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ARTICLE INFO ABSTRACT
Keywords: The effects of exposure to black carbon (BC) on various diseases remains unclear, one reason being potential
Children cohort exposure misclassification following modelling of ambient air pollution levels. Urinary BC particles may be a
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more precise measure to analyze the health effects of BC. We aimed to assess the risk of prediabetes and
metabolic syndrome (MetS) in relation to urinary BC particles and ambient BC and to compare their associations
in 5453 children from IDEFICS/I. Family cohort. We determined the amount of BC particles in urine using label-
free white-light generation under femtosecond pulsed laser illumination. We assessed annual exposure to
ambient air pollutants (BC, PMz 5 and NOy) at the place of residence using land use regression models for Europe,
and we calculated the residential distance to major roads (<250 m vs. more). We analyzed the cross-sectional
relationships between urinary BC and air pollutants (BC, PMs 5 and NO5) and distance to roads, and the asso-
ciations of all these variables to the risk of prediabetes and MetS, using logistic and linear regression models.
Though we did not observe associations between urinary and ambient BC in overall analysis, we observed a
positive association between urinary and ambient BC levels in boys and in children living <250 m to a major
road compared to those living >250 m away from a major road. We observed a positive association between log-
transformed urinary BC particles and MetS (ORper unit increase = 1.72, 95% CI = 1.21; 2.45). An association be-
tween ambient BC and MetS was only observed in children living closer to a major road. Our findings suggest that
exposure to BC (ambient and biomarker) may contribute to the risk of MetS in children. By measuring the
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internal dose, the BC particles in urine may have additionally captured non-residential sources and reduced
exposure misclassification. Larger studies, with longitudinal design including measurement of urinary BC at
multiple time-points are warranted to confirm our findings.

1. Introduction

Ambient air pollution is a major contributor to the global burden of
the disease accounting for more than 3.4 million deaths in 2017 and
attributable to approximately 90 million disability-adjusted life-years
(Stanaway et al., 2018). As ambient air pollution is a global problem and
no “safe limits” have been identified (Schwartz et al., 2012), even a very
modest increase in risk represents an important disease burden. Air
pollution has the largest impact on human health in low- and
middle-income countries, particularly in Southeast Asia, but it also
constitutes a major health risk in high-income countries. Approximately
5-25% of the urban population in the European Union are exposed to air
pollutants above EU standards which are much lenient compared to the
World Health Organization recommendations (Guerreiro et al., 2018).

Children are at greater risk than adults for the many adverse health
effects of air pollution, owing to a combination of behavioral, environ-
mental and physiological factors (World Health Organization, 2018).
They are especially susceptible throughout prenatal development and in
their early years, when their lungs, brains, and other organs are still
developing. They breathe faster than adults, taking in more air and, with
it, more pollutants (World Health Organization, 2018).

Accumulation of evidence suggests that ambient air pollution in-
creases the risks of type 2 diabetes mellitus and metabolic syndrome
(MetS) (Eze et al., 2015; Thiering and Heinrich, 2015; Zhang et al.,
2021a). Insulin resistance is considered an independent predictor for
type 2 diabetes (Cameron et al., 2008; Morris et al., 2013) and has been
shown to be positively associated with air pollution (Brook et al., 2016;
Thiering et al., 2013; Thiering et al., 2016). Studies have also indicated
that ambient air pollution may be detrimentally related to individual
components of MetS: hypertension (Sanders et al., 2018; Yang et al.,
2018a), obesity (Wang et al., 2021), elevated fasting glucose (FG) (Ma
etal., 2020) and dyslipidemia (Gaio et al., 2019). The possible biological
pathways might include autonomic nervous system imbalances (Raja-
gopalan and Brook, 2012), oxidative stress, adipose tissue inflammation
(Andersen et al., 2012; Fleisch et al., 2014), endothelial dysfunction, and
alterations in insulin sensitivity, glucose metabolism, and glycosylated
hemoglobin metabolism (Liu et al., 2016; Rajagopalan and Brook,
2012).

However, the exposure assessment for air pollutants, including black
carbon (BC) in epidemiological studies generally rely on spatial-
temporal models using land cover data and other spatial data to repre-
sent multiple primary sources (i.e., road networks, line and point loca-
tions of potential emission sources, building density) with ground-based
and satellite-based measurements to evaluate the monthly or annual
residential exposure levels (Dang et al., 2018; Eze et al., 2015; Liu et al.,
2016; Thiering et al., 2013). Such exposure assessment methods focus on
residential addresses, and less often on workplace addresses, and
therefore cannot capture exposure indoors, or during commuting thus,
inevitably leading to some degree of misclassification. In addition, these
exposure assessment methods are based on the estimation of ambient air
exposures, which does not necessarily equate to the amount of air pol-
lutants inhaled by individuals over an extended period of time (Bai et al.,
2018). On the other hand, biomarkers have the potential to improve
research on the health impacts of air pollution by improving exposure
measurement, expanding knowledge of mechanisms, and allowing for
the exploration of individual susceptibility (Demetriou and Vineis,
2015; Kim et al., 2020). Previous studies have included the use of bio-
markers in the measurement of air pollution, most of which are either
non-specific or reflect short-term exposure (Demetriou and Vineis, 2015;
Lettieri Barbato et al., 2010). Recently, Saenen et al. have devised a

label-free method to quantify BC particles in children’s urine which
reflected medium-term to chronic exposure to combustion-related air
pollution (Saenen et al., 2017). The present study thus comprehensively
investigated the chronic exposure to BC primarily assessed by urinary BC
and additionally by ambient exposure assessment, and its association
with markers of metabolic dysfunction among children and adolescents.

