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Air pollution, greenspace, and metabolic
syndrome in older Czech and Swiss populations
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Background: The prevalence of metabolic syndrome (MetS) has increased rapidly, with considerable variation between European
countries. The study examined the relationship between air pollutants, greenspace, and MetS and its components in the Czech and
Swiss populations.

Methods: Cross-sectional data from the Czech Health, Alcohol and Psychosocial Factors in Eastern Europe (HAPIEE) (n = 4,931)
and the Swiss cohort Study on Air Pollution and Lung and Heart Diseases in Adults (SAPALDIA) (n = 4,422) cohorts included par-
ticipants aged 44-73 years. MetS was defined as abdominal obesity plus two additional components (hypertension, diabetes, low
high-density lipoprotein cholesterol, and elevated triglycerides). Annual mean concentrations of PM, ,, PM, ., NO,, and greenspace
(defined as the annual mean of normalized difference vegetation index within 500 m) were assigned to the individual residential level.
We estimated odds ratios (OR) using multivariable logistic regressions with cluster-robust standard error, controlling for multiple
confounders.

Results: The prevalence of MetS was significantly higher in the Czech (51.1%) compared with Swiss (35.8%) population as
were the concentration means of PM, and PM, .. In HAPIEE, a 5 ug/m® increase in PM, ., was associated with 14% higher
odds of MetS (OR = 1.14; 95% confidence interval [CI] = 1.01, 1.28). In SAPALDIA, no evidence was found for the associations
between air pollutants and MetS (e.g. OR = 1.01; 95% ClI = 0.90, 1.13 for PM, ). No protective effects of normalized difference
vegetation index on MetS were observed. Upon inspection of MetS components, PM, . and PM,, exposures were associated
with higher odds of hypertension and elevated triglycerides in HAPIEE only, while PM, ., PM, and NO, were associated with
higher odds of diabetes in SAPALDIA only.

Conclusion: Individuals with higher exposures to PM, . may be at higher risk of MetS. The differential associations with MetS com-

ponents between the cohorts deserve further investigation.
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Introduction

Metabolic syndrome (MetS) is a spectrum of pathophysiolog-
ical conditions accelerating the progression of cardiovascular
disease.! It is typically defined as an occurrence of a minimum
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of three of five components, including abdominal obesity, ele-
vated blood pressure, diabetes, elevated triglycerides (TG),
and low levels of high-density lipoprotein cholesterol (HDL).?
According to the Global Burden of Diseases, Injuries, and Risk
Factors Study 2019, the prevalence rates of all metabolic com-
ponents have risen globally, posing a major health and social
burden in both low- and middle-income and high-income
countries.’ Regional comparisons have generally reported a
higher prevalence of MetS and its components in Eastern com-
pared with Western European countries.** Age, genetic predis-
position, low physical activity, and unhealthy diet have been
well-documented as crucial risk factors for MetS.** In con-
trast, comparative evidence on long-term exposure to environ-
mental factors, including air pollution and greenspace, remains
inconclusive.’

What this study adds

To the best of our knowledge, this is the first comparative anal-
ysis of Western and Eastern European countries providing evi-
dence of relationships between environmental characteristics,
including air pollution and greenness, and prevalence of met-
abolic syndrome and its components in two environmentally
distinguished regions. The exposure estimation was performed
using harmonized methods and unified metabolic syndrome
definition improving comparability of the findings. The study
confirms the value of including cohorts from different eco-
nomic, environmental, behavioral, and health systems contexts
for adapting environmental impact assessment.
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Air pollution belongs among the top environmental risk
for disease burden and have been previously associated with
cardiovascular diseases and MetS.”!? Systematic review and
meta-analyses, including results from nine observational studies
reported no significant associations between particulate mat-
ter with a diameter of 1 pm or less (PM,), particulate matter
with a diameter of 2.5 pm or less (PM, ), particulate matter
with a diameter of 10 pm or less (PM, ), or NO, and occur-
rence of MetS.’ In contrast, findings from a Chinese nationwide
study suggested statistically significant increased odds of MetS
when exposed to PM, ., PM, , SO,, NO, or ozone.!! Despite the
inconsistency of the epidemiological findings on the association
between air pollution and MetS, pathophysiological pathways
potentially explaining the effect of ambient air pollutants on
MetS have been recognized in human studies, including systemic
inflammation and altered metabolism of lipids and glucose.!!-!3

Greenness exposure has been proposed to have beneficial
effects on human health, including MetS. A recent systematic
review and meta-analysis showed that an increase in the normal-
ized difference vegetation index (NDVI) within a 500-m buffer
was linked to lower odds of MetS.'* There are various mecha-
nisms potentially underlying the protective effect of greenness
on MetS, including the promotion of physical activity and social
engagement; reduced stress; and mitigation of exposure to envi-
ronmental exposures. !5

To the best of our current knowledge, previous studies
focusing on air pollution, greenness, and MetS were mainly
conducted in Western Europe,”'*!* the United States,'>?° and
China.!*?122 There is limited evidence from Eastern European
areas, and no study so far provided a comparative analysis on
both pollution domains between populations living in these
regions. The comparative analyses between Western and Eastern
European countries allow for a comprehensive understanding
of how environmental factors influence MetS across varying
contexts of air quality and greenspace, socioeconomic dispari-
ties, and public health policies. Within the EXposome Powered
tools for healthy living in urbAN Settings (EXPANSE) project,?
we aimed to examine the associations of three main air pollut-

ants (NO,, PM, , and PM, ), and greenness with prevalence of
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MetS and its components using harmonized exposure models
assigned to residential addresses in two well-established longi-
tudinal cohort studies of comparable design established in the
Czech Republic and Switzerland.

