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Abstract

Air pollution, noise, and built environment are associated with the epidemics of type 2 diabetes (T2D). The extent to which these
have independent and/or joint effects on T2D and whether some components of the urban exposome have stronger effects remains
unclear. We conducted a systematic review of the associations of 11 environmental exposures of urban exposome with the risk of
T2D. We searched PubMed and Scopus since 2005 until January 2025 for studies on association of T2D in adults with air pollution;
particles with a diameter of less than 2.5 (PM, s) and 10 um (PM), nitrogen dioxide (NO,), ozone (O3) and black carbon (BC), noise; traf-
fic-, railway-, and aircraft noise, and built environment; greenness, walkability, and population density. We included 151 articles,
one study referring to exposome approach. Air pollutants were associated with T2D risk in meta-analyses, BC showing strongest
association, OR: 1.32, 95% CI: 1.15-1.50 (n = 8). Subgroup analyses and meta-regression for PM, s, PM;o, NO,, and O by study characteristics
highlighted variations in risk estimates but didn’t explain considerable heterogeneity. Traffic noise was associated with T2D (OR: 1.06,
95% CI: 1.03, 1.08, n = 11). In qualitative synthesis, living environment with higher walkability and greenness showed inverse association
with T2D. Results indicate that air pollution and traffic noise are associated with increased risk of T2D. Greener and walkable living envi-
ronment can potentially reduce risk of T2D. It remained unclear whether the effects were independent. Future studies should consider

environmental joint exposures. Advancing use of exposome approach can help understand T2D risk comprehensively.
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Introduction

Despite existing research knowledge and the implementation of
public health interventions addressing lifestyle factors associated
with type 2 diabetes (T2D), such as smoking, unhealthy diet, and
sedentary behavior,® the global prevalence of diabetes continues
to increase.” It is forecasted that 853 million people will be living
with diabetes by 2050, 90% of whom will consist of adults with
T2D.? Urban living environments are increasingly recognized as
risk factors for T2D, and urban design-based interventions have
been proposed as a promising approach to public health.

Air pollution, in particular, has been a key focus in diabetes
epidemiology, accounting for approximately 40% of studies on
environmental determinants of diabetes.? It is estimated that ap-
proximately a fifth of the global burden of T2D is attributable to
air pollution, 13.4% from ambient PM, s and 6.5% from household
air pollution.* Previous reviews have shown a relationship
between air pollution and the risk of T2D but have focused on
single pollutants.®® Many studies consider mainly PM, s, and the
evidence for less studied air pollutants such as Ozone (Os) or
Black Carbon (BC) is still scarce.® Environmental noise exposure
refers to any unwanted noise created by human activities that
are harmful to human health and quality of life.’® Dzhambov

et al. found that people exposed to high noise levels at home
might be at higher risk (19% - 22%) for developing T2D."* Sakhvidi
et al. reported an association between aircraft noise (OR: 1.17,
95% CI: 1.06, 1.29, n=4) and road traffic noise (OR: 1.07, 95% CL:
1.02-, 1.12, n=3) with T2D, but no association was observed for
railway noise exposure.'? The number of studies in these reviews
is small, and the research evidence on the relationship between
source-specific noise exposures and T2D is still limited.

Green space is a common measure of the built environment,
which refers to any land covered with grass, trees, plants, or other
vegetation.”® Walkability is another common measure of the built
environment. It can be composed of several indexes such as popu-
lation density, street connectivity, or the number of walkable desti-
nations such as access to parks, public transport, or food outlets.™
The possible relationship between green space and T2D has been
reviewed in a systematic review by De la Fuente et al.® who found
seven studies assessing the risk of T2D in adult populations and a
systematic review and meta-analysis of three studies by Sharifi
et al.’® Both supported the hypothesis that people exposed to more
green spaces have a reduced risk of T2D.

There is robust evidence that urban environmental exposures
influencing the risk of T2D in a population cannot be reduced to
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only one of its components. These exposures rarely exist in isola-
tion and influence the risk of chronic diseases like T2D within
the broader context as a complex system. The concept of expo-
some incorporates these characteristics. It was introduced in
2005 to synthesize ideas brought forward by scientific frame-
works, such as The Human Genome Project,’® The Social
Determinants of Health," and the Environmental Cause of
Diseases.'® Exposome refers to the totality of environmental
exposures, a compilation of all physical, chemical, biological, and
(psycho) social influences that “impact biology”.*® The concept of
exposome has since played a key role in shaping a more holistic
approach to environmental influences on health, enabling a
more comprehensive understanding of disease etiology.”® The
holistic hypothesis posits that individual environmental factors
are interconnected, and their effects on health can only be fully
understood in the context of the whole system. Review articles
analyzing the exposome approach in the context of cardiometa-
bolic health in general have been published.?’?* Yet, to date,
there is a lack of systematic reviews and meta-analyses examin-
ing both the individual and combined effects of urban exposome
components on T2D in the post-exposome era.

Adopting the holistic hypothesis, the aim of the current study
was to systematically review and analyze existing research on
the association between the physical environment constituting
the urban exposome and its association with T2D. We identified
and included three distinct environmental exposure groups that
may influence the risk of T2D: air pollution, noise, and the built
environment. We utilized the PECOS framework to create the
search strategy and research question. It defines the Population,
Exposure, Comparator, Outcomes, and Study Design as pillars of
the review question and is increasingly used in the field of envi-
ronmental health.>® The PECOS framework for this review is
available in Table S1. The defined PECOS research question is as
follows: Among the general adult population (P) what is the effect
of environmental exposures (air pollution, noise, and built envi-
ronment) and their joint effect (E/C) on the risk of type 2 diabetes
(0) in observational studies (S)?

Methods

This systematic review and meta-analysis followed the Preferred
Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) 2020 guidelines.?® The protocol was registered to the
International Prospective Register of Systematic Reviews
(PROSPERO) with registration number CRD42021264893.%”

Search strategy

The search strategy (Table S2) was developed in cooperation with
a health science librarian and conducted in two electronic data-
bases, PubMed and Scopus. We used keywords (MeSH-terms), a
set of synonyms for the keywords, and text words (titles and
abstracts) combined and truncated where appropriate. In addi-
tion to selected electronic databases the reference lists of se-
lected studies and relevant review articles were scanned for
additional studies. Search results were transferred into the
Covidence software?® for the selection process. The selection of
articles to be included was performed independently by two eval-
uators (MH, WS). Evaluators first screened titles and abstracts,
and in the second stage, full texts were evaluated based on the
pre-defined selection criteria. Discrepancies between the evalua-
tors were resolved by discussion.

Selection criteria

Original research articles published in English as full publications
in peer-reviewed journals between January 2005 and January
2025 were included. Only studies in human populations examin-
ing the role of one or multiple environmental exposures as
independent variables in relation to T2D were included. Adult
populations, all nationalities, and ethnicities were included to pro-
vide a broad overview. Eligible studies had to report quantitative
measures of the association between environmental exposure and
T2D. Studies excluded in the full-text review (n=156) are listed in
Table S3.

Definition of the exposure

Environmental exposures were defined as air pollution, noise,
and the built environment. For air pollution particles with a di-
ameter of less than 2.5 (PM;s) and 10 um (PM;), nitrogen dioxide
(NO,), ozone (O3), and black carbon (BC) were included. For noise:
traffic noise, aircraft noise, and railway noise were included,
and for built environment: greenness, walkability, and popula-
tion density.

Definition of the outcome

Articles were included if T2D cases were identified through
register-based, clinical, or self-reported diagnostics. Register-
based diagnostics were derived from hospital and patient regis-
ters, national registers, or medication reimbursement registers.
Clinical diagnostics for T2D was defined by clinical cut-off val-
ues, including measurements of fasting plasma glucose, glycated
hemoglobin, and oral glucose tolerance test results collected dur-
ing a clinical examination performed by health professionals.
Self-reported diagnostics refer to T2D status obtained from sur-
veys and questionnaires.

Data extraction

For all records, the following characteristics were recorded: title,
author(s), publication year, country of study, study design, num-
ber of participants, mean age, sex ratio, definition- and assess-
ment method of environmental exposure(s), outcome(s), T2D
definition and assessment method, statistical methods, covariates,
effect size measure, results as a measure of association and statis-
tical significance, and direction of the association. Information on
whether an exposome method was used in each study was
extracted as a categorical variable (yes/no). In case of missing or
incomplete data from the selected study, an attempt to retrieve
information was made by contacting the authors. If the studies
reported the effect estimates for both continuous and categorical
environmental exposure, the results from continuous exposure
were extracted. For categorical exposures (tertiles, quartiles, quin-
tiles) the results were recorded as high versus low; the highest- and
the lowest study-specific category. For studies using time-series
analysis, the most recent results were included.

