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Abstract

Background Multiple effects of ultrafine particles (UFP) on human subjects are known but there is less knowledge
of how relative exposure levels between ultrafine and fine particles as typically encountered in large cities affect lung
function and cardiovascular parameters.

Methods Four sites with high/low levels of ultrafine particles and/or fine particles were selected in the city of
Munich, Germany: control area (woodland), urban environment, heavy traffic site, biomass combustion (beech
wood). In a randomized cross-over design, 26 young, healthy individuals were exposed at each site over 75 min to
atmospheric pollutants, which were monitored continuously, while performing intermittent (5 min per 15 min) light
exercise. Parameters assessed pre and post exposure comprised symptoms, spirometry, lung diffusing capacity for
carbon monoxide (DLCO) and nitric oxide (DLNO), alveolar volume (AV), the fractional concentration of exhaled nitric
oxide (FeNO), reactive hyperemia index (RHI), blood pressure, and heart rate. Outcomes were expressed as percent
changes of parameters and analyses performed by either comparing the four sites or by multiple linear regression
analyses using the measured pollutant levels.

Results The sites showed the planned pattern of exposure levels but with large overlap. Outcomes showed no
statistically significant differences between sites, except for symptoms which were elevated with heavy traffic site
exposure and biomass combustion. In regression analyses, AV decreased by 0.92 (95% confidence interval (Cl): 0.28 to
1.57) % per 10,000/cm? UFP; similarly, for LDSA (lung-deposited surface area), which was highly correlated with UFP.
Overall, FeNO slightly increased after exposure, but this increase was attenuated by 5.4 (95% Cl: 1.8 t0 9.2) % per 10
ppb ambient NO,. Heart rate decreased after exposures overall; this decrease was enhanced by 2.1 (95% ClI: 0.3 to 4.0)
% per 10,000/cm?® UFP.

Conclusions Short-term exposures to UFP elicited a reduction in the lung volume (AV) accessible to gas transport
by diffusion and convection. FeNO was slightly elevated after all exposures, but this increase was significantly smaller
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at higher ambient NO, concentrations. While these effects were too small to be clinically relevant, they demonstrated
that typical levels of urban air pollution had measurable acute effects in young, healthy individuals.

Keywords Air pollutants, Particulate matter, Ultrafine particles, Short-term exposure, Lung function, Lung volume

measurements, Fractional exhaled nitric oxide testing

Introduction

Health effects of ambient air pollution, including partic-
ulate matter and various gases have been described in a
multitude of studies [1-6]. These effects extend beyond
the lungs, impacting other organs, particularly the car-
diovascular system. It is believed that such effects are
mediated not only by inflammation elicited in the lung
but also by ultrafine particles (UFP) entering systemic
circulation, thereby reaching various body compartments
[7]. Several studies focusing on UFP suggested a specific
health risk associated with such exposures [8], but epide-
miological analyses were often hampered by the fact that
UEP are not routinely measured, and more epidemiologi-
cal studies specifically addressing this issue are needed.
The lack of sufficient data was also the reason why the
recommendation for air quality standards issued by the
World Health Organization (WHO) in September 2021
[9] did not include specific proposals for the regulation
of UFP.

Specific effects of UFP have been investigated in exper-
imental exposure studies, particularly those using diesel
exhaust [8, 10]. However, this type of study might be crit-
icized for not accurately representing real-world expo-
sure scenarios, which typically are characterized by a mix
of air pollutants. In response, researchers have adopted
semi-experimental designs, comparing exposure sites
with different levels and compositions of air pollutants.
An influential semi-experimental study performed in
London compared health outcomes of patients between
walks in Hyde Park and on Oxford Street [4]. The air pol-
lutant levels at these two sites reflected extreme exposure
differences, and clear acute effects of air pollution were
observed in the elderly participants, including those with
COPD or cardiac disease as well as healthy individuals.
However, due to the complex mix of pollutants, the study
did not allow specific conclusions regarding UFP.

This raises the question whether specific effects of UFP
can be identified in study designs that better disentangle
the effects of various pollutants. Since real-world expo-
sures cover a spectrum of characteristics, this would
likely require the comparison of more than two sites.
Moreover, if acute effects in young healthy individuals are
assessed, sensitive methods of outcome assessment are
essential. If acute responses occur, they could indicate a
potential for both the aggravation of pre-existing diseases
and the development of new ones. Since younger indi-
viduals generally have a stronger defense capacity than
older individuals, including more active and powerful

antioxidant mechanisms, this approach could at least
provide an estimate of the minimum health risk from
ultrafine particles. To further characterize the potential
impact of fine particles, LDSA was used, i.e., the lung
deposited surface area of particles, which is largely due
to UFP. It is thought to be a measure of the surface area
of particles accumulating in the small airways and alveoli.
Particles reaching this region might also enter the blood-
stream [11] but LDSA emphasizes surface area. Different
associations with UFP and LDSA might be informative,
since number and surface area might play different roles
for different outcomes.

Based on these considerations, we performed a semi-
experimental exposure study with young healthy volun-
teers, using four exposure sites in a major city (Munich,
Germany) that were selected to show different concen-
trations of ultrafine and fine particles, and of gases such
as nitrogen dioxide (NO,) and ozone (O;), with the aim
to identify specific effects of ultrafine particles in a real-
istic exposure setting. For this purpose, we compared the
outcomes between the four selected study sites, but also
included regression analyses using the actual concentra-
tions of air pollutants assessed during each of the indi-
vidual exposures.

Materials and methods

Measurement of ambient air pollution

For the measurement of air pollutant concentrations,
mobile instruments were used. The number concentra-
tions of ultrafine and fine particles were determined using
the Condensation Particle Counter CPC 3007 (TSI Incor-
porated, USA; size range 0.01 to 1 pm). Concentrations of
PM, ; and PM,, were assessed using the Portable Aerosol
Spectrometer (PAS) 1.108 (Grimm Technologies, Ger-
many; size range 0.3—-20 um). Furthermore, lung density
surface area (LDSA) of particles in the size range 0.01-
10 pum was determined, using a multi-metric nanopar-
ticle detector (Partector, Naneos, Switzerland). Levels of
black carbon (BC) were assessed by the UV-IR Black Car-
bon monitor (microAeth® MA200, Aethlabs, USA, flow
rate 150 mL/min). NO, and O; were measured by using
the AIR QUality Inspection boX (AIRQUIX, Meteoro-
logical Institute LMU Munich, Professor Wenig), which
provided additional values for PM, s and PM,, that were
derived from optical counts in 24 bins between 0.3 and
40 pm size. In the final analyses, the geometric mean
values of the two respective measurements of PM, ; and
PM,, were used. Relative humidity and temperature were
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determined via a mobile weather station (WeatherScreen
PRO, DNT, Germany), and the absolute water content of
the air was computed, as alterations in outcomes such as
FeNO might be affected by drying of the mucosa [12].