Materials and methods

Study populations

The study utilized data from (1) the Czech cohort arm of the
Health, Alcohol and Psychosocial Factors in Eastern Europe
(HAPIEE),** and (2) the Swiss cohort Study on Air Pollution
and Lung and Heart Diseases in Adults (SAPALDIA).?%2¢

The HAPIEE cohort was established in 2002-20035 to inves-
tigate the impact of socioeconomic and psychosocial conditions
on noncommunicable diseases in four postcommunist Central
and Eastern European countries (Czech Republic, Poland,
Lithuania, and Russia).?* Only the Czech arm of the study was
included due to the availability of the geocoded residential
addresses needed for estimating environmental exposures. The
Czech HAPIEE cohort enrolled participants from seven urban
areas and consisted of 8856 subjects at baseline. For this study,
we excluded participants living in two highly industrial areas to
control for potential occupational bias (Figure 1A).

The SAPALDIA cohort, involving eight geographical areas
of Switzerland, was initiated in 1991 to examine the associa-
tions between long-term exposure to air pollution and respi-
ratory, cardiovascular, and metabolic health. As previously
described in detail,>* 9651 participants were examined in 1991
(SAPALDIAT1), and 8047 (86% of alive persons) out of the 9651
participants were followed up in SAPALDIA2 (Figure 1B).

The analytical samples involved participants from the baseline
investigation of HAPIEE and the first follow-up of SAPALDIA
to ensure that the data covered comparable age distributions
and similar collection time points (2002-2005 for HAPIEE and
2000-2003 for SAPALDIA2). The current analysis ultimately
consisted of men and women aged 44-73 years who underwent
physical examinations, provided blood samples, and completed
the relevant questionnaires at the relevant cohort time point.

The HAPIEE study was approved by the institutional eth-
ics committees in all participating centers and the University
College London. The SAPALDIA study was approved by the
ethics committees of the participating cantons and the Swiss
Academy of Medical Sciences. All participants provided written
informed consent before participating in the studies (S9 infor-
mation; https:/links.lww.com/EE/A343).

Outcome assessment: metabolic syndrome definition

The definition of MetS was applied according to the International
Diabetes Federation Worldwide Definition using the following
five components: abdominal (central) obesity (defined as waist
circumference >94cm in males and >80cm in females); hyper-
tension (systolic blood pressure 2130 mm Hg or diastolic blood
pressure 285 mm Hg and/or self-reported diagnosis and/or treat-
ment for previously diagnosed hypertension); diabetes (fasting
plasma glucose 5.6 mmol/L and/or self-reported diagnosis and/
or treatment for previously diagnosed type 2 diabetes; fasting
time was considered as at least 4 hours before the examina-
tion.); elevated TG (TG 21.7 mmol/L and/or specific treatment
for this lipid abnormality); and low HDL cholesterol (<1.03
mmol/L in males and <1.29 mmol/L in females and/or treatment
for lipid abnormality).?” According to the International Diabetes
Federation definition, MetS was defined as the presence of
abdominal obesity and any of the two above-listed criteria.
Blood samples were collected for laboratory analysis. In both
studies, different venous blood fractions were collected and
stored at —80 °C in the cohort’s biobanks. Information on the
time since the last intake of calories was obtained to assess the
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Figure 1. Flow charts of the HAPIEE (A) and SAPALDIA (B) cohorts. HAPIEE, Health, Alcohol and Psychosocial Factors in Eastern Europe; SAPALDIA, Swiss

cohort Study on Air Pollution and Lung and Heart Diseases in Adults.

fasting state. In SAPALDIA, A Hitachi Modular Autoanalyser
(Rotkreuz, Switzerland) and assays from Roche Diagnostics
(Mannheim, Germany) have been used to measure serum levels
of TG and total cholesterol (all enzymatic tests). HDL was mea-
sured with a homogenous assay (Roche Diagnostics, Mannheim,
Germany) using Roche Cobas Integra (Rotkreuz, Switzerland).
HDL values were only used if the participants had a triglycer-
ide level of 9.4 mmol/L or lower. Plasma glucose was measured
from venous blood in all SAPALDIA participants.?® In HAPPIE,
HDL-cholesterol and TG were measured on a Roche Cobas
MIRA auto-analyzer with the use of a conventional enzymatic
method with reagents from Boehringer-Mannheim Diagnostics
and Hoffmann-La Roche.? Plasma glucose was measured in
venous blood in a subsample (N = 831) and in finger prick cap-
illary blood using a Glucotrend glucometer.?’ Previous studies
suggested a strong correlation between venous and capillary
blood glucose; however, our capillary samples showed a small
but significant overestimation (by 10-15%), particularly in
lower levels of blood glucose.’**! Therefore, we conducted an
imputation of missing values in venous blood glucose. First, we
calculated the differences between venous glucose (measured in
subsample) and capillary glucose (measured in whole sample).
The differences within study sample were not consistent across
the glucose levels due to increasing overestimation caused by
glucometer measurements. Therefore, we calculated means
and standard deviations separately for multiple glucose levels
to better reflect on original distribution of differences observed
between venous and capillary blood glucose. Subsequently, we
generated random values with multiple repetitions representing

glucose mean differences. Finally, we predicted venous glucose
by using the prediction model as follows:

mmol
L
+ glucose mean difference

Venous glucose ( ) = By + B1 * capillary glucose

The Pearson correlation between the predicted glucose and
the actual glucose measured at subsample was r = 0.978.