2. Methods
2.1. Study population

The study population was selected from the pan-European, multi-
center, prospective cohort based on the Identifications and prevention of
dietary and lifestyle-induced health effects in children and infants
(IDEFICS) study and its extension: the I.Family study. A total of 16,229
children aged between 2 and 9.9 years, from eight European countries
(Belgium, Cyprus, Estonia, Germany, Hungary, Italy, Spain, and Swe-
den) were examined for the first time in 2007-08 (T), with follow-up
examinations after two (T1; 2009-10) and six (T3; 2013-14, L.Family
study) years. In each country two or more communities were selected
whose socio-demographic profile and infrastructure were similar and
typical for their region. Within each community all children attending
kindergartens and primary schools were eligible (Ahrens et al., 2011;
Ahrens et al., 2014). Risk factors for lifestyle-related outcomes were
assessed in young children in the IDEFICS/I.Family study, and anthro-
pometric and clinical examinations were performed at each examination
wave. Blood samples were considered fasting if the last meal or drink
(other than water) was consumed >8 h before drawing blood. Morning
urine was collected and stored at 4 °C until the examination at the
survey center (where it was aliquoted) and frozen at —80 °C for
long-term storage. Parents gave written informed consent before their
children participated in the study. In addition, children aged 12 years
and above provided simple written consent. Younger children verbally
consented to the tests and sample collection. All eight study centres’
institutional review boards granted ethics approval. For this paper, we
performed a cross-sectional analysis using study participants and urine
samples collected at the last follow-up examination (Ts3).

2.2. Qutcome variables

We used outcomes that were assessed at the last follow-up exami-
nation (T3) in 2013-14. For FG analysis an enzymatic UV test (Cobas
c701, Roche Diagnostics GmbH, Mannheim, Germany) was used from
NaF plasma. Serum insulin was analyzed (at the University of Bremen,
Center for Biomolecular Interactions Bremen) by multiplex analysis with
electrochemiluminescence technology from Meso Scale Discovery
(MSD) using a MULTI-SPOT® Assay System; Human Leptin, Insulin
Assay Kit. The hemoglobin Alc (HbA;.) was analyzed in K2-EDTA
venous blood by high-performance liquid chromatography (AUTOGA
variant, Biorad, Munich, Germany) in a central laboratory. Homeostatic
model assessment for insulin resistance (HOMA-IR) was calculated as
fasting insulin (pIU ml-Y x FG (mg/dl)/405. Prediabetes was defined
as FG between 100 mg/dL to 125 mg/dL or HbA;. between 5.7 and 6.4%
or both (American Diabetes Association, 2020).

The continuous MetS score was calculated summing age and sex-
specific z-scores of waist circumference (WC), HOMA-IR, high-density
lipoprotein (HDL), triglyceride (TG), systolic and diastolic blood pres-
sure (SBP and DBP). The age- and sex-specific z-scores of these compo-
nents were derived using previously described methods (Barba et al.,
2014; De Henauw et al., 2014; Nagy et al., 2014; Peplies et al., 2014), in
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children and adolescents using the data collected in the IDEFICS/IL.
Family cohort.
The formula for continuous MetS score by Ahrens et al. (2014) is
given below:
Zsgp + Zpsp

it — &
MetS score = zy¢ + 5 4 e _ HDL

+ ZHomA-IR

A higher score was associated with an unfavorable metabolic profile
(Ahrens et al., 2014). Additionally, children were categorized as cases of
MetS if at least three of the components of MetS exceeded the 90th
percentile. A detailed description of the measurements of components of
MetS has been published previously (Ahrens et al., 2014).

2.3. Exposure assessment

Urinary BC which reflects chronic exposure to combustion-related
air pollution (Saenen et al., 2017) was measured in samples collected
at T3 (2013-14). The detection method is based on the
non-incandescence related white light generation of BC under femto-
second pulsed illumination as previously reported (Bové et al., 2016;
Saenen et al., 2017). Each urine sample was aliquoted at 100 pl per
imaging chamber constructed by placing a glass coverslip (24 x 24 mm,
#1.5, VWR, The Netherlands) on a microscopic glass slide (75 x 25,
VWR, The Netherlands) merged with 100 pm thick double-sided tape
(4959, Tesa, Germany). The urine-filled imaging chambers were
air-sealed to prevent drying. Images of the urine samples were collected
at room temperature using a Zeiss LSM510 (Carl Zeiss, Germany)
equipped with a femtosecond pulsed laser (810 nm, 120 fs, 80 MHz,
MaiTai DeepSee, Spectra-Physics, USA) tuned to a central wavelength of
810 nm using an EC Plan-Neofluar 20x/0.50 M27 objective (Carl Zeiss,
Germany). The white light generated by the BC particles naturally pre-
sent in the urine was detected via analog photomultiplier detection in
epi-configuration in non-descanned mode after the signal passed
through a 405/10 nm and 550/200 nm band-pass filters. Five 3 x 3 tile
scans were collected 5 pm inwards from the bottom of the imaging
chamber. The resulting tile scans had a field of view of 1350 x 1350 pm?
with a 1536 x 1536 pixel resolution, and a pixel dwell time of 1.6 ps.
The images were acquired by ZEN Black 2.0 Software (Carl Zeiss, Ger-
many). To determine the number of BC particles in the images, a
peak-find algorithm counting connected pixels above a threshold value
of 99.5% and 50% from the highest pixel intensity of the narrow second
harmonic generation channel (400-410 nm) and two-photon excited
autofluorescence channel (450-650 nm), respectively, was used. These
thresholds resulted in highly reproducible values, which were checked
manually using Fiji (ImageJ v2.0, open source software, http://fiji.sc/Fij
i). The average amount of particles detected in the different tile scans
were normalized to the image volume using the focal volume estimated
from the point spread function of the optical system. Finally, the result
was expressed as the number of detected BC particles per milliliter urine.

