the multi-ethnic study
of atherosclerosis. Am | Epidemiol. 2014; 180(7): 718-728. doi:
10.1093/aje/kwul86

44. Kaufman JD, Adar SD, Barr RG, et al. Association between air
pollution and coronary artery calcification within six metropolitan
areas in the usa (the multi-ethnic study of atherosclerosis and air
pollution): A longitudinal cohort study. Lancer. 2016; 388(10045):
696-704. doi: 10.1016/S0140-6736(16)00378-0

45. Hoffmann B, Moebus S, M6hlenkamp S, et al. residential exposure
to traffic is associated with coronary atherosclerosis. Circulation. 2007,

116(5): 489-496. doi: 10.1161/CIRCULATIONAHA.107.693622

46. Diez Roux AV, Auchincloss AH, Franklin TG, et al. Long-term
exposure to ambient particulate matter and prevalence of subclini-
cal atherosclerosis in the multi-ethnic study of atherosclerosis. A
] Epidemiol. 2008; 167(6): 667-675. doi: 10.1093/aje/kwm359

47. Dorans KS, Wilker EH, Li W et al. Residential proximity to
major roads, exposure to fine particulate matter, and coronary ar-
tery calcium. Arzerioscler Thromb 1 asc Biol. 2016; 36(8); 1679-1685.
doi: 10.1161/ATVBAHA.116.307141

48.Sun M, Kaufman JD, Kim SY; et al. Particulate matter components
and subclinical atherosclerosis: Common approaches to estimating
exposure in a multi-ethnic study of atherosclerosis cross-sectional
study. Environ Health. 2013; 12: 39. doi: 10.1186/1476-069X-12-39

49. Adar SD, Sheppard L, Vedal S, et al. Fine particulate air pol-
lution and the progression of carotid intima-medial thickness: a
prospective cohort study from the multi-ethnic study of athero-
sclerosis and air pollution. PLoS Med. 2013; 10(4): ¢1001430. doi:
10.1371/journal.pmed.1001430

50. Kinzli N, Jerrett M, Mack WJ, et al. Ambient air pollution and
atherosclerosis in los angeles. Environ Health Perspect. 2005; 113(2):
201-206. doi: 10.1289/¢hp.7523

51. Hennig F, Geisel MH, Kilsch H, et al. Air pollution and pro-
gression of atherosclerosis in different vessel beds—results from
a prospective cohort study in the Ruhr Area, Germany. Environ
Health Perspect. 2020; 128(10): 1-9. doi: 10.1289/EHP7077

52. Erbel R, Eisele I, Moebus S, et al. Die Heinz nixdotf recall
studie. Bundesgesundheitsblatt - Gesundbeitsforschung - Gesundbeitsschutz,
2012; 55(6): 809-815. doi: 10.1007/s00103-012-1490-7

53. Tsao CW, Vasan RS. Cohort Profile: The Framingham Heart
Study (FHS): Overview of milestones in cardiovascular epidemi-
ology. Int | Epidemiol. 2015; 44(6): 1800-1813. doi: 10.1093/ije/
dyv337

54. Hennig F, Guntert B, Steinmuller C, et al. Are air pollution and
traffic noise independently associated with atherosclerosis: The
heinz nixdorf recall study. Exr Heart . 2013; 35(13): 853-860. doi:
10.1093/cutheartj/eht426

()penventio

PUBLISHERS

55. Bergen S, Sheppard L, Sampson PD, et al. A National Predic-
tion Model for PM2.5 component exposures and measurement er-
ror-corrected health effect inference. Environ Health Perspect. 2013;
121(9): 1017-1025. doi: 10.1289/¢hp.1206010

56. Kim SY, Sheppard L, Bergen S, et al. Prediction of fine particu-
late matter chemical components with a spatio-temporal model for
the multi-ethnic study of atherosclerosis cohort. | Expo Sci Environ
Epidemiol. 2016; 26(5), 520-528. doi: 10.1038/jes.2016.29

57. Kunzli N, Jerrett M, Garcia-Esteban R, et al. Ambient air pol-
lution and the progression of atherosclerosis in adults. PLoS Oze.
2010; 5(2): €9096. doi: 10.1371/journal.pone.0009096

58. Bauer M, Mocbus S, Mhlenkamp S, et al. Urban particulate
matter air pollution is associated with subclinical atherosclerosis:
results from the HNR (Heinz Nixdorf Recall) study. | Aw Coll
Cardiol. 2010; 56(22): 1803-1808. doi: 10.1016/j.jacc.2010.04.065

59. Sutton-Tyrrell K, Kuller LH, Meilahn E, Matthews KA, Bunker
C, Lassila HC. Carotid atherosclerosis in premenopausal and post-
menopausal women and its association with risk factors measured
after menopause. S#roke. 1988; 29(6): 1116-1121. doi: 10.1161/01.
str.29.6.1116