Blood pressure was measured at rest, in a sitting position
three times and twice, respectively, in HAPIEE and SAPALDIA.
The mean values of measures were computed for analyses.

Wiaist circumference was measured in HAPIEE participants.
In SAPALDIA, it was not measured at baseline and at the first
follow-up, but only at the second follow-up about 10 years later
(SAPALDIAS3). Therefore, a prediction model was built to derive
the waist circumference from the 2nd follow-up investigation con-
ducted in 2010. The model is described elsewhere.” Briefly, the
prediction model, with optimal Bayesian Information Criterion,
included various covariates such as sex, age, body mass index
(BMI), alcohol, physical activity, and smoking status. The waist
circumference for the present study was predicted from the covari-
ate values from the second wave and residuals from the same
model of the third wave, to back predict waist circumference for
the present analyses. Additionally, the cross-validation was applied
to assess the imputation model by randomly splitting the sample
into a training and a validation sample."’

The MetS and its individual components were treated as
binary outcomes in this analysis.
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Exposure assessment

The uniform exposure assessment developed within the
EXPANSE project was followed for both cohorts. The EXPANSE
project aims to disentangle the complex associations between
the urban exposome on cardio-metabolic and pulmonary dis-
ease across Europe.? The exposures were assigned to the resi-
dential addresses collected at baseline in HAPIEE and at the first
follow-up in SAPALDIA, and thus to residential addresses valid
at the time point of assessing the presence or absence of MetS.

Ambient air pollution

A land-use regression model was built using measured con-
centrations from routine European monitoring stations.’*
Potential predictors included satellite retrievals, chemical
transport model estimates, and land-use variables. Supervised
linear regression was first used to select predictors, and then
geographically weighted regression estimated the spatially and
annually varying coefficients. Model performance was evalu-
ated using five-fold cross-validation. A more detailed descrip-
tion of the air pollution model can be found elsewhere.? For
this study, we calculated weighted annual mean concentrations
of PM , PM, ., and NO, exposures from the annual average in
the calendar year of the examination and the year before. The
exposures of the air pollutants from 2000 to 2005 were uti-
lized to cover the time frame of the examination periods of the
HAPIEE and SAPALDIA2. The air pollution exposures were
assigned to the participant’s home addresses on 100 x 100-m
resolution.

Greenspace

Exposure to greenspace was characterized using the annual
mean values of the NDVI within 500 m of the residential
address estimated in 2000 to assess average surrounding green-
ness. NDVI quantifies photosynthetically active vegetation by
measuring the difference between near-infrared and red light
and ranges from +1.0 to -1.0.3* Values <0 were ignored as they
represent water bodies.

Covariates

The covariates included in a model were selected based on a pre-
vious literature review of the potential predictors of MetS.3*=37
Age was coded as a continuous variable, while sex was assessed
as a binary variable (men and women). Educational attainment
was grouped into three categories, including “incomplete pri-
mary or primary education,” “vocational or secondary,” and
“university or higher.” Marital status was classified into four
categories, including “married/cohabiting,” “divorced/sepa-
rated,” “widowed,” and “single.” Smoking status was defined
by three categories, including “never,” “former,” and “current/
occasional.” Self-reported physical activity was grouped into
two categories of being “inactive,” and “active” that rep-
resented 0 hours/week, respectively >0 hours/week of per-
formed vigorous activity. Frequency of alcohol consumption
was defined by two groups, including “< once per month”
and “> once per month.” Fruit and vegetable consumption
was defined by two categories separately for the HAPIEE and
SAPALDIA cohorts, reflecting meeting or not meeting World
Health Organization (WHO) recommendations.* In HAPIEE,
meeting WHO recommendation was defined as consumption
of at least 400g of fruits and 400g of vegetables per day. In
SAPALDIA, meeting WHO recommendation was defined as
the consumption of fruits and vegetables every day. To con-
trol for seasonal variation in performed physical activity,
consumed fruit and vegetable, and environmental exposures,
we additionally included the month of the year as a potential
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confounder. Finally, we considered the neighborhood-level
socioeconomic position (nSEP) of participants derived from a
principal component analysis separately in each cohort using
various characteristics. In HAPIEE, nSEP was constructed
from percent of unemployed population, percent of less than
secondary educated population, and percent of university edu-
cated population. In SAPALDIA, nSEP was constructed from
median rent, percent of households headed by a person with
primary education or less, percent of households headed by
manual or unskilled workers, and mean number of persons per
room. A higher nSEP index indicated a higher socioeconomic
position in both cohorts.*

