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ARTICLE INFO ABSTRACT

Handling Editor: Hanna Boogaard Background: The effects of different ultrafine particle (UFP) metrics on strokes are unclear. This case-crossover
study investigated the association between short-term exposure to four size-segregated UFP metrics and stroke
occurrence.

Methods: From 2006 to 2020, we included 19,518 stroke cases from the University Hospital Augsburg, Germany,
a less polluted area. Meanwhile, daily averages of four UFP metrics, including particle number (PNC), mass
(PMQ), length (PLC), and surface area (PSC) concentrations, were collected from fixed monitoring sites in
Augsburg. Conditional logistic regression was employed to assess the association between UFP metrics and stroke
risk. Potential individual vulnerability and effect modification were examined using the stratified and interaction
analyses.

Results: Elevated risk of stroke events was largely similar across all four UFP metrics. The odds ratios (95 %
confidence intervals) of strokes for each interquartile range increase in lag 0-6 days of UFPs were 4.76 % (1.06;
8.60) for PNC, 3.99 % (0.93; 7.13) for PMC, 4.52 % (1.11; 8.05) for PLC, and 4.14 % (1.00; 7.38) for PSC. Stable
associations with strokes were mainly found for the size fractions of 10-100 nm and 30-100 nm. The cumulative
effects of UFP were more pronounced for ischemic strokes and minor strokes with a lower severity. Cold spells
might exaggerate the effects of UFPs.

Conclusion: UFP metrics like particle length and surface area concentration, aside from particle number, may
provide valuable insights into particle properties relevant to stroke risk. Expanding real-time, size-segregated
monitoring of UFPs represents an effective strategy to mitigate the health impacts of traffic-related air pollution.
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1. Introduction

According to the Health Effects Institute, air pollution accounted for
8.1 million deaths in 2021, making it the second-largest risk factor of
death worldwide (Health Effects Institute, 2024). Increasing epidemio-
logical evidence has indicated the short-term adverse health impacts of
ambient particulate matter (PM) exposure, such as increased hospital
admissions (Kim et al., 2015) and mortality (Yu et al., 2024), particu-
larly for cardiovascular and respiratory diseases (Sun et al., 2024; Ban
etal., 2024; Gouveia et al., 2024). Ultrafine particles (UFPs), which have
a diameter of 0.1 ym or less (< 100 nm), are typically generated as by-
products of fossil fuel combustion and emissions from motor vehicles
(HEI Review Panel on Ultrafine Particles, 2013). UFPs have emerged as
one of the greatest concerns for human health due to their unique
properties, characterized by their low mass but high number and surface
area concentration (HEI Review Panel on Ultrafine Particles, 2013;
Oberdorster et al., 2005; Peters et al., 2011). Their motion is mainly
defined by diffusion, allowing UFPs to effectively deposit in the alveolar
regions of the lungs, while they are less likely to deposit in the larger
airways (Peters et al., 2011). This capability enables UFPs to translocate
into cells and reach other organs in the body (HEI Review Panel on
Ultrafine Particles, 2013; Peters et al., 2011). Furthermore, their large
active surface makes them more threatening by absorbing greater
quantities of hazardous metals and organic compounds (Oberdorster
et al., 2005). These distinct UFP properties make it possible to determine
toxicity more accurately and offer practical alternative ways to regulate
and monitor reflectors by considering different UFP metrics. Specif-
ically, UFPs are mainly measured as particle number concentration
(PNC, number of particles/cms), as they constitute 85 % or more of the
total number of fine particulate matter (e.g., with a diameter of <2.5 um;
PM; 5) (Hinds, 1982), but contribute little to the particle mass concen-
trations (PMC, pg/mB) in ambient air (HEI Review Panel on Ultrafine
Particles, 2013). Besides, particle surface area concentration (PSC, pmz/
cm?) considers the absorption and retention of toxic substances and
plays an important role in determining the biological activity of nano-
particles (Sager and Castranova, 2009).

Studies have shown an association between short-term exposure to
UFPs and adverse health effects, such as myocardial infarction (MI) risk
(Chen et al., 2020; Jiang et al., 2023; Wolf et al., 2015; Hu et al., 2020),
cardiovascular hospitalizations (Lin et al., 2022), and even mortality
(Lin et al., 2022; Lanzinger et al., 2016; Wichmann et al., 2000; Berg-
mann et al., 2023; Schwarz et al., 2023). The difference in physical
properties of various UFP-related metrics may influence their health
effects; however, evidence on the impact of different UFP metrics on
well-being has remained insufficient. A case-crossover study reported
that daily UFP exposure, measured using PNC, over the previous four
days (0-4) was associated with increased hospital admissions for
ischemic stroke in Copenhagen, Denmark (Andersen et al., 2010).
Another case-crossover study in New York State, U.S., also noticed an
association between UFP exposure, measured using PSC, and elevated
stroke risk, with PSC showing to be a more sensitive indicator than PNC
(Lin et al., 2022). Furthermore, compared to PNC, the particle length
concentration (PLC, mm/cm®) was found to be a UFP metric being more
closely associated with blood inflammatory biomarkers in blood
(Riickerl et al., 2016) and the risk of MI in Augsburg, Germany (Chen
et al., 2020).