All instruments were placed on a trolley that was easy
to transport and equipped with a protective cover to
shield the equipment from the weather. For all exposure
measures, median values were calculated, while geomet-
ric mean values were computed for PM, ; and PM,,,. The
median values of the 75-minute exposure periods were
used in the final analyses. In the case of BC, 6 values were
below the detection limit of 30 ng/m> and for analysis
imputed by 15 ng/m?.

Selection of study sites
We focused on identification of four types of exposures,
namely “heavy traffic’, “urban background” and “control
exposure” sites, and additionally “biomass combustion”.
Whereas the location for “biomass combustion” was fixed
due to logistic reasons, 22 locations were examined for
the other sites. These were chosen to represent the most
diverse and at the same time most reproducible exposure
locations in the greater Munich area. The “heavy traffic”
sites were in the immediate vicinity of a major road traf-
fic axis, with high concentrations of both traffic-related
UFPs and other air pollutants. For “urban background’,
we examined areas as far away as possible from major
traffic axes, with low concentration of UFP but possibly
higher concentrations of other air pollutants. “Biomass
combustion” was realized in a suburban garden by oper-
ating a fire bowl, burning beech wood, which led to high
concentrations of UFP and other pollutants. For “control
exposure” we tested different park areas with low con-
centrations of both UFP and other pollutants (see Fig. 1).
Based on the data, two locations each were selected for
the “heavy traffic site”, “urban background” and “control
exposure” locations as particularly suitable. To assess
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reproducibility, repeated measurements were carried out
in September 2021 and between March 2022 and August
2022 at approximately the same time of the day as the
planned exposures. Reproducibility was considered as
important to ensure comparability between exposures
across all subjects. The four final study sites were those
showing the greatest differences according to the selec-
tion criteria regarding the combination of high/low UFP
and high/low PM, and the highest reproducibility. Their
adequacy was verified by additional measurements of
particle size distributions in the range from 5 to 350 nm
performed by the Bavarian Health and Food Safety
Authority. During each exposure, the same equipment
was used as in the selection process, to characterize each
individual exposure.

Outcome measurements

At the screening day and before exposures, the partici-
pants answered a questionnaire regarding clinical history
concerning allergies, medication, infectious diseases and
smoking behavior. Before and after each exposure, they
answered a questionnaire covering a panel of symptoms
and perceptions of exposure. For all items, the inten-
sity was rated from O to 100 on a visual analogue scale
(VAS), where 0 corresponded to “no symptoms” and 100
to “severe symptoms’, or “no impairment” and “strong
impairment” for subjective perception. Symptoms
included irritation of eyes and skin, upper and lower air-
ways, e.g. dry cough, itchy/scratchy throat, difficulties
in swallowing, cough with sputum, whistling/wheezing
breathing sounds, chest tightness, respiratory distress,
urge to sneeze, runny nose, nasal congestion (stuffy
nose), burning sensation in nose, itchy nose, headache,
feeling of dizziness, perceived cardiac/circulation disor-
der, nausea, burning sensation in the eyes, dry eyes, tired
eyes, itchy eyes, itchy skin and skin rash/irritation. The
degree of well-being, impairment of well-being, as well as

Control exposure Urban background

Heavy traffic Biomass combustion

Location Woodland, 82131 Neuried

Neighborhood, 81377 Munich

Major traffic axis, 80637 Munich Suburban garden, 82152 Krailling

Pollutant

Levels relative to each other

UFP 44 4

o, ) s

NO,

Exposure site

and set-up

Fig. 1 Depiction of exposure scenarios, relative exposure levels (for numerical data see Table 1) and experimental set-up. In the picture of biomass com-
bustion, the measurement equipment from the Bavarian Health and Food Safety Authority (left side) is shown. UFP =ultrafine particles, PM = particulate

matter, NO, = nitrogen dioxide
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disturbing smell and annoying odor during exposure was
recorded only after exposures.

To assess cardiovascular effects, blood pressure at
rest and heart rate were measured (boso medicus,
BOSCH + SOHN, Germany), as well as endothelial func-
tion over a period of 20 min, using a finger plethysmo-
graph (EndoPAT, Itamar Medical, Israel) yielding the
reactive hyperemia index (RHI). The sequence of mea-
surements was that outlined in the following section.

In addition, the fractional concentration of exhaled
nitric oxide (FeNO) was assessed (Vivatmo Pro, Bosch
Healthcare Solutions, Germany), with the aim to detect
potential alterations in the surface properties of the cen-
tral airways, similar to previous studies [12-14]. The
concentration of exhaled carbon monoxide (eCO) was
determined to confirm that subjects were non-smokers
(Micro*™ Smokerlyzer, Bedfont, England). As the eCO
level was elevated by the inhalation of CO during the
assessment of CO diffusion capacity prior to exposure,
values after exposure were also used to correct CO diffus-
ing capacity for increased values of carboxyhemoglobin.

Lung function assessments included spirometry, in
which forced expiratory volume in 1 s (FEV;) and forced
vital capacity (FVC) were assessed (HypAir PFS, MGC
Diagnostics, Belgium), as well as their ratio FEV,/FVC
in order to detect potential airway obstruction. More-
over, the combined lung diffusion capacity for carbon
monoxide (CO) and nitric oxide (NO) was determined
(HypAir PFS, MGC Diagnostics, Belgium). This yielded
alveolar volume (AV), transfer factors (TLCO, TLNO) for
CO and NO, respectively, and the corresponding trans-
fer coefficients (KCO, KNO) that were computed as ratio
of transfer factors to alveolar volume. These indices were
used to detect potential effects on the lung volume acces-
sible to diffusion (AV) and on gas uptake, either by vas-
cular alterations (DLCO, KCO) or alterations of diffusion
characteristics (DLNO, KNO) via changes in the surface
properties of the airways [12, 14, 15].

Study participants

Participants were young, healthy adults, recruited by
advertising in public areas or by direct contact, and had
to meet several inclusion and exclusion criteria. Only
non-smoking individuals without clinically relevant pre-
vious illnesses or perennial or seasonal allergies were eli-
gible. Body weight and values of lung function and FeNO
(fractional concentration of exhaled nitric oxide) were
required to be within normal limits [16-18]. Moreover,
potentially relevant exposures to airborne pollutants,
due to either professional or private activities, had to be
absent according to their reports.
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Study design

At a screening visit, it was assessed whether the inclu-
sion criteria were satisfied. After giving informed con-
sent, anthropometric data were obtained. Subjects then
answered the questionnaires regarding clinical history
and symptoms. Afterwards, blood pressure, FeNO and
eCO were determined, followed by the determination of
RHI, spirometry and combined lung diffusing capacity.
Thereby, participants were able to familiarize themselves
with the assessments.

