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A B S T R A C T

There is limited epidemiological evidence regarding the health effects of ultrafine particles (UFP; particles with 
an aerodynamic diameter of 10–100 nm). This study investigated whether long-term exposure to total particle 
number concentration (PNC), used as a surrogate for UFP, is associated with cardiometabolic diseases, chronic 
obstructive pulmonary disease (COPD), and cardiometabolic biomarkers.

Our cross-sectional study included 27,390 participants of the NAKO study centers in Augsburg and Regensburg 
in Southern Germany. Health outcomes included self-reported, physician-diagnosed diseases such as hyperten
sion, myocardial infarction, or COPD, alongside blood biomarkers such as glucose. Annual PNC averages for 
2014 were estimated using supervised land use regression models and linked to participants’ home addresses. We 
also obtained annual averages of further pollutants (e.g., particulate matter ≤ 2.5 µm (PM2.5)) for 2010. We 
applied covariate-adjusted logistic and linear regression models to examine associations between PNC and health 
outcomes. Additionally, we assessed interdependencies between pollutants using two-pollutant models.

Long-term exposure to PNC was associated with increased odds of hypertension and myocardial infarction, 
and COPD, as well as elevated glucose and leukocyte levels. For example, the odds ratio for hypertension was 
1.03 (95% confidence interval: 1.01;1.05) for each increase in PNC by 1000 particles/cm3. Two-pollutant models 
did not substantially change the results for PNC but led to slightly wider confidence intervals.

In conclusion, our study suggests that long-term exposure to PNC, as a surrogate for UFP, contributes to the 
risk of hypertension, myocardial infarction, COPD, and elevated blood glucose and leukocyte levels in adults. 
These results highlight the role of UFP within the broader mixture of ambient air pollution and underscore the 
need for strategies to reduce UFP exposure to prevent adverse cardiometabolic and pulmonary health effects.

1. Introduction

According to the State of Global Air 2024 report, ambient particulate 
matter (PM) contributed to more than 4,7 million deaths worldwide in 
2021 (Health Effects Institute, 2024). Moreover, ambient PM has been 
linked with several diseases, including cardiovascular, metabolic, and 

respiratory diseases (Forastiere et al. 2024, Newman et al., 2020, 
Rajagopalan et al., 2024).

Ultrafine particles (UFP) are defined as particles with an aero
dynamic diameter ≤ 100 nm. They are emitted directly as primary 
particles by combustion processes for example in engines or formed as 
secondary particles by photochemical processes and condensation of 
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München, Ingolstädter Landstr. 1, 85764 Neuherberg, Germany.

E-mail addresses: susanne.breitner-busch@ibe.med.uni-muenchen.de, susanne.breitner@helmholtz-munich.de (S. Breitner-Busch). 

Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

https://doi.org/10.1016/j.envint.2025.109806
Received 17 March 2025; Received in revised form 16 September 2025; Accepted 17 September 2025  

Environment International 204 (2025) 109806 

Available online 20 September 2025 
0160-4120/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-4343-201X
https://orcid.org/0000-0002-4343-201X
https://orcid.org/0000-0002-1084-2442
https://orcid.org/0000-0002-1084-2442
https://orcid.org/0000-0003-4371-9309
https://orcid.org/0000-0003-4371-9309
https://orcid.org/0000-0002-6986-3934
https://orcid.org/0000-0002-6986-3934
https://orcid.org/0000-0002-3011-6886
https://orcid.org/0000-0002-3011-6886
https://orcid.org/0000-0001-6645-0985
https://orcid.org/0000-0001-6645-0985
mailto:susanne.breitner-busch@ibe.med.uni-muenchen.de
mailto:susanne.breitner@helmholtz-munich.de
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2025.109806
https://doi.org/10.1016/j.envint.2025.109806
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2025.109806&domain=pdf
http://creativecommons.org/licenses/by/4.0/


gaseous precursors such as cooling exhaust gases (Morawska et al., 
2008, Vu et al., 2015). UFP, as the smallest sub-fraction of PM, differ 
from larger particles. Due to their very small size, they contribute only 
insignificantly to the PM mass but determine the particle number con
centration (Health Effects Institute Review Panel on Ultrafine Particles, 
2013). Both fine PM (PM2.5) and UFP can penetrate deep into the lungs. 
While PM2.5 is recognized particularly by macrophages, UFP can enter 
the bloodstream via the alveoli and spread throughout the body via the 
blood (Oberdorster et al., 2005, Peters et al., 2006). Due to their larger 
surface area and high surface reactivity compared to other PM fractions, 
UFP can also transport more chemical substances per unit mass (Kwon 
et al., 2020). Therefore, UFP might pose greater health hazards 
(Ohlwein et al., 2019, Stone et al., 2017).

However, in contrast to PM2.5 and other air pollutants, there are no 
regulations or standards for UFP due to limited data on long-term 
exposure to UFP and their effects on human health (World Health Or
ganization, 2021). Epidemiological studies on long-term exposure to 
UFP or particle number concentrations (PNC) as a marker of UFP are a 
challenge due to the short lifetime of UFP in the atmosphere, high spatial 
variability, rapid temporal change in concentrations at a local scale, and 
lack of routine monitoring. The WHO, therefore, concluded that there is 
a need for more long-term studies using modern standardized mea
surement methods and modeling approaches.