Within the conventional size range of <100 nm, the size fractions of
UFPs in urban environments can be related to the nature of the fuel and
the processes by which they are typically formed, specifically, the pri-
mary particles emitted directly from the engine (>30 nm). In particular,
the secondary particles (newly formed nucleation mode, <30 nm) are a
considerable number of very small particles formed after cooling and
condensation of exhaust gases (Morawska et al., 2008), and the Aitken
mode (30-100 nm) is typically associated with combustion sources (Lin
et al., 2025). Both modes contribute to the concentration of traffic-
related peaks during rush hour (Lin et al., 2025). The accumulation
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mode (100-1000 nm) commonly results from the emissions of fine
particles and dynamic events, including condensation and coagulation
(Kwon et al., 2020). Epidemiological evidence, however, focusing on the
effects of size-segregated UFP metrics is limited. Additionally, outdoor
air temperature was found to be associated with adverse cardiovascular
outcomes, such as increased blood pressure (Chen et al., 2015). Simi-
larly, our previous research has revealed that nocturnal heat exposure is
related to elevated stroke risk (He et al., 2024). Cold spells were asso-
ciated with an increased risk of hospitalization for MI (Ni et al., 2024).
Furthermore, studies unveiled that heat waves interact synergistically
with PMy 5, increasing the mortalities of MI (Xu et al., 2023) and strokes
(Deng et al., 2024). No evidence exists for the potential influence of
extreme temperature events (ETEs), including heat waves and cold
spells, on the association between UFPs and strokes.

Using four UFP metrics of different size fractions, this study aims to
distinguish the association between various UFPs and stroke events
using daily hospitalization data collected over a study period of 15 years
in Augsburg, Germany, in which monitoring stations were designed for
the collection of several physical and chemical particulate characteris-
tics (Riickerl et al., 2016). Additionally, we estimated the effects across
stroke subtypes, disabilities, and severities and explored the potential
modification effect by time-invariant factors (sex assigned at birth, age),
seasons, time trends, and ETEs.

2. Materials and methods
2.1. Study population

We used the first stroke events that occurred during the study period
(between January 1st, 2006, and August 31st, 2020) at the University
Hospital Augsburg. This is one of the biggest stroke centers in Germany
and is responsible for more than 750,000 inhabitants in the region (He
et al., 2024). This study was performed following the Declaration of
Helsinki. Ethical approval was waived in the present study according to
the Bavarian Hospital Act.

2.2. Outcome and covariates

Based on the records from this comprehensive stroke care facility, we
collected demographic characteristics (sex and age) and basic clinical
data of patients (subtypes of strokes, disability, and severity) at admis-
sion. The following three main subtypes of strokes were defined ac-
cording to the International Statistical Classification of Diseases and
Related Health Problems, 10th version (ICD-10 codes): transient
ischemic attacks (TIAs) (G45), hemorrhagic strokes (160, 161, 162), and
ischemic strokes (I63). Following the occurrence of a stroke, we
measured functional independence using the Modified Rankin Scale
(mRS), a 7-level scale ranging from O (no symptoms) to 6 (death)
(Rankin, 1957; Kasner, 2006). Besides, a severe stroke was represented
by a higher score on the National Institutes of Health Stroke Scale
(NIHSS), a scale of 0 to 42 that assessed the stroke severity (Kasner,
2006). To simplify the analysis, we defined “Disability due to strokes” by
combining an mRS score of 0-2 as “No symptoms to slight disability”
with an mRS score of 3-6 as “Moderate disability to death”. Further-
more, we calculated the “Stroke severity” by combining the NIHSS
scores of 0-3 and 4-42 as “No symptoms to minor stroke” and “Moderate
to severe stroke”, respectively.

2.3. Exposures

2.3.1. Air pollution and meteorological data

The UFP measurements have been conducted since 2004 at a fixed
urban background site on the premises of the Fachhochschule Augsburg
(FH, University of Applied Sciences Augsburg) in Augsburg, Germany,
and were available for the whole study period. The daily average con-
centrations of the four metrics of UFPs, including particle number
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(PNC), mass (PMC), length (PLC), and surface area (PSC) concentra-
tions, were obtained from this aerosol monitoring station located 1 km
southeast of the city center, with the nearest major road in the northeast
at a distance of 100 m (Cyrys et al., 2008). The supplemental materials
section I explains details regarding the devices for collecting and the
calculation methods for the four different UFP metrics.

Based on the particle behavior, origin, and deposition in the respi-
ratory tract (Wichmann et al., 2000), we mainly focused on four metrics
within the size of <100 nm, the typical range of UFPs by convention
(Wichmann et al., 2000). We excluded the ultra-small UFPs of 3-10 nm
from our analysis and primarily examined the 10-100 nm range to avoid
the influence of the substantially increased probability of measurement
uncertainty for particles below 10 nm in size (Zhang and Flagan, 1996)
and to keep our findings comparable with others. In addition, we further
subdivided the particle size distribution into the following ranges:
10-30 nm (nucleation mode) and 30-100 nm (Aitken mode) due to their
likely deposition in the lung (Chen et al., 2020). Particles of 100-500 nm
are more likely to deposit in the lung than those of >500 nm, which tend
to deposit more in the upper respiratory tract (Gu et al., 2012). Particles
of 100-500 nm (accumulation mode) and 10-500 nm (total measured
particle range) were therefore included in the analysis to further capture
the influence of UFPs in a larger size range and to explore the combined
exposure to all measured particles.

Classic air pollutants were routinely measured at different moni-
toring sites for specific study periods (Yao et al., 2023), owing to
different operating periods across monitoring sites. In detail, the
continuous levels of PM with an aerodynamic diameter of < 10 pm
(PM;9) and PM; 5 and meteorological parameters (ambient air temper-
ature and relative humidity) were obtained from the FH measuring site
throughout the whole study period (2006-2020). The 24-hour average
nitrogen oxides (NOgy, NO) were obtained from an urban background
monitoring site at Bourgesplatz (BP), located approximately 1.5 km
north of the city center of Augsburg (Yao et al., 2023). The daily average
ozone (O3) level was measured at the monitoring site operated by the
Bavarian Environment Agency (LfU), which is located 4 km south of the
city center (Yao et al., 2023). Specifically, missing PM;o and PM3 5
values were imputed from existing LfU or BP data, while missing NO and
NO, values were imputed from measurements at the LfU.