Exposures followed a randomized cross-over design,
with four days for each participant (one at each site).
They were performed in individually randomized order
and separated by at least 4 days to avoid potential bias
and carry-over effects. Moreover, their time schedule was
identical (11:00 a.m. to 12:15 p.m.) to account for circa-
dian variations in physiological parameters. Exposures
took place between August 2022 and May 2024, requiring
average temperatures above 10 °C and with breaks dur-
ing wintertime. There was no instance when the ambient
temperature was considered as too hot. One participant
was studied per day.

The study was approved by the Institutional Research
Ethics Board of the Medical Faculty of the Ludwig Maxi-
milian University of Munich (Research Ethics Number
22-0327), and written informed consent was obtained
from all participants.

Protocol of exposure days
Participants were picked up from their homes by a com-
mercial transport service at 08:00 a.m. and taken to the
Occupational Medicine laboratory of the LMU Hospi-
tal, Campus GrofShadern, Munich. The medical assess-
ments were performed in the same order as described for
the screening visit. At 10:30 a.m., transportation to the
site chosen for the individual and specific day was pro-
vided. Participants wore an FFP2 mask (Aura™, 3 M Ger-
many) to avoid effects arising from traffic exposure. After
arrival, while still wearing the FFP2 mask, they waited for
10-15 min, during which the measuring system for ambi-
ent air characteristics was set up. Then, the recording of
UEFP, PM, ;, PM,,, black carbon, NO,, O3, humidity and
temperature over the whole exposure period was started.
Exposures were started by asking the participants to
remove the FFP2 mask and to walk briskly over a period
of 75 min. This included intermittent light exercise, as
they carried a backpack weighing about 10% of their body
weight for 5 min-periods, separated by 10 min-periods
without backpack. All participants walked the same route
at each of the four exposure sites, circling around the
exposure assessment apparatus. They were instructed to
walk briskly, that is, quickly but without running. Using
bicycles, treadmills, or ventilation-measuring masks
was not feasible due to logistical constraints. Moreover,
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as the exposures took place in semi-public areas, such
equipment would have attracted undue attention, poten-
tially disturbing the natural conditions of the setting. To
minimize the potential influence of ambient noise, noise-
reducing headphones were used. After exposures, partic-
ipants put their FFP2 mask back on and were transported
to the laboratory. All medical assessments performed
prior to the exposure, except taking clinical history, were
repeated.

Statistical analysis

For data description, median values and quartiles, or
absolute and relative frequencies were reported, depend-
ing on the type of data. We computed the relative dif-
ference (A%) of post-exposure vs. pre-exposure values
of outcome variables, i.e., how many percentage points
the post-exposure outcome was larger or smaller than
the pre-exposure outcome. A A% of 2, therefore, means
that the post-exposure outcome was 2% larger than the
pre-exposure outcome, or that the post-exposure value
was 102% of the pre-exposure value. Similarly, a A% of -2
means that the post-exposure outcome was 2% smaller
than the pre-exposure outcome, or that the post-expo-
sure value was 98% of the pre-exposure value. The final
dataset contained no missing values.

To identify whether significant changes occurred,
pre- and post-exposure values of each outcome were
compared with each other by the nonparametric Wil-
coxon matched-pairs signed-ranks test. To compare the
environmental parameters between the four study sites,
the nonparametric Kruskal-Wallis test was used; if there
was a statistically significant overall difference, post hoc
comparisons according to the Mann-Whitney U-test
and the Benjamini-Hochberg method [19] of adjustment
for multiple comparisons were performed. The percent
changes were compared between the four study sites via
the Friedman nonparametric test for dependent samples,
with post hoc comparisons according to the Wilcoxon-
test and again the Benjamini-Hochberg method in case
that there was an overall difference. These analyses were
performed using the software package SPSS (Version 29,
IBM Corporation, Armonk, NJ, USA), and p values <0.05
were considered as statistically significant.

As pollutant concentrations differed among exposure
sites, but showed large heterogeneity and overlap, addi-
tionally associations of pollutant concentrations with A%
outcome measures were analyzed. We used multilevel
regression models that included a varying intercept for
each individual (since each participant had 4 repeated
measurements). In order to adjust UFP effect estimates
for other pollutants but at the same time avoid adverse
effects from multicollinearity, we included three pollut-
ants into the same model. Since UFP and LDSA, as well
as PM, ; and PM,,, as well as NO, and O; were highly
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correlated with each other, we never included these pairs
together into the primary models. Instead, we inves-
tigated UFP+PM,; + NO, and LDSA +PM,; + NO,.
When O3 was of interest, we investigated UFP +PM,
+ O, All models were additionally adjusted for tem-
perature and absolute humidity, which were included in
the models in a robustly standardized form, i.e. (value -
median) / median absolute deviation (a robust measure
of variability). Pollutants were included in robustly cen-
tered form and divided by the magnitude of values, i.e.
(value - median) / magnitude. Magnitudes were 10,000
units for UFP and 10 units for all other pollutants. Cen-
tering (value - median) has the effect that the median of
the transformed variables is 0. Dividing by magnitude
has the effect that effect estimates are easier to inter-
pret. Effect estimates for UFP are, e.g., per 10,000 #/
cm?, effect estimates for NO, are per 10 ppb, etc. In two
sensitivity analyses, we additionally adjusted for sex, as
well as for larger pollutant sets, namely UFP +PM, +
NO, +PM,,+ Oz and LDSA + PM, ; + NO, + PM,;,+ Os.

Multilevel models were calculated with the Bayesian
modelling platform Stan [20] using the brms package [21]
in R version 4.4.1 [22]. Prior distributions were chosen to
be weakly informative. The sampling procedure gener-
ated 4,000 samples (2,000 of them warm-up samples) in
4 chains each, leading to 8,000 usable samples per model.
The number of samples was increased from the default
2,000 (1,000 warm-up) due to low effective sample sizes
in some models. From the samples, medians and 95%
posterior intervals were computed as point and inter-
val estimates (i.e., confidence intervals; CI), respectively.
After increasing the number of samples, diagnostic crite-
ria (effective sample size, R, tree depth, energy, divergent
transitions, and trace plots) indicated no problems dur-
ing sampling [23]. For visualization of the associations,
additionally quartiles of UFP, LDSA, NO, and ozone lev-
els were computed, and the percent changes of outcome
measures together with their 95% confidence intervals
were plotted as a function of these quartiles.