The limited number of studies conducted so far on long-term expo
sure to PNC, however, indicate associations between UFP and cardio
vascular morbidity and mortality (see, for example, Bai et al., 2018, Bai 
et al., 2019, Bouma et al., 2023, Downward et al., 2018, Poulsen et al., 
2023, Qi et al., 2024, Weichenthal et al., 2024), diabetes (Sorensen 
et al., 2022a, Sorensen et al., 2022b), and chronic obstructive pulmo
nary disease (COPD) (Weichenthal et al., 2017). Even fewer studies have 
examined the associations of long-term exposure to PNC with blood 
biomarkers. These studies mainly focused on markers of inflammation 
and coagulation, such as C-reactive protein, interleukin 6, or fibrinogen 
(see, for example, Corlin et al., 2018, Lane et al., 2023, Pilz et al., 2018, 
Vogli et al., 2024), showing mixed results.

In this cross-sectional study, we investigated whether there is an 
association between long-term exposure to PNC and cardiovascular 
diseases (hypertension, myocardial infarction, and stroke), diabetes, and 
COPD as well as cardiometabolic risk markers (glucose, hemoglobin A1c 
(HbA1c), and leukocytes) in more than 27,000 participants of the 
German National Cohort. In addition, there are currently not enough 
studies that adjust for the effects of other particulate air pollutants such 
as PM2.5 or PM10 (Ohlwein et al. 2019). Therefore, we explored in two- 
pollutant models whether the associations with UFP can be distin
guished from those of other air pollutants.

2. Material and methods

2.1. Study population and area

The German National Cohort (NAKO Gesundheitsstudie) is a 
population-based cohort study of more than 205,000 participants across 
Germany. Participants aged 19–74 years with their main residence in 
one of the 16 recruitment regions in Germany were randomly selected 
from the total population to participate in the baseline examination 
between 2014 and 2019. The baseline examination included a stan
dardized, computer-assisted face-to-face interview and questionnaires to 
be filled in by the participants (mainly via touchscreen), as well as a 
wide range of medical examinations and the collection of various bio
logical samples. General information regarding the NAKO study design 
and methods are described elsewhere (Peters et al., 2022, Schipf et al., 
2020). All participants provided written informed consent to the study; 
the study has received ethics committee approval from all participating 
centers.

In this study, we focused on the regions of Augsburg and Regensburg 
in Bavaria, Southern Germany. From the available data set of 30,610 

participants, we excluded 3,220 participants due to missing data on 
outcome, exposure, or essential covariates.

2.2. Outcome data

Data on medical history, i.e., the self-report of diseases, was collected 
as part of the interview. In this interview, participants were asked 
whether they had ever been diagnosed by a doctor with myocardial 
infarction, high blood pressure (hereinafter hypertension), stroke, dia
betes, or COPD.

Participants’ blood samples were collected and filled into serum and 
EDTA whole blood tubes, respectively. The preanalytical handling fol
lowed the NAKO standard operating procedure (Peters et al., 2022). The 
first set of tubes was stored at 4 ◦C and the second set at room temper
ature. The blood samples of participants from the Augsburg region were 
sent to a local cooperating medical laboratory (University Clinic Augs
burg), whereas the samples of participants from Regensburg were 
transported to the central NAKO study laboratory (Institute of Clinical 
Chemistry and Laboratory Medicine, University Medicine Greifswald). 
Every blood sample was checked visually for selected quality criteria in 
the laboratories following the standard operating procedures. In the few 
cases of severe pre-analytical errors, such as clot formation in EDTA 
samples, omitted centrifugation of serum samples, or samples with 
insufficient material, the sample was rejected. If the visual inspection 
revealed hemolytic or lipemic serum samples, only measurands insen
sitive to the respective condition were determined; the remaining 
measurands were set as missing. Leukocyte counts were measured using 
fluorescence flow cytometry optic/laser-scattering (Sysmex XN-9000, 
Sysmex Corporation, Kobe, Japan), HbA1c levels were determined by 
high-performance liquid chromatography (Augsburg: VariantTM II He
moglobin Testing System, Bio-Rad Laboratories, Hercules, USA; 
Regensburg: Tosoh G8 HPLC Analyzer, Tosoh Bioscience, Inc., San 
Francisco, USA), and glucose levels were measured by photometry 
(Augsburg: Cobas 8100, Roche Diagnostics, Rotkreuz, Switzerland; 
Regensburg: Dimension Vista 1500, Siemens Healthineers, Erlangen, 
Germany).

2.3. Exposure assessment

Data on long-term annual average exposure to PNC were obtained 
from supervised land use regression (LUR) models (Dallavalle et al., 
under review; preprint available at SSRN: https://ssrn.com/abstract 
=4925764). Briefly, a LUR model was developed for Augsburg and the 
two surrounding districts based on two previous measurement cam
paigns with 20 monitoring sites in 2014/15 (three measurement rounds 
of two weeks per site between 01.03.2014–––15.04.2015) and six sites 
in 2017 (eight measurement rounds of two weeks per site between 
01.01.2017–––31.12.2017; sites are visualized in Supplemental Mate
rial, Fig. S1). The discontinuous site measurements were calibrated 
against the long-term annual average with continuous measurements 
from an urban background site (reference site) following our previous 
modelling approach (Wolf et al., 2017). As spatial predictors, we offered 
indicators of land use, road networks, topography, building density, and 
meteorology (wind speed, precipitation height) as well as remote 
sensing data (imperviousness, forest density, Normalized Difference 
Vegetation Index, near-surface nitrogen dioxide (NO2)). To account for 
the time difference and repeated measurements at multiple monitoring 
sites, we applied a generalized additive model. The model showed high 
adjusted explained variance and leave-one-out cross-validation R2 of 
0.90 and 0.76, respectively. We then transferred the model to the 
Regensburg region by calculating the finally selected predictors for the 
centroids of a 50 m x 50 m grid, and applying the model to these cen
troids. We externally validated our predictions using in-situ measure
ments carried out in 2020/21 at six monitoring sites (Supplemental 
Material, Fig. S2) which showed good agreement between measured and 
predicted PNC with Spearman correlation r = 0.75. Participants’ home 
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addresses were then linked to the predicted PNC exposure maps for the 
year 2014 (50 m x 50 m grid for both areas). To determine the resi
dential exposure levels, a 50-meter buffer was created around the ad
dresses, and the area-weighted mean of PNC was calculated.

