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• Road wear from asphalt is a significant
contributor to local air pollution.

• Different types of asphalt have different
blood coagulability potential.

• Coagulation potential and health out-
come can be attributed to the chemical
composition.

• Stone materials should be considered in
the production of asphalt.
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A large fraction of particulate matter (PM), especially PM10, concentrations are due to non-exhaust emissions,
such as road abrasion andwear on tires and brake pads. Concentrating on road abrasion, we aimed to investigate
blood coagulability in healthy adults after exposure to two types of stonematerials commonly used in asphalt on
Norwegian roads.
This study followed a randomized, double-blind, cross-over study design. Using an exposure chamber, 24 healthy
young volunteers were exposed to aggregates of two different types of rocks and placebo dust: quartz diorite,
rhomb porphyry, and lactose (placebo dust). Each exposure session lasted for 4 hours (h), and blood samples
were collected before exposure (baseline), 4 h post-exposure, and 24 h post-exposure to analyse potential
changes in the von Willebrand factor (vWF) as well as of fibrinogen, d-dimer, leukocytes, and thrombocytes.
The dust concentration in the exposure chamberwasmeasuredwith real-time instruments and gravimetric sam-
ples of total dust, respirable dust, PM10, PM2.5, and ultrafine particles (UFP). The results were analysed using a lin-
ear mixed-effect model.
Leukocyte blood counts increased post-exposure for all exposurematerials; however, none of the increaseswere
statistically significant. The concentration of fibrinogen increased after exposure to quartz diorite, while it
decreased after exposures to rhomb porphyry and lactose. Type of material was a statistically significant explan-
atory variable for the concentration of fibrinogen, with the most significant increase occurring 24 h post-
exposure to quartz diorite. After exposure to the three materials, vWF decreased. For the thrombocytes, an in-
crease in blood count was observed 24 h post-exposure to quartz diorite and rhomb porphyry, with a modest
(p = 0.09) positive association for quartz diorite.
our; IL, Interleukin; PM, Particulate matter; vWFa, von Willebrand factor activity; vWFc, von Willebrand factor concentration.
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Although the results are limited, we conclude that the different effects observed post-exposure to quartz
diorite support considering potential health effects when choosing materials in the production of
asphalt.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Air pollution is a mixture of gases and particulate matter (PM),
consisting of both organic and inorganic materials. Although all
components found in the air are potentially harmful to human
health, the most distinct health outcomes, such as asthma, cardio-
vascular diseases, lung cancer, and metabolic syndromes, have
been attributed to exposure to PM (Cohen et al., 2018; Dockery
et al., 1993; Franchini and Mannucci, 2011; Goldberg, 2008; Hoek
et al., 2001; Kagawa, 2002). All of these outcomes are associated
with inflammatory reactions (Xu et al., 2013).

PM is usually divided into PM10, which consists of particles less than
10 μm in aerodynamic diameter; PM2.5, which consists of fine particles
with aerodynamic diameters of less than 2.5 μm; and PM0.1, which
represents ultrafine particles (UFP) with aerodynamic diameters of
less than 0.1 μm (Brunekreef and Forsberg, 2005; World Health
Organization, 2003). UFP tend to agglomerate through coagulation
and condensation to form larger particles with diameters mainly be-
tween 0.1 μm – 1.0 μm (Brunekreef and Forsberg, 2005). Different size
fractions tend to have particular chemical characteristics and deposit
in specific locations along the respiratory tract (Heyder, 2004). In gen-
eral, smaller particles are considered more toxic than larger particles
due to their higher number concentrations, larger active surface areas,
their ability to penetrate farther into the respiratory tract, and their pro-
pensity to react with more vulnerable cells and tissues (Delfino Ralph
et al., 2005; Meng et al., 2013). Other results have, however, indicated
that respiratory effects, such as chronic obstructive pulmonary disease
and asthma, are more substantially or equally associated with short-
term exposure to PM10 as compared to exposure to PM2.5 (Brunekreef
and Forsberg, 2005).