Modelled air pollution exposures (ambient BC, PMy 5, NO3) were
assigned to the participants’ residential addresses provided at cohort
entry. First, the addresses in the IDEFICS/I.Family cohort were geo-
coded, with a ~95% success rate using automatic matching. The
remaining ~5% were manually geocoded using Google Maps©. Due to
data protection regulations, geocodes in Germany could only be used
after adding white noise error (average of 50 m to the x,y coordinates)
(Buck et al., 2015). The ambient BC, PMj 5, and NO, data were derived
from existing and validated 100 x 100 m land use regression (LUR)
models for Europe developed for the year 2010, see supplementary
methods for details (de Hoogh et al., 2018). Finally, the value of the
2010 exposure assigned to the residential address was rescaled annually
via back-and forward extrapolation using the ratio method according to
the approach by Beelen et al., (2014) (Beelen et al., 2014). This calcu-
lation was facilitated by annual average estimates from the 26 x 26 km
Danish Eulerian Hemispheric Model (Brandt et al., 2012), and applied
by the NUTSI1 region (European Nomenclature of Territorial Units for
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Statistics-1, administrative regions within countries) in Italy, Belgium,
Sweden, Germany, Hungary and Spain. The annual average estimates
were calculated for each year from cohort entry to the end of follow-up
examination i.e. the entire study period that each participant could be
followed-up for (median follow-up duration = 6 years). We also calcu-
lated the residential distance to major roads using OpenStreetMap
(OSM) within QGIS. Major roads were defined according to the OSM
classification of highways using line types classified as motorways,
trunks, primary, and secondary roads. Since there was no change in
residential addresses for almost all study participants we used the same
residential address throughout the study period.

2.4. Covariables

The osmolality of urine at T3 was measured by the advanced Cryp-
tomatic Osmometer (Fiske, Norwood, MA). Urine creatinine was
assessed using immunoturbidimetric protein determination (COBAS
INTEGRA 400 plus, Roche Diagnostics Ltd.) at Institute of Laboratory
Medicine University of Pécs, Hungary. Height [cm] of the children was
measured to the nearest 0.1 cm with a calibrated stadiometer (Seca 225
stadiometer, Birmingham, UK), body weight [kg] was measured in
fasting state in light clothing on a calibrated scale accurate to 0.1 kg
(Tanita BC 420 SMA, Tanita Europe GmbH, Sindelfingen, Germany).
BMI was computed by dividing measured weight [kg] by measured
height [m] squared. The alcohol questionnaire was completed at T3 by
study participants who were 12 years of age or older at the time of ex-
amination. We used the number of occasions reported for alcohol intake
in their lifetime to create a binary indicator variable for alcohol intake.
Sports club membership (yes/no) served as an indicator of physical
activity (Buck et al., 2019). Daily TV, DVD, video, computer or
games-console use in hours were summed to obtain the total screen time
for the whole week. The screen time was categorized in tertiles for its use
as a proxy for sedentary behavior. In T3 these proxy measures were re-
ported by parents if the child was younger than 12 years, or self-reported
if the child was 12 years or older. Parents self-reported their history of
diabetes which was categorized as positive (at least one parent with
diabetes), negative (both parents without diabetes), or unknown (if
diabetes status of mother and father were unknown). Parents were
categorized as smokers if they were identified as current smokers or if
they reported smoking after index childbirth. The highest educational
attainment of parents was classified as a proxy indicator for
socio-economic status (SES) according to the International Standard
Classification of Education (ISCED) (low: ISCED levels 0-2; medium:
ISCED levels 3—-4; high: ISCED levels 5 and higher) using the maximum
educational level of both parents (UNESCO Institute for Statistics,
2012).

2.5. Analysis dataset

Our analysis dataset included study participants with at least one
available metabolic measurement of HbA;., HOMA-IR, FG, MetS, HDL,
WC, SBP, DBP or TG at T3 (n = 9142). Children who reported cigarette
smoking at least on one occasion (n = 370) or those taking anti-diabetic
drugs (ATC codes: A10) within the last 14 days of cohort entry or follow-
up examination (n = 51) were excluded from the analysis. Further,
children with a history of diabetes (n = 16) or with missing residential
address (n = 3252) were excluded from the analysis, thus leading to a
final analysis dataset of 5453 children. The information on residential
distance to a major road was available for 5442 children as the distances
could not be derived for 11 children. The ambient air pollution data
were available for 4315 children as the LUR model was not available for
Estonia (n = 1138). The urinary biomarker assay for BC was performed
on 435 randomly selected urine samples collected at T3 after excluding
children for whom urine samples were not available (n = 1318). After
excluding two samples due to assay failure, the analysis dataset for
urinary BC included 433 study participants. The study population and
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exclusion criteria are shown in Supplementary Fig. 1.
2.6. Statistical analysis

Descriptive statistics of study characteristics included median with
an interquartile range or numbers and percentages as appropriate. To
improve the normality of the distributions we used natural log-
transformed urinary BC for all analyses. To account for the dispersion
pattern of air pollution with decreasing distance from a major road, we
calculated proximity to major roads as the inverse of the distance to the
nearest major road. We also analyzed the data using categorized dis-
tance to a major road (<250 m vs. >250 m).