Statistical analyses

We extracted and pooled effect estimates from the single-
pollutant models reported as main or fully adjusted model. Joint
exposure models were extracted and reported separately to de-
scribe the combined effect of multiple environmental exposures
on the risk of T2D. To be able to compare the effect estimates
between the single-exposure and joint exposure models, we cal-
culated the absolute risk differences between the fully adjusted
single-exposure and joint exposure models. To allow a
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comparison between the studies, air pollution effect measures
were pooled for a fixed increment of 10 pg/m?, except for BC
which was standardized to a 5ug/m? increment due to lower ex-
posure units used in included studies. Noise exposures were
pooled for a fixed increment of 10dB.

NO, and O3 exposures that were expressed in parts per billion
(ppb) were first converted to ug/m> using the general formulas
described below.

Concentration (ug/m?3) = molecular weight x concentration (ppb)
+ 24.45

Nitrogen dioxide NO; =46.01 g/molx 1 ppb =+ 24.45
=1.88 ug/m?

Ozone O3 =48 g/molx 1 ppb + 24.45=1.96 ug/m>,

where the value of 24.45 is the volume (liters) of a mole (gram
molecular weight) of a gas when the temperature is at 25°C and
the pressure is at 1 atmosphere (1atm=1.01325bar). 25°C and
pressure of 1 atmosphere are what is normally assumed for the
conversion factors.

The following formulas were then used for standardization
and obtaining standard errors as described in Yang et al.®
Similar standardization was conducted for noise exposure as a
fixed increment per 10 dB.

Increment(10)/Increment(original
ORStandardized = ORoriginal (10)/ (original)

Increment(10)/Increment(original
Clstandardized = CIOTiginaI (10)/ (original)

SEstandardized = (CI - upperstandardized) - (CI - lowerstandardlzed)/g'gz

Meta-analyses were performed separately for each exposure
when available. When the same study population was repre-
sented in multiple articles, we included the one that had the
most relevance to the meta-analysis in terms of the number of
participants, exposure measurement, and/or year published.
There is no guideline for the minimum number of studies needed
for a meta-analysis. We considered four risk estimates for each
exposure as a minimum to justify running a meta-analysis. We
pooled the risk estimates reported as hazard ratio (HR), odds ra-
tios (OR), or risk ratio (RR), and 95% confidence intervals (95% CI),
based on guidelines indicating that HR, OR and RR may be com-
bined when the outcome of interest is common, and the effect
size is small.®?®*' The random effects model with the
DerSimonian and Laird method (inverse-variance method) was
used to incorporate an assumption that the different studies are
estimating different but related effects.*?

Subgroup analyses were used to consider possible modifica-
tion of effects by study characteristics: study design (longitudinal
and cross-sectional), geographic region (Europe, Asia, North
America, South-America, Oceania, and Africa), T2D definition
(self-reported and register or clinical measures), adjustment for
relevant factors related to T2D (yes: 5 or more included versus
no: less than 5), adjustment for other environmental risk factors;
PM; s, PMig, NO,, O3, BC, traffic-, railway- or aircraft noise, walk-
ability, greenness or population density (yes or no), and risk of
bias score (low, moderate or high). Meta-regression was per-
formed to identify potential sources of heterogeneity within

these study characteristics. Statistical analyses were conducted
using IBM SPSS Statistics (29.0).

Risk of bias

We assessed the risk of bias (ROB) of all included studies using a
self-developed tool. We integrated relevant components from the
Newcastle-Ottawa Scale (NOS)** and the WHO Risk of Bias
Assessment Instrument for Systematic Reviews Informing the
WHO Global Air Quality Guidelines.** From the NOS, we incorpo-
rated key concepts related to selection of participants, ascertain-
ment of exposure and outcomes, and control for confounding.
From the WHO instrument, we drew on its domain-based ap-
proach focusing on study design, exposure assessment methods,
outcome validity, and adjustment for key confounders and co-
exposures. The evaluation included four main domains: (1) Study
design, (2) Exposure measurement, (3) Outcome measurement,
(4) testing for confounding, and had six questions:

1.Is the study design longitudinal?

2. Was the exposure measured before the outcome?

3. Was the exposure measured/modeled from the participant’s
home address?

4. Was the outcome measured by clinical measure or using
register-based data, or self-reported data combined with
clinical and/or register data?

5. Did the study adjust for T2D risk factors and potential con-
founders related to environmental exposures (at least 5 out
of 8 equals yes: age, sex, socioeconomic status [SES, at least
one of the following: socioeconomic position or status, edu-
cation, employment or income status, deprivation], body
mass index (BMI), smoking, physical activity, family history
of diabetes, measure of nutrition/diet)?

6. Was the model adjusted for one or more environmental risk
factors (air pollution, noise, green space)?

Each question was answered by the reviewer either yes, no, or
information not available, yes giving one point and other options
zero points. The results from the six questions were then rated as
high ROB (0 to 2 points), moderate ROB (3-4), or low ROB (5-6).
The evaluation was conducted by one reviewer (MH). We did not
exclude any studies based on their ROB assessment, but we uti-
lized the results in sensitivity analyses to identify how different
sources of heterogeneity may affect the meta-analysis results.

The potential presence of publication bias and its impact on
the results of the meta-analyses were assessed using statistical
tests such as funnel plots and Egger’s test. The I° statistic (I°) and
Tau-squared (%) values were calculated as a measure of hetero-
geneity across studies. 1 measures the variance among the stud-
ies, and I describes the percentage of the total variability (from 0
to 100%) in effect estimates that is due to heterogeneity rather
than sampling error. We used the following guide to interpret the
12 values in the context of meta-analyses: 0% to 40%: might not
be important, 30% to 60%: may represent moderate heterogene-
ity, 50% to 90%: may represent substantial heterogeneity, and
75% to 100%: considerable heterogeneity.*®

Results

The systematic literature searches yielded a total of 13629
records. After removing the duplicate records and screening
according to the set selection criteria, 151 articles were identified
as eligible for this review. The process is described in Figure 1 as
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Figure 1. PRISMA flowchart of the selection of studies.

a PRISMA flow diagram. The included studies had different combi-
nations of environmental exposures; 133 studies used air pollution
as the main exposure, 20 used noise, and 39 built environment.
The most studied pollutant was PM, s (n=90) and the least popu-
lation density (n= 1) followed by aircraft noise (n=>5). Only one of
the studies included by Ohanyan and colleagues, used an expo-
some method.* In the risk of bias (ROB) assessment, 37 studies
were evaluated as having high ROB, 57 studies with moderate
ROB, and 57 with low ROB. The ROB assessment for each included
study is available in the supplementary materials Table S4.

Air pollution

The relationship between exposure to air pollution and T2D was
evaluated for PMy s, PMjo, NO,, O, and BC. Study characteristics are
described in Table 1. Separate meta-analyses were conducted for
each pollutant, and the results are shown in Figures 2-8. Reasons
for exclusion from meta-analyses are described in Table S5.

Particles with a diameter of less than 2.5 um

Altogether, 90 studies used PM, s as the main exposure. In the
meta-analysis, T2D was positively associated with PM, s with an
OR of 1.19 (95% CI: 1.16-1.22, n=57, Figure 2). The meta-analysis
showed considerable heterogeneity between the studies (I°=
96.8%). The funnel plot analysis (Figure S1) showed studies
concentrating on the right side of the funnel, and Egger’s test in-
dicated a risk of publication bias (P-value <0.001). The Trim-and-
Fill analysis imputed 15 studies (Figure S2), and the overall effect
estimate of observed and imputed studies decreased to OR: 1.14
(95% CI: 1.10-1.17). Standardization of two studies, Chen et al.*’
and Niedermayer et al.*® increased their risk estimates substan-
tially, from HR: 1.35 (95% CIL. 0.83-2.18) to 2.58 (95% CI:
—3.03-8.20) and from OR: 1.2, 95% CI: 0.99-1.46 to 3.68, 95% CI:
—3.32-10.68, respectively. We performed a leave-one-out analy-
sis, but excluding either one of these studies did not change the
overall effect estimate from the meta-analysis.

Subgroup analysis highlighted some variation by study charac-
teristics (Figure S7) but did not explain the considerable
heterogeneity between the studies. Meta-regression analysis
(Table S6) showed that studies with a moderate risk of bias had a
smaller risk of T2D compared to studies with a low risk of bias (es-
timate: —0.10, 95% CI: —0.18, —0.02, P-value: 0.019). Studies with a
high risk of bias also indicated a smaller risk of T2D compared to
low risk of bias group, but the result was not significant (estimate:
—0.12, 95% CI: —0.24, 0.01, P-value: 0.063). When comparing the
study regions, the European and Asian region showed higher risk
of T2D with estimates 0.12 (95% CI: 0.00-0.23, P-value: 0.054) and
estimate: 0.09 (95% CI: 0.00-0.18, P-value: 0.054) respectively when
compared with the North America as the reference region.
Longitudinal studies had a higher risk estimate (0.10, 95% CI: 0.02-
0.18, P-value: 0.020) when compared to cross-sectional studies.