Statistical analyses

The descriptive characteristics of the cohort samples were
assessed and presented separately. Categorical variables were
described using frequencies, while continuous variables using
means and standard deviations. We computed the Spearman
correlation of environmental exposures and Tetrachoric correla-
tion of MetS components in each cohort. Statistical approaches
were selected according to the research questions. We conducted
multivariable logistic regression to examine the individual
effects of ambient air pollution exposures and greenspace on
MetS and its components separately for each cohort. All mod-
els were adjusted for multiple confounders, including age, sex,
education, marital status, smoking status, physical activity, alco-
hol consumption, fruit and vegetable consumption, month of
the year, and nSEP. We applied cluster-robust standard errors to
control for clustering respondents within § and 8 study areas in
HAPIEE and SAPALDIA, respectively.*

The results are presented separately for each cohort and
reported odds ratios (OR) together with corresponding 95%
confidence intervals (CI) that represented a fold increase in odds
of outcomes per 5 pg/m® of PM, , PM, , NO,, and 0.1 units
of NDVI. Data analyses were conducted using STATA software
(version 16.0, StataCorp, College Station, TX).

Sensitivity analysis

Given the relatively high prevalence of the outcome, we addi-
tionally estimated incidence rate ratios (IRR) for MetS using
Poisson regression with cluster-robust standard errors. Finally,
we investigated the associations between environmental expo-
sures and MetS components in participants neither previously
diagnosed with MetS nor treated for any of the components
(N = 3066 for SAPALDIA and N = 2398 for HAPIEE). The
MetS components were defined according to the measured bio-
markers only.

Results

Description of study population

The analytical samples consisted of 4931 participants (54.8%
females) and 4442 participants (51.8% females) from the
HAPIEE and the SAPALDIA cohorts, respectively (Table 1). The
average age of the participants was 58.19 years in HAPIEE and
57.53 years in SAPALDIA. In both cohorts, most individuals
attained secondary education and were married or cohabited.
There were comparable proportions of current (including occa-
sional) smokers in the cohorts. Compared with SAPALDIA,
HAPIEE participants were more physically active (57.8% in
Swiss compared with 71.6% in Czech individuals) and con-
sumed alcohol less frequently (Table 1). Czech individuals were
substantially more exposed to air pollutants compared with
Swiss participants, notably to particulate matter air pollution.
The exposure to greenness in 500 m buffer was 0.54 and 0.45 in
SAPALDIA and HAPIEE, respectively (Table 1). In HAPIEE, we
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Descriptive characteristics of the analytical samples
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Prevalence of metabolic syndrome and the components (%)

HAPIEE SAPALDIA HAPIEE  SAPALDIA
N = 4931 N = 4442 N=4931 N=4442

Age, mean (SD) 58.19 (7.15) 57.53(7.77) Metabolic syndrome, %

Gender, % Yes 51.1 35.8
Females 54.8 51.8 No 48.9 64.2
Males 452 48.2 Abdominal obesity, %

Education, % Yes 70.9 61.1
Incomplete primary/primary 9.9 7.9 No 29.1 38.9
Vocational/secondary 74.4 66.9 Hypertension, %

University or higher 15.7 25.2 Yes 78.6 58.9

Marital status, % No 21.4 411
Married/cohabiting 75.8 73.6 Diagnosed/treated and BP <130/85 mmHg 6.1 71
Divorced/separated 12.6 10.2 Diagnosed/treated and BP >130/85 mmHg 37.8 19.7
Widowed 8.9 57 Not diagnosed/treated and BP <130/85 mmHg 21.4 411
Single 2.7 10.5 Not diagnosed/treated and BP >130/85 mmHg 34.7 32.1

Smoking status, % Diabetes, %

Never 452 40.8 Yes 3141 94
Former 30.1 35.9 No 68.9 90.6
Current/occasional 24.7 23.3 Diagnosed and glycemia <5.6 mmol/L 4.7 4.0

Physical activity, % Diagnosed and glycemia >5.6 mmol/L 6.4 1.2
Inactive (0 h/w of vigorous activity) 28.4 42.2 Not diagnosed and glycemia <5.6 mmol/L 68.9 90.6
Active (>0h/w of vigorous activity) 71.6 57.8 Not diagnosed and glycemia =5.6 mmol/L 20.0 4.2

Alcohol frequency, % Impaired HDL, %
<Once per month 36.8 28.6 Yes 34.5 28.3
>0nce per month 63.2 714 No 65.5 ans

Fruit and vegetable consumption, % Treated and HDL >1.03 in men and >1.29 in women 8.4 8.2
Not meeting WHO recommendation? 36.9 56.8 Treated and HDL <1.03 in men and <1.29 in women 4.2 2.8
Meeting WHO recommendation 63.1 43.2 Not treated and HDL >1.03 in men and >1.29 in women 65.5 ans

Air pollutants [ug/m?], mean (SD) Not treated and HDL <1.03 in men and <1.29 in women 21.9 17.3
PM,, 35.94 (4.08) 23.04 (5.06) Elevated TG, %

PM, 26.62 (3.91) 16.20 (4.49) Yes 48.4 51.1
NO, 26.47 (4.44) 25.68 (7.58) No 51.6 48.9

Greenness, mean (SD) Treated and TG <1.7 mmol/L 5.8 3.7
NDVI, 500 m 0.45(0.07) 0.54 (0.13) Treated and TG >1.7 mmol/L 6.8 7.3
nSEP, mean (SD) 0.28 (0.82) 61.33(5.73) Not treated and TG <1.7 mmol/L 51.6 48.9

Not treated and TG =1.7 mmol/L 35.8 401

“Defined as consumption of fruits and vegetables every day (SAPALDIA) and consumption of at
least 400 g of fruits and 400 g of vegetables per day (HAPIEE).