Results

Study participants

Initially, 45 potential participants were examined for
compatibility with inclusion and exclusion criteria. Indi-
viduals with lung function values below the lower limit
of normal (LLN, lower 5th percentile, n=6) as defined
by GLI [16, 18, 24], or other findings that might inter-
fere with measurements (7 =4: high FeNO [17]; obesity,
or cachexia) were excluded, while 9 subjects had to be
excluded due to difficulties in scheduling the four expo-
sure visits. Finally, 26 subjects fulfilled all criteria and
were included (Table 1).
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Table 1 Characteristics of the study participants at the screening visit. BMI=body mass index. Each of the quartiles comprised about 8

(26/4) participants

Female Male Total
N 13 13 26

Median (1st Quartile; 3rd Quartile)[Minimum, Maximum]
Age (years) 270 290 275

(24.5;28.5) [23, 37] (24.0;34.5) [22,37] (24.0;30.0) [22, 37]
Height (m) 1.73 1.85 1.75

(1.67;1.76) [1.62,1.81] (1.72;1.90) [1.67,1.93] (1.69;1.85) [1.62,1.93]
Weight (kg) 66.3 775 694

(61.2,72.3) [49.6, 87 4] (67.7,81.8) [51.1,95.9] (62.2; 80.3) [49.6, 95.9]
BMI (kg/m?) 229 224 224

(20.4;23.7)[18.9,28.5]

(21.8;23.3)[18.3,28.0] (21.1;23.3)[18.3,28.5]

Table 2 Pollutant concentrations by exposure site based on the median values over the 75 min exposure periods. Comparisons
between exposure sites were performed with the nonparametric Kruskal-Wallis test, with post hoc-comparisons according to

the Benjamini-Hochberg method; the P values given refer to the comparison of the four study sites. 'Control exposure vs. Urban
background p <0.05, ?Control exposure vs. Heavy traffic p < 0.05, *Control exposure vs. Biomass combustion p < 0.05, “Urban
background vs. Heavy traffic p < 0.05, >Urban background vs. Biomass combustion p < 0.05,  Heavy traffic vs. Biomass combustion
p <0.05. UFP = ultrafine particles, PM = particulate matter, LDSA =lung density surface area, NO,=nitrogen dioxide, O;=o0zone,

BC=Dblack carbon

Pollutant Control exposure Urban background Heavy traffic Biomass combustion Pvalue
Median (1st Quartile; 3rd Quartile)

UFP [#/cm? 12345 3,162 6,497 15,932 24,170 <0.001
(2,635; 4,242) (4,297;7,359) (10,934; 20,173) (13,465;35,061)

LDSA [um?%/cm?] 23456 12.1 144 265 53.0 <0.001
(8.8;14.8) (108;16.9) (17.3;325) (39.9;98.8)

PM, ¢ [ug/m? #° 47 36 56 59 0.009
(2.9;7.3) (2.2;53) (44,69) (40;83)

PM,q [ug/m? #° 96 6.0 10.2 133 0.001
(5.7;15.4) (48;83) (7.2,178) (83;181)

NO, [ppb] 2° 55 7.7 144 78 0015
(13;126) (2.1;226) (5.7;278) (18,11.9)

0, [ppb] 248 295 284 17.0 262 0015
(126;41.9) (114;33.3) (54;27.7) (18.2;36.1)

Ratio UFP / PM, ' 23> 654 1,713 2,576 4308 <0.001
(449; 1,056) (985; 3,742) (1,827; 4,308) (2,214; 5,985)

Ratio UFP / PM,,' 23° 372 999 1317 1,922 <0.001
(234;557) (494; 1536) (966; 1913) (1122;2715)

BC [ng/m? 234°6 3315 464.6 19338 45703 <0001
(29.7;520.9) (258.1;632.8) (1,435.8;2,624.3) (3,271.8;8,920.2)

Temperature [°C] 179 204 218 20.5 0.246
(11.7;232) (14.2;23.8) (17.5;25.8) (189;220)

Absolute humidity [g/ms} 94 8.9 89 9.2 0.852
(7.6,11.2) (7.7;107) (7.3;10.1) (7.8,104)

Ambient air measurements at exposure sites

UFP number concentration in #/cm® showed an increase
from control exposure to biomass combustion, with
the control exposure yielding the lowest median value
of 3,162 per cm® and biomass combustion the high-
est of 24,170 per cm® (Table 2). A similar pattern was
observed for LDSA. Median concentrations of 9.6 pg/m®
for PM;, and 4.7 pg/m® for PM, . were measured at the
control exposure, and of 6.0 pg/m® and 3.6 pg/m?, respec-
tively, in the urban background. At the heavy traffic site,
median PM,, concentrations of 10.2 pug/m*® and PM,

concentrations of 5.6 pg/m® were observed, whereas bio-
mass combustion showed the highest values of 13.3 pg/
m?® for PM,, and 5.9 pg/m?® for PM, .. The highest concen-
tration of NO, (14.4 ppb) and the lowest concentration
of O; (17.0 ppb) were measured at the heavy traffic site,
while concentrations were similar at other sites. Some of
the concentrations of particles and gaseous air pollutants
were highly correlated with each other, which was true
for UFP and LDSA (Spearman r=0.877, p<0.001), for
PM,, and PM, ; (Spearman r=0.870, p<0.001), and for
O3 and NO, (Spearman r = -0.565, p <0.001).
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Symptoms

Exposures did not significantly induce irritative symp-
toms from the lower or upper respiratory tract, nose or
skin. However, headache was induced. Compared to
control exposure and urban background, the change in
headache was significantly higher at the heavy traffic site
and with biomass combustion (p<0.001 each; Table 3).
Burning, itchy and tired eyes were averaged into a sum-
mary score of eye symptoms, the change of which was
significantly (p<0.001) higher with biomass combustion
compared to the other sites. For well-being, participants
indicated high levels with control exposure and urban
background, and a low level of impairment at these two
sites. For the heavy traffic site and biomass combustion
exposure, the converse was observed. In addition, partici-
pants reported smell at all locations, with high intensities
for biomass combustion and heavy traffic sites, and low
intensities for control exposure and urban background.
They also felt bothered by the odor at the heavy traffic
site and with biomass combustion.

Functional parameters

As indicated in Table 4, a number of outcome measures
showed statistically significant changes when compar-
ing post- versus pre-exposure values for each or the four
exposures.

Comparison of baseline values and percent changes
between study sites

In the next step, we assessed, whether baseline values
prior to exposures had been comparable and whether the
percent changes differed between the four study sites.
None of the pre-exposure values of lung function and
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cardiovascular parameters showed statistically signifi-
cant differences across exposure sites (Table 4). Similarly,
none of the A% changes of outcome measures showed
statistically significant differences when comparing the
four study sites (Table 4).

Results of regression analyses using the individual
exposure levels of air pollutants

Regression analyses were also performed using the per-
cent changes post- versus pre-exposure. There were sig-
nificant associations of AV with both, UFP and LDSA.
Compared to pre-exposure values, post-exposure val-
ues of AV decreased with higher UFP numbers (-0.92%
change per 10,000/cm® UFP; 95% CI: -1.57 to -0.28)
as well as LDSA levels (-0.41% change per 10 pm/cm?
LDSA; 95% CL: -0.67 to -0.15; Table 5; Fig. 2). Both esti-
mates had been adjusted for PM, ; and NO, levels that
were carried in the regression analyses besides tempera-
ture and absolute humidity.