In addition to PNC, we also obtained annual averages of PM2.5, black 
carbon (BC), and NO2 for the year 2010 from the European project 
“Effects of Low-Level Air Pollution: A Study in Europe” (ELAPSE) (de 
Hoogh et al., 2018). Briefly, predicted concentrations at a 100 m x 100 m 
spatial resolution were modeled using hybrid LUR models that com
bined monitoring data, land-use indicators, satellite observations, and 
dispersion models. Predicted concentrations were assigned to the par
ticipants using their geocoded residential addresses.

2.4. Covariates

Covariate information was obtained via the standardized, computer- 
assisted face-to-face interview, questionnaires to be filled in by the 
participants (mainly via touchscreen), and physical examinations per
formed by trained investigators at the study centers. Covariates 
considered in this study were age (in years), sex (female, male), smoking 
status (current smoker; former smoker; non-smoker), marital status 
(single; married, living together; married, living separated; divorced, 
widowed), level of education according to the international standard 
classification of education (ISCED) 2011 (still in training, low, medium, 
high), alcohol consumption (g/day), and physical activity (metabolic 
equivalents of tasks (MET) minutes per week).

Additionally, we obtained the annual average of the monthly 
household income (in Euro) and the unemployment rate (in %) at the 
administrative district level from the INKAR database (https://www. 
inkar.de) of the Federal Office for Building and Regional Planning 
(BBSR) (Wolf et al., 2025). The degree of urbanization (1 = cities, 2 =
towns, and suburbs, 3 = rural) at the municipality level was downloaded 
from EUROSTAT.

2.5. Statistical analysis

Continuous variables of baseline characteristics and outcomes are 
presented as mean and standard deviation (SD), and categorical vari
ables are presented as absolute numbers and percentages. The air 
pollution levels are expressed as mean and SD, minimum–maximum 
range, and interquartile range (IQR). We performed Spearman’s rank 
correlation to assess correlations between environmental exposures.

For the disease outcomes, we applied multivariable logistic regres
sion models, while for the continuous risk markers glucose, HbA1c, and 
leukocytes, we performed multivariable linear regressions. For all linear 
models, the outcomes were log-transformed to approximate the normal 
distribution of the residuals.

All models were adjusted for confounders and covariates, which we 
selected a priori based on previous studies and a directed acyclic graph 
(DAG) using the software DaGitty (Textor et al., 2011) to identify min
imal sufficient sets of covariates (Supplemental Material, Fig. 3). Ad
justments were made for the study region (Augsburg or Regensburg), 
age, sex, level of education, and the annual average of the monthly 
household income at the administrative district level. In addition, we 
added outcome-related risk factors, such as smoking status, physical 
activity, and alcohol consumption, which explained some heterogeneity 
of our participants.

Two-pollutant models based on the main model structure were 
applied to explore the independent effects of PNC from other air pol
lutants (PM2.5, BC, and NO2).

We explored potential effect modifications of the PNC associations 
by including an interaction term between the respective effect modifier 
and UFP in the regression models. As potential effect modifiers were 
considered: age (< vs. ≥ 60 years old), sex (female vs. male), smoking 
status (never or ex- vs. current smokers), BMI (non-obese vs. obese, i.e., 
BMI ≥ 30 kg/m2), and the annual average monthly household income 

(< median vs. ≥ median) at the neighborhood level.
A series of sensitivity analyses were performed to check the robust

ness of the associations between long-term exposure to PNC. These 
included: (1) minimum adjustment models that included only the study 
region (Augsburg or Regensburg) and the basic demographics (sex and 
age), (2) adjustment only for study region, age, sex, level of education, 
and the annual average of the monthly household income at the 
administrative district level, (3) additional adjustment for the marital 
status, (4) the unemployment rate at the administrative district level, or 
(5) BMI, (6) the use of mixed regression models with a random effect of 
the study region, (7) only inclusion of participants who had lived at their 
residence for at least 5 years before examination, (8) separate analysis 
for the Augsburg region and Regensburg region to explore whether there 
were different effect patterns between the area where the LUR model 
was trained (Augsburg) and the area where it was transferred (Regens
burg); (9) further two-pollutant models using annual averages for PM2.5 
and NO2 from the German Environment Agency at a spatial resolution of 
1 km x 1 km for the years 2014 and 2017. The data are based on a data 
assimilation technique called Optimal Interpolation, which uses the 
chemical REM-CALGRID model and integrates measured air pollutant 
concentrations from background monitoring stations (Nordmann et al., 
2020). In addition, we tested the assumption of linearity of the PNC 
effect with the help of P-splines and likelihood ratio tests comparing the 
models with non-linear and linear terms for PNC.

Table 1 
Descriptive statistics of participant characteristics at both study regions and 
combined.