2.3.2. ETE definitions

Considering that ambient air temperature plays a role in concen-
trations of UFP, from the perspective of PNC (Morawska et al., 2008), we
defined the ETEs (heat waves or cold spells) with a combination of in-
tensity and duration of extreme air temperatures according to the rela-
tive threshold approach (Xu et al., 2023; Deng et al., 2024). We then
calculated the specific cutoffs of air temperature for heat waves (95.0th
and 97.5th percentiles) and cold spells (2.5th and 5.0th percentiles).
Days with air temperature equaling or exceeding any of the heat wave
cutoffs were considered heat waves, whereas days with air temperature
equaling or below any of the cold spell cutoffs were considered cold
spells. In each definition of ETEs, the heat waves and the cold spells were
coded as “1” and “2”, respectively, while the remaining non-ETE days
with normal air temperature were coded as “0” (Xu et al., 2023; Deng
et al., 2024). The details of air temperature thresholds and the number of
ETE days in different ETE definitions are provided in sTable 1 in the
supplementary materials-section II.

2.4. Statistical analysis

A time-stratified case-crossover design was applied to explore the
association between four UFP concentration metrics and stroke events.
The case day referred to the date of hospital admission owing to stroke
events, and the corresponding control days were defined as dates on the
identical day of the week and in the same calendar month as the case
day, with each patient serving as his or her own control (Janes et al.,
2005). The case-crossover study design controls for time-invariant
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confounding (e.g., sex, age, family history, and genetic variations) by
making within-subject comparisons within reference windows (Janes
etal., 2005). In addition, choosing the control days close to the case days
enabled us to control for various time-varying variables, such as sea-
sonality and long-term trends in air pollution and stroke events (Janes
et al., 2005).

Conditional logistic regression models were implemented by
applying a linear term for the four size-segregated UFP metrics during
different lag periods in separate models. Effect estimates were reported
as the percent changes (PCs) in the odds ratios (ORs) and their corre-
sponding 95 % confidence intervals (CIs) associated with per inter-
quartile range (IQR) increases in UFPs. After excluding the days with
missing values of UFP metrics, we explored UFP effects across different
exposure windows: i) the single-day lags: current day (lag 0) and up to
six days before the events (lag 1-lag 6); ii) the moving average lags:
multi-days preceding the events representing immediate (lag 0-1) and
delayed (lag 2-4, 5-6); and iii) the cumulative effects (lag 0-6). Using a
natural cubic spline with three degrees of freedom (df), our main model
further adjusted for the same lag day of ambient air temperature and
relative humidity to control for potentially remaining confounding
factors.

To identify whether specific subgroups exhibit differential suscepti-
bility, stratified analyses were conducted by fitting separate models by
subtypes of strokes (TIAs, hemorrhagic, and ischemic strokes), stroke-
induced disability (No symptoms to slight disability [mRS 0-2] vs.
Moderate disability to death [mRS 3-6]), and severity of stroke (No
symptoms to minor stroke [NIHSS 0-3] vs. Moderate to severe stroke
[NIHSS 4-42]). The nonspecific types of strokes were excluded from the
stratified analysis.

To explore potential effect modifications on the associations between
UFP exposures and stroke risk, we further included interaction terms in
the model, including sex (men vs. women), age (<65.0 years vs. > 65.0
years), seasons (warm seasons [from May to October] vs. cold seasons
[from November to April]), and five-year periods of admission
(2006-2010, 2011-2015, 2016-2020), which were divided due to their
similar time durations and comparable total number of cases. To further
assess the potential modification effects of two types of ETEs, the
interaction models were also built for heat waves during the warm
seasons (non-ETE days vs. heat waves) and cold spells during the cold
seasons (non-ETE days vs. cold spells), respectively.

A series of sensitivity analyses were carried out to test the robustness
of our results: i) we fitted the two-pollutant models for investigating the
potential independence of the UFP effects by additionally controlling for
the same lag day of routinely measured air pollutants (PMy 5, PM;, NO,
and NO3), which were selected if they had a Spearman correlation co-
efficient (rs) < 0.70 and a variance inflation factor (VIF) < 5 to avoid
collinearity (Kim, 2019); ii) to assess the potential influence of missing
values, the main analysis was repeated after missing values were
imputed using the average value of the non-missing values for the same
weekday in the neighboring 1-week (one week before and after); iii) we
excluded patients who admitted to the hospital after the beginning of the
COVID-19 pandemic (February 2020) to avoid the potential fluctuation
in ambient air pollution concentrations due to the “lock-down” in Ger-
many; v) according to Stafoggia M, et al, (Stafoggia et al., 2013), we
separately adjusted for high and low temperatures, which were defined
as the average temperature on the current and previous 1 day before the
event (lag 0-1) above the median annual temperature and the average
temperature on the previous 6 days (lag 1-6) below the median annual
temperature, respectively. The optimal degree for natural cubic splines
was set at 3 to allow better comparability when entering different
temperatures; v) we plotted the exposure-response curve by introducing
a restricted cubic spline function (df = 3) for UFPs in the main model to
check the linearity of the association between UFP metrics and the odds
of stroke events.

All data management and statistical analyses were conducted using R
software (Version 4.1.2). Statistical tests were two-sided, with a



M. Liao et al.

significance level (@) set at 0.05 and a marginal significance at 0.10.
3. Results

3.1. Descriptive statistics

The basic characteristics of the study population by subtypes of
strokes are shown in Table 1. Over 15 years, 19,518 patients were
admitted to the hospital for a stroke, including 5,024 (25.7 %) TIAs,
1,208 (6.2 %) hemorrhagic strokes, and 13,242 (67.8 %) ischemic
strokes, with the remaining 44 (0.2 %) events of unknown stroke type.
The mean (SD) age of all patients was 70.9 (13.3) years, with 8,585
(44.0 %) being women. A substantial proportion of patients were > 65.0
years of age (14,030; 73.1 %), and the majority were diagnosed with a
“Moderate disability to death [mRS 3-6] (31.8 %) or “No symptoms to
minor stroke [NIHSS 0-3]" (42.0 %). Stroke events occurred more often
during the cold seasons (60.4 %), the period between 2011 and 2015
(35.7 %), than during the other periods of similar length. The distribu-
tion of strokes between heat waves (4.7 %) and cold spells (4.9 %) was
even.