We included the mean of annual average ambient air pollutants (BC,
PM, 5 and NO») for the entire study period of each participant separately
as a single pollutant in our main model. For e.g.: if a participant entered
the study in 2008 and could be followed-up until 2013, then the mean
for years 2008-2013 were calculated. Similarly, if the participant
entered the study in 2010 and followed up until 2014, then the mean for
years 2010-2014 was calculated and so on. For the present analysis,
since we used outcomes that were assessed at the last follow-up exam-
ination (T3) in 2013-14, the period of modelled ambient pollutants
estimation either included or preceded the outcome assessment. In the
analysis dataset, ambient air pollutants PMg 5 and BC were correlated (r
= 0.65) and including both exposure variables in one regression model
may have distorted the true effects of one or both variables. Therefore,
we attempted to isolate the effect of BC from that of PM; 5 by regressing
BC (dependent variable) on PM; 5 (independent variable). The residuals
of this regression represent the variations of BC independently of PM3 5
such that the resulting residuals are uncorrelated with PMj 5 (Mostofsky
et al., 2012). The coefficient in the models that use BC residuals as
exposure indicates the risk associated with increasing levels of BC
exposure while maintaining a PMj 5 exposure constant. We constructed
study region-specific quartiles and interquartile range (IQR) for all
variables of exposure to ambient air pollution, BC residuals and the
proximity to major roads variable to explore any non-linear association.

Multiple linear regressions were performed to compare the levels of
urinary BC with ambient BC and other ambient air pollutants, BC re-
siduals, distance and residential proximity to major roads while
adjusting for potential confounders - age, sex, study region, body mass
index (BMI), parental education, parental smoking, urine osmolality,
urinary creatinine concentration and month of urine collection. To
investigate whether the associations of urinary BC are stronger with the
recent exposure to annual average ambient air pollutants, we addi-
tionally limited our analysis to annual average ambient air pollutants 1
year before urine sample collection i.e., for urine samples collected in
2014 we used annual average pollutant values of 2013.

We used linear regression to cross-sectionally assess the association
between ambient air pollutants, urinary BC, residential distance as well
as proximity to major roads, and prediabetes and metabolic markers at
T3. We further dichotomized the outcome variables (prediabetes and
MetS) and performed multiple logistic regressions to cross-sectionally
analyze its association with urinary or ambient BC, PMjy 5 and NO; as
a single pollutant or residential distance or proximity to major roads,
separately at Ts. In previous studies differences in association were re-
ported w.r.t sex, obesity (normal weight vs. overweight/obese) or resi-
dential distance to major road (<250 m vs. >250 m) (Clementi et al.,
2019; Mann et al., 2021; Zhang et al., 2021a). We therefore performed
stratified analysis on these variables to investigate for possible effect
modification. We performed sensitivity analysis by limiting the analysis
to non-smoker parents to rule out confounding effects of second-hand
smoking. Crude models included age and sex. The adjusted models
additionally included study region, lifetime alcohol status, family his-
tory of diabetes, membership in a sports club, screen time per week,
parental education and parental smoking.

To account for missingness in the covariables screen time per week,
membership in a sports club, parental education and parental smoking
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we introduced a missing category. All results were reported as regression
coefficients or odds ratios and their 95% confidence intervals. The level
of significance was set to « = 0.05. Statistical analyses were performed
using Stata 16 and R 4.1.0.

3. Results
3.1. Characteristics of the study population

The analysis dataset consisted of 5453 children. Their characteristics
at the last follow-up examination (T3) are shown in Table 1 with a
median age of 11.2 years. The prevalence of obesity was 24%. Fifteen
percent (n = 807) children were prediabetic and almost 6% (n = 303) of
children had MetS (Table 1). The overall study population consisted of
almost 50% females. Almost 11% of study participants reported ever
consuming alcohol. At least one of the parents of 30% of the children
reported being an ex-/current smoker. The characteristics of the samples
selected for urinary BC measurement (n = 433) were similar to the
analysis dataset of 5453 participants (Table 1).

The distribution of ambient BC, PMy s and NO, concentrations in
median (IQR) between 2007 and 2014 at residential addresses of 4315
study participants across different study regions of IDEFICS/I.Family
cohort are depicted in Supplementary Fig. 2.

The annual average ambient PM; 5 and NO; exposures in year 2010
were well above the 2021 WHO guideline values (5 pg/m> and 10 pg/
m3, respectively) for all study participants, and for PM3 s many also
exceeded the former 2005 guideline values (10 pg/m®). Though a
considerable heterogeneity was observed for ambient annual average BC
levels between study participants residing in different study regions, this
heterogeneity wasn’t reflected in the urinary BC levels which showed
comparable median values across study regions (Fig. 1).