Variable Augsburg (N 
¼ 18,345)

Regensburg (N 
¼ 9,045)

Total (N ¼
27,390)

Mean ± SD / N 
(%)

Mean ± SD / N 
(%)

Mean ± SD 
/ N (%)

Age (years) 49.8 ± 12.7 49.7 ± 12.7 49.7 ± 12.7
Sex (male) 9,307 (50.7) 4,519 (50.0) 13,826 

(50.5)
BMI (kg/m2) 27.0 ± 5.2 26.7 ± 5.1 26.9 ± 5.2
Smoking status ​ ​ ​
Never smoker 8,895 (48.5) 4,603 (50.9) 13,489 

(49.3)
Former smoker 5,613 (30.6) 2,866 (31.6) 8,479 

(31.0)
Current smoker 3,837 (20.9) 1,576 (17.4) 5,413 

(19.8)
Level of education ​ ​ ​
Still in training 229 (1.3) 170 (1.9) 399 (1.5)
Low 718 (3.9) 337 (3.7) 1,055 (3.9)
Medium 9,145 (49.9) 4,162 (46.0) 13,307 

(48.6)
High 8,253 (45.0) 4,376 (48.4) 12,629 

(46.1)
Physical activity (MET 

min/week)
3922.2 ±
2582.1

3860.6 ± 2564.6 3901.9 ±
2576.4

Alcohol consumption (g/ 
day)

11.1 ± 17.5 11.4 ± 17.6 11.1 ± 17.5

Household income at the 
administrative district 
level

1830.3 ±
194.7

1831.0 ± 29.7 1830.6 ±
160.2

Glucose (mmol/l) 5.6 ± 1.4 5.5 ± 1.4 5.6 ± 1.4
HbA1c (mmol/l) 36.6 ± 7.0 36.5 ± 6.1 36.6 ± 6.8
Leukocytes (Gpt/l) 6.4 ± 1.9 6.5 ± 1.8 6.5 ± 1.9
Hypertension (yes) 4,967 (27.1) 2,355 (26.0) 7,322 

(26.7)
Myocardial infarction (yes) 325 (1.8) 151 (1.7) 476 (1.7)
Stroke (yes) 269 (1.5) 138 (1.5) 407 (1.5)
Diabetes (yes) 1,034 (5.6) 556 (6.2) 1,590 (5.8)
COPD (yes) 796 (4.3) 393 (4.3) 1,189 (4.3)

BMI = body mass index; HbA1c = hemoglobin A1c; COPD = chronic obstructive 
pulmonary disease; SD = standard deviation
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3. Results

The final analysis dataset included 27,390 participants. The mean 
age was 49.7 years, and half of the participants were male (Table 1). 
Slightly more participants from Augsburg reported being current 
smokers than those from the Regensburg region. Moreover, slightly 
more participants reported physician-diagnosed hypertension in the 
Augsburg region, while slightly more participants from Regensburg re
ported physician-diagnosed diabetes.

PNC concentrations as well as the exposures to the other pollutants 
were comparable between the Augsburg and Regensburg participants 
with respect to the mean concentrations and their ranges (Table 2). 
Spearman correlations for PNC were low to moderate with PM2.5 (rs ≤

0.5) and moderate with BC and NO2 ranging from 0.64 to 0.75.
Associations between long-term exposure to PNC and self-reported, 

physician-diagnosed diseases showed overall a positive trend (Fig. 1, 
Supplemental Material, Table S1), with statistically significant odds 
ratios (OR) for hypertension (OR: 1.031; 95 % confidence interval (CI): 
1.007;1.054, per an increase in PNC of 1000 particles/cm3) and MI (OR 
1.095; 95 % CI: 1.021,1.174). In addition, associations between long- 
term exposure to PNC and cardiometabolic risk markers also showed a 
positive trend; however, only the associations with glucose and leuko
cyte were statistically significant (Fig. 1; Supplemental Material, 
Table S1). Specifically, a 1000 particles/cm3 increase in PNC was 
associated with a 0.26 % (95 % CI: 0.09 %;0.43 %) increase in geometric 
mean of glucose levels. Moreover, when looking at the two study regions 
separately, we found a consistent pattern of associations between PNC 
and all blood markers for the Augsburg region (Supplemental Material, 
Table S5).

In addition to PNC, we investigated the associations between long- 
term exposures to PM2.5, BC, and NO2 and cardiovascular, metabolic, 
and respiratory diseases as well as the cardiometabolic risk markers; 
results are presented in Fig. 2 and the Supplemental Material, Tables S2 
and S3. Long-term exposures to all pollutants consistently showed as
sociations with hypertension, myocardial infarction, COPD and glucose 
levels.

Adding PM2.5, BC, or NO2 in two-pollutant models did not substan
tially change the relationship between long-term PNC exposure and 
prevalent hypertension and myocardial infarction or glucose levels. 

However, it led to wider confidence intervals (Fig. 3), especially for the 
associations with myocardial infarction and stroke.

No consistent patterns of effect modifications for PNC and the 
different outcomes were found (Fig. 4 and Supplemental Material, 
Fig. S4). For example, for hypertension, myocardial infarction, stroke, 
and glucose, participants aged 60 years and older showed (slightly) 
stronger associations; however, for diabetes and COPD, this pattern was 
not observed. Moreover, smokers showed (slightly) stronger associa
tions between PNC and disease outcomes but not with glucose. 
Furthermore, participants with a BMI < 30 kg/m2 showed statistically 
significant higher odds ratios for hypertension, myocardial infarction, 
and stroke compared to those with a BMI ≥ 30 kg/m2. In contrast, as
sociations of PNC and glucose levels and diabetes were stronger among 
participants aged 60 years and older and among those with a BMI ≥ 30 
kg/m2 (Fig. 4 and Supplemental Material, Fig. S4).