In urban areas, it is common to distinguish between exhaust and
non-exhaust PM. While exhaust PM consists of particles released into
the atmosphere from the combustion of gasoline or diesel oil, non-
exhaust PM is produced from processes associated with vehicle usage
and predominately comes from brakes linings, clutch pads, tires, and
road surfaces (Thorpe and Harrison, 2008). Modern emission abate-
ment technologies have provided a significant reduction in PM emis-
sions from exhaust sources. Exhaust PM predominantly consists of
PM2.5 and is independent of weather and road conditions. PM from
brakes and clutches consists of both PM2.5 and PM10. PM from the tire/
road interface consists mainly of PM10 (Cassee et al., 2013; Garg et al.,
2000; Ketzel et al., 2007) and is strongly dependent on weather and
road conditions and on the use of studded tires. The non-exhaust
sources remain a challenge, as they have received limited attention.
The emissions from non-exhaust particles contribute up to 90% and
85% of the PM10 and PM2.5 concentrations observed in urban areas, re-
spectively (Bukowiecki et al., 2010; Ketzel et al., 2007; Timmers and
Achten, 2016). If studded tires are used, it can be assumed that up to
90% of locally-emitted PM10 may be due to road abrasion during the
winter (Johansson et al., 2007; Kupiainen et al., 2005).

The biological health effects associated with exposure to PM consist
of oxidative stress reactions and inflammation, potentially resulting in
deleterious cardiovascular and pulmonary health outcomes (Yang
et al., 2017). To measure the health impact related to both short- and
long-term exposure to PM, different biomarkers have been used in pre-
vious investigations. We must, however, realize that such markers are
not entirely consistent, that they remain controversial, and that their
specific biological significance in many cases remains unknown
2

(Elvidge et al., 2013; Yang et al., 2017). We often measure what we
canmeasure but are not absolutely aware ofwhether changes in the dif-
ferentmarkers express pathological or physiological responses. Even so,
the association between exposure to PM and health effects is well
acknowledged.

1.1. Inflammation and blood clotting

Inflammation is a non-specific immune response in which the im-
mune system acts to defend the body against xenobiotics. Inflammation
plays an essential role in the initiation and development of atheroscle-
rosis and the induction of cardiovascular events (Hajat et al., 2015).
Acute inflammation is characterized by the infiltration of innate im-
mune cells, specifically neutrophils and macrophages (Ferrero-Miliani
et al., 2007). Neutrophils are recruited rapidly by the affected tissue in
acute infections and dominate the initial influx of leukocytes (Issekutz
and Movat, 1980). Later in the inflammation cycle, cytokines and reac-
tive oxygen species are released to deal with foreignmaterial and/or in-
fected cells (Petrofsky and Bermudez, 1999). Cytokines are small,
secreted proteins released by cells to communicate and interact with
each other (Zhang and An, 2007).

Inflammation initiates blood clotting (Esmon, 2005), a physio-
logical process involving components such as thrombocytes and
proteins (Butenas, Mann, & Butenas, 2002). Blood clotting is char-
acterized by an increased concentration in the acute-phase serum
protein fibrinogen, which is then converted to insoluble fibrin, an
essential ingredient in preventing infection from spreading into
the bloodstream (Haidaris et al., 1989; Kattula et al., 2017).
Hence, fibrin plays an essential role in thrombocyte aggregation
and clot formation (Toss et al., 1997), and both fibrinogen and d-
dimer are reckoned to be valid markers of blood coagulability. An-
other essential acute-phase protein is the von Willebrand factor
(vWF) (A. D. Blann, 1991), which is a critical mediator of vascular
inflammation It plays a role in the recruitment of leukocytes and
platelets in inflamed and injured tissue (Gragnano et al., 2017).
Further, vWF is known to increase with stress and some diseases
and conditions. To ensure stable blood clots (thrombus), the
presence of both vWF and a network of fibrin is necessary
(Kattula et al., 2017).

1.2. Materials used in asphalt

The type of asphalt laid on Norwegian roads depends on road use,
both in terms of speed and daily traffic burden. Quartz and plagioclase
are amongst the most dominant stone minerals used in Norwegian as-
phalt. Quartz is a hard mineral that is classified as a human carcinogen
(International Agency for Research on Cancer, 1997; World Health
Organization, 2000), and rock aggregates containing a high amount of
quartz are considered more toxic to human health. In a Norwegian
in vitro study, a strongnegative correlationwas found between the abil-
ity to induce inflammatory reactions in lung cells and the plagioclase
content, and it was hypothesized that stonematerials rich in plagioclase
have low bioactivity (Øvrevik et al., 2005). Within this context, it is in-
teresting to explore what effects the chemical and mineralogical com-
positions of particles in asphalt material may have on human health.