The daily means of the four UFP metrics in four size fractions
throughout the study period are displayed in Table 2. At the size of
10-100 nm, the mean (SD) exposure concentrations were 7,411.5
(4,370.0) particles/cm?® for PNC, 0.7 (0.5) pg/m> for PMC, 283,123.1
(17,5247.6) mm/cm® for PLC, and 46.0 (29.8) prnz/crn3 for PSC,
respectively. Especially, within the ultrafine range (10-100 nm), a larger
contribution from the Aitken mode (30-100 nm) than from the nucle-
ation mode (10-30 nm) was observed among the four UFP metrics. The
mean concentrations of PMC and PSC in the accumulation mode
(100-500 nm) were notably higher than those of other size fractions. As
sTable 2 presents, the distribution of UFPs after imputation was quite
similar to the original data. sTable 3 provides the mean levels of the
current-day UFP metrics by different definitions of ETEs. Notably, the
daily averages of four UFP metrics appeared to be higher during cold
spells than during heat waves.

The Spearman correlation coefficients between the four UFPs in four
size ranges and two meteorological parameters are shown in sTable 4.
Overall, daily UFPs within different size fractions displayed positive
correlations with each other (Spearman rs = 0.34 to 0.99) but were
predominantly inversely related to ambient air temperature and relative
humidity. For each specific UFP metric within the size of 10-100 nm,
their correlations with four traditionally measured ambient air pollutant
parameters (PMs 5, PMjg, NO, and NOy) are provided in sTable 5. In
general, there were weak positive correlations (Spearman rs = 0.03 to
0.11) between all four UFP metrics and classical air pollutants.

3.2. Association between daily UFPs and overall stroke events

Fig. 1 describes the associations between daily UFPs within the size
of 10-100 nm and the occurrence of overall stroke events across
different exposure windows, with the single-day model showing the 3-
day transient effects and the lagged moving average model indicating
the 2-4 days delayed and 0-6 days cumulative adverse health effects of
UFPs on strokes. Particles within the size ranges of 30-100 nm, 100-500
nm, and 10-500 nm also showed similar results; however, the effect of
the smallest particles (10-30 nm) tended to occur later (sFigs. 1-4).

For the single-day lags, an elevated risk of stroke events was
consistently seen for the exposure window of lag 3 days across all four
UFP metrics. An IQR increase in four UFP metrics (10-100 nm) at lag 3-
day was associated with an increase in the odds of 2.45 % (0.14; 4.81),
2.54 % (0.26; 4.87), 2.57 % (0.27; 4.92), and 2.57 % (0.29; 4.90),
respectively. Compared to the smaller particles in the nucleation mode
(10-30 nm), the effect estimates from the Aitken mode (30-100 nm)
were larger and more consistently observed across four metrics (see
sTable 6). For the moving average lags, we noticed a delayed effect (2-4
days) and a cumulative effect (0-6 days) of all four UFP metrics within
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Table 1
Description of stroke patients hospitalized in the study areas of Augsburg, Ger-
many, from 2006 to 2020.

Characteristics Overall TIAs ? Hemorrhagic Ischemic
strokes strokes ? strokes ?
N (%) 19,518 5024 1208 (6.2) 13,242
(25.7) (67.8)
Age (y), continuous  70.9 + 69.06 71.61 £13.54 71.53 +
13.3 +13.20 13.27
Age (y), categorical
<65.0 5488 1634 314 (26.0) 3532 (26.7)
(28.1) (32.5)
>65.0 14,030 3390 894 (74.0) 9710 (73.3)
(71.9) (67.5)
Sex
Men 6290 1535 416 (34.4) 4328 (32.7)
(32.2) (30.6)
Women 8585 2176 537 (44.5) 5859 (44.2)
(44.0) (43.3)
Missing 4643 1313 255 (21.1) 3055 (23.1)
(23.8) (26.1)
Disability due to
strokes
(by mRS score)
No symptoms to 5879 2358 146 (22.1) 3374 (38.8)
slight disability (30.1) (86.2)
Moderate disability 6214 378 516 (77.9) 5316 (61.2)
to death © (31.8) (13.8)
Missing 7425 2288 546 (45.2) 4552 (34.4)
(38.0) (45.5)
Stroke severity
(by NIHSS score)
No symptoms to 8189 2837 271 (35.6) 5070 (51.7)
minor stroke ¢ (42.0) (93.5)
Moderate to severe 5425 196 490 (64.4) 4733 (48.3)
stroke © (27.8) (6.5)
Missing 5904 1991 447 (37.0) 3439 (26.0)
(30.2) (39.6)
Seasons
Warm seasons 9667 2558 581 (48.1) 6512 (49.2)
(50.0) (50.9)
Cold seasons 9851 2466 627 (51.9) 6730 (50.8)
(50.0) (49.1)
Extreme
temperature
events (ETE)
Heat waves 8 912 (4.7) 255 32 (2.6) 622 (4.7)
G.1)
Cold spells ® 953 (4.9) 240 68 (5.6) 641 (4.8)
(4.8)
Non-ETE days 17,653 4529 1108 (91.7) 11,979
(90.4) (90.1) (90.5)
5-year periods !
2006-2010 6649 1825 437 (36.2) 4351 (32.9)
(34.1) (36.3)
2011-2015 6966 1767 434 (35.9) 4757 (35.9)
(35.7) (35.2)
2016-2020 5903 1432 337 (27.9) 4134 (31.2)
(30.2) (28.5)