60. Green R, Broadwin R, Malig B, et al. Long- and short-term
exposure to ait pollution and inflammatory/hemostatic markers in
midlife women. Epidemiology. 2016; 27(2): 211-220. doi: 10.1097/
EDE.0000000000000421

61. Wu X, Basu R, Malig B, et al. Association between gaseous
air pollutants and inflammatory, hemostatic and lipid markers in a
cohort of midlife women. Environ Int. 2017; 107(2): 131-139. doi:
10.1016/j.envint.2017.07.004

62. Hu FB, Grodstein F, Hennekens CH, et al. Age at natural
menopause and risk of cardiovascular disease. Arch Intern Med.

1999; 159(10): 1061-1066.

63. Cabrera-Rego JO, Navarro-Despaigne D, Staroushik-Morel L,
Diaz-Reyes K, Lima-Martinez MM, Iacobellis G. Association be-
tween endothelial dysfunction, epicardial fat and subclinical ath-

erosclerosis during menopause. Clin Investig Arterioscler. 2018; 30(1):
21-27. doi: 10.1016/j.arteri.2017.07.006

64. Ostro B, Malig B, Broadwin R, et al. Chronic PM2.5 exposure
and inflammation: Determining sensitive subgroups in mid-life
women. Environ Res. 2014; 132(510): 168-175. doi: 10.1016/j.en-
vres.2014.03.042

65. Rohrl C, Stangl H. Cholesterol metabolism-physiological regu-
lation and pathophysiological deregulation by the endoplasmic
reticulum. Wien Med Wochenschr. 2018; 168(11-12): 280-285. doi:
10.1007/510354-018-0626-2

66. Ley SH, Li Y, Tobias DK, et al. Duration of reproductive life
span, age at menarche, and age at menopause are associated with
risk of cardiovascular disease in women. | Amw Heart Assoc. 2017,

Systematic Review | Volume 7 | Issue ||

Talbott EQ, et al 36


http://dx.doi.org/10.17140/EPOJ-7-129
http://doi.org/10.1093/aje/kwu186
http://doi.org/10.1016/S0140-6736(16)00378-0
http://doi.org/10.1161/CIRCULATIONAHA.107.693622
http://doi.org/10.1093/aje/kwm359
http://doi.org/10.1161/ATVBAHA.116.307141
http://doi.org/10.1186/1476-069X-12-39
http://doi.org/10.1371/journal.pmed.1001430
http://doi.org/10.1289/ehp.7523
http://doi.org/10.1289/EHP7077
http://doi.org/10.1007/s00103-012-1490-7
http://doi.org/10.1093/ije/dyv337
http://doi.org/10.1093/ije/dyv337
http://doi.org/10.1093/eurheartj/eht426
http://doi.org/10.1289/ehp.1206010
http://doi.org/10.1038/jes.2016.29
http://doi.org/10.1371/journal.pone.0009096
http://doi.org/10.1016/j.jacc.2010.04.065
http://doi.org/10.1161/01.str.29.6.1116 
http://doi.org/10.1161/01.str.29.6.1116 
http://doi.org/10.1097/EDE.0000000000000421
http://doi.org/10.1097/EDE.0000000000000421
http://doi.org/10.1016/j.envint.2017.07.004
http://doi.org/10.1016/j.arteri.2017.07.006
http://doi.org/10.1016/j.envres.2014.03.042
http://doi.org/10.1016/j.envres.2014.03.042
http://doi.org/10.1007/s10354-018-0626-2

Epidemiol Open J. 2022; 7(1): 22-37. doi: 10.17 140/EPOJ-7-129

6(11): €006713. doi: 10.1161/JAHA.117.006713

67. El Khoudary SR, Santoro N, Chen HY, et al. Trajectories of es-
tradiol and follicle-stimulating hormone over the menopause tran-
sition and early markers of atherosclerosis after menopause. Exr |
Prev Cardiol. 2016; 23(7): 694-703. doi: 10.1177/2047487315607044

Submit your article to this journal | https://openventio.org/submit-manuscript/

()penventio

PUBLISHERS

68. El Khoudary SR, Wildman RP, Matthews K, Thurston RC,
Bromberger JT, Sutton-Tyrrell K. Endogenous sex hormones
impact the progression of subclinical atherosclerosis in women
during the menopausal transition. Azherosclerosis. 2012; 225(1): 180-
186. doi: 10.1016/j.atherosclerosis.2012.07.025

37 Talbott EO, et al Systematic Review | Volume 7 | Issue ||


http://dx.doi.org/10.17140/EPOJ-7-129
http://doi.org/10.1161/JAHA.117.006713
http://doi.org/10.1177/2047487315607044
http://doi.org/10.1016/j.atherosclerosis.2012.07.025