3.2. Association between urinary and ambient BC

We did not observe significant associations between urinary BC and
ambient BC in the overall analysis or when stratified on study regions
(Table 2, Supplementary Table 1). However, the stratified analysis by
sex showed an association between urinary and ambient BC in boys
(Bboys @2 = 0.66, 95% CI = 0.07; 1.25, Bgirs g2 = —0.22, 95% CI = —0.76;
0.31, Supplementary Table 2). A similar association was observed in
boys with BC residuals (Supplementary Table 2). We also observed a
positive association between urinary BC and BC residuals in children
living away from a major road (Supplementary Table 3). Finally, the
urinary BC concentrations were higher in children living <250 m from a
major road compared to those living >250 m from a major road
(Table 2, Supplementary Table 4).

3.3. Association between urinary BC and metabolic outcomes

We observed a positive association between urinary BC and MetS
(OR per log unit increase = 1.72, 95% CI = 1.21; 2.45, Fig. 2) with a stronger
association in girls compared to boys (Supplementary Table 5). The
association remained even after exclusion of children with smoking
parents (Supplementary Table 6). On stratifying the analysis by BMI, the
association between urinary BC and MetS was limited only to over-
weight/obese children (OR per 1og unit increase = 2.22, 95% CI = 1.24; 3.95,
Supplementary Table 7). Due to the limited number of children with
prediabetes and MetS in each study region, we couldn’t perform a
stratified analysis on the study region for binary outcomes prediabetes
and MetS (Supplementary Table 8).

3.4. Chronic exposure to ambient air pollutants/residential distance to
major roads and its association with metabolic outcomes

Using the single pollutant model for chronic ambient BC exposure,
we did not observe any statistically significant association with



R. Nagrani et al.

Table 1

Study characteristics of participants included in the analysis dataset.
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Parameters All children at T3 (n = 5453) Children at T3 with urinary BC measurement (n = 433)
Year of examination 2013-14 2013-14
n %/median (IQR) n %/median (IQR)

Age, years 5453 11.2 (9.7-13.1) 433 12.2(10.6-13.4)
Sex, female 2735 50.2 205 47.3
Parental history of diabetes Yes 135 2.5 15 3.5

No 5318 97.5 418 96.5

missing - - - =
Parental education/SES Low 294 5.4 23 5.3

Medium 2301 42.2 201 46.4

High 2738 50.2 206 47.6

missing 120 2.2 3 0.7
Parental smoking (Current/Ex-smokers) Yes 1628 29.9 127 29.3

missing 845 15.5 43 9.9
Membership in a sports club Yes 3573 65.5 307 70.9

No 1636 30.0 111 25.6

missing 244 4.47 15 3.5
Screen time per week (hours) 5061 14 (8.5-21.0) 410 13.5(9.3-20.5)
Ever consumed alcohol” Yes 586 10.8 52 12.0

missing 207 3.8 23 5.0
BMI category by Cole & Lobstein (2012) Thinness grade 1-3 469 8.6 35 8.1

Normal weight 3671 67.3 288 66.5

Overweight/obese 1313 24.1 110 25.4

missing - - - -
WC (cm) 5399 63.6 (58.0-71.0) 428 65.4 (59.9-72.0)
SBP (mm Hg) 5242 106.0 (100.0-112.5) 430 107 (101.0-112.5)
DBP (mm Hg) 5241 64.5 (60.5-69.0) 430 65 (60.0-69.0)
TG (mg/dL) 3719 59.0 (46.0-80.0) 428 56 (44.5-74.0)
HDL (mg/dL) 3719 59.0 (50.0-69.0) 428 58 (50.0-69.0)
HOMA-IR 2607 1.2 (0.8-1.9) 433 1.2(0.8-1.9)
HbA;, (%) 3655 5.0 (4.8-5.2) 433 5(4.8-5.2)
FG (mg/dL) 3084 94.0 (90.0-98.0) 433 94.0 (90.0-99.0)
HOMA-IR >2.5 528 9.7 67 15.5
HbA;. 5.7-6.4% 21 0.4 4 0.9
FG 100 mg/dL-125 mg/dL 798 14.6 87 20.1
Prediabetes Yes 807 14.8 88 20.3

No 2796 51.3 344 79.5

missing 1850 34.0 1 0.2
Metabolic Syndrome Yes 303 5.6 31 7.2

No 2999 55.0 389 89.8

missing 2151 39.5 13 3.0
Urine osmolality (mOsmol/kg) 426 590.5 (699.0-1042.0) 426 890.5 (699.0-1042.0)
Urine creatinine (pmol/1) 3945 10629.0 (7459.0-14433.0) 413 11,690 (8275.0-15912.0)

Abbreviations: BC, black carbon; BMI, body mass index; DBP, diastolic blood pressure, FG, fasting glucose; HbA;., hemoglobin A;.; HDL, high density lipoprotein,
HOMA-IR, homeostatic model assessment for insulin resistance; SBP, systolic blood pressure; TG, triglyceride; WC, waist circumference.

@ Information collected only from participants who were aged 12 years or older at T3. Children below 12 years were considered non-drinkers. Characteristics of the
study participants are presented as number (percentages) for categorical variables and median (25th and 75th percentiles) for continuous variables.

prediabetes or MetS (Fig. 2, Supplementary Table 6). However, in
stratified analysis on residential distance to a major road, we observed
an association between ambient BC and MetS in children living closer to
a major road (ﬁresidential distance <250m to a major road Q3 = 3.12, 95% CI =
1.47; 6.64, Supplementary Table 9). When assessing the association with
metabolic components, we observed ambient PMs 5 to be associated
with HOMA-IR (Bper 10R increase = 0.06, CI = 0.01; 0.12) and HbA;¢ (Bper
IQR increase = 0.06, CI = 0.01; 0.10; Supplementary Table 10). Concerning
chronic ambient NO; levels, we mostly observed null or inverse asso-
ciations with prediabetes, components of MetS (Fig. 2, Supplementary
Tables 5, 6, 7, 9 and 10). Living <250 m from a major road was asso-
ciated with higher levels of HbA;. and DBP (Supplementary Table 10).