Particles with a diameter of less than 2.5 u and

joint exposure

Of the 90 studies considering the association between PM, s and
T2D, 26 evaluated joint exposure to air pollution, noise, or the
built environment. Three studies found no association between
PM, s and T2D in either single-exposure or joint-exposure models
adjusted for air pollution (PMj,, NO,, or O3).?"*! In seven studies,
adjustment for other air pollutants did not considerably change
the association (risk differences between single- and joint expo-
sure models ranged between —0.01 and 0.04).***® In three stud-
ies, the adjustment for air pollution (NO,, PM;o, or Os) decreased
the association between PM, s and T2D to nonsignificant.**>* For
Clark et al. the association was independent of covarying noise
exposure (OR: 1.03, 95% CI: 1.02-1.05), but further adjustment for
greenness and walkability attenuated the estimate to nonsignifi-
cant (OR: 1.01, 95% CI: 1.00- 1.03).> Sorensen et al. reported that
the association between PM,s and T2D (HR: 1.05, 95% CI: 1.03-
1.06) was reduced to unity or below in two-, three- and four-
pollutant models when ultrafine particles, elemental carbon,
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B mtfect size of each study Confidence interval of effect size

@ rstimated overall effect size  — - Overall effect size value

I Estimated overall confidence interval

[
[
[
[
Author OR SE 95% CI N !
Sommar, 2023 0.67 0.98 -1.25 2.59 33766 :
Coogan, 2016 0.97 0.17 0.64 1.29 43003 T
Renzi, 2018 0.99 0.03 0.94 1.04 65955 [
Wang, 2024 1.02 0.00 1.01 1.03 19884 :
Binbin, 2023 1.02 0.01 1.00 1.04 222179 1
Chilian-Herrera, 2021 1.02 0.24 0.55 1.49 2297 +
Paul, 2020 1.03 0.01 1.02 1.04 790461 |
Li, Sicheng, 2023 1.04 0.02 1.01 1.07 69210 :
Orioli, 2018 1.04 0.01 1.02 1.06 376157 [l
Yang, 2018 1.05 0.02 1.01 1.09 15477 |
Requia, 2017 1.05 0.03 1.00 1.11 5570326 :
Shen, 2024 1.06 0.00 1.05 1.06 20076032 1
Puett, 2011 1.08 0.10 0.88 1.27 89460 —tHE——
Hu, Kai, 2024 1.08 0.03 1.02 1.14 9371 !
Mei, 2023 1.08 0.04 1.00 1.16 4235 :
Suryadhi, 2020 1.09 0.02 1.05 1.13 647947 [l
Mandal, 2023 1.09 0.06 0.97 1.21 3675 E
Hernandez, 2018 1.10 0.04 1.03 1.17 1158547 :
Chen, 2013 1.11 0.05 1.02 1.20 62012
Li, Y, 2019 1.11 0.01 1.09 1.13 505151 [
Klompmaker, 2019 1.13 0.14 0.86 1.40 354827 -
Sade, 2023 1.14 0.02 1.11 1.18 41780637
Bowe, 2018 115 0.04 1.08 1.22 1729108
Liang, 2019 1.16 0.05 1.06 1.25 88397
Hu, Kai, 2024 1.18 0.20 0.79 1.58 1128
Qiu, 2018 1.20 0.22 0.78 1.62 53905
Clark, 2017 1.20 0.07 1.06 1.35 380738
Liu_Tao, 2019 1.21 0.19 0.83 1.59 6627
Park, 2015 1.22 0,52 0.21 2.23 5135 :
Elbarbary, 2020 1429 0.1 1.02 1.44 8179 ™
cui, 2024 1.23 0.05 1.14 1.32 79623
Serensen_b, 2022 1.26 0.04 1.17 1.34 2631488 d
Liu, Chaoqun, 2023 1.26 0.02 1.22 1.30 19121 [
Yang, 2018 1.27 0.08 1.12 1.42 11504 — -
Sun, 2025 1.29 0.01 1.27 1.30 65824 !
Li, Qian, 2024 1.32 0.02 1.29 1.35 71689 :
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Figure 2. Results of the random effects meta-analysis of the association between PM2.5 per 10 ug/m3 and T2D (OR with 95% CI).

and/or NO, were included.”® In three studies, the association be-
tween PM,s and T2D changed considerably when adjusting for
NO,; Wu et al.>* reported a 14.1% relative decrease in risk esti-
mate, Cervantes-Martinez et al.>® observed a 19.8% decrease,
whereas Li et al®® found a 7.27% relative increase in the
risk estimate.

Quantile g-computing (QGC) method was used in four stud-
ies.””%° Zheng et al. reported higher risk estimate for joint expo-
sure model when using the QGC method for air pollutants PM, s,
PMo, NO,, sulphur dioxide (SO,), nitrogen oxides (NOy), and ben-
zene (OR: 1.16, 95% CI. 1.10-1.22) compared to the single-
exposure model of PM,s (OR: 1.08, 95% CI: 1.03-1.14).° In
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Figure 3. Results of the random effects meta-analysis of the association between PM10 per 10 ug/m3 and T2D (OR with 95% CI).

contrast, Zhou et al. reported a lower risk estimate from joint ex-
posure of air pollutants PM, s mass, NO,, Os, nitrate, ammonium,
organic matter (OM), BC, chloride, and sulfate (HR: 1.48, 95% CI:
1.26-1.73) compared to the single-exposure model of PM,s (HR:
1.75, 95% CI: 1.42-2.16).%° Cui et al. also reported a lower risk esti-
mate for joint exposure of six air pollutants (PM, s, BC, OM, am-
monium, sulfate, and nitrate with OR: 1.06 (95% CI: 1.01-1.11)
compared to the single-exposure model of PM,s (OR: 1.18, 95%
CI: 1.11-1.25).°7 Furthermore, the observed association of joint
exposure using QGM was influenced by the stratification of green
space exposure (measured as tree and grass cover). The risk of
T2D was higher in the group exposed to low levels of green space
(OR: 1.51, 95% CI: 1.38-1.64) compared to high exposure group,
where a potential protective effect of green space was reported
(OR: 0.85, 95% CI: 0.79-0.90).>7

The potential modification effect of green space on the associ-
ation between PM, s and T2D was also assessed in three other
studies. Zhang et al. found a 6% increase in the risk of T2D in a
single-exposure model of PM, s (HR: 1.06, 95% CI: 1.02-1.10). They
further tested for the potential interactive effect of air pollution
and greenness using the relative excess risk due to interaction
(RERI) but did not detect a strong interaction effect between PM, s
and normalized difference vegetation index (NDVI) on diabetes,
with RERI of —0.092 (95% CI: —0.551, 0.287).°! Sgrensen et al.
assessed the effect modification by population density, road

traffic noise, and surrounding green space, but no consistent
indications of effect modification were found.®? Sun et al. exam-
ined how green space (NDVI) influences the association between
air pollutants and the risk of T2D. In subgroup analyses, partici-
pants with high PM, s exposure had a greater risk of T2D in areas
with low green space (HR: 2.39, 95% CI: 2.25-2.53) than those in
areas with high green space (HR: 2.33, 95% CI: 2.18-2.48). The risk
was considerably lower among participants with both low PM, s
exposure and low green space (HR: 1.13, 95% CI: 1.04-1.21). The
low PM, s with high green space was used as the reference group.*®
Hu et al. utilized the cumulative risk index (CRI) method and
reported similar association between the single exposure model of
PM, s (HR: 1.05, 95% CI: 1.01, 1.10) and joint exposure of road traf-
fic noise, PM, 5, and NO, (HR: 1.06, 95% CI: 1.02-1.09).°* Li et al. uti-
lized air pollution score (PM, s, PM, s 10, NO,, and NOy) and found
similar associations in the single-exposure model of PM, s and the
joint exposure of air pollutant score (HR: 1.04, 95% CI: 1.02-1.06).%

Particles with a diameter of less than 10 um

PM;o was used as the main exposure in 40 studies, from which 27
were included in the meta-analysis. Every 10ug/m? increase in
PM,, was associated with an increased risk of T2D OR: 1.23 (95%
CI: 1.13-1.34, [I? = 97.1%, Figure 3]). Results from Egger’s test sug-
gest the presence of publication bias (P-value <0.001), and in fun-
nel plot analysis, the studies were concentrated on the right side
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Figure 4. Results of the random effects meta-analysis of the association between NO2 per 10 ug/m3 and T2D (OR with 95% CI).

of the funnel (Figure S3). The Trim-and-Fill analysis imputed one
study, but the observed plus imputed study effect estimate did
not differ from the original effect estimate. In subgroup- or meta-
regression analyses the study characteristics did not explain the
considerable heterogeneity between the studies (Figure S7 and
Table S6).