HAPIEE, Health, Alcohol and Psychosocial Factors in Eastern Europe; NDVI, normalized difference
vegetation index; nSEP, neighborhood socioeconomic position; SAPALDIA, Swiss cohort Study on Air
Pollution and Lung and Heart Diseases in Adults; WHO, World Health Organization.

observed a strong positive correlation between PM, and PM,
(P < 0.001), while there was no correlation between particulate
matters and NO, (Table S1; https:/links.lww.com/EE/A343).
Correlations between all air pollutants were high in SAPALDIA
(P < 0.001, Table S2; https:/links.lww.com/EE/A343). Inverse
correlations between air pollution, in particular NO,, with
NDVI were higher in SAPALDIA than in HAPIEE, and correla-
tions of all air pollutants with neighborhood SEP were positive
in both cohorts.

Prevalence of MetS in Czech and Swiss study populations

Prevalence of MetS was substantially higher in Czech par-
ticipants (51.1%) compared with Swiss participants (35.8%,
Table 2). Except for elevated TG, all metabolic components
were more prevalent in HAPIEE than in SAPALDIA. Abdominal
obesity and hypertension were the most prevalent components
in both cohorts (Table 2). We observed elevated blood pressure
in 37.8% HAPIEE and 19.7% SAPALDIA participants despite
being previously diagnosed or treated for hypertension. While
persons with high blood pressure in the absence of a hyper-
tension diagnosis/treatment was equally high in both cohorts
(over 30%), a substantially higher proportion of underdiag-
nosed diabetes cases was observed in the HAPIEE compared
with the SAPALDIA cohort (20.0% vs. 4.2%). Correlation
coefficient between the metabolic components ranged from

Metabolic syndrome defined as abdominal obesity and any 2 phenotypes.

Abdominal obesity defined as waist > 94 ¢cm in men and > 80cm in women.

BP, blood pressure; HAPIEE, Health, Alcohol and Psychosocial Factors in Eastern Europe; HDL, high-
density lipoprotein; SAPALDIA, Swiss cohort Study on Air Pollution and Lung and Heart Diseases in
Adults; TG, triglycerides.

0.176 to 0.671 (P < 0.001) in HAPIEE and 0.217 to 0.690
(P <0.001) in SAPALDIA (Tables S3 and S4; https://links.Ilww.
com/EE/A343).

Associations of environmental exposures with MetS and its
components

Figure 2 summarizes the fully adjusted OR and 95% CI for
MetS and its components for PM, , PM, ;, NO,, and NDVL
In HAPIEE, a 5 pg/m® increase in PM, ; was associated with
14% higher odds of MetS (OR = 1.14; 95% CI = 1.01, 1.28).
No significant associations were observed for PM, and NO,
exposures. In SAPALDIA, evidence of null associations between
air pollutants and increased odds of MetS was found (e.g.
OR = 1.01; 95% CI = 0.90, 1.13 for PM, _). Finally, null associ-
ations were found between NDVI and MetS in any of the studies
(e.g. for SAPALDIA: OR = 0.97; 95% CI = 0.92, 1.03). For the
association of other covariates with MetS, see Table S3; https:/
links.lww.com/EE/A343.

Among the MetS components, we observed mixed findings
between cohorts (Figure 2). In HAPIEE, 5 pg/m’® of PM, and
PM, , was associated with 24% (OR = 1.24; 95% CI = 1.08,
1.43) and 25% (OR = 1.25; 95% CI = 1.10, 1.42) increased
odds of hypertension, respectively. In contrast, we found no
association of PM, and PM,  exposures with hypertension
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Figure 2. Logistic regression results adjusted for sex, age, education, marital

consumption, nSEPR, and month of the year. OR and 95% Cl represent an increase in odds of outcomes per 5 pg/mé of PM

status, smoking status, physical activity, alcohol consumption, fruit and vegetable
PM, ., NO, and 0.1 NDVI. # Lost

10’ 2.5’

statistical significance following Bonferroni correction at P < 0.008 (0.05/6). Cl, confidence interval; NDVI, normalized difference vegetation index; nSEP, neigh-

borhood socioeconomic position; OR, odds ratio.

in SAPALDIA. Additionally, null associations were observed
between air pollutants and diabetes in HAPIEE, while 5 pg/m?
of PM,, PM, ., and NO, were associated with 30% (OR =1.30;
95% CI =1.21,1.39),36% (OR = 1.36; 95% CI = 1.23,1.49),

and 13% (OR = 1.13; 95% CI = 1.00, 1.28) increased odds
of diabetes in SAPALDIA, respectively. In HAPIEE, 5 pg/m® of
PM,, and PM, . were associated with 23% (e.g., OR = 1.23;
95% CI=1.13,1.34) and 24% (e.g., OR =1.24;95% CI = 1.11,
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1.39) increased odds of elevated TG, respectively. In contrast, a
negative association was observed between PM,  and elevated
TG in SAPALDIA (OR = 0.94; 95% CI = 0.90, 0.99). No asso-
ciations were observed between NO, exposure and the MetS
components in any of the cohorts, except for the positive asso-
ciation with diabetes in SAPALDIA. Additionally, we found
contradictory findings on NDVI exposure and its association
with MetS components. In HAPIEE, the odds of hypertension
decreased by 18% (OR = 0.82; 95% CI = 0.71, 0.95), while the
odds of abdominal obesity increased by 15% (OR = 1.15; 95%
CI = 1.01, 1.32) per 0.1 NDVIL In SAPALDIA, null associations
were identified for the relationship between greenness exposure
and the MetS components, except for the inverse association
with diabetes (OR = 0.88; 95% CI = 0.76, 1.00) (Figure 2).