4. Discussion

In our analysis dataset of children and adolescents from the IDEFICS/
I.Family study we observed a positive association between urinary BC
and MetS. In stratified analysis, these associations remained significant
in both sexes and in overweight/obese children. To confirm that the
urinary BC mirrors the accumulation of chronic exposure to combustion
related air pollution, we ran linear regressions of log urinary BC on re-
gion specific quartiles of annual average ambient air pollutants and

observed non-linear associations between urinary and ambient BC in
boys. This sex-specific association maybe attributed to the differences in
lung function growth rates and lower respiratory volumes and greater
airway resistance among boys (Clougherty, 2010). Since traffic-related
emissions are one of the major sources of BC particles in the study re-
gion (von Schneidemesser et al., 2017), our observation of stronger as-
sociation of urinary BC with children living closer to a major road seems
plausible. This is the first epidemiological study to assess the association
of the newly identified novel biomarker of internal dose (urinary carbon
load) with a disease outcome.

4.1. Comparison with previous studies

Observational studies have demonstrated that air pollution contrib-
utes to higher FG, insulin resistance, diabetes and MetS in adults (Eze
et al., 2015; Hou et al., 2020; Lee et al., 2019; Matthiessen et al., 2018;
Shamy et al., 2017; Yang et al., 2018b; Yu et al., 2020; Zhang et al.,
2021b). Furthermore, studies have indicated that children are more
vulnerable to the negative health consequences of air pollution due to
their increased minute ventilation, greater levels of physical activity,
and dynamic developmental physiology (Sly and Flack, 2008). Howev-
er, very few studies were able to assess the association of ambient BC
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distance to major roads stratified by study region, median (IQR); whiskers extend to 5% and 95% points of the distribution. Residential air pollution exposures were

not evaluated for Estonia.

with metabolic health particularly in children (Prunicki et al., 2020).
Indeed, only a few epidemiological studies focused on long-term expo-
sure to BC and its association with metabolic health (Curto et al., 2019a;
Du et al., 2021). A previous study conducted on rural Indian adults did
not observe an association of ambient BC with prediabetes or metabolic
outcomes (Curto et al., 2019a; Curto et al., 2019b). Other studies which
explored long-term levels of PM; 5 absorbance, a comparable measure to
BC (Renzi et al., 2018; Strak et al., 2017; Wolf et al., 2016) also observed
weak and modest associations with higher FG or diabetes prevalence.
These weak or null associations were partly attributed to the inability to
capture the complex mixture of sources (Curto et al., 2019a). We spec-
ulate that the previous and the present study may have underestimated
the risk associated with BC due to non-differential exposure misclassi-
fication inherent to the modelling of ambient air pollution levels.
Therefore, in the present study, the inclusion of a biomarker of exposure
to quantify the chronic exposure to BC in addition to spatial models may
have helped in capturing the association with metabolic dysfunction
better. This association was robust such that it persisted even after
limiting the analysis to children without exposure to second-hand
smoke. Our observation of the association between urinary BC levels
and MetS in overweight/obese children is consistent with the mecha-
nism/pathway that BC and other air pollutants contribute to the
development of metabolic dysfunction via its association with obesity
(Clementi et al., 2019; de Bont et al., 2019; Sun et al., 2015).

4.2. Chronic exposure to ambient air pollutants/residential distance to
major roads and its association with metabolic outcomes

We did not observe consistent associations of ambient BC, PMj3 5, or
NO, exposures with metabolic parameters, although there were a few
sporadic associations. In the present study we observed a positive as-
sociation between ambient BC and MetS in children living closer to a
major road. Similar to our observations, based on the limited literature

on MetS, both short- and long-term exposure studies observed positive
associations between ambient BC or living in close proximity to major
roads with adverse metabolic outcomes (Mann et al., 2021; Rajkumar
et al., 2019).

Further, the findings of our current study suggest that living closer to
major road (<250 m) increases the HbA;. and DBP levels in children.
This observation is consistent with the existing literature (Li et al., 2018;
Pindus et al., 2015). Pindus et al. investigated the association of distance
to a major road with blood pressure and showed that living closer than
150 m to a busy road can increase the odds of having cardiac disease and
hypertension (Pindus et al., 2015). Analysis from the Framingham Heart
Study also reported an association between living closer to a major road
and glucose dysregulation (Li et al., 2018).

We observed null or non-significant inverse associations between
ambient NO5 and metabolic outcomes. This is inconsistent with previous
studies which observed significant positive associations (Matthiessen
et al., 2018) or non-significantly elevated estimates (Fuks et al., 2017)
which could be attributed to the relatively moderate sample size for
ambient air pollutant data compared to the above mentioned studies.
Furthermore, though we observed a weak inverse association between
BC residuals and HDL, we did not observe associations between other
ambient air pollutants and HDL or TG. Consistent with our current
findings, no significant associations for air pollutants (PM 5 and NO5)
with TG and HDL were observed in a recent Chinese study of children
and adolescents (Zhang et al., 2021a).