Particles with a diameter of less than 10 um and

joint exposure

Of these 40 studies, 12 used multi-exposure models by adjusting
for air pollution, walkability, railway-, or traffic noise.*™*"
43,46:49,54,56.6467 Foyr studies did not find an association between
PM;o and T2D in eiher single-exposure or joint-exposure model
adjusted for air pollution (PM,s, NO, or Qg).2241496¢ n
six studies, the risk estimate remained similar or showed slight
attenuation after adjustment, with the difference between
single- and multi-exposure models ranging from -0.01 to
0.05.4246:3436.6467 The most pronounced difference was reported
by Li et al. where further adjustment of air pollutants (SO,, NO,,
and Os) substantially attenuated the association from RR: 1.62
(95% CI: 1.16-2.28) to RR: 1.10 (95% CI: 0.15-8.32).°> Strak et al.
reported a similar association when adjusting for PM, s (OR: 1.05,

95% CI: 1.03-1.07), but adjusting for NO,, the association attenu-
ated and lost significance (from OR: 1.04, 95% CI: 1.02-1.06 to OR:
1.00, 95% CI: 0.97-1.02).%° Zheng et al. utilized the QGC method
for joint exposure of air pollutants (benzene, NO,, SO,, PM;, and
PM,s) and reported a higher risk estimate from the joint model
(HR: 1.16, 95% CI: 1.10-1.22) compared to the single-exposure
model of PM;, (HR: 1.06, 95% CI: 1.01-1.120).°

Nitrogen dioxide: NO, was used as the main exposure in 59
studies, from which 36 were included in the meta-analysis. Every
10ug/m? increase in NO, was significantly associated with an
increased risk of T2D with an overall effect estimate OR: 1.13
(95% CI: 1.10-1.16, 1> =96.5%, Figure 4). The funnel plot analysis
appeared asymmetric with a scattered plot (Figure S4), and
Egger's test was statistically significant (P-value <0.001), indicat-
ing a possible risk of bias. The Trim-and-Fill analysis did not im-
pute any additional studies. Subgroup analyses (Figure S7) or
meta-regression analyses (Table S6) per study characteristics were
not able to explain the considerable heterogeneity between the stud-
ies. Only the study region, the Asian region, compared to North
America, had a significant difference; studies conducted in the
Asian region had a higher risk compared to studies conducted in
North America (Estimate: 0.12, 95% CI: 0.004-0.05, P-value: 0.04).
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Figure 5. Results of the random effects meta-analysis of the association between O3 per 10 ug/m3 and T2D (OR with 95% CI).
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Figure 6. Results of the random effects meta-analysis of the association between T2D and BC per 5 ug/m3 (OR with 95% CI).

Nitrogen dioxide and joint exposure

The joint exposure of environmental exposures was assessed in
23 of the 59 studies. Three studies found no association between
NO, and T2D in either the single-exposure or joint-exposure
model*?®®%° and in three studies®®®*’° association lost signifi-
cance when adjusted for air pollution or noise exposures.
The risk remained similar in six studies®#%:#¢#/:5%.71 and attenu-
ated in three studies****°> where risk differences between single-
and joint exposure models were between 0.10 and 0.32. The risk

increased in one study, which showed the most pronounced dif-
ference when adjusting the single-exposure model for PM;,, the
HR of T2D increased from 1.47 (95% CI: 1.42- 1.53) to HR: 2.23
(95% CI: 2.13-2.33). However, adjusting for SO, resulted in a more
modest increase (HR: 1.61, 95%CI: 1.55-1.67).%

Three studies®>**7? utilized the CRI method to assess the joint
exposure of environmental variables. Klompmaker et al. found
the risk from the cumulative index (NO,, traffic noise, NDVI)
higher than the risk estimate of the single-exposure models of
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Figure 7. Results of the random effects meta-analyses of the association between traffic noise per 10dB and T2D (OR with 95% CI).
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Figure 8. Results of the random effects meta-analyses of the association between railway noise per 10dB and T2D (OR with 95% CI).

NO, exposure.”? A similar result was reported by Sgrensen et al.
with single-exposure of NO, HR: 1.06 (95% CI: 1.05- 1.07) and CRI:
of 1.13 (95% CI: 1.11-1.15) including total ultrafine particles (UFP),
NO,, noise, and green space.”® Hu et al. reported similar associa-
tion from the single exposure model (HR: 1.07, 95% CI: 1.02, 1.11)
and the cumulative risk index of road traffic noise, PM, s, and
NO, (HR: 1.06 (95% CI: 1.02-1.09).

Zhou et al. used the QGC method and reported lower risk in
the joint exposure model of air pollutants PM, s mass, NO,, Os,
OM, BC, nitrate, ammonium, chloride, and sulfate (HR: 1.48, 95%
CL: 1.26—1.73) compared to single-exposure model of NO, (HR:
1.58, 95% CL: 1.25-1.99).%° Whereas Zheng et al. reported a higher
risk of T2D when using QGC method for joint exposure of air pol-
lutants benzene, NOy, NO,, SO,, PMyo, and PM, s (HR: 1.16, 95%
CIL: 1.10-1.22) compared to the single-exposure model of NO, (HR:

1.07, 95% CI: 1.02-1.12).>° Sgrensen et al. assessed the effect
modification by population density, road traffic noise, and sur-
rounding green space, but no consistent indications of effect
modification were found.®®> Howell et al. reported an increased
risk of T2D when further adjusting NO, for walkability (from OR:
1.11, 95% CI: 1.10-1.13 to OR: 1.16, 95% CI: 1.14-1.17). Significant in-
teraction was found between NO, and walkability, indicating that
at low levels of NO,, the likelihood of T2D was higher among those
living in less walkable neighborhoods. However, the probability of
T2D rose in highly walkable neighborhoods and became compara-
ble across all levels of walkability.”*

Ozone

O3 was used as the main exposure in 20 studies, all included in
the meta-analysis. For every 10ug/m? increase in Os, the risk of
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T2D was OR: 1.05 (95% CI: 1.02-1.08, I> = 96.6%, Figure 5). The
funnel plot analysis appeared asymmetric (Figure S6), and
Egger's test was statistically significant (P-value < 0.001). The
Trim-and-fill analysis imputed 3 studies, but the estimate of the
corrected combined effect size did not change from the original
meta-analysis estimate. Subgroup analyses per study character-
istics (Figure S7) showed some variation, but adjustment and
ROB-score were the only significant covariates in meta-
regression analyses (Table S6). Studies that adjusted for less than
five out of eight T2D risk factors (age, sex, SES, BMI, smoking,
physical activity, family history of diabetes, measure of nutri-
tion/diet) showed lower risk compared to studies that did adjust
at least for 5 of these covariates (estimate: —0.10, 95% CI: —0.16,
—0.03, P-value: 0.006). Studies with high ROB showed a smaller
risk compared to studies with low ROB (estimate: —0.12, 95% CI:
—0.023, —0.01, P-value: 0.03). Other study characteristics did not
explain the considerable heterogeneity that was observed be-
tween the studies.

Ozone and joint exposure

Joint effects of O3 and environmental exposures were assessed in
eight studies.>*>%¢%¢>7578 The most pronounced difference was
observed by Zhou et al. where the single exposure model of Os
was not significant (HR: 1.11, 95% CI: 0.99-1.24) but when using
the QGC method for joint exposure to air pollutants (PM, s mass,
NO,, O3, OM, BC, nitrate, ammonium, chloride, and sulfate) the
risk of T2D increased to HR: 1.48 (95% CI: 1.26-1.73).°° Li et al.
found differing results when adjusting for co-pollutants. The as-
sociation between O3 and T2D in the single-pollutant model was
protective (RR: 0.78, 95% CI: 0.68-0.90), but after adjustment for
co-pollutants (PMqo, NO,, SO,), the association became nonsignif-
icant (RR: 1.07, 95% CI: 0.35-6.81).°

Li et al. found a slightly stronger association when adjusting
for SO, and PM, s HR: 1.09 (95% CI: 1.09-1.10) or SO, and PM;o HR:
1.08 (95% CI: 1.07-1.08) compared to the single-exposure model of
O3 HR: 1.06 (95% CI: 1.05-1.06).”° In single-exposure models,
Renzi et al. found a modest association between Oz and T2D for
incident cases (HR: 1.01, 95% CI: 1.00 - 1.02) but not for prevalent
cases. (OR: 1.00, 95% CI: 0.99-1.01). The results stayed similar
when adjusting for noise (day-evening-night level, Lden) and
green space (NDVI) or in two-pollutant models adjusting for an-
other pollutant (PMip, PM,s, NO,, NO,).%° Similarly, Paul et al.
found a modest association from the single-exposure model (HR:
1.01, 95% CI: 1.00-1.01) which remained when adjusting for other
air pollutants (PM, s and NO,).*° Liu et al. reported that compared
to the single-exposure model (OR: 1.50, 95% CI: 1.40-1.62) adjust-
ment for PM,s in a two-pollutant model resulted in a slightly
higher risk estimate (OR: 1.52, 95% CI: 1.35-1.72), whereas adjust-
ment for PMy, (OR: 1.40, 95% CI: 1.25-1.57) or NO, (OR: 1.48, 95%
CI: 1.31-1.68) yielded lower estimates.”’