We performed a series of sensitivity analyses to check the robustness 
of the associations of long-term exposure to PNC and health outcomes. 
Associations were stronger when only adjusting for study region, age, 
sex, level of education, and the annual average of the monthly house
hold income at the administrative district level, especially, for the blood 
biomarkers (Supplemental Material, Tables S4 and S5). Results did not 
show any relevant changes, e.g., when including marital status, BMI, or 
the unemployment rate at the administrative district level, restricting 
the analysis to only participants who had lived at their residence for at 
least 5 years before examination, or in further two-pollutant models 
(Supplemental Material, Tables S4 and S5). We also did not observe any 
deviations of the PNC effects from linearity (Supplemental Material, 
Figs. S5 and S6).

4. Discussion

In this cross-sectional study, long-term exposure to PNC was asso
ciated with an increased odds for hypertension, myocardial infarction, 
and COPD, as well as with increased glucose and leukocyte levels. In 
addition, long-term exposures to PM2.5, BC, and NO2 consistently 
showed associations with hypertension, myocardial infarction, COPD, 
and glucose levels. Adding PM2.5, BC, or NO2 in two-pollutant models 
did not substantially change the results for PNC but led to wider confi
dence intervals. We did not observe consistent patterns of effect modi
fications for PNC and the different outcomes.

Only a limited number of studies on long-term effects of UFP and 
cardiometabolic outcomes have been conducted so far; nearly all have 
looked at associations with mortality (Bouma et al., 2023, Qi et al., 
2024, Weichenthal et al., 2024) or disease incidences (Bai et al., 2018, 
Bai et al., 2019, Downward et al., 2018, Poulsen et al., 2023, Wei
chenthal et al., 2017, Sorensen et al., 2022b). For example, studies 
conducted in Canadian-born adults aged 30–100 years living in Toronto, 
Canada, during the years 1996–2012 found associations between UFP 
and incidences of hypertension (hazard ratio (HR) of 1.03; 95 % CI: 1.02, 
1.04 per IQR increase in UFP), acute myocardial infarction (HR of 1.05; 
95 % CI: 1.02, 1.07), diabetes (HR of 1.06; 95 % CI: 1.05, 1.08) and 
COPD (HR of 1.06; 95 % CI: 1.05, 1.09) (Bai et al., 2018, Bai et al., 2019, 
Weichenthal et al., 2017). Prospective cohort studies in the Netherlands 
and Denmark found similar results for myocardial infarction 
(Downward et al., 2018, Poulsen et al., 2023) and diabetes (Sorensen 
et al., 2022b). Our results on the associations between PNC and the odds 
of hypertension, myocardial infarction, and COPD are in line with these 
previous studies looking at disease incidences. However, we did not 
observe associations between PNC and prevalent diabetes mellitus, 
which is consistent to a cross-sectional study conducted in the United 
States (Li et al., 2017).

Very few studies have examined the associations of long-term 
exposure to PNC with blood biomarkers. These studies mainly focused 
on markers of inflammation and coagulation, such as C-reactive protein, 
interleukin 6, or fibrinogen (e.g., Corlin et al., 2018, Lane et al., 2023, 
Lucht et al., 2019, Pilz et al., 2018, Vogli et al., 2024), showing mixed 

Table 2 
Descriptive statistics and Spearman correlation coefficients of air pollution 
concentrations in Augsburg (N = 18,172) and Regensburg (N = 8,941).

Augsburg

Pollutant Mean ± SD Range IQR Spearman 
correlation 
coefficients

PNC PM2.5 BC

PNC (103/cm3) 7.3 ± 1.4 3.5 – 14.3 1.8 1.00 ​ ​
PM2.5 (μg/m3) 16.4 ± 0.9 11.6 – 19.9 1.0 0.50 1.00 ​
BC (10–5/m) 1.7 ± 0.3 1.3 – 3.8 0.4 0.64 0.68 1.00
NO2 (μg/m3) 23.0 ± 5.2 8.7 – 61.4 6.4 0.69 0.72 0.85

Regensburg
Pollutant Mean ± SD Range IQR Spearman 

correlation 
coefficients
PNC PM2.5 BC

PNC (103/cm3) 7.1 ± 1.4 3.9 – 15.4 1.8 1.00 ​ ​
PM2.5 (μg/m3) 16.5 ± 1.5 10.0 – 19.8 2.0 0.12 1.00 ​
BC (10–5/m) 1.6 ± 0.3 1.1 – 3.1 0.4 0.70 0.42 1.00
NO2 (μg/m3) 24.5 ± 5.2 12.6 – 52.9 7.6 0.75 0.24 0.84

PNC = particle number concentration; PM2.5 = particulate matter with a 
diameter ≤ 2.5 µm; BC = black carbon; NO2 = nitrogen dioxide; SD = standard 
deviation; IQR = interquartile range
PNC were obtained for the year 2014; PM2.5, BC, and NO2 concentrations were 
obtained from the European project ELAPSE for the year 2010.
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results. Our study suggests an association between PNC and leukocyte 
levels, a potential marker for an inflammatory response.