Sensitivity analysis

The Poisson regression revealed comparable findings on the
associations of air pollutants and greenspace exposure with
MetS (Table S6; https:/links.lww.com/EE/A343). Excluding
participants who had previously been diagnosed or treated for
MetS components did not noticeably change the associations
between exposures and outcomes (Table S7; https://links.lww.
com/EE/A343).

Discussion

Summary

Despite the higher prevalence of several MetS risk factors in
SAPALDIA, we observed a substantially higher prevalence of
MetS in Czech individuals, who were additionally more likely
to be underdiagnosed and uncontrolled for hypertension and
diabetes. PM, | exposure was substantially higher and positively
associated with MetS in HAPIEE, while no association was
observed in SAPALDIA. Moreover, in any of the studies, we did
not find evidence for associations between exposures to green-
space, PM,;, NO, and MetS. Importantly, we observed mixed
findings between the cohorts in the associations of air pollutants
and greenness on MetS components. We observed no evidence
about associations between NO, exposure and MetS compo-
nents in HAPIEE and only a borderline association between
NO, and diabetes in SAPALDIA. Finally, increased exposure to
greenspace was associated with decreased risk of hypertension
in HAPIEE, and diabetes in SAPALDIA.

Comparisons of findings between study cohorts

The observed heterogeneity in associations between air pol-
lution and greenspace with MetS and its components is in
line with the inconsistency in findings in previous studies (see
Comparisons with previous literature). Given the comparable
number of participants, similar age distribution of the study
samples, consistent time points of the participants’ enrollments,
and harmonized exposure estimation methods, these factors are
not likely to explain the observed differences.

Other explanations may underlie the reported differences in
the associations observed for MetS and its components. First,
the composition of PM may play a substantial role in the adverse
effects on MetS. PM is a complex mixture of several components,
including black carbon, nitrate, ammonium, sulfate, organic
matter, and mineral dust that may impact MetS differently.
Previous studies on Chinese adults identified black carbon as the
most detrimental component of PM.*+*2 As dominant anthropo-
genic sources of PM are expected to vary between Western and
Eastern European countries, with the greatest contribution of
transport emissions in Switzerland and residential heating and
agriculture in the Czech Republic,* the proportion of the most
harmful components may play a substantial role in explaining
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the differences in the associations we observed. The oxidative
potential and subsequent physiological responses of particu-
late matter may substantially differ depending on its composi-
tion. Understanding these differences is crucial for developing
context-specific public health strategies aimed at reducing expo-
sure and mitigating health risks associated with air pollution
exposure.*** Second, we observed a substantially higher pro-
portion of Czech compared with Swiss participants who were
poorly controlled or underdiagnosed for hypertension. These
individuals are more likely to experience concomitant symp-
toms that may intensify susceptibility to harmful effects of air
pollution exposures.** Additionally, these individuals may be
less likely to utilize greenspaces for leisure and physical activi-
ties. Yet, the restriction of the analyses to untreated and undi-
agnosed participants did not materially alter the main findings
reported.* Third, the various findings observed for greenspace
among cohorts may reflect differences in the characterization
of NDVI that may capture various types of greens in the stud-
ied areas.”*® Finally, intra- and inter-population socioeconomic
inequalities are well-documented stressors increasing the risk
of cardiometabolic diseases. While we adjusted our analysis
for education, residual confounding may be present by ignor-
ing socioeconomic deprivation and occupation position, known
predictors of psychological distress, and unhealthy behaviors
contributing to a higher prevalence of noncommunicable dis-
eases. If residual confounding differed between the two cohorts,
or if economic, environmental, behavioral, and health contexts
modify the effects of air pollution and greenspace differentially
between cohorts, the average environmental exposure-MetS
associations would also vary.

Comparisons with previous literature

Inconsistent findings of the associations between air pollution
exposures and MetS have been shown previously.” The results
of Heinz Nixdorf Recall Study'” and 33 Communities Chinese
Health Study # identified positive, but weak associations
between PM, . and MetS (ORs = 1.14; 95% CI = 0.99,1.32, and
ORs = 1.09; 95% CI= 1. 00,1.18), respectlvely On the contrary,
KORA (Cooperative Health Research in the Region Augsburg)
F4/FF4 study reported positive associations of PM, ; with MetS
(OR =1.14; 95% CI = 1.02, 1.28)."8 In the SAPALDIA cohort,
we previously reported 31% and 17% increased odds of MetS
per 10 pg/m’® increase in PM,, and NO,, respectively.'” The
inconsistent findings with our current study may be explained
by applying different exposure estimation methods, exposure
duration, and time window. In particular, the previous study
utilized dispersion models for estimating 10-year average con-
centrations (1990-2000) of the air pollutants, whereas the
current study used data from land-use regression models and
applied 1-year average concentrations before the examination
(2000-2003). Additionally, the inconsistency may be explained
by applying a different set of selected confounders, most impor-
tantly adjustment for other inhalants, including exposure to
environmental tobacco smoke and occupational gas, dust, or
fumes exposure.