In a study by Jerret et al. adjustment for PM, s and NO,, the
risk from the single-exposure model (HR: 1.18, 95% CI: 1.04-1.34)
attenuated to a non-significant (HR: 1.13, 95% CI: 0.97-1.31). They
also explored the possible modification effect but found no inter-
action between PM, s and Os, but borderline evidence of an inter-
action between Oz and NO,, where the HRs for Os; levels were
larger in areas of lower NO, (interaction P-value: 0.09).”° For
Wang et al. adjustment for PM, s did not change the result of the
single-exposure model (HR: 1.06, 95% CI: 1.00-1.11) but the effect
estimate was slightly stronger in the high PM, s level compared
to the low PM,s level (HR=1.07, 95% CI. 1.01-1.12) with no
between-group significance.”®

Black carbon

BC was used as the main exposure in eight studies. The meta-
analysis, including all these studies, showed a significant asso-
ciation between T2D and BC per 5ug/m? increase OR: 1.32 (95%
CI: 1.15-1.50, I> = 98.6%, Figure 6). The funnel plot was asym-
metric (Figure S6), and Egger’s test was significant (P-value:
<0.001). The Trim-and-fill analysis did not impute any studies.
Subgroup- or meta-regression analyses were not conducted due
to a small number of studies.

Black carbon and joint exposure
Joint effects of BC and other environmental exposures were ex-
amined in seven studies.®®*”*®c%7981 Clark et al. was the only
study using only adjustment, reporting that the association ob-
served in the single-exposure model (OR: 1.03, 95% CI: 1.01-1.04)
attenuated after adjusting for transportation noise, greenness,
and walkability (OR: 1.00, 95% CI: 0.98-1.02).>% Li et al. reported
smaller risk estimate in the joint exposure model (OR: 1.04, 95%
CL: 1.01-1.07) using weighted quantile sum (WQS) method for a
score of PM; 5, BC, nitrate, organic matter, soil particles, ammo-
nium, sulfate compared to the single exposure of BC (OR: 1.07,
95% CI: 1.01-1.15).%° Kang et al. utilized proportion and residual
analyses to specify the most responsible constituents of PM; s
(BC, OM, ammonium, nitrate, inorganic sulfate, soil particles,
and sea salt) showing that BC was the most responsible constitu-
ent, in which 1% increase in the proportion of BC corresponded
with 1.51-fold risk (95% CI: 1.29-1.77) for T2D.”®

The QGC method was used in four studies.””->%%! Cui et al.
assessed the joint exposure of air pollutants (PM,s, BC, organic
matter, ammonium, nitrate, sulfate) and the risk of diabetes was
higher in single exposure models (for BC OR: 1.13, 95% CI: 1.07-
1.20) compared to the joint exposure (OR 1.06, 95% CL
1.01-1.11).%” Sun et al. assessed the joint exposure of BC, OM, am-
monium salt, nitrate, sulfate, and chloride which showed a
stronger association (HR: 1.46, 95% CI: 1.43-1.49) compared to
single-exposure model of BC (HR: 1.40, 95% CI: 1.38-1.42). In strat-
ification analyses the participants with high exposure to BC had
higher risk of T2D in areas with low green space (low NDVI) (HR:
2.18, 95% CI: 2.05-2.31) compared to areas with high NDVI (HR:
1.95; 95% CI: 1.83-2.08), using the low BC/high NDVI group as the
reference group.”® Wang et al. reported that in joint exposure
model of BC, sulfate, nitrate, ammonium, and organic matter the
risk of T2D was lower but more precise (HR: 1.27, 95% CI: 1.09-
1.49) than in single-exposure model of BC (3.80, 95% CI: 1.83-
7.16). Further adjustment of the joint exposure model by NO,,
PM;o, and SO, increased the risk to HR: 1.35 (95% CI: 1.15-1.60).
Of the five constituents, BC had the greatest positive contribution
(32.7%) to the mixing effect on the risk of T2D.#* Zhou et al.
reported a higher risk in the joint exposure model of air pollu-
tants: PM, s mass, NO,, Os, nitrate, ammonium, organic matter,
BC, chloride, and sulfate (HR: 1.48, 95% CI: 1.26—1.73) compared
to single-exposure model of BC (HR: 1.45, 95% CI: 1.18-1.78).%°

Noise exposure

The characteristics of the 20 studies that used noise as main ex-
posure are shown in Table 2 Of those, 18 studied road traffic
noise, 6 railway noise, and 5 aircraft noise exposure. Of the in-
cluded studies, 16 were conducted in Europe, two in Canada, one
in North America, and one in the Asian region. Regarding the
study design, 13 studies used a longitudinal study design and
seven cross-sectional design.


https://academic.oup.com/exposome/article-lookup/doi/10.1093/exposome/osaf016#supplementary-data
https://academic.oup.com/exposome/article-lookup/doi/10.1093/exposome/osaf016#supplementary-data
https://academic.oup.com/exposome/article-lookup/doi/10.1093/exposome/osaf016#supplementary-data
https://academic.oup.com/exposome/article-lookup/doi/10.1093/exposome/osaf016#supplementary-data

17

Exposome, 2025, Vol. 5, No. 1

(penuniuod)
0¢CC0C T8 12
gpsS> SNSIoA gp GG<USPT :S9LI03318D oyjeLL pariodai-jies - 2102-1102  0£°0S 0TV ¥1 jueqord 3N  SPUBMRUIRN uefueyo
a1nsodxa snonunuod
pue (£1°0) UBIpaW < ‘DTWEUAP ‘Snon
-UQUOD ‘SWoY punoie 5ng (v)dp §5<
‘T9AST 30BI3 SNSUD (V)gp £5< O1IBIS OhjeILL
21nsodxa SNoNunRuod
se pue (o1°0) uerpaw < (v)dp G¥< 91 Apras suty 25€T0T “TB 32
‘2Insodxa DIWRUAD PUB DUEIS  3JBIDINY [e21utd - /10T-¥10C /78S YA 3o frunuwwo) oYL vsn I91[[919]
2/610C 1832
gp § 124 UspT oyjeLL pariodai-1es - 72107 1D /78%SE  IOMUON U3I[eSH O1qnd Yoing  SPUBISUISN 1eyewdwory
610C "2 13
aseardur gp 01 1od usp oyjeLL 1918189y s1e2L 7'ST €661  00%S 209/ €T 110Y0D 3SINN Ysiued sy.L Jrewua( . uasuadig(
§'¢ o1 1ad oyjeLL 195189y s189K6°0T  0T0Z-900C €95 HESO06E Jueqotg 3N dN 20T “TB19 NH
(gprr)¥OI T 1d USpT  Aemrey SINPpV ut
(gpz1) ¥oI 1 19d usp1 JRIDIY saseasi A10jertdssy pue
(gpom)dorT1od uspT  Oyjell  [eJWUID psiodel-es  siesh g z00T  0T'6S T€9¢  UONN[[O4 11V UO APNIS SSIMS  DURMBZIMS  oo/T0T [ 39 923
weI1301d UOTIUSARIL V10T 1819
(V)gp 06 > SNSI2A 0§ < :S9110891eD)  JeIdIly  [edwurD ‘pariodai-jas  sieek6'Q 66T 00 /% 951G $919QBIJ WOYNI01S uspams uossyUT
gpgiad  yewoay
gpsiad  Kempeyg sand ueuedng PRYATANLBE
gp g 1od oyjeLL pariodai-ies - €202 6% 0%9% G ut £pnis [BUOND3S-5S01D euedng AroquIByzg
ap 0£-15 £103s euedng ‘Ao Apao[d 6£1910C "B 1R
18D JoIl Y3m gp 08-T/ USpT :SaL10391eD oyjeLL pariodai-jies - $10C  SP9¢ €15 ut £pn3s [BUOND3S-5S01D euredng AoquIByzq
AT AN R E]
(egpg-9) ¥OI T 12d USPT] SygeIL IS8y s1eeh b 7661 0085  8€/08€ Dd eieq uonemdod epRUBD e
(Apmas-vy031) 81ngssny
1002-666T JO o133y 2y} Ul Yoiessay Lb0T (B 13
1yStu Suump gp 6/ Mo 1od Syjell  Ie)s139Y ‘payodaIjs  si1esA QST ‘Se6TF66T  C6F 9L/ yiesH saneisdoo) Kueurisn edpeg
spun  ainsodxg swonnQ  dn-mofjol aureseg a8y N Apnis Anunon Ieax ‘10yny

“JOUINE 1817 Y3 JO Iapio Surpuadse [eonaqeydie ul paziuesio st a(qel sy, (07 = U) S3[ONIE 2Insodxa 9SI0U PaPN{IUL JO SONSLISIdBIRYD g S[qe.L