4.3. Sex-related differences

Our observation of sex-related differences in the association with
urinary BC may potentially be associated with sex-specific biological,
social, or behavioral traits that could affect the deposition rate of pol-
lutants and exposure patterns. We observed a stronger association in
girls compared to boys which is inconsistent with a previous report by
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Table 2
Association between urinary BC and exposure to ambient BC, PM; 5 NO, &
residential proximity to major roads (using linear regression).

Exposure Parsimonious Fully adjusted
B (95% CI) B (95% CI)
n 406 406
Proximity to major Q1 ref ref
roads
Q2 0.04 (—0.32; 0.40) 0.00 (—0.36;
0.36)
Q3 0.35 (—0.01; 0.71) 0.32 (—0.04;
0.68)
Q4 0.28 (—0.08; 0.63) 0.35 (0.00; 0.71)
per IQR 0.00 (0.00; 0.01) 0.01 (0.00; 0.01)

Residential distance <250 m to major

roads

increase

0.19 (-0.07; 0.45)

0.40 (0.11;
0.69)

Annual average ambient pollutants 1 year before urine sample collection

n
Ambient BC

Ambient PM, 5

Ambient NO,

BC residuals

Annual average ambient pollutants for the entire study period®

n
Ambient BC

Ambient PM; 5

Ambient NO,

Q1
Q2

Q3
Q4
per IQR
increase
Q1
Q2
Q3
Q4
per IQR
increase
Q1
Q2
Q3
Q4
per IQR
increase
Q1
Q2
Q3
Q4
per IQR
increase
Q1
Q2
Q3
Q4
per IQR
increase
Q1
Q2
Q3
Q4
per IQR
increase

Q1
Q2

366
ref
0.27 (—0.13; 0.66)

0.18 (—0.20; 0.57)
0.09 (-0.28; 0.47)
0.04 (—0.04; 0.11)

ref
0.05 (—0.36; 0.46)

—0.15 (—0.52;
0.22)
0.11 (-0.27; 0.48)

0.02 (—0.01; 0.04)

ref
0.36 (—0.04; 0.77)

0.15 (—0.24; 0.53)
0.15 (-0.23; 0.53)
0.07 (—0.04; 0.17)

ref

—0.11 (—0.50;
0.28)

0.21 (—0.18; 0.60)

—0.03 (-0.41;
0.36)
—0.06 (-0.13;
0.01)

366
ref
0.34 (—-0.5; 0.73)

0.06 (—0.33; 0.46)
0.17 (—0.20; 0.55)
0.03 (—0.04; 0.10)
ref

—0.13 (—0.54;
0.28)

—0.13 (—0.52;
0.26)

0.03 (—0.36; 0.41)
0.02 (—0.01; 0.05)

ref
0.09 (—0.32; 0.50)

366

ref

0.21 (-0.18;
0.61)

0.16 (—0.25;
0.57)

0.19 (—0.24;
0.61)

0.16 (—0.06;
0.37)

ref

0.02 (—0.39;
0.43)

—0.14 (—0.54;
0.26)

0.25 (—0.16;
0.66)

0.10 (—0.06;
0.26)

ref

0.28 (—0.13;
0.70)

0.11 (—0.29;
0.51)

0.28 (—0.13;
0.69)

0.14 (—0.05;
0.32)

ref

—0.09 (—0.48;
0.30)

0.23 (—0.16;
0.62)

—0.07 (-0.47;
0.33)

0.05 (—0.14;
0.24)

366

ref

0.31 (—0.08;
0.69)

0.06 (—0.35;
0.46)

0.31 (-0.10;
0.73)

0.13 (—0.07;
0.32)

ref

—0.10 (—0.52;
0.31)

—0.14 (—0.54;
0.25)

0.24 (—0.18;
0.67)

0.14 (—0.04;
0.31)

ref
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Table 2 (continued)

Exposure Parsimonious Fully adjusted
p (95% CI) B (95% CI)
—0.01 (—0.42;
0.41)
Q3 0.19 (—0.20; 0.59) 0.13 (-0.27;
0.53)
Q4 0.05 (—0.34; 0.44) 0.17 (—0.24;
0.58)
per IQR 0.06 (—0.04; 0.16) 0.14 (—0.05;
increase 0.32)
BC residuals Q1 ref ref
Q2 —0.19 (-0.59; —0.12 (-0.52;
0.21) 0.29)
Q3 —0.15 (-0.55; —0.07 (—0.47;
0.24) 0.33)
Q4 —0.30 (-0.71; —0.23 (—0.65;
0.11) 0.19)
per IQR —0.07 (-0.14; 0.02 (—0.18;
increase 0.004) 0.21)

Abbreviations: BC, black carbon; NO,, nitrogen dioxide; PM, s, particulate
matter <2.5 pm. °Parsimonious models were adjusted for age, sex, urine
osmolality and creatinine. "Fully adjusted models were additionally adjusted for
the study region, body mass index, parental education, parental smoking, and
month of examination. *Mean of annual average ambient air pollutants (BC,
PM, s and NO,) are calculated for the entire study period that each participant
could be followed-up for. Associations are represented for each quartile of
ambient BC/PM; 5/NO,/BC residuals/proximity to major roads vs. Q1 or per
quartile increase in ambient BC/PM; 5/NO2/BC residuals/proximity to major
roads or for residential distance <250 m to major roads vs. >250 m (ref). The
quartiles for the exposures are study region specific. BC residuals were calcu-
lated as the residuals of the regression of annual average BC against annual
average PM, s. Significant associations at p < 0.05 are shown in bold.