Compared to pre-exposure values, also post-exposure
FeNO levels were associated with NO,. They decreased
with higher NO, concentrations in the model comprising
PM, ; and UFP as predictor (change by -5.40% per 10 ppb
NO,; 95% CI: -9.15 to -1.78), as well as in the model com-
prising PM, ; and LDSA as predictor (change by -5.19%
per 10 ppb NO,; 95% CI: -8.67 to -1.74).

The percent reduction in heart rate post- versus pre-
exposure was greater with higher UFP numbers (change
by -2.12% per 10,000/cm® UFP; 95% CL: -4.01 to -0.25)
but was not dependent on LDSA values. Finally, the
relative decrease in systolic blood pressure was less pro-
nounced with higher levels of UFP (change by 1.24%
per 10,000/cm® UFP; 95% CI: -0.02 to 2.50) or values of

Table 3 Changes of symptoms (headache, eye symptoms; symptom score post-exposure minus pre-exposure) by exposure sites.

For well-being, perceived impairment of well-being, smell, and annoying odor post-exposure scores are reported. All symptoms were
assessed on 0-100 mm visual analog scales. P values refer to the comparison of the four exposure sites using the Friedman non-
parametric test, the P values given referring to the comparison of the four study sites, with pairwise post hoc-comparisons according to
the Wilcoxon matched-pairs signed-ranks test and the Benjamini-Hochberg method of correction for multiple comparisons. 2Control
exposure vs. Heavy traffic p < 0.05, *Control exposure vs. Biomass combustion p <0.05, “Urban background vs. Heavy traffic p <0.05,
>Urban background vs. Biomass combustion p < 0.05. ®Heavy traffic vs. Biomass combustion p < 0.05. Eye symptoms are expressed as
mean values of the single symptoms burning eyes, itchy eyes, tired eyes

Control exposure Urban background Heavy traffic Biomass combustion Pvalue

A Headache 234° 0 0 9 7 <0001
(-03;0) ©;3) (0;16) (6;15)

A Eye symptoms 23° 0 0 0 4 <0.001
(-3;0) QA (-0.3;5) ;9

During exposures

Well-being 2346 100 80 47 69 <0.001
(78;100) (74, 91) (35;65) (56; 85)

Perceived impairment of well-being 234> 0 0 47 31 <0.001
(0;0) 0;5) (18;59) (0;57)

Smell 3456 14 4 42 88 <0.001
(0; 53) (0;15) (20; 69) (75; 100)

Annoying odor 2342 0 0 45 45 <0001
(0; 0) (0;0) (8,61) (27,67)
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Table 4 Relative difference of post-exposure vs. pre-exposure values (A%) of lung function and cardiovascular outcomes. Three types
of statistical comparisons are indicated. First, comparisons of pre-exposure values were performed with the Friedman nonparametric
test; the p values given in the respective second last column refer to these comparisons. Secondly, the same was done by comparing
the percent changes (A%) of outcome measures between exposures, and the result is given in the last column. Thirdly, in order to
assess whether there were significant changes within each exposure, comparisons between the values pre and post-exposure were
performed using the Wilcoxon matched-pairs signed-ranks test; their results are indicated as *p <0.05, **p < 0.01, ***p <0.001 at each
of the parentheses showing the quartiles. FEV, =forced expiratory volume in 1 s, FVC=forced vital capacity, DLCO=lung transfer

factor for carbon monoxide, DLNO =

lung transfer factor for nitric oxide, KCO=carbon monoxide transfer coefficient, KNO = nitric oxide

transfer coefficient, AV=alveolar volume, FeNO =fractional concentration of exhaled nitric oxide, BP=blood pressure, HR=heart rate,
RHI=reactive hyperemia index

Outcome Control exposure Urban background Heavy traffic Biomass combustion P value Pvalue
for pre-expo- for A%
surevalues  between

exposures
Median(1st Quartile; 3rd Quartile)

A% FEV, 0.69 (-1.15; 2.48) 145 (0.22; 3.07)*** 0.74 (0.00; 1.95)* 1.60 (-0.71; 3.43)* 0.585 0.351

A% FVC -0.07 (-1.91; 1.16) 0.00 (-2.55; 1.66) -1.35(-2.92; 1.04) -0.63 (-2.10; 1.92) 0.580 0.606

A% FEV, / FVC 0.66 (—1 21;2.36) 222 (-0.27; 4.09)*** 1.72(0.71; 3.27)** 1.77 (—O 67;3.62)** 0461 0.565

A% DLCO 4(-6.89; 0.33)** -4.81 (-9.90; 0.00)** -3.69 (-7.07;-1.04)** 1(-9.10; -1.49)%** 0.256 0.158

A% DLNO -2.07 (-4.81; 2.35) -5.08 (-6.47;-0.48)** -3.88 (-5.76; -0.00)** -5.51(-7.50;-2.13)*** 0616 0.155

A% KCO -298 ( -5.32;-0.57)%** -3.18 (-6.64;-1.07)*** -1.29(-5.25;1.19) -4.28 (-5.61;1.31)** 0.149 0.567

A% KNO 2 (-4.61;-0.03)** -3.30 (-5.64; -0.67)*** -3.05 (-5.76; 0. 81) -3.81 (-5.62;-0.84)*** 0.738 0.611

A% AV 0.17 (*1 97; 2‘73) -0.36 (-2.61; 1.94) -0.38 (-3.42; 0.86) 70 (-247;-0.17)* 0.192 0229

A% FeNO 6.00 (-7.44;28.61) 0.00 (-21.63;17.78) 0.00 (-13.82;21.73) 5.20(-12.32;26.23) 0.827 0499

A% Systolic BP -6.53 (-10.06; -3.22)*** -3.74 (-8.19; 0.74)* -5.01 (-9.83; 0.63)** -3.88 (-8.17;4.93) 0.103 0.277

A% DiastolicBP  -1.85(-835;3.23) -4.32 (-8.26; 2.65)* -1.90 (-6.17;1.52) -133(-5.18;1.73) 0.163 0.626

A% HR 0.00 (-12.55; 10.05) -3.36 (-11.54; 548) -433(-11.81;8.19) -8.70 (-18.93; 1.92)** 0.231 0.275

A% RHI 12.89 (-1.07; 36.40)* 14.80 (-3.82; 41.15)* 18.27 (5.61; 46.62)* 16.91 (-1.63;47.16)** 0.143 0.909

LDSA (0.45% per 10 pm/cm® LDSA; 95% CI: -0.05 to
0.95); these results were not statistically significant, but
the limits of confidence intervals very close to zero. As a
consequence, since post-exposure systolic blood pressure
measurements were generally lower than pre-exposure
values (Table 4), individuals exposed to the highest mea-
sured values of UFP or LDSA were estimated to approach
the pre-exposure levels.