Exposome, 2025, Vol. 5, No. 1

18

‘uswom A(uo uonerndod £pnis,

gp ot 1ad oyyerl, 1918189y s1edh6'TT 0T02-900C 0TS 696 SOE Jueqoid 3n M0 4207 “TRI9 ONZ
a1nsodxa snonunuod
se pue (gp 0'85<) ¥O ‘(4P 0°85>-6'¢S) BUIYD Ul S}USPISI
€0 (4P 6'€5>-5'15) 2O (4P $'15>) TO oyjeIL [ed1uID - 8102-/10C S 08¥ Lunwwod pgy wol eieq BUIYD 4, ¥20C “[BI2 NA
44 ARIERE
dp ot 1ad %m.gm.mm \aumwwmm - /T0¢C 1ed 18¢€9 elep Mwumﬂmwuﬁ ysipams Uspams oot SUSDUIA
09< ‘65-SS ‘¥S-0S 6¥-S¥ ‘S¥> :(S) 18D
UIuI UapT pue Xxew uap] :3urdnoin, JRIDITY
Losearoul gp o1 1od Kempey BIEp 19)S139Y 5g1C0C "B I
L2sea1oul gp 01 1od OUJer], 1918189y sieak 6CT 000Z S/Z0S 166E9S¢E [eUONIEN USIUEe( Jrewusq I9ydey],
S9ped’] Pasodxa 1SOUI PUe }SedT,
Laseanul gp 01 1od Kempey Aaning yiresy <9€C0C 1B 19
£95BAIDUL gPOT 1ad DUJeL], I91S139Y s1eak z'9 0T0CZ 0Z'SS TST 982 [euoneN ysiueq Jrewusq U3SUIPS
opeoer] pasodxa 1sea] gps’6 YOI 1od pue B1RD 191SI39y £cCC0T "B I
apeoe] pasodxa 3soul Ul gp 9°0T ¥OI 1od JyJer], 1918189y Ssieak 7’11 5002 S/S  SPSCTT6T [eUONEN USIUEe( Jrewusq PEREII
110Y0D Y3esH 651€T0C “TR 12
gp ot 1od OyJe1l, 1931S139Y sIeak 9'g €661 0195 /8105 pue 120Uk ‘191J ysiued Jrewusq U3sSUIPS
1I0Y0oD lusuoliAug pue
(gp o1) W01 1 12d dyjeIL 1918189y s1B2L 0'ST 100 0£'SS  L09¥16 yiresy uonemndod oueiuo BDRUBD  ,.070C 1B 12 UIYS
gpor oduspT  Aemyrey 110YyoD Yi[esH £g810C "B I
gp ot 1od uspT dyjeIL 1918189y s1eaf §'ST €661 0095 $£505 pue 18dUe) 1317 ysiueq Jrwuaq [emsoy
syun  ainsodxg swoonQ  dn-mofjol suleseq a8y N Apmg Anunop Iedj ‘IoyIny

(penunuod) ‘g s[qe.l



Exposome, 2025, Vol. 5, No. 1 | 19

Traffic noise

Traffic noise was used as the main exposure in 18 studies, of
which 11 were included in the meta-analysis. We found a 6% in-
crease (OR: 1.06, 95% CI: 1.03-1.08; I> = 92.8%) in the risk of
T2D associated with a 10dB increase in exposure to traffic
noise (Figure 7). The funnel plot analysis (Figure S8) and Egger’s
test (P-value > 0.001) indicated the potential presence of publica-
tion bias. The Trim-and-Fill method did not impute additional
studies. Due to the similarity of study characteristics, we did not
perform any further subgroup analysis.

Traffic noise and joint exposure

Of these 18 studies, 13 assessed the joint exposure of the selected
environmental exposures.”!>368:69.72.82-88 Njine studies accounted
for air pollution, green space, walkability, railway- or aircraft noise
as potential confounders.>>%85982° In five of these, the risk esti-
mates remained or slightly attenuated after adjusting for one or
more co-environmental exposures (risk differences between sin-
gle- and joint exposure models between 0.00 and 0.02).>%8%8486.87
Dzhambov et al. did not find an association between traffic noise
and T2D in either single- or joint exposure models.®” Letellier et al.
did not report separately the results from single-exposure model,
but in their two-exposure model adjusted for NO,, they did not
find a significant association between traffic noise and the risk of
T2D (OR: 1.02, 95% CI: 0.84-1.24).%% Eze et al. showed the most pro-
nounced difference between single- and multi-exposure models.
Specifically, adjusting the single-exposure model for green space,
NO,, aircraft- and railway noise increased the RR of T2D from
1.17 (95% CI: 0.88-1.53) to RR: 1.35 (95% CI: 1.02-1.78).°® Sgrensen
et al. reported that the association observed in the single-
exposure models of traffic noise exposure (least- and most-
exposed facades) weakened after adjusting for railway noise and
PM, s. In modification analyses, the CIs were overlapping, but the
association of traffic noise exposure with T2D seemed strongest
among people living in suburban areas (population density of
101-2000 persons per km?).5

Three studies utilized a CRI method to assess the joint expo-
sure of environmental variables.”*>3’? In all three, the risk from
the cumulative index was higher than the risk estimate of the
single-exposure models of traffic noise exposure. Klompmaker
et al. also tested for the potential interaction effect of green space
but did not find a significant interaction between NDVI and road
traffic noise on the risk of T2D. ’? Three studies further tested for
the potential effect modification of air pollution on the associa-
tion between road traffic noise and T2D but didn’t find a differ-
ence in the associations.®%88

Railway noise

The meta-analysis for railway noise exposure included all six
extracted studies, all conducted in the European region. The
results (Figure 8) did not show an association between exposure
to railway noise and T2D (OR: 1.01, 95% CI: 0.95-1.06; I> = 69.8%)
with an indication of publication bias (Egger’s test P-value:
<0.001). The Trim-and-Fill method imputed one additional study
and increased the estimated overall effect estimate (observed
plus imputed) to OR: 1.03, 95% CI: 0.96-1.09 (Figure S9). Due to
the small number of studies and the similarity of study charac-
teristics, we did not perform any further subgroup analysis.
Railway noise and joint exposure: Joint effects of railway
noise and other environmental exposures were examined in four
studies.®®#388¢ Eze et al. found no evidence of association be-
tween railway noise and the risk of T2D either in single exposure
model or joint-exposure model adjusting for green space, NO,,

aircraft noise, and road traffic noise.®® Similarly, Roswall et al.
observed no association in either single or two exposure models,
the latter adjusted for road traffic noise. They further investi-
gated the potential effect modification by road traffic noise expo-
sure but found no interaction.®® Sgrensen et al. reported that the
association observed in the single-exposure model weakened and
lost significance after adjusting for road traffic noise and PM, 5.2
Thacher et al. also found that the association between railway
noise and the risk of T2D was slightly attenuated when further
adjusting for PM, 5, green space, road-, and aircraft noise.*®

Aircraft noise

Five studies assessed aircraft noise exposure and the risk of
T2D.58:69:82.86.89 Only one of the studies found a significant asso-
ciation between aircraft noise and T2D, where independent of
the other transportation noise sources and NO,, the risk of inci-
dent diabetes was RR: 1.92, 95% CI: 1.04-3.55.°% Meta-analysis
was not performed due to the low number of studies that could
be standardized for the analysis.

Aircraft noise and joint exposure

Joint exposures were examined in three of the five studies. Eze
et al. observed an increase in the multiexposure model adjusting
for NO,, road- and railway noise exposure (from RR: 1.92, 95% CI:
1.04-3.55 to RR: 1.96, 95% CI: 1.00-3.81). However, further adjust-
ment for green space attenuated the results to non-significant
(RR: 1.87, 95% CI: 0.96-3.62).%® In the study by Thacher et al. fur-
ther adjustment for green space, PM, s, road traffic- and railway
noise slightly increased the risk of T2D, but being significant only
in the category of 50-54 decibels (HR: 1.04, 95% CI: 1.01-1.07), un-
der 45 decibels was used as the reference category.®® Letellier
et al. did not report results from the single-exposure model, but
in their two-exposure model adjusted for NO,, they did not find
an association between aircraft noise exposure and the risk of
T2D (OR: 1.58, 95% CI: 0.85-2.93).%2

Built environment

The characteristics and main results of the 39 studies exploring
the built environment (green space, walkability, and population
density) are presented in Table 3 Due to the high variation in ex-
posure assessment methods, we provide here a narrative synthe-
sis of the results without performing meta-analyses for the
association of the built environment exposures with T2D.