Note: @ Types of strokes were defined based on the ICD-10 code; ® the mRS score
of 0-2 is “No symptoms to slight disability”; “ mRS 3-6 is “Moderate disability to
death”. 4 NIHSS score of 0-3 is “No symptoms to minor stroke”; © NIHSS score of
4-42 is “Moderate to severe stroke”; f Seasons: determined by the official time of
heating time in Germany, warm seasons: May to October; cold season:
November to April; # Heat waves are defined as the days with air temperature
equaling to or exceeding the 95.0th or 97.5th percentiles; " Cold spells are
defined as the days with air temperature equaling to or lowering than the 2.5th
or 5.0th percentiles; | 5-year periods: the year of admission. Abbreviations: TIA,
Transient ischemic attacks; mRS, Modified Rankin scale (a scale ranging from
0 to 6, with higher scores indicating greater disability); NIHSS, National In-
stitutes of Health Stroke Scale (a scale ranging from 0 to 42, with higher scores
indicating greater stroke severity).
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Table 2
Basic descriptive statistics of daily levels of four ultrafine particle metrics in five size ranges in the study areas of Augsburg, Germany, from 2006 to 2020.
N Missing (%) Mean + SD Min P25 Median P75 Max IQR

PNC (particles/cm®)
PNC 10-100 5025 454 (8.29) 7411.5+4370.0 504.4 4469.6 6416.7 9021.1 48386.9 4551.5
PNC 10.30 5025 454 (8.29) 3438.5+2083.6 279.8 2103.7 2968.4 4230.6 42526.3 2126.9
PNC 30-100 5025 454 (8.29) 3973.0+2623.1 224.7 2299.3 3373.6 4866.4 26932.0 2567.1
PNC 100-500 5016 463 (8.45) 1490.0+£990.0 0.0 843.7 1282.7 1851.5 10562.8 1007.8
PNC 10500 5016 463 (8.45) 8908.3+5116.4 735.9 5498.0 7758.5 10841.0 49795.9 5343.0
PMC (pg/m?)
PMC 10-100 5025 454 (8.29) 0.7+0.5 0.1 0.4 0.6 0.9 5.1 0.5
PMC 10.30 5025 454 (8.29) 0.0+0.0 0.0 0.0 0.0 0.0 0.4 0.0
PMC 30-100 5025 454 (8.29) 0.7+0.5 0.0 0.4 0.6 0.9 5.0 0.5
PMC 100-500 5016 463 (8.45) 10.1+7.9 0.0 5.1 8.3 12.8 98.8 7.7
PMC 10-500 5016 463 (8.45) 10.8+8.2 0.1 5.6 9.0 13.7 103.0 8.1
PLC (mm/cm®)
PLC 10-100 5025 454 (8.29) 283123.1+175247.6 19149.8 168233.5 243513.2 346557.4 1710893.0 178323.9
PLC 10.30 5025 454 (8.29) 66055.2+40376.0 5122.0 40110.3 56962.3 81370.0 961207.8 41259.7
PLC 30100 5025 454 (8.29) 217067.9+143871.5 13461.7 124547.4 184315.4 266416.4 1528987.0 141869.0
PLC 100-500 5016 463 (8.45) 258871.0+175416.6 0.0 146015.9 222491.3 321293.0 1990223.0 175277.1
PLC 10-500 5016 463 (8.45) 542288.9+328150.2 46278.4 331981.8 472471.3 656972.5 3389249.0 324990.7
PSC (pm?/cm®)
PSC 10-100 5025 454 (8.29) 46.0+£29.8 3.3 26.6 39.2 56.7 311.9 30.1
PSC 10-30 5025 454 (8.29) 4.3+2.7 0.3 2.6 3.7 5.3 71.1 2.7
PSC 30.100 5025 454 (8.29) 41.74+27.8 2.7 23.7 35.4 51.4 299.1 27.7
PSC 100-500 5016 463 (8.45) 165.9+118.7 0.0 90.1 140.8 207.0 1430.6 116.9
PSC 10-500 5016 463 (8.45) 212.0+141.8 7.5 121.1 181.9 260.8 1685.5 139.7

Note: All air pollutants and meteorology were consecutively measured between 2006 and 2020 (5479 days). The values were calculated based on the original UFP
data, excluding missing values (missing rate=8.29%-8.45%).

Abbreviations

N, number days with non-missing values; SD, standard deviation; IQR, interquartile range; PNC, particle number concentration; PMC, particle mass concentration;
PLC, particle length concentration; PSC, particle surface concentration; 10-100, from 10 to 100 nm mobility diameter; 10-30, from 10 to 30 nm mobility diameter;
30-100, from 30 to 100 nm mobility diameter; 100-500, from 100 to 500 nm mobility diameter; 10-500, from 10 to 500 nm mobility diameter.
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Fig. 1. Percent change (95 %CI) in the odds of overall stroke events per interquartile range (IQR) increase in the a) single-day and b) lagged moving average UFP
metrics (10-100 nm). Note: * P < 0.10; ** P < 0.05.
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the range of 10-100 nm on stroke events. Across four UFP metrics, we
found for lag 0-6 the strongest impact of PNCjg.190 on strokes (PC =
4.76 % [1.06; 8.60]), followed by PLC1¢.190 (PC = 4.52 % [1.11; 8.05]),
and PSCj.100 (PC = 4.14 % [1.00; 7.38]), with the weakest impact being
found for PMCig.190 (PC = 3.99 % [0.93; 7.13]) (see sTable 7).