There were no associations for spirometric parameters
(FEV; and FVC), carbon monoxide diffusing capacities
(DLCO and KCO), diastolic blood pressure, and RHI,
but tendencies for associations of DLNO with UFP and
LDSA, as well as of KNO with NO, in both, the UFP and
the LDSA model (Table 5).

In additional sensitivity analyses, further adjustment
for sex had no influence on any effect estimates. More-
over, the analyses using triple sets of predictors showed
no variance inflation compared to analyses not includ-
ing the covariates but only one air pollutant. Additional
inclusion of PM,, and Oj; in the triple models showed
the expected multicollinearity regarding the effect esti-
mates of PM,; and NO,, however with little influence
on UFP and LDSA estimates. In addition, in all Bayesian
analyses the samples of regression coefficients showed
low correlation, further indicating negligible multicol-
linearity effects. To achieve a better impression of the
mean changes and their relationship to pollutant levels,

quartiles of UFP, LDSA, NO, and ozone levels were com-
puted, and the mean percent changes of AV, DLNO,
KNO, heart rate and FeNO together with their 95% con-
fidence intervals were plotted as a function of these quar-
tiles, as shown in Fig. 3. These plots represent the average
changes of the data shown in Fig. 2 but categorized into
exposure quartiles as presented in Table 2. For interpre-
tation please note the different scales.

Discussion

The present study followed a semi-experimental design
involving realistic exposures to air pollutants at four
sites that had been chosen to show systematic differ-
ences in their levels of ultrafine particles (UFP), fine par-
ticles (PM, ;) and gaseous air pollutants (NO,, ozone). It
included young, healthy, non-allergic individuals, each of
whom performed 75-min walks with intermittent light
exercise at each of the sites. We thereby combined sys-
tematic differences in the levels of air pollutants with a
cross-over design in order to maximize statistical power.
We also utilized sensitive, non-invasive lung function
assessments including lung diffusing capacity for carbon
monoxide and nitrogen oxide. On average, the intended
exposure conditions were met, but with large overlap of
pollutant levels. This was probably the main reason why
outcomes did not show significant differences between
exposure sites. Anticipating this possibility, we had
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Table 5 Estimation of the effect of environmental exposures on lung and cardiovascular outcome parameters with regression
coefficients and corresponding 95% confidence intervals (Cl) in two different models. Interval estimates not containing zero are
marked in boldface. The UFP model comprised UFP, NO, and PM, 5, temperature and absolute humidity, a global intercept and
participant-specific intercepts. The second model was similar but with UFP replaced by LDSA. FEV, =forced expiratory volumein 1's,
FVC=forced vital capacity, DLCO=lung transfer factor for carbon monoxide, DLNO =lung transfer factor for nitric oxide, KCO=carbon
monoxide transfer coefficient, KNO = nitric oxide transfer coefficient, AV =alveolar volume, FeNO =fractional concentration of exhaled
nitric oxide, BP =blood pressure, HR=heart rate, RHI=reactive hyperemia index, UFP = ultrafine particles, NO, = nitrogen dioxide,

PM = particulate matter, LDSA=lung density surface area

Outcome UFP Model

LDSA Model

UFP NO, PM, 5

LDSA NO, PM,

Estimate [95% Cl]

Estimate [95% Cl]

A% Post vs. Pre Per 10,000 #/cm® Per 10 ppb Per 10 pg/m? Per 10 pg/cm’ Per 10 ppb Per 10 ug/m?
FEV, 0.11 0.02 -0.33 0.07 0.04 -0.38

[-0.26 t0 0.46] [[0.33t0 0.37] [-1.29t0 0.61] [-0.07 t0 0.21] [[0.29t0 0.38] [-1.351t0 0.60]
FVC 0.09 -0.10 -0.67 0.03 -0.08 -0.64

[-0.39t0 0.57] [-0.57 t0 0.37] [-1.94 to 0.64] [-0.15t0 0.23] [-0.53t0 0.36] [-1.91t0 0.62]
FEV, /FVC 0.00 0.17 0.31 0.03 0.17 0.26

[-0.47 to 0.46] [[0.27 t0 0.61] [-0.92 to 1.54] [[0.16 t0 0.21] [-0.27 t0 0.60] [-1.01 to 1.50]
DLCO -0.73 0.37 0.68 -0.29 0.22 0.72

[[1.711t00.29] [-0.58 to 1.27] [-1.93t0 3.28] [-0.70t0 0.12] [[0.69t0 1.13] [-1.90 to 3.36]
DLNO -0.86 -0.39 0.89 -0.34 -0.56 0.90

[-1.77 t0 0.05] [[1.221t0042] [-1.46t0 3.16] [-0.70t0 0.03] [-1.35t0 0.25] [-146t03.31]
KCO 0.18 0.15 -0.07 0.11 0.20 -0.15

[-0.71to 1.10] [-0.73 to 1.04] [-243 t0 2.26] [-0.25 t0 048] [-0.62 to 1.05] [-2.56 t0 2.19]
KNO 0.03 -0.54 0.34 0.07 -0.54 0.21

[-0.59 t0 0.66] [-1.11 t0 0.05] [-1.31to 1.98] [[0.19t0 0.32] [-1.10t0 0.03] [-141 to 1.86]
AV -0.92 0.15 061 -0.41 -0.03 0.80

[-1.57 t0 -0.28] [-0.45 t0 0.74] [-1.121t0 2.29] [-0.67 to -0.15] [[0.62 t0 0.57] [-1.00 to 2.53]
FeNO 1.12 -5.40 -1.66 0.76 -5.19 -1.91

[-2.46 t0 4.85] [-9.15 t0-1.78] [-9.64 to 5.51] [-0.79 to 2.37] [-8.67 to -1.74] [-10.14 t0 5.31]
Systolic BP 1.24 0.24 -1.25 045 049 -1.28

[-0.02 to 2.50] [[0.93 to 1.41] [-4.56 to 1.95] [-0.05 to 0.95] [-0.68 to 1.68] [-4.50 to 1.97]
Diastolic BP 0.03 0.06 0.13 -0.02 0.07 0.22

[[1.18t0 1.24] [-1.04t0 1.14] [-2.87 t0 3.24] [-0.50 to 0.45] [-1.04t0 1.13] [-2.93 10 3.23]
HR -2.12 -0.82 135 -0.62 -1.23 1.09

[-4.01 to -0.25] [-2.721t0 1.10] [-3.14t0 5.98] [-1.381t0 0.13] [[3.12t0 0.64] [-3.41 10 5.84]
RHI -0.18 2.70 244 0.00 2.64 238

[-5.10 t0 4.89] [-1.81to 7.33] [-6.10 to 12.90] [-2.131t0 2.18] [-1.85t0 7.57] [-6.27 to 13.77]

measured pollutant levels during each exposure allowing
for regression analyses based on the actual levels of air
pollutants.