Zhang et al. where the associations were more robust in boys (Zhang
et al., 2021a). Given the currently mixed evidence regarding the effect
modification by sex (Clougherty, 2010), further investigation is needed
to elucidate possible mechanisms.

4.4. Suggested biological mechanisms

Several biological mechanisms by which BC and other air pollutants
may be associated with metabolic dysfunction have been suggested in
previous experimental studies (Li et al., 2016; Sun et al., 2009; Xu et al.,
2010). One plausible hypothesis is that the inhalation of air pollutants
may induce the generation of endogenous pro-inflammatory mediators
and vasculo-active molecules, leading to alterations in the insulin
signaling pathway and impaired vaso-relaxation, resulting in insulin
resistance and detrimental vascular effects (Houstis et al., 2006; Miller,
2014). Further, some particulate matter constituents (e.g. nano-sized
particles and soluble metals) may have the potential to pass through
the alveolar-capillary membrane, entering the bloodstream and directly
inducing systemic inflammation and oxidative stress within the pul-
monary tissue and causing “spillover” into the systemic circulation, then
having detrimental effects on the cardiovascular system or other organs
like adipose tissue (Brook et al., 2008). The second plausible explanation
is that air pollutants may disrupt the autonomic nervous system by
activating afferent pulmonary autonomic reflexes, which may raise
blood pressure (Brook et al., 2008; Franklin et al., 2015). In addition,
previous studies have linked air pollution exposure to abnormal
methylation levels of global DNA and candidate genes involved in blood
pressure regulation, glucose-homeostasis, and lipid metabolism path-
ways (Breton et al.,, 2016; Peng et al., 2016). To disentangle the
complexity of the associations between metabolic outcomes and urinary
BC, there is a need for multiple measurements of the biomarker to
facilitate longitudinal analysis and confirm temporality. Overall, this
study adds new insights into the potential role of urinary biomarkers in
the associations between long-term exposure to BC and metabolic
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Fig. 2. Association of urinary BC, ambient pollutants and proximity to major roads with Prediabetes and Metabolic syndrome in children and adolescents of the
IDEFICS/I. Family cohort. Abbreviations: BC, black carbon; NO,, nitrogen dioxide; PM, s, particulate matter <2.5 pm. Parsimonious models were adjusted for age
and sex. Fully adjusted models were additionally adjusted for the study region, lifetime alcohol status, membership in a sports club, screen time/week, parental
education status, parental smoking and family history of diabetes. Parsimonious and fully adjusted models for urinary BC were additionally adjusted for urine
osmolality and creatinine. *Mean of annual average ambient air pollutants (BC, PM, 5 and NO,) are calculated for the entire study period that each participant could
be followed-up for. Associations represent per unit increase in log urinary BC or per IQR increase in ambient BC/PM, 5/NO2/BC residuals/proximity to major roads or
for residential distance <250 m to a major road vs. >250 m (ref). The IQR for the exposures are study region specific. BC residuals were calculated as the residuals of
the regression of mean of annual average BC against mean of annual average PM, s. *Additionally adjusted for ambient BC.

dysfunction in children.
4.5. Strengths and limitations

The strength of the study is that it takes advantage of the novel
urinary biomarker for BC in addition to the ambient exposure assess-
ment using European-wide LUR models. Our study utilizes careful
outcome assessment using several biomarkers for assigning prediabetes
and MetS to the study participants. The study includes the non-smoking
vulnerable population of children from the well-characterized pan-Eu-
ropean IDEFICS/I.Family cohort combined with objective information
on ambient air pollutants and outcomes.

Despite these strengths, our analyses may have suffered from limited
statistical power for ambient air pollutants/stratified analysis which
may have precluded us from finding small (perhaps clinically important)
associations. Selection bias may have occurred in the analysis dataset;
nevertheless, it is unlikely that selection/participation was impacted by
both exposure and disease status as previous attrition analyses from our
cohort showed only marginally affect exposure-outcome associations
(Langeheine et al., 2018). Given the cross-sectional study design, we
could not establish temporality between the biomarker and the health

effects examined. Though both the ambient LUR models and urinary BC
reflect chronic exposure to BC, the ambient air pollution concentrations
may have limitations as they were estimated only based on participants’
residential addresses whereas the biomarker additionally captured in-
door, at school, or other non-residential sources of BC. This may explain
the observed differences in associations between ambient and biomarker
models with outcomes of interest and also the considerable heteroge-
neity in the ambient air pollutants observed across study regions
compared to urinary BC levels. In addition, some residual confounding
factors (e. g., noise, green space, average time activity patterns) were not
considered in the current study.

Conclusion: Based on a detailed analysis of BC, one of the most
important components of PM, 5 and by applying a new biomarker for
urinary BC particle load, we conclude that exposure to BC may
contribute to the risk of MetS in children and adolescents. By addi-
tionally capturing non-residential sources and measuring the internal
dose of BC, the novel urinary biomarker has probably reduced exposure
misclassification in case of long-term BC exposure and subsequently
achieved a higher precision of the effect estimates for metabolic out-
comes. Larger studies and studies with longitudinal design may further
confirm our findings with measurement of the urinary biomarker at
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multiple time-points.
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