Although there is no consensus established for the MetS-air
pollution association, several systematic reviews and meta-
analyses provided evidence for the relationships between long-term
air pollution exposure and the individual metabolic compo-
nents. An umbrella review of seven systematic reviews and
meta-analyses indicated a positive association between air pol-
lution exposure and weight status (obesity and overweight).*°
Likewise, recent meta-analyses pooled data from 57 epidemio-
logical studies. They reported an increased risk of hypertension
associated with increased exposure to PM, , and PM, , but not
to NO,, NO_ and PM, ,, which is aligned with our observa-
tions.’" Addmonally, another meta- analysis of 21 eligible cohort
studies indicated higher diabetes risks linked with elevated
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exposure to NO,, while inconclusive findings were reported for
PM,, and PM, | aligned with the observation in the SAPALDIA
sample.’? Evidence about associations between exposure to air
pollution and altered levels of TG and HDL cholesterol remains
scarce. The meta-analyses including results from three studies
revealed increased PM,, and NO, exposure to be associated
with elevated TG levels, while no associations were detected
between air pollutants and impaired HDL cholesterol.’® These
findings are consistent with our results observed in the cohorts.

So far, epidemiological studies investigating the association
between greenspace and MetS are scarce, and the findings are
inconsistent.' The results of several Chinese studies and one
UK study investigating middle-aged participants revealed a
negative association between greenness exposure and risk of
MetS.?%54%¢ In contrast, a study investigating German partic-
ipants reported no significant association,' which is aligned
with our results observed in the Czech and Swiss populations.
The inconsistency of the previous findings may be potentially
explained by inappropriate adjustment for behavioral variables
and area-level SEP when estimating the effect of a greenspace
exposure to MetS. Furthermore, none of the studies, including
ours, reported accessibility and utilization of greenspaces that
might over- or underestimate the effect on MetS due to effect
modification.’ None of the studies characterized the type of
greenspace in more detail, which plays an important role in its
access and utilization.'

The relationships between long-term exposure to greenspaces
and the individual metabolic components have been reported
previously. The results of a recent meta-analysis of 23 studies
using NDVI showed beneficial associations of increased NDVI
on blood pressure and hypertension,’” consistent with our find-
ings of the HAPIEE cohort, but not SAPALDIA. Access to green-
space is generally associated with lower BMI and reduced risk
of obesity.*® Our results showed, however, a null and the oppo-
site associations in SAPALDIA and HAPIEE, respectively. These
mixed findings were reported previously, suggesting a significant
effect modification by gender; greenness was associated with a
reduced likelihood of obesity among women with an increased
likelihood of obesity in men.*” Furthermore, the pooled results
of three cross-sectional and one longitudinal study showed pro-
tective associations with diabetes,®® which is consistent with
our findings on SAPALDIA. The authors of the reviews gen-
erally detected high between-study heterogeneity, thus reduc-
ing the credibility of the pooled evidence, coinciding with the
heterogeneity of associations observed between HAPPIEE and
SAPALDIA. Finally, evidence of the association between green-
space exposure and dyslipidemia and impaired HDL remains
limited. A study conducted on Australian adults did not reveal
a relationship between greenness and dyslipidemia,®" while the
recent study investigating UK adults observed a negative associ-
ation between greenspace exposure and both, high triglyceride
levels and impaired HDL cholesterol.*®

Biological mechanisms

Experimental studies have proposed several possible biological
mechanisms linking air pollution to MetS. Fine particles and
soluble constituents can pass through the alveolar membrane
into the circulatory system, directly enhancing systemic inflam-
mation and oxidative stress.'"'? The inflammation responses
may result in elevated blood pressure, endothelial dysfunction,
insulin resistance, and disorder of lipid metabolism, leading to
dyslipidemia, diabetes, and obesity.*"*3 Importantly, a previous
study has suggested that individuals with MetS have even greater
susceptibility to air pollution, possibly increasing cardiovascular
risk.!? In particular, the study conducted on the US population
found that participants with MetS showed stronger positive
C-reactive protein responses than those without MetS.'? Further,
laboratory research has shown that air pollutants, particularly
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PM, provoke oxidative stress; a well-established causative fac-
tor of numerous associated adverse health outcomes, including
MetS. It has been suggested that oxidative stress is triggered
by mitochondria as a primary target of particulate matter and
consequently exacerbates DNA damage and other mutagenic
activities.®> Moreover, exposure to air pollution can affect the
autonomic nervous system, leading to alterations in heart rate
variability and blood pressure regulation.®

Several underlying mechanisms have been proposed for the
association between greenspace exposure and MetS. Greenspace
is thought to prevent MetS by promoting physical activity,!’s a
well-established protective factor of obesity, hypertension, dyslip-
idemia, and type 2 diabetes.®* In addition, previous studies sug-
gested that greenspace may mitigate exposure to air pollutants
and noise.® Furthermore, exposure to greenspace might reduce
chronic stress,!* contributing to decreased risk of MetS. Finally,
exposure to greenspace has been proposed to enhance social
engagement,”” previously linked with decreased risk of MetS.*

Strengths and limitations of the study

The HAPIEE and SAPALDIA studies are well-characterized,
population-based cohorts offering extensive social and life-
style data databases, enabling us to adjust for multiple poten-
tial confounders. To the best of our knowledge, this is the first
study that conducted a comparative analysis of Western and
Eastern European countries, providing evidence of relationships
between environmental characteristics and prevalence of MetS
using harmonized exposure estimation methods and a unified
MetS definition. In addition, we conducted a sensitivity analysis
on samples of participants who were not previously diagnosed
or treated for the respective MetS components. This sensitivity
analysis confirmed the robustness of our findings.