These analyses revealed that alveolar volume (AV) was
slightly reduced with increasing values of UFP or lung-
deposited surface area (LDSA). There was a similar ten-
dency for DLNO, which could be explained by the fact
that DLNO depends on the available lung volume stron-
ger than DLCO [12]. These results could be a conse-
quence of a peripheral deposition of UFP and, as one of
various possibilities, subsequent induction of peripheral
micro-atelectasis, an effect that previously had been pos-
tulated for a different type of exposure [12]. It should be
emphasized that at present this interpretation is specula-
tive and needs to be substantiated in future studies.

We used DLNO as a tool for measuring gas transport
capacity independent from pulmonary capillary blood
volume, i.e., the hemoglobin content of the lung. This

is possible due to the extremely high affinity of NO for
hemoglobin, which renders DLNO practically inde-
pendent from capillary blood volume. In contrast, the
commonly used DLCO is heavily dependent on the
hemoglobin content of the lung, due to the lower affin-
ity of CO compared to NO, and therefore reflects the
effects of both, capillary blood volume and gas trans-
port to erythrocytes. If additional changes in blood vol-
ume would have occurred, these would have resulted
in a tendency for greater changes in DLCO compared
to DLNO, as previously observed [12]. If there are no
such systematic changes, variability of DLCO seems to
be larger than that of DLNO, due to the additional fac-
tor of blood volume, and DLNO which depends only on
gas transport shows more clear changes than DLCO, par-
ticularly, if changes are tiny. The observation that DLCO
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Fig. 2 Effect estimates of pollutant concentrations during exposure on the relative difference of post-exposure vs. pre-exposure measurement (A%) of
outcome variables with linear regression line and 95% interval estimate (grey areas). Black dots represent the measured values. *Interval estimates that ex-
clude O (for details see Table 5) are marked with an asterisk. UFP = ultrafine particles, LDSA =lung density surface area, NO, = nitrogen dioxide, O;=ozone,
AV =alveolar volume, DLNO =lung transfer factor (diffusing capacity) for nitric oxide, KNO =transfer coefficient for nitric oxide, FeNO =fractional concen-

tration of exhaled nitric oxide, HR = heart rate

did not change significantly, therefore suggests that pul-
monary capillary blood volume was not affected by UFP
exposure.

The level of exhaled fractional nitric oxide (FeNO) was
slightly increased after all exposures, but this increase
was lower with higher levels of ambient air NO,. This
might be interpreted as an oxidative effect within the

central airways. In addition, heart rate declined after all
exposures, but this reduction was strongest with high
UEP levels, and this effect was statistically significant.
Taken together, the observations demonstrate that even
in healthy young individuals, short-term exposure to UFP
induced a small reduction in the lung volume accessible
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to gas diffusion, and that ambient air NO, reduced the effects of air pollutants. We did not address this possibil-

level of endogenous exhaled nitric oxide. ity as it seemed out of reach to disentangle such effects
In contrast to the results of regression analyses, there in any reliable manner with the number of experiments

were no significant differences when comparing the out-  given. Therefore, the regression analyses included mul-

comes among the four sites. Besides the overlap of expo-  tiple predictors but no statistical interaction terms.

sure levels, another reason could have been combined
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LDSA is a marker of the potential of particles to inter-
act with the lung via their surface area. Correspond-
ingly to its correlation with UFP, higher values of LDSA
were also associated with a reduction in AV. LDSA and
UFP showed a similar association with AV, while heart
rate was only related to UFP not to LDSA. This suggests
that effects from the deposition of particles, due to their
number and/or surface area, led to a local peripheral air-
ways response inducing the reduction of lung volume,
while the change of heart rate primarily involved particle
number but not particle surface. One might speculate
that this points toward particle translocation, but again
this speculation needs further investigation, although it
might be difficult to perform experiments in human sub-
jects. PM, ; and PM,, did not show any associations with
the outcomes. These observations underline the health-
related potential of ultrafine compared to other particles,
but of course do not invalidate the findings of other stud-
ies that reported effects of PM. In the case, however, that
particles of different size are precisely monitored during
exposures, UFP seem to beat PM with regard to effects
on alveolar volume and heart rate.

We observed a slight overall increase in FeNO after
exposures, and no association with particle levels, in con-
trast to previous studies [25-27]. However, these studies
either comprised longer observation periods, or repeated
exposures, or did not include gaseous pollutants in their
analyses. Moreover, the relative range of variation of PM
levels was not extremely high in our study, compared
to that of UFP. Our finding of a slight increase in FeNO
might involve circadian effects or, in our view more likely,
effects elicited by the light exercise. Importantly, the
increase was lower with higher levels of NO,. This would
be compatible with an oxidant effect of NO, on the air-
way mucosa, in which NO is generated, or with altera-
tions of the mucosa impairing the transfer of NO into the
lumen. In a previous study in fighter pilots, a reduction of
FeNO was observed, and it was concluded that this was
due to drying of the mucosa by the air supplied by the
flight support system [12]. To elucidate such an effect, we
included absolute humidity as statistical predictor, since
the absolute water content of inhaled air determines the
amount of water vapor to be generated within the air-
ways. The analyses revealed no significant associations
with absolute humidity. It should be noted that we stud-
ied non-allergic subjects in whom Th2-related inflam-
matory effects leading to an increase in FeNO seem very
unlikely.

NO, in ambient air is known to be inversely correlated
with ozone, and this inverse correlation was also appar-
ent in our data. When replacing NO, with ozone in the
regression analysis of FeNO, no association was observed,
supporting NO, as the active component. Remarkably,
the relative reduction in FeNO occurred even at very low
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NO, levels. The observation that inhaled oxidants may
reduce FeNO is well documented for both active [28—-30]
and passive smoking [31], with several contributing fac-
tors potentially involved [32]. It is unlikely that the reduc-
tion in FeNO resulted from a decreased bronchial surface
area from which endogenous NO is released, as this
would require substantial airway obstruction [33, 34].
Neither FVC, nor FEV, nor its ratio to FVC were statisti-
cally significantly dependent on the air pollutant levels, in
contrast to findings from other studies [35]. Our observa-
tions can also be compared to a study in which patients
and healthy subjects aged 60 years and older walked for
two hours in either a relatively clean or a heavily polluted
environment [4]. In the clean area, spirometric indices
improved after the walk compared to those measured
before, while this improvement did not occur in the pol-
luted area. In our setting, conducted in young, healthy,
well-trained individuals, no comparable effect on spiro-
metric values was detected. NO, also showed a tendency
to reduce KNO, the volume-adjusted lung transfer coef-
ficient for NO. The common interpretation of this finding
would be a slight impairment in diffusion, possibly due
to processes occurring at the alveolar surface. If these
involved oxidant effects of NO,, they would be consistent
with its impact on FeNO. However, since only a tendency
was observed, this interpretation remains speculative and
warrants further investigation in future studies. Addi-
tionally, this finding highlights the potential of NO diftus-
ing capacity over the conventional CO diffusing capacity.