As most of the effects across the four metrics were consistently
observed at the lag of 3 and 0-6 days, these exposure windows were
consequently used as the main lag periods for secondary analyses. When
comparing the four size-fractioned UFPs in association with strokes, we
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noticed that the patterns of associations were similar and comparable
across the four metrics (Fig. 2). Within the ultrafine range (10-100 nm),
it is noteworthy that the effects of particles from the Aitken mode
(30-100 nm) were more robust than the smaller particles from the
nucleation mode (10-30 nm) between the two exposure windows. The
effects of large particles in the accumulation mode (100-500 nm) were
less stable than particles in other size ranges (data are available in
sTables 6&7).
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Fig. 2. Percent change (95 %CI) in the odds of overall stroke events per interquartile range (IQR) increase in five sizes of a) lag 3 and b) 0-6 days of UFP metrics.

Note: * P < 0.10; ** P < 0.05.
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3.3. Stratified analyses 8.42]), and PSC¢.100 (PC = 3.91 % [0.13; 7.83]) (Fig. 3). Aside from the
UFPs (10-100 nm), ischemic stroke patients were more vulnerable to
When dividing stroke patients by their sub-types, the adverse health PMC, PLC, and PSC from the Aitken mode (30-100 nm) than UFPs in

effects of UFPs on strokes were mostly found for patients with ischemic other sizes in the exposure window of lag 0-6 days (sFigs. 5-8). Numeric
strokes, which were significantly associated with the cumulative 0-6 data are available in sTable 8.
days of PMCj.100 (3.83 % [0.15; 7.641), PLCj0.100 (PC = 4.16 % [0.08; The stratification by stroke-induced disability revealed that the effect
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Fig. 3. Percent change (95 %CI) in the odds of three stroke subtypes per interquartile range (IQR) increase in lag 3 and 0-6 days of UFP metrics (10-100 nm). Note: *
P < 0.10; ** P < 0.05.
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of lagged moving average 0-6 days of PNCj(.19p was more pronounced
among patients with slight disability levels (No symptoms to slight
disability) (see sFig. 9 & sTable 9). Comparable patterns were identified
for the stratification by stroke severity, with the effect estimates for lag
0-6 days of PNCj¢.190 and PLCy¢.1¢ being stronger among patients with
milder stroke severity (No symptoms to minor stroke) (see sFig. 10 &
sTable 10). In particular, we noticed that the effects of all UFP metrics
from the nucleation mode (10-30 nm) were larger among patients with
a milder disability or severity than their more severe counterparts.

Environment International 204 (2025) 109823
3.4. Effect modification

Generally, as presented in sTables 11-13, the association between
four UFP metrics (10-100 nm) in two exposure windows did not vary
significantly across sex, age, seasons, and five-year periods, but the cold
spells of ETEs seem to modify the effect of UFPs on strokes. Although no
significant effect modification was noticed for seasons or ETEs, the
adverse effects of UFPs (10-100 nm) in triggering stroke events were
stronger during cold spells within the cold seasons (sTable 12). Under
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Fig. 4. Effect modification by the consecutive a) 2 days, b) 4 days, and ¢) 6 days of P5.0 thresholds of cold spells on the association between lag 3 days of UFP metrics
(10-100 nm) and the percent changes in the odds of overall stroke events. Note: * P-interaction < 0.10.
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the definitions of P5.0_2d or P5.0_4d of the cold spells, the lag 3-day
exposures to PMCj.100, PLC10-100, and PSCjg.100 displayed stronger ef-
fects on stroke events compared to the days with normal air temperature
(P-interaction < 0.10) (Fig. 4), with the modification effect of the P5.0
threshold of cold spells being attenuated with longer durations. In
contrast, we did not observe any modification effect of cold spells on the
effects of four metrics for lag 0-6 days (sFig. 11), and no modification
effect was observed for exposure to heat waves under different defini-
tions during warm seasons, regardless of exposure windows
(sFigs. 12-13, sTable 13).

3.5. Sensitivity analyses

In the two-pollutant models, the results of lag 0-6 days UFPs
(10-100 nm) remained stable after additional adjustment for selected
co-pollutants. By contrast, the effects of UFP exposures at a lag of 3 days
were slightly attenuated after the adjustments for NOg, which shares
similar sources with UFPs (Ohlwein et al., 2019) (see sFigs. 14-15 &
sTable 14). In addition, the significant associations between overall
stroke events and UFPs (10-100 nm) at the lag 3 day and lag 0-6 days
persisted in the models that used the imputed data, excluded patients
diagnosed with strokes after the beginning of COVID-19 pandemic, as
well as adjusted for high and low temperatures (sFigs. 16-17 &
sTable 15).

The exposure-response functions between the four metrics (10-100
nm) and overall stroke events during the lag 3 day and 0-6 days are
illustrated in sFigs. 18 & 19. Based on the likelihood ratio test, no de-
viation from linearity was observed for all four metrics in the two
exposure windows, with the likelihood ratio test consistently indicating
no differences between linear and non-linear models (all P-values for the
likelihood ratio test >0.05).

4. Discussion

In this 15-year population-based study, we found the delayed and
cumulative adverse effects of UFP metrics (10-100 nm) on strokes, with
the effect estimates for IQR increases in four metrics being comparable.
Particles in the Aitken mode (30-100 nm) showed more consistent and
positive associations with strokes than in the nucleation mode (10-30
nm). Furthermore, UFPs were more likely to adversely affect patients
with ischemic and minor strokes. The UFP effects might be amplified
during days with extremely low temperatures.