Several limitations need to be acknowledged. First, a major
limitation of our study is the cross-sectional design that did not
allow us to examine the causal associations or their temporal-
ity. Second, there is no consensus on the exact MetS definition
leading to a possible misclassification of the outcome. Previous
studies reported different results depending on the MetS defi-
nition, with the WHO definition having the highest magnitude
of the effects between the exposure and outcome.!” Given the
fact that the WHO definition emphasizes insulin resistance as
the major underlying risk factor, and given that the prediction
model was applied in HAPIEE to estimate fasting venous gly-
cemia using glucose levels from capillary blood, it is likely that
applying WHO criteria would introduce a bias.'” The ATP III
definition uses less strict criteria of abdominal obesity with cut-
offs 2102 cm in men and >88 cm in women, which would over-
estimate MetS prevalences in both cohorts.?”” Moreover, waist
circumference was not measured at the examination time in
SAPALDIA; instead, it was estimated using a validated predic-
tion model using trends from the next follow-up visit. Third, we
did not have estimates of indoor or occupational air pollution
for participants in both studies, which may be considered as a
potential source of misclassification of air pollution exposure.
To reduce the risk of bias related to occupational exposures, we
excluded participants from heavily polluted industrial areas of
the Czech Republic with a long history known for mining activ-
ities and heavy industry with potentially different susceptibility
profiles and potentially different air pollution composition. This
may limit the generalizability of the observed associations to
the broader Czech population. When we included these regions
in sensitivity analysis, the associations of PM,, and PM, ; with
diabetes also became positive in the HAPPIE cohort (data not
shown). Fourth, no information regarding mobility patterns of
the individuals was available. Mobility may substantially affect
the cumulative exposures to indoor/outdoor air pollutants as
well as exposure to greenspace. Additionally, our study assessed
only some aspects of greenspace exposure, ignoring essential
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characteristics like type of greenspace and related accessibility
and perceived utilization. Fifth, the environmental exposures
considered in the analysis were limited to air pollution and
greenspace. Unfortunately, information on transportation noise
was not available in a harmonized manner for both cohorts. Both
air pollution and transportation noise have been associated with
cardiovascular phenotypes, possibly because of transportation-
derived air pollution. However, the pattern of associations (and
potential confounding) may differ between the two cohorts,
as these exposures share pathological effect mechanisms with
MetS.%%7° Yet, according to a recent systematic review, noise and
air pollution may have interactive effects, which may explain
some of the heterogeneity observed in the associations between
the two cohorts.” Sixth, there are additional limitations related
to the selected confounders. Only frequency of alcohol con-
sumption was considered, ignoring the actual alcohol content in
the beverages and possible binge alcohol drinking. No detailed
nutritional information, including consumption of processed
food, snacks, etc., was available in the studies. Hidden healthy
and social behavior factors might explain the differences in the
prevalence of MetS between the two cohorts. Finally, as in any
cohort selection bias in the cohort at study entry may limit the
generalizability of the findings. Attrition bias due to death or
nonparticipation at the first follow-up in SAPALDIA2 may have
biased the results in the sense that participants at follow-up
were survivors. Older, better-educated participants, nonsmok-
ers, except for higher levels of BMI, and individuals less exposed
to air pollutants at study entry were more likely to participate
at the first follow-up (SAPALDIA2), confirming the tendency for
follow-up participants to be slightly healthier (Table S8; https://
links.Iww.com/EE/A343). Similar findings were found in the
HAPIEE study, although the included and excluded participants
were of the same age, and a higher proportion of individuals
with normal BMI was included in the analysis (Table S8; https://
links.Iww.com/EE/A343). However, attrition bias may have
contributed to an underestimation of certain effects in both
studies and to the observed heterogeneity of effects between the
two cohorts.!*2

Conclusion

A much higher prevalence of MetS as well as of underdiag-
nosed and uncontrolled hypertension and diabetes was observed
in HAPIEE (Czech Republic) compared with SAPALDIA
(Switzerland). HAPIEE participants were exposed to higher par-
ticulate matter exposure with potentially different sources and
compositions. A positive association between PM, . and MetS
was observed in the Czech Republic only, but not in Switzerland.
The differential associations of air pollution with MetS compo-
nents between the two studies may reflect air pollution source and
composition differences. Future studies are encouraged to utilize
the existing harmonized exposure datasets developed within the
EXPANSE project. Additionally, greater attention should be paid
to pollution sources and the composition of both, air pollution
and greenspace. The study confirms the value of including cohorts
from different economic, environmental, behavioral, and health
systems contexts for adapting environmental impact assessment.
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