Previous exposure studies described the effects of UFP
or other air pollutants on vascular function, using for
example flow-mediated dilation [36]. We assessed the
reactive hyperemia index (RHI), which has been pro-
posed as a surrogate marker for flow-mediated dilation
[37, 38]. While adverse effects of particle number con-
centration on this outcome have been reported in the
presence of physical activity [37], we did not observe
any associations with air pollutants. It is possible that
changes in peripheral vascular function due to low lev-
els of ambient air pollutants in healthy young individuals
require more intense and sustained physical exercise as
well as longer exposure times, rather than light, intermit-
tent activity. On the other hand, our findings align with
results from experimental exposure studies showing that
exposure to concentrated ambient fine and ultrafine par-
ticles in a typical urban environment or filtered air for
two hours did not affect peripheral vascular vasomotor or
fibrinolytic function in twelve male patients with stable
coronary heart disease and 12 aged-matched healthy vol-
unteers [38]. Heart rate declined in all exposure scenarios
except for the control exposure, with a statistically signifi-
cant decrease observed during biomass combustion. This
decline was associated with high levels of UFP although
not LDSA exposure. While this might favor the tentative
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hypothesis of particle translocation and the dominant
role of particle number versus that of surface area, we do
not have an explanation for the overall decline. Previous
studies found associations between increasing ambient
air pollution levels and significant reductions in heart
rate variability [39]. In addition, a reduction in personal
exposure to air pollution by using a face mask has been
linked to small but consistent improvements in heart rate
variability in patients with coronary heart disease [40].
However, for heart rate per se no associations have been
reported.

Moreover, we observed only a tendency for associa-
tions between changes in systolic blood pressure and
UFP or LDSA. Possibly, blood pressure was too depen-
dent on other conditions, thereby increasing its variabil-
ity. A previous study on healthy young women exposed
to traffic-related air pollution during physical activ-
ity found associations between increased diastolic and
systolic blood pressure and ozone levels, but not UFP
[37]. However, the study involved higher workload and
thus ventilation levels than our study. High exposure to
traffic-related pollutants was also found to be associ-
ated with an increase in diastolic blood pressure, while
various air pollutants (BC, PM,,, PM, ;, UFP, NO,) were
linked to higher systolic blood pressure. Intermittent
physical activity reduced systolic blood pressure over-
all, particularly in environments with low traffic-related
air pollution. The results suggested that physical activity
could influence the increases in systolic blood pressure,
depending on the type of pollutant [41]. The observed
blood pressure increases align with data from indoor par-
ticle exposure studies, which have also demonstrated an
association with particle surface area (LSDA) [42]. Thus,
the available data show a heterogeneous picture regard-
ing cardiovascular parameters and air pollution, in which
effects depended on the setting and pollutants analyzed.
Probably, in our setting with healthy, young subjects the
exposure was too low to exert significant effects beyond
the tendencies observed.

In contrast to the changes in the objective measures of
lung and cardiovascular function, the changes in symptoms
did show significant differences between the exposure sites.
Significant impairments regarding headaches and eye symp-
toms occurred with biomass combustion and at the heavy
traffic site but it should be noted that scores were small
or very small compared to the total VAS range of 0-100.
Accordingly, well-being during exposure, its impairment,
smell and annoying odor showed much stronger changes
at the heavy traffic site and with biomass combustion com-
pared to control and urban background exposure. While
noise exposure could be minimized, it was not possible to
blind the participants regarding their exposure sites. Thus,
the ratings may have been influenced by visual and other
impressions. Conversely, the rating of biomass combustion
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might have been biased, as many subjects associated posi-
tive memories with this exposure, and negative emotions
with the heavy traffic site.

Limitations

One limitation of our study was that only young healthy
individuals could be included considering the rather
demanding design and assessments. In addition, par-
ticipants could not be blinded to the exposures, with the
consequence that effects from the perception of specific
environments could not be entirely ruled out. This was
apparent for the self-reported well-being at the heavy
traffic site and the biomass combustion. Another limi-
tation was the restricted sample size of 26 participants.
Nevertheless, we observed statistical associations, likely
due to the cross-sectional study design and the assign-
ment of a broad range of exposure levels to each which
suggests that the statistical power was adequate to
detect relevant effects. It should be considered that par-
ticle composition might have differed between the four
exposure sites, as well as potentially the levels of other
gaseous pollutants that were not measured. While PM
was included primarily for the sake of completeness, our
main focus was on UFP. We do not claim that PM has no
effects, rather, within the context and scope of our study,
any potential PM-related effects were likely weaker and/
or less consistent than those of UFP. The absence of sig-
nificant PM-related effects should therefore not be inter-
preted as contradictory to previous findings regarding
PM. Our study was neither designed nor powered to
reproduce such effects. Instead, the focus was on UFP,
and the findings suggest that, when properly measured,
the effects of UFP are stronger and/or more consistent
than those of PM. Some variability in weather conditions
was unavoidable, but extreme conditions were prevented
by terminating exposures in such cases. Due to the
demanding assessment schedule, it was also not feasible
to monitor participants over an extended period follow-
ing exposure to investigate potential delayed effects. It
should be emphasized that the observed effects were very
small and that their interpretation included significant
elements of speculation. Lastly, in real-world exposure
conditions, which our study aimed to replicate, particle
composition is heterogeneous and variable. A more
detailed analysis of compositional effects and related
characteristics would have required a substantially larger
number of participants and exposure sessions than were
possible within the framework of this study.

Conclusion

Using a randomized, cross-over design with four defined
outdoor exposure sites characterized by different levels
of ultrafine particles (UFP), fine particles and gaseous air
pollutants, we studied 26 young healthy individuals in
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75-min exposures with intermittent light exercise. The
exposures comprised control, urban background, heavy
traffic, and biomass combustion sites. When compar-
ing post- and pre-exposure values, there was a reduction
in alveolar volume (AV), i.e., the lung volume accessible
to gas transport, with high levels of UFP, or, equiva-
lently, lung-deposited surface area (LDSA). This pointed
towards effects on peripheral airways in response to UFP
deposition. In addition, the concentration of endogenous
exhaled nitric oxide (FeNO) that is thought to originate
in the central airways was lower with increasing levels of
ambient air nitrogen dioxide (NO,), possibly reflecting
an oxidant effect. Moreover, there was a stronger decline
in heart rate with high levels of UFP. The results indicate
that typical ambient air exposures encountered in a large
city may have a number of measurable, although subtle
acute health effects even in healthy young individuals.
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