Furthermore, some studies have suggested that long-term exposure 
to UFP may affect glucose metabolism; however, the evidence is not yet 
clear (Mei et al., 2023, Zhang et al., 2021). For example, a (fasting) 
blood glucose level higher than the normal range is a sensitive indicator 
of prediabetes and diabetes; whereas blood glucose levels can vary 
widely over short periods of time, and thus only can provide a snapshot, 
HbA1c levels are very stable over weeks or months. Moreover, HbA1c is 
used to diagnose type-2 diabetes mellitus (Mei et al., 2023). Our results 
indicate that long-term exposure to PNC was associated with increased 
glucose levels implicating a potential role of UFP. So far, findings from a 
cross-sectional study on long-term exposure to PM1 conducted in two 
Chinese cities from 2018 to 2020 (Mei et al., 2023) and a longitudinal 
German study (Lucht et al., 2018) that found medium-term exposure to 
accumulation mode particle number to be positively associated with 
blood glucose implicated a potential role for f smaller particles. In 
contrast to these studies, we did not observe an overall association with 

HbA1c; we only found an association for the Augsburg region.
The precise pathophysiologic mechanisms that link UFP to car

diometabolic diseases are still not fully understood (Newman et al., 
2020). Inhalation of UFP is hypothesized to cause damage through 
different initial pathways of injury that might be interdependent. For 
example, inhaled UFP can first lead to local inflammation, activating 
macrophages and dendritic cells (Peters et al., 2021) and then to sys
temic immune-inflammatory reactions, which are accompanied by cell 
damage, generation of ROS and increased oxidative stress (Newman 
et al., 2020, Rajagopalan et al., 2024). This pro-inflammatory and pro- 
oxidative state is then thought to promote a variety of pathological 
processes related to cardiometabolic diseases, such as increased 
thrombosis, hypercoagulability, endothelial dysfunction, atheroscle
rosis progression, insulin resistance, and dyslipidemia (Chin, 2015). 
Additionally, irritation of chemoreceptors or irritant receptors in the 
airways can trigger autonomic reflexes, potentially disrupting auto
nomic balance and causing reactions in the central nervous system. 
Furthermore, UFP can directly cross the alveoli into the bloodstream. 

Fig. 1. Associations between long-term exposure to particle number concentrations (PNC) and cardiovascular, metabolic, and respiratory diseases as well as car
diometabolic risk markers. Results are presented as odds ratios for diseases (top) or as percentage changes in risk markers (bottom) per 1000 particles/cm3 

increase in PNC.
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This exposure disrupts endothelial function and triggers a range of 
harmful processes, including oxidative stress, inflammation, and cell 
death. Both autonomic nervous system imbalance and translocation of 
UFP can lead to the induction of atherothrombotic effects responsible for 
acute coronary syndromes and ischemic heart disease (Araujo, 2010).

Not all results of our analyses are completely coherent. For example, 
we would have expected similar associations for MI and stroke, as they 
are based on similar pathophysiological mechanisms as described above. 
Our data shows associations for MI but not for stroke. However, in our 
data we could not differentiate between thrombotic and hemorrhagic 

stroke. A recent scoping review, including 50 publications, concluded 
that PM exposure increases ischemic stroke risk, while the effect for 
hemorrhagic stroke risk is unclear (Lamorie-Foote et al., 2023). 
Furthermore, we observed that participants with a BMI < 30 kg/m2 

showed higher odds ratios for hypertension, myocardial infarction, and 
stroke compared to those with a BMI ≥ 30 kg/m2. In contrast, associa
tions of PNC and glucose levels and diabetes were stronger among 
participants with a BMI ≥ 30 kg/m2, for which we do not have any 
explanation. We can only speculate that this is due to the fact that 
subgroups differ for a number of other characteristics, such as 

Fig. 2. Associations between long-term exposure to air pollutants and cardiovascular, metabolic, and respiratory diseases (top) as well as cardiometabolic risk 
markers (bottom). Results are presented as odds ratios for diseases (top) or as percentage changes in risk markers (bottom) per interquartile increase in air 
pollutant. Interquartile ranges = PNC: 1.78 103/cm3, PM2.5 ELAPSE: 1.18 µg/m3, BC ELAPSE: 0.36 10-5/m, NO2 ELAPSE: 6.59 µg/m3.
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medication intake.
The associations between long-term exposure to PNC and hyper

tension, MI, COPD, as well as glucose and leukocyte levels mainly per
sisted in two-pollutant models. This suggests that these associations 
might be independent of other pollutants such as PM2.5 and NO2, as has 
already been shown in a few other cohort studies (Bai et al., 2018, Bai 
et al., 2019, Sorensen et al., 2022a, Sorensen et al., 2022b). Despite PNC 
showing correlations with these co-pollutants, particularly NO2, the 
relatively small increase in the 95 % confidence intervals in two- 
pollutant models compared to single-pollutant models indicates that 

collinearity did not substantially affect the reliability of the results. The 
large number of participants in our study has contributed to disen
tangling the contributions of PNC despite the correlation. However, 
uncertainty remains about the independent effects in a multi-pollutant 
context. Nevertheless, the observed effects may − at least partly – be 
driven by UFP due to their unique characteristics, such as high surface 
area and toxicity, which are not present in other pollutants (Kwon et al., 
2020).

Strengths of this study include the availability of data on physician- 
diagnosed diseases as well as blood biomarkers. Our data reflects the 

Fig. 3. Associations between long-term exposure to particle number concentrations (PNC) and cardiometabolic risk markers as well as cardiovascular, metabolic, 
and respiratory diseases – two-pollutant models. Results are presented as odds ratios for diseases (top) or as percentage changes in risk markers (bottom) per 
1000 particles/cm3 increase in PNC.
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cumulative burden of a widespread condition at a certain point in time 
and can, therefore, serve as an indicator of long-term disease develop
ment. In contrast, blood biomarkers reflect the current state at the time 
of testing and, therefore, provide a snapshot of the biological state. A 
further strength of this study is the amount of information available for a 

large study population, which enabled us to adjust for potential con
founders and explore effect modification. Most previous studies used 
LUR models to predict long-term UFP or PNC concentrations, as they do 
not require such an exhaustive amount of input data as dispersion or 
chemical transport models. However, studies conducted in Canada, the 