These results were consistent with supporting evidence of the
detrimental health effects of UFPs, such as increased hospital admissions
for diseases in the respiratory, cardiovascular, and neurological systems
(Ohlwein et al., 2019; Schraufnagel, 2020; Abdul-Rahman et al., 2024).
There is crosstalk between the heart and brain, facilitated by their
physiological and neurohumoral complex networks (Fan et al., 2024).
However, in comparison to the literature linking short-term exposure to
ambient UFP with heart diseases (Chen et al., 2020; Jiang et al., 2023;
Wolf et al., 2015; Hu et al., 2020), the evidence regarding strokes is
sparse. So far, an early study in Helsinki, Finland (1998-2004) under-
scored a positive but insignificant association between the previous-day
level of UFP and stroke mortality (8.5 % [-1.2; 19.1]) (Kettunen et al.,
2007). Subsequently, another study in Copenhagen, Denmark
(2003-2006) found that IQR increases in UFP at lag 4 days increased the
risk of mild stroke by 14.0 % (4.0; 25.0) and the risk of ischemic strokes
without atrial fibrillation by 9.0 % (1.0; 17.0) (Andersen et al., 2010).
There is even less evidence focusing on different UFP metrics. The
increased MI risks in response to hourly exposures to PLC and PSC were
larger than for PNC, within the ultrafine range of 10-100 nm (Chen
et al., 2020). Another study found that PSC might be a more sensitive
indicator than PNC regarding the association with hospital admissions
for cardiovascular diseases in New York State, U.S. (2013-2018) (Lin
et al., 2022). Contrarily, we saw comparable effects across four UFP
metrics across particle size distribution. This means that, aside from
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commonly used metrics (PNC and PMC), the physical characteristics of
UFPs (PLC and PSC) might be additional indicators measuring the health
impairment of UFPs. We hypothesize that particle toxicity and the bio-
logical pathways linking UFPs to strokes might be driven more by
intrinsic properties (e.g., chemical composition) rather than size-specific
characteristics (sizes or metrics), but we were unable to clarify this due
to the unavailability of particulate chemical composition data. Notably,
the strong correlations between the UFP metrics prevented us from
separating their individual effects or assessing whether the high PNC in
the 10-30 nm range compensated for lower PMC, PLC, and PSC, leading
to similar overall results. Of note, the health effects of PMC warrant
further investigation, as only a limited fraction of PMC can be measured
within the conventional size threshold of 100 nm (Kwon et al., 2020).
This measurement constraint hampers a comprehensive assessment of
their potential impact on stroke risk. More studies are needed to further
distinguish their effects and assess whether PMC, PSC, and PLC can fully
capture the health-relevant aspects of UFPs.

Some studies have detected the variations in health effects of UFP
metrics due to size fractions, but their findings have remained incon-
clusive. For instance, a time-series study in the Ruhr Area, Germany,
showed that size-specific PNC (100-750 nm) and lung-deposited PSC
had similar immediate and delayed associations with increased natural
and cardiovascular mortalities, with PNC (100-500 nm) having the
strongest effect on natural mortality (Hennig et al., 2018). Larger PNC,
especially particles in the ranges of 30-100 nm and 100-800 nm, had
stronger effects on hospital admissions for heart diseases, cardiovascular
and respiratory diseases, compared to smaller size fractions (10-30 nm)
(Schwarz et al., 2023). The effects of larger PNC on cardiovascular or
respiratory hospital admissions were consistently reported by the ob-
servations in Prague, Czech Republic (>346 nm vs. < 346 nm) (Branis
et al., 2010) and in Beijing, China (100-300 nm vs. < 100 nm) (Leitte
et al., 2011). However, a study in Augsburg, Germany, reported a more
precise positive association with MI for UFPs (30-100 nm), compared to
the particles in the smaller or larger size range (Chen et al., 2020). Our
size-fractioned analyses showed that particles in the ranges of 10-100
nm and 30-100 nm were more consistently associated with increased
stroke risk than other modes across all four UFP metrics. The hetero-
geneity in findings across studies may be attributed to variations in the
methodological issues and emission sources across study areas (Gu et al.,
2012; HEI Review Panel on Ultrafine Particles, 2013). The diffusion
coefficients and measurement uncertainty of particle size distribution
measurement below 30 nm are high (Gu et al., 2012). This means that
the bulk of the daily average UFP was detected in the size range above
30 nm, which yielded higher exposure levels and more precise effect
estimates in the Aitken mode than those in the nucleation mode. Local
variation of particles of this size cannot be ruled out because they are
significantly affected by their proximity to major roads and peak traffic
times (Gu et al., 2012; Gu et al., 2011). Despite this, particles within the
range of 10-100 nm mainly reflect emissions from the diesel-driven
motor vehicles in Augsburg (Gu et al., 2012), but massive amounts of
airborne particles in the range of 100-500 nm are associated with sta-
tionary combustion, which is influenced by the use of residential heating
facilities (Gu et al., 2011). These may partly explain the inconsistent
results from this size range. In addition to metrics, we found stable and
consistent associations of particles in the Aitken mode (30-100 nm) with
strokes in both delayed mode (lag 3) and cumulative mode (lag 0-6), but
the association of the smallest particles (nucleation mode, 10-30 nm)
was only found at lag 0-6 days. This suggests that larger particles in the
Aitken mode may exert effects after shorter exposure lags than their
smaller counterpart in the nucleation mode. This finding needs to be
interpreted with caution due to the methodological difficulties in
measuring particles in this size fraction of UFPs.