Green space
A total of 30 studies used green space as the main exposure. The
studies were conducted in various geographic locations utilizing
different assessment methods of exposure to green spaces. The
most commonly used measure of green space was NDVI, which
indicates the amount of green vegetation in the environment.
NDVI was measured with buffers varying from 100 meters to 3 kilo-
meters. Out of 19 cross-sectional studies, 13 reported an inverse
association between exposure to green space and T2D?7290-100
and five did not find a significant association.®®%*°*1%% plang
et al. found a significant association for women only, while the OR
for a model including both women and men was 1.44 CI. 0.82-2.52
in high (quartile 1) versus low (quartile 4) green space density.'**
Eight studies with a longitudinal study design reported a lower
risk of T2D with higher greenness.>>*%6119:199 vy et al. showed
the strongest association, where IQR increase in the cumulative
average of NDVI in the 250-meter buffer was associated with a
44% (HR: 0.56, CI: 0.51, 0.61) reduction in risk of T2D in China.
Results remained similar with 500 and 1000m buffers.


https://academic.oup.com/exposome/article-lookup/doi/10.1093/exposome/osaf016#supplementary-data
https://academic.oup.com/exposome/article-lookup/doi/10.1093/exposome/osaf016#supplementary-data
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Furthermore, living in the highest quartile of cumulative average
NDVI within a 250 m buffer was associated with a 57% (HR =0.43,
95% CI: 0.36, 0.52) reduction in diabetes risk compared with the
lowest quartile.'® Dendup et al. studied prevalent and incident
cases of diabetes separately and found an association only in cat-
egories >30% compared with 0%-4% total green space (OR: 0.70,
CI: 0.51-0.96) in Australia.®®

Albers et al. examined the standardized proportion of green-
space within a 1650 m radius in the Netherlands and found non-
significant trends towards decreased risk for both prevalent and
incident T2D.*'° Badpa et al. studied the association between
NDVI and T2D in Germany. Their result with a wider buffer size
(1000m per IQR 0.14) did not reach significance but was in the
expected direction, showing inverse association with the risk of
T2D: HR: 0.98, 95% CI: 0.88- 1.09. Using the smaller buffer size
(300m per IQR 0.12), the risk changed in an unexpected direction,
but remained statistically non-significant (HR: 1.04, 95% CI: 0.94-
1.14).M" Sgrensen et al. explored the association of green space
and T2D using variables for a non-green living environment.
NonGreen150m, which measured the percentage of areas within
150 meters of the residential address, not classified as agricul-
tural areas, household gardens, recreational areas, forests and
open nature areas, was associated with higher risk of T2D (HR:
1.05, 95% CI: 1.04-1.05. NonGreen1000m measured the percent-
age of areas within 1000 meters of the residential address that
are not publicly accessible green areas (ie, not classified as recre-
ational areas, forests and open nature areas) and was also associ-
ated with a higher risk of T2D (HR 1.03, 95% CI: 1.02-1.04).>

Green space and joint exposure

The joint environmental exposure was considered in nine
articles,?¢:°2:53:8.61.72,98,102,108 The protective association of resi-
dential greenness remained in the study conducted by Clark
et al. where the strongest association was found in a model fur-
ther adjusting for traffic noise, PM, s, and walkability (OR: 0.89,
95% CI: 0.86-0.92).>? For Anza-Ramirez et al. further adjustment
for all built environment exposures (sub-city intersection- and
population density, city isolation- and fragmentation) did not
change the result for green space exposure (NDVI) and the risk of
T2D considerably (from OR: 0.97, 95% CI: 0.93-1.01 to OR: 0.98,
95% CI: 0.94-1.02).1%?

The mediating role of air pollution was assessed in three stud-
ies.”#%81%8 Hy et al. reported that the estimated associations be-
tween green space (NDVI) and diabetes were mediated by PM; s
(5.0%, 95% CI: 0.6%-12%), NO, (41.0%, 95% CI: 6.4%- 76.0%), and
O3 (10.7%, 95% CI: 3.7%-23.0%).® Klompmaker et al. reported
that the proportion mediated by NO, depended on the buffer size
of green space; NDVI with a 300 m buffer proportion mediated by
NO, was 0.20 (95% CI: 0.08-0.33) and with a larger buffer, 1000 m:
0.34, 95% CI: 0.15-0.53.” Yang et al. found evidence of the medi-
ating role of PM; s in the estimated effect between green space
and T2D, with a mediation proportion of 37.0%. When exploring
the modification effect, they found no evidence for PM; s, but for
NO, they observed a protective effect of green space in low levels
of NO, (HR: 0.97, 95% CI: 0.96-0.99) but not in higher quartiles
(P-value for interaction: 0.098). Sun et al.*® categorised air pollu-
tants (PM,s, BC, OM, ammonium salt, nitrate, sulfate, and chlo-
ride) and NDVI into high and low groups based on their medians.
Using low pollutant concentration and high NDVI as the refer-
ence, all the other combinations showed a higher risk of diabetes,
indicating that green space can offer a degree of protective effect
when exposed to pollutants and NDVI concurrently.'®®

Two studies utilized a CRI method to assess the joint exposure
of environmental variables.”®’? Sorensen et al. used two green
space variables (NonGreen 150m buffer and NonGreen 1000 m
buffer) that were associated with the risk of T2D in single- and
two-pollutant models (adjusting for both NonGreen exposures).
In a multi-pollutant model including ultrafine particles, NO,,
road trafficc NonGreen150m and NonGreen1000m, the risk
was slightly attenuated but remained associated with T2D
(NonGreen150m HR: 1.04, 95% CI: 1.03-1.04) and NonGreen1000m
HR: 1.02, 95% CI: 1.01-1.03). To quantify the cumulative burden of
these environmental exposures the CRI method was used, increas-
ing the risk of T2D to HR: 1.12 (95% CI: 1.11-1.13).>* Similarly, in
the study by Klompmaker et al. exposure to green space (NDVI
300m) was associated with T2D in both single- and two-pollutant
models (adjusting for traffic noise). When using the CRI method
for the joint exposure of NO,, NDVI, traffic noise, and oxidative po-
tential metric with dithiothreitol assay, the combined exposure
was larger than in the single exposure models.”? Ohanyan et al.
utilized a multi-exposure Random Forest analysis (RF) where
green space (NDVI 1km) reached statistical significance, whereas
it was not significantly associated with T2D in the single-exposure
model for either NDVI 100m or NDVI 1km.*

Walkability

Altogether 13 studies explored walkability and its association
with T2D.>269110.112:121 Of the longitudinal studies, two from
Canada found that high walkability was associated with lower
T2D incidence among the Canadian adult population.'***** Hua
et al. studied walkability and risk of T2D in the New York
University Women'’s Health Study and found that women living
in the most walkable neighborhood had 25%-33% reduced risk of
diabetes.’* A study conducted in the Netherlands by Albers
et al. used a walkability index (0-100 per IQR 52.23-22.87) with
both prevalent and incident T2D and reported evidence for an in-
verse association only with the prevalent cases of T2D.'*
Kartschmit et al.’*® and Clark et al.>” did not find a significant as-
sociation with walkability and T2D in German or Canadian adult
populations. Four cross-sectional studies reported an inverse asso-
ciation between high walkability and T2D.”***11>119 Sundquist
et al.'*° and Miiller-Riemenschneider et al.**? also observed an in-
verse association between high walkability and T2D in the crude
models, but adjusting for individual-level factors diminished the
association. Dzhambov et al. didn't find an association between
walkability and T2D in their study in five Bulgarian cities (OR: 1.04,
95% CI: 0.87-1.23).¢°

Walkability and joint exposure

Of these 13 studies, three considered joint environmental expo-
sure. For Dzhambov et al., similar to their single-exposure model,
there was no association between walkability and risk of T2D
when adjusted for environmental co-exposures (OR: 1.12, 95% CI:
0.91-1.38).%° The protective association of higher walkability and
T2D became significant in the study conducted by Clark et al.
when further adjusting for traffic noise, PM,s, and greenness
(from OR: 1.01, 95% CI: 0.98-1.04 to OR: 0.95, 95% CL: O.91—O,99).52
Howell et al. adjusted for NO,, which changed the risk of T2D in
the lowest quintile of walkability (versus the highest) from OR:
1.16, 95% CI: 1.13-1.19 to OR: 1.25, 95% CI: 1.22-1.29. Further in-
teraction analysis identified significant interaction effects be-
tween walkability and NO,, indicating that at low levels of NO,,
the likelihood of diabetes was higher among those living in less
walkable neighborhoods. When the levels of NO, increased, the
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probability of diabetes rose in highly walkable neighborhoods
and became comparable across all levels of walkability.”*

Population density

One study by Anza-Ramirez et al. studied the role of population
density on the risk of T2D. They analysed data from 122 211 indi-
viduals from 10 Latin American countries. In a single exposure
model (adjusted for age, sex, education, population educational
attainment at sub-city level, percentage of urban area, and coun-
try as a fixed effect) sub-city population density showed no clear
association with T2D, as the OR per 1 SD increase (4.876/km?)
was near null (OR: 0.99, 95% CI: 0.94-1.03). When further adjust-
ing for all built environment exposures (sub-city intersection
density and greenness, city isolation- and fragmentation) the risk
of T2D slightly attenuated to OR: 0.96, 95% CI: 0.92-1.00.'%?

Heterogeneity analysis

To understand the reasons for high heterogeneity, subgroup
analyses and univariate meta-regression analyses were used to
explore the influence of specific study characteristics on ob-
served effect estimates. The study characteristics considered
were study design, geographic region, outcome measurement
method, adjustment for relevant factors related to T2D, adjust-
ment for other environmental risk factors, and risk of bias score.
These additional analyses were not able to explain the high het-
erogeneity between studies (Figure S7 and Table S6).

Discussion

This systematic review and meta-analysis included 151 studies
related to the Urban Exposome of T2D. The research knowledge
of these studies was synthesized with narrative syntheses per ex-
posure group (air pollution, noise, and built environment) and,
when feasible, meta-analysed with possible subgroup analyses to
evaluate whether the associations varied by individual study
characteristics.