*

** *

Fig. 4. Associations between long-term exposure to particle number concentrations (PNC) and hypertension (top) as well as glucose levels (bottom) – effect 
modifications. Results are presented as odds ratios for diseases (top) or as percentage changes in risk markers (bottom) per 1000 particles/cm3 increase in PNC. *p- 
value of interaction < 0.05.
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US, and the Netherlands have focused on incorporating the use of (very) 
short-term mobile monitoring data into the LUR models (Bouma et al., 
2023, Li et al., 2017, Weichenthal et al., 2024), whereas our study could 
rely on fixed-site monitoring which requires expensive and exclusive 
measuring instruments (Dallavalle et al., under review). Moreover, 
exposure assessment occurred in 2014 and 2017, i.e., during the NAKO 
baseline examinations, limiting exposure misalignment and misclassi
fication. In addition, we were able to successfully transfer our PNC 
predictions from the Augsburg to the Regensburg area, indicating that 
the developed LUR model was largely able to capture the major pre
dictors of PNC in the two areas, as has already been observed in a study 
conducted in two Canadian cities (Zalzal et al., 2019).

A major limitation is the self-reported disease diagnoses, which could 
not be verified by objective measures. While several previous studies 
have shown reasonable validity and reliability between self-reported 
diagnoses and physician-diagnosed conditions (Najafi et al., 2019, 
Schneider et al., 2012), there remains a potential risk of underestimation 
or overestimation of the true proportions. Furthermore, the cross- 
sectional design of our study is limiting the determination of causal 
evidence as the population is only captured and analyzed at a single time 
point. Moreover, we cannot rule out that residential mobility might have 
biased our results, although a sensitivity analysis restricting the dataset 
to participants who had lived five or more years at their residences 
before the study visit did not show substantial differences compared to 
the main analysis. As our study area included urban and rural areas, PNC 
concentrations were low in some areas, but annual averages of 10,000 
particles/cm3 substantially surpassed the recommendations given by the 
WHO in form of a good practice statement (World Health Organization, 
2021). The estimation of ambient PNC exposures was based on a LUR 
model, and although it is an established method, it is associated with 
some degree of error and uncertainty. The error in the predicted PNC 
exposures is a combination of classical-type error linked to errors, e.g., 
in monitor measurements and the estimation of prediction model pa
rameters, and Berkson-type error due to the use of prediction models 
that have elements common across individuals (e.g., use of remote 
sensing data) (Samoli and Butland, 2017). Simulation studies have 
shown that using predicted exposures based on LUR models generally 
leads to an underestimation of the exposure-health associations (e.g., 
Katsouyanni et al., 2025). A further limitation of our PNC prediction 
model is the sparse spatial coverage of the monitoring sites. However, 
the sites of the 2014/15 measurement campaign were selected based on 
the spatial variation of air pollution at residential addresses and 
included a mixture of urban traffic, urban background, regional traffic, 
regional background monitoring sites, as well as one rural and one in
dustrial site (Wolf et al., 2017). Importantly, our PNC predictions tended 
to underestimate actual concentrations, particularly at traffic sites. 
Therefore, while we anticipate strong agreement in urban and rural 
areas outside of high-exposure locations, true exposures at high- 
exposure locations may be underestimated. This underestimation 
could have biased health effect estimates in unpredictable directions (i. 
e., differential measurement error). Also, the LUR model did not incor
porate short-term temporal variations. A model with finer temporal 
granularity could improve exposure estimates, provided participant 
geolocation data are available on a corresponding time scale, which was 
not the case for our NAKO participants. Alternatively, personal moni
toring that captures individual-level exposures could offer more accu
rate estimates. Finally, whereas we were able to transfer and validate 
our PNC predictions from the Augsburg to the Regensburg area, we 
cannot rule out impacts of systematic differences between the cities or 
between the placement of the monitoring sites within each city.

5. Conclusions

Our study suggests that long-term exposure to ambient air pollutants 
and specifically to particle number concentrations as a surrogate of ul
trafine particles contributes to the risk of hypertension, myocardial 

infarction, COPD, and higher blood glucose levels. Our results suggests 
that ultrafine particles may play a role within the complex mixture of 
ambient air pollution and that ambient UFP should be reduced to pre
vent adverse cardiometabolic health outcomes.
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Luftschadstoffbelastung in Deutschland aus der Chemie-Transportmodellierung. 
Gefahrstoffe 80, 281–290. https://doi.org/10.37544/0949-8036-2020-07-08-31.

Oberdorster, G., Oberdorster, E., Oberdorster, J., 2005. Nanotoxicology: an emerging 
discipline evolving from studies of ultrafine particles. Environ. Health Perspect. 113, 
823–839.

Ohlwein, S., Kappeler, R., Kutlar Joss, M., Kunzli, N., Hoffmann, B., 2019. Health effects 
of ultrafine particles: a systematic literature review update of epidemiological 
evidence. Int. J. Public Health 64, 547–559.

Peters, A., Greiser, K. H., Gottlicher, S., Ahrens, W., Albrecht, M., Bamberg, F., et al.; on 
behalf of the German National Cohort Cohort. 2022. Framework and baseline 
examination of the German National Cohort (NAKO). Eur J Epidemiol, 37, 1107- 
1124.

Peters, A., Nawrot, T.S., Baccarelli, A.A., 2021. Hallmarks of environmental insults. Cell 
184, 1455–1468.