There are direct and indirect pathways of UFPs being thought to
trigger acute cerebrovascular stroke. Direct pollutant effects are hy-
pothesized because inhaled UFPs are unique in their small size and high
concentration, which enables them to deposit and retain in the distal
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airways and alveoli, and enter the brain through the olfactory nerve, or
enable them to penetrate the alveolar-capillary barrier, cross the
blood-brain barrier, and subsequently gain access to the central nervous
system, thus causing platelet aggregation and neuroinflammation
(Abdul-Rahman et al., 2024; Chen et al., 2024; Underwood, 2017;
Daiber et al., 2020; Kulick et al., 2023). After being exposed to UFPs for a
longer period, the cumulative toxic effect may be evoked as UFPs can
cross the alveolar membranes and release toxins into the bloodstream
upon depositing on the vascular endothelium, then modify the integrity
of vascular tissue by eliciting a surge in local oxidative stress and
inflammation, and facilitating plaque instability and thrombosis (Abdul-
Rahman et al., 2024; Daiber et al., 2020). Convincing evidence has been
presented that UFP exposure could access blood cells, elicit elevated
blood levels of pro-inflammatory cytokines, and initiate the hepatic
synthesis of acute-phase proteins (Aryal et al., 2021). The UFP-triggered
oxidative stress would further promote vascular dysfunction and in-
crease mitochondrial reactive oxygen species (ROS) formation and lipid
oxidation (Abdul-Rahman et al., 2024). Excess ROS formation can in-
fluence blood pressure, accelerate atherosclerosis, and contribute to
strokes (Abdul-Rahman et al., 2024; Daiber et al., 2020). By indirect
pathways, the toxic effects of UFPs may be strengthened as their
chemical constituent can cause not only vascular activation via pro-
ducing circulating stress hormones and vasoconstrictors but also
neuronal activation through autonomic lung arc reflexes or by a spill-
over of local inflammation into systemic inflammation (Daiber et al.,
2020).

The risk of strokes associated with UFPs may vary depending on their
subtypes and severity levels, with adverse effects predominantly found
for ischemic strokes and minor strokes with a lower severity. There is
supportive evidence of the positive association between short-term
exposure to particulate air pollutants and ischemic stroke risk
(Toubasi and Al-Sayegh, 2023), which are typically caused by the nar-
rowing of vessels due to atherosclerosis or systemic embolism
(Kuriakose and Xiao, 2020). Furthermore, our findings are in line with
another study stating that strokes associated with UFP exposures were at
the mild end of the stroke spectrum and probably resulted from block-
ages of small vessels (Andersen et al., 2010). Additionally, this may also
relate to the “ceiling effect”, in which additional UFP exposure may
influence pathology already established over time but may fail to pro-
duce a detectable incremental effect when those with advanced disease
have reached a plateau (Hennig et al., 2020). Given that the existing
evidence on the biological mechanisms of particles in TIAs and hemor-
rhagic strokes remains insufficient, more investigations should attempt
to elucidate their associations with UFPs.

The interaction model showed that the cold spells might modify the
association, with the detrimental effects of UFPs on strokes being
stronger in days with extreme cold air temperature, especially on the
coldest 5.0 % of days lasting two or four days. As highlighted in previous
research, the cold air temperature may amplify the adverse health ef-
fects of UFPs on the cardiovascular system, such as PSC-related hospi-
talizations (Lin et al., 2022) and PNC-related mortality (Chen et al.,
2018). In particular, we noticed that the daily averages of four UFP
metrics tended to increase during cold spells, as the levels increased
when the cold spell cutoffs became more rigorous. We hypothesize that
the excess risk of strokes in response to UFPs during cold spells may be
attributed to elevated emissions of UFP from vehicles (Jeong et al.,
2022), enhanced particle formation, and slower atmospheric dispersion
under low air temperatures (HEI Review Panel on Ultrafine Particles,
2013; Sioutas et al., 2005). Likewise, as temperatures drop near ground
level at night, stable atmospheric layers of air form, thus trapping pri-
mary pollutants near their emission sources (HEI Review Panel on Ul-
trafine Particles, 2013; Herner et al., 2006), thus amplifying their
adverse health effects. No modification effect was observed for heat
waves, so future studies are still needed to elucidate the effect of two
sides of ETEs on strokes, especially under a changing climate.

This is the first study comparing the effects of four UFP metrics in
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different size fractions on stroke events. Besides, the validated and
complete registration for strokes over 15 years enables us to systemat-
ically investigate the association of UFP exposure with strokes and their
subtypes with sufficient statistical power. Moreover, the application of
the case-crossover study design provides us with opportunities to control
time-invariant factors. However, our study suffers from several limita-
tions. First, the measurement of UFPs in our study relied on one fixed
measuring site, which does not reflect the absolute concentrations,
especially in near-source neighborhoods, such as next to busy roads and
highways. However, short-term health effect studies are usually not
biased by potential spatial variation, and a carefully selected monitoring
site could be considered adequate for UFP because of the high temporal
correlations of PNC across the city area of Augsburg (Cyrys et al., 2008).
Clinically, conducting local analyses can identify warning signs of local
environmental exposure, allowing healthcare professionals to better
prepare for environmental pollution levels and stroke influxes. Second,
it is challenging for us to differentiate the health effects of the four UFP
metrics because they are highly correlated with each other. In general,
the four UFP metrics exhibit largely consistent associations with strokes,
indicating a certain level of comparability among these metrics. Third,
there may be potential misclassification of reported TIAs, as their
diagnosis is often challenging; transient symptoms may resolve quickly
and are not always confirmed by imaging, meaning they might not result
from a cerebral ischemic event. However, this would only cause reduced
precision of associations in response to UFPs rather than blurring the
real adverse effects. Finally, the generalizability of our findings to other
populations is limited due to the potentially different demographic and
socioeconomic characteristics and emission sources across study areas.

5. Conclusions

Short-term exposure to UFP may be associated with the occurrence of
strokes, with similar effects observed across four UFP metrics, suggest-
ing that PNC, PLC, and PSC may serve as promising indicators capturing
the properties of UFPs. The detrimental impacts of UFPs were more
pronounced for ischemic strokes and minor strokes with a lower
severity. Particular attention should be directed toward particles within
the range of 10-100 nm and those classified under the Aitken mode
(30-100 nm). Notably, cold spells may amplify the damage of UFPs.
More efforts are needed to monitor UFPs and to set up control levels,
especially during days with extremely low air temperatures, thus alle-
viating the stroke burden.
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