The results of the meta-analyses suggested a positive associa-
tion between air pollutants PM; s, PMjo, NO,, Os, BC, and T2D.
Our results for PM; s, PMyo, and NO, were similar to previous sys-
tematic reviews and meta-analyses.””® For instance, compared
with the results of Yang et al. for air pollution and risk of T2D,
our meta-analyses showed stronger associations. For PM, s, they
reported the HR of 1.10 (95% CI: 1.04-1.17) and for incident cases
OR: 1.08 (95% CI: 1.04-1.12) compared to our result of OR 1.19
(95% CI: 1.16-1.22), which combines both the incident and preva-
lent cases. For PMy, they found HR of 1.11 (95% CI: 1.00-1.22) and
OR: 1.10 (95% CI: 1.03-1.17), whereas our result was OR: 1.23 (95%
CI: 1.13-1.34). For NO, the HR was 1.01 (95% CI: 0.99-1.02) and OR:
1.07 (95% CI: 1.04-1.11) compared to ours OR: 1.13 (95% CI: 1.10-
1.16). Similar to our results, they found a high between-study
heterogeneity for the meta-analyses.” The result for a positive as-
sociation between ozone exposure and risk of T2D was in line
with a recent systematic review and meta-analysis by Yu et al.
which included fewer studies but had a similar effect size of 1.06
(95% CI: 1.02-1.11, n=5) to ours OR: 1.05 (95% CI: 1.02-1.08,
n=20).° We were not able to identify prior meta-analyses on BC
and the risk of T2D. Therefore, our result on BC and risk of T2D
(OR: 1.32, CI 1.15-1.50, n=8) brings new knowledge to this field
of research. Of the air pollutants included in this review, BC
showed the strongest association with T2D, while being the least
studied air pollutant. PM, s was the most studied exposure, con-
sidered as the main exposure in 90 studies, while showing the
highest risk of publication bias. The high number of imputed

studies (n=15) in Trim-and-Fill analysis and a decrease in the ef-
fect estimate (from OR: 1.19, 95% CI: 1.16-1.22 to OR: 1.14, 95% CL:
1.10-1.17) suggest that the publication bias might have led to an
overestimation of the effect size in the observed studies for
PM2.5. Utilizing air pollution scores with methods such as
Weighted Quantile Sum (WQS) regression or Quantile g-compu-
tation (QGC) method can help to understand the cumulative bur-
den of air pollution, providing more insights into the association
with T2D instead of focusing on PM,s or other air pollu-
tants alone.

Differences in the overall effect sizes of the observed associa-
tions per sub-groups were small but can still provide important
information to highlight which factors might contribute to a
higher risk of T2D. From meta-regression analyses, we found
that a study region was a significant covariate for PM; s in both
European and Asian regions, showing a higher risk of T2D com-
pared to North America. Also, NO, studies conducted in the
Asian region showed a higher risk of T2D compared to studies
conducted in North America. However, the study regions in-
cluded in this review did not cover any African countries, and
only two studies were from South America and four from
Australia. Furthermore, only one of the studies assessing noise
exposure was conducted in Asia. Between 2021 and 2045, the
most significant relative increase in the prevalence of diabetes is
expected to occur in middle-income countries (21.1%) compared
to high- (12.2%) and low-income countries (11.9%).* Together,
these findings call for more research focused on low- and
middle-income countries.

Results from the road traffic- and railway noise meta-
analyses were similar to the systematic review and
meta-analysis from 2018 by Sakhvidi et al. where traffic noise
was positively associated with T2D, and no evidence for associa-
tion was observed for railway noise exposure.'> More research is
needed to assess the role of noise exposure, especially the role of
aircraft noise, which had conflicting results in narrative synthe-
sis. The qualitative synthesis of 38 studies on built environment
exposures (green space, walkability, and population density) indi-
cated that the living environment with higher walkability and
greenness has an inverse association with T2D. We identified
only one study that directly examined the relationship between
population density and the risk of T2D. However, population den-
sity is frequently included in walkability indexes and was studied
in that context in four of the included studies.”****'&17 Our
narrative review was in line with previous reviews; Sharifi et al.
reported from a meta-analysis that more access to green space
was associated with lower odds of diabetes OR: 0.79 (95% CI. 0.67-
0.90)."% Similarly, De la Fuente et al. reviewed studies on green
space exposure between 2009 and 2020 and found evidence sup-
porting the protective role of green spaces in the urban context
against T2D and other chronic health conditions, such as obesity
and sedentary behaviors.*®

In this review, 55 studies assessed the joint exposure of envi-
ronmental exposures (air pollution, noise, or built environment)
on the risk of T2D. The noise exposure studies were more consis-
tent in considering other environmental co-exposures than the
built environment or air pollution studies, the latter often consid-
ering only the other air pollutants. The joint exposures were
commonly considered as confounders, but in recent years, the
use of more complex statistical methods has increased. Three
studies®®>*7? utilized the Cumulative Risk Index (CRI) method to
understand the cumulative burden of environmental exposures
on the risk of T2D, and five studies®’**#! used Quantile g-com-
putation (QGC) method to assess the joint effect of mixtures of
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air pollutants. One study utilized the penalised regression Least
Absolute Shrinkage and Selection Operator (LASSO), Random
Forest (RF), and Artificial Neural Networks (ANN) approaches to
study the risk of T2D comprehensively.*® As a whole, the differ-
ence to single exposure models was modest but signaled slightly
smaller effect sizes in joint exposure models. This could poten-
tially lead to overestimation in effect sizes in single-pollutant
models, especially when considering the co-exposures only as
confounding factors.

Only one of the included studies utilized the exposome ap-
proach, indicating that it is not yet widely understood in environ-
mental epidemiology to assess the risk of T2D.?® The exposome
approach was developed to address more accurate and compre-
hensive environmental exposure data, including the selection,
harmonization, description, and analysis of a large set of expo-
sures, making it complex in many respects. This might explain
its still scarce use in assessing the risks of T2D. Longitudinal
studies that combine data from different sources (biological sam-
ples, physical examinations, questionnaires, national registers,
and geospatial models) can provide adequate resources for suc-
cessful exposome studies. In order to analyse various exposures
simultaneously, statistical methods that consider the potential
correlation or interaction between exposures are needed, such as
the CRI and QGS methods. Within the exposome framework, ad-
vanced methods have been developed to study the individual
and joint effects of multiple environmental exposures and have
been reviewed extensively elsewhere.*?2"12¢

Strengths and limitations

This is the largest systematic review and meta-analysis to date
to assess the relationship between T2D and several different
exposures of the Urban Exposome while simultaneously map-
ping the use of the exposome approach. This work provides a
comprehensive synthesis of evidence, and by pooling the results
into various meta-analyses, we were able to provide precise ef-
fect estimates for various environmental exposures related to
the risk of T2D. By combining different study designs, settings,
and populations, we were able to have greater generalizability
of findings.

Our review also has some limitations. We were able to include
studies only in English, and therefore, possible studies that would
have met the inclusion criteria from other languages are missing.
Not all studies distinguished the type of diabetes, especially in
many register-based studies there was no distinction between
type 1 and type 2 diabetes. However, approximately 90% of diabe-
tes diagnoses among adult populations are T2D, and therefore
this is unlikely to affect the results substantially. In future stud-
les, it is highly important to distinguish the types of diabetes to
understand the specific risk factors of each type. We did not use
a validated tool for ROB assessment, which could be a possible
limitation for our study. We decided to use the self-developed
tool due to the variety of study designs and settings included in
this review. The developed tool gives an overview of the possible
sources of bias, and we did not exclude any studies based on it,
but utilized a ROB score to understand the differences between
the studies and ROB domains.

In our review, we have utilized a broad scope of observational
studies to gain an extensive understanding of the role of environ-
mental exposures on the risk of T2D. This resulted in many study
designs with different exposure measures, which can create a po-
tential risk of bias. Publication bias affected the investigated
associations, and considerable heterogeneity was present in
most of the meta-analytic estimates, partly preventing us from

drawing very firm conclusions. However, we did various sensitiv-
ity analyses to strengthen the generalizability of our findings and
to assess whether individual study characteristics affected the
overall estimates. While we recognize these challenges that pre-
vent us from making conclusions that the results would be
causal, this review can still provide a better understanding of the
current state of research and the possible role of environmental
exposures in the risk of T2D. Future studies should utilize
the more comprehensive approaches to understand both the
harmful and beneficial exposures in the urban exposome and
not solely focus on specific exposures such as PM; s. Translating
research information to policymakers allows them to design
policies on those conditions that can be modified. When suc-
cessful, healthcare workers can implement new health inter-
ventions or programs to decrease the risks of adverse living
environment.

Conclusion

We conclude that exposure to air pollution (PM, s, PM;o, NO,, Os,
and BC) and road traffic noise are associated with an increased
risk of T2D. Furthermore, a greener and more walkable living en-
vironment can potentially reduce the risk of T2D. The knowledge
of their joint effect and the mechanism of action in the popula-
tion remains unclear. Future studies should consider joint
exposures, as well as the standardization of the exposure and
outcome assessment methods. The exposome approach was
used only in one research article in the reviewed research.
Advancing the use of the exposome approach and terminology
can help in understanding the T2D risk comprehensively by
enabling a holistic assessment of cumulative environmen-
tal exposures.
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