Peters, A., Veronesi, B., Calderon-Garciduenas, L., Gehr, P., Chen, L.C., Geiser, M., 
Reed, W., Rothen-Rutishauser, B., Schurch, S., Schulz, H., 2006. Translocation and 
potential neurological effects of fine and ultrafine particles a critical update. Part. 
Fibre Toxicol. 3, 13.

Pilz, V., Wolf, K., Breitner, S., Ruckerl, R., Koenig, W., Rathmann, W., Cyrys, J., Peters, 
A., Schneider, A.; on behalf of the KORA Study Group. 2018. C-reactive protein 
(CRP) and long-term air pollution with a focus on ultrafine particles. Int J Hyg 
Environ Health, 221, 510-518.

Poulsen, A.H., Sorensen, M., Hvidtfeldt, U.A., Christensen, J.H., Brandt, J., Frohn, L.M., 
Ketzel, M., Andersen, C., Raaschou-Nielsen, O., 2023. Source-specific Air Pollution 
Including Ultrafine Particles and risk of Myocardial Infarction: a Nationwide Cohort 
Study from Denmark. Environ. Health Perspect. 131, 57010.

Qi, Q., Yu, F., Nair, A.A., Lau, S.S.S., Luo, G., Mithu, I., Zhang, W., Li, S., Lin, S., 2024. 
Hidden danger: the long-term effect of ultrafine particles on mortality and its 
sociodemographic disparities in New York State. J. Hazard. Mater. 471, 134317.

Rajagopalan, S., Brook, R.D., Salerno, P., Bourges-Sevenier, B., Landrigan, P., 
Nieuwenhuijsen, M.J., Munzel, T., Deo, S.V., Al-Kindi, S., 2024. Air pollution 
exposure and cardiometabolic risk. Lancet Diabetes Endocrinol. 12, 196–208.

Samoli, E., Butland, B.K., 2017. Incorporating Measurement Error from Modeled Air 
Pollution Exposures into Epidemiological analyses. Curr Envir Health Rpt 4, 
472–480.

Schipf, S., Schone, G., Schmidt, B., Gunther, K., Stubs, G., Greiser, K.H., et al., 2020. The 
baseline assessment of the German National Cohort (NAKO Gesundheitsstudie): 
participation in the examination modules, quality assurance, and the use of 
secondary data. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz 
63, 254–266.

Schneider, A.L., Pankow, J.S., Heiss, G., Selvin, E., 2012. Validity and reliability of self- 
reported diabetes in the Atherosclerosis Risk in Communities Study. Am. J. 
Epidemiol. 176, 738–743.

Sorensen, M., Poulsen, A.H., Hvidtfeldt, U.A., Brandt, J., Frohn, L.M., Ketzel, M., 
Christensen, J.H., Im, U., Khan, J., Munzel, T., Raaschou-Nielsen, O., 2022a. Air 
pollution, road traffic noise and lack of greenness and risk of type 2 diabetes: a multi- 
exposure prospective study covering Denmark. Environ. Int. 170, 107570.

Sorensen, M., Poulsen, A.H., Hvidtfeldt, U.A., Frohn, L.M., Ketzel, M., Christensen, J.H., 
Brandt, J., Geels, C., Raaschou-Nielsen, O., 2022b. Exposure to source-specific air 
pollution and risk for type 2 diabetes: a nationwide study covering Denmark. Int. J. 
Epidemiol. 51, 1219–1229.

Stone, V., Miller, M.R., Clift, M.J.D., Elder, A., Mills, N.L., Møller, P., Schins, R.P.F., 
Vogel, U., Kreyling, W.G., Alstrup Jensen, K., Kuhlbusch, T.A.J., Schwarze, P.E., 
Hoet, P., Pietroiusti, A., De Vizcaya-Ruiz, A., Baeza-Squiban, A., Teixeira, J.P., 
Tran, C.L., Cassee, F.R., 2017. Nanomaterials Versus Ambient Ultrafine Particles: an 
Opportunity to Exchange Toxicology Knowledge. Environ. Health Perspect. 125, 
106002.

Textor, J., Hardt, J., Knüppel, S., 2011. DAGitty: a graphical tool for analyzing causal 
diagrams. Epidemiology 22, 745.

Vogli, M., Peters, A., Wolf, K., Thorand, B., Herder, C., Koenig, W., Cyrys, J., Maestri, E., 
Marmiroli, N., Karrasch, S., Zhang, S., Pickford, R., 2024. Long-term exposure to 
ambient air pollution and inflammatory response in the KORA study. Sci. Total 
Environ. 912, 169416.

Vu, T.V., Delgado-Saborit, J.M., Harrison, R.M., 2015. Review: Particle number size 
distributions from seven major sources and implications for source apportionment 
studies. Atmos. Environ. 122, 114–132.

Weichenthal, S., Bai, L., Hatzopoulou, M., Van Ryswyk, K., Kwong, J.C., Jerrett, M., Van 
Donkelaar, A., Martin, R.V., Burnett, R.T., Lu, H., Chen, H., 2017. Long-term 
exposure to ambient ultrafine particles and respiratory disease incidence in in 
Toronto, Canada: a cohort study. Environ. Health 16, 64.

Weichenthal, S., Lloyd, M., Ganji, A., Simon, L., Xu, J., Venuta, A., Schmidt, A., Apte, J., 
Chen, H., Lavigne, E., Villeneuve, P., Olaniyan, T., Tjepkema, M., Burnett, R.T., 
Hatzopoulou, M., 2024. Long-Term Exposure to Outdoor Ultrafine Particles and 
Black Carbon and Effects on Mortality in Montreal and Toronto, Canada. Res. Rep. 
Health Eff. Inst. 2024, 1–63.
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