In this paper we aimed to investigate the formation of blood coagu-
lation markers in healthy adults after exposure to different types of
stone materials commonly used in asphalt on Norwegian roads.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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2. Materials and methods

2.1. Study design

This study followed a randomized, double-blind, cross-over design,
where the order and type of exposure were random for both volunteers
and the researchers. For the study, we recruited 24 young volunteers.
The experiment was carried out using six groups, each with four partic-
ipants. Each person attended three dust exposure sessions in a chamber
in random order: one with quartz diorite, one with rhomb porphyry,
and one with lactose powder (placebo dust), which is an inert dust. At
least 3 weeks passed between exposure sessions to eliminate hang-
over effects. To increase their pulmonary ventilation during exposure
in the exposure chamber, each participant used a step-board for
15min during each exposure hour, achieving 50–75% of theirmaximum
pulse. The strain was registered. During the remaining time, they sat by
a table located in themiddle of the room,where they could read, talk, or
work on their phone/computer. The participants rotated through the
seats around the table to reduce the variability in exposure related to
the location in the room. The participants entered the exposure cham-
ber in 30-minute intervals, in which the first participant was exposed
for 4 h from 9 AM to 1 PM, and the last participant was exposed from
10:30 AM to 2:30 PM. The blinding was maintained until the statistical
analysis commenced. The means and standard deviations of the chem-
ical compositions of quartz diorite and rhomb porphyry are shown in
Table 1. As shown in Table 1, quartz diorite and rhomb porphyry
consisted predominantly of plagioclase while containing different
quartz and chlorite contents.

These values are based on X-ray Diffraction (XDR) analyses of two
crushing operations performed at different time points.

2.2. Study population

Twenty-four (10men and 14 women) healthy, non-smoking volun-
teers (students) with normal lung function took part in the study. The
ages of the volunteers ranged from 20 to 28 years. Before the volunteers
were accepted as participants in this study, they were interviewed
about respiratory health problems, chronic inflammatory diseases
(such as rheumatism, ulcerous colitis, or Crohn's disease), sleep quality,
and lifestyle. Candidates with any of these known illnesses or with
symptoms thereof were excluded from the study. To maintain the ano-
nymity of the volunteers, each participant was assigned an identifica-
tion number (I.D.), which was used when information about the
volunteers was recorded and stored. The volunteers were screened for
lactose allergies before exposure. The lactose powder was inert and
should not have been able to trigger any biological response in healthy
subjects (VWR International, 2018).

Of the 24 subjects recruited, 23 completed all three exposure days.
The participants were asked to avoid alcohol, specific nutrition, and
challenging exercise for 36 h before each exposure day. The participants
were also asked to achieve normal sleep and observe similar sleep pat-
terns before each of the exposure days. On the days of exposure and be-
fore entering the exposure chamber, the participants were asked about
symptoms related to colds and possible acute infections. Both during
and after exposure, potential symptoms or irritations were registered
using a standardized form. During the exposure, the participants used
disposable overalls to prevent dermal exposure and their clothes from
being contaminated. The participants received a modest remuneration
Table 1
The means and standard deviations of the chemical compositions (%) of the two stone aggrega

Material Quartz K-feldspar Plagioclase Mu

Quartz diorite 27.5 ± 0.7 12.0 ± 1.4 32.0 ± 1.4 3.0
Rhomb porphyry 4.5 ± 0.7 31.0 ± 0.0 47.0 ± 0.0 7.0

3

for each day of participation and a bonus for attending all three
exposure days.

2.3. Inflammatory and coagulation parameters

Samples of blood were collected from the participants 30–60 min
before the four-hour exposure session, 4 h after exposure ended, and
again 24 h after exposure. Collection was done at two different loca-
tions, depending on the samples to be taken and tests to be done. The
blood samples were collected in citrate plasma tubes. The tubes used
for the d-dimer and fibrinogen analyses were stored at room tempera-
ture for a maximum of 8 h after sample collection. Prior to analysis,
theywere centrifugated at 2000 g for 10min at 20 °C. The remaining cit-
rate plasma tubes were centrifuged at 2500 g for 15 min at 20 °Cwithin
30min after sample collection and immediately stored at−20 °C. At the
end of the day, all tubes were transported to the Laboratory of Clinical
Biochemistry at St. Olav University Hospital in Trondheim, where they
were analysed with accredited methods, as follows: i) Von Willebrandt
factor activity wasmeasured via an immunoturbidimetric analysis, that
is, monoclonal antibody to platelet binding sites on the vonWillebrand
factor (glycoprotein 1b receptor) were investigated (HemosIL von
Willebrand Factor Activity Assay Kit); ii) fibrinogen was assessed via
the optical detection of clots (HemosIL Q.F.A. Thrombin Assay Kit); iii)
d-dimers were measured with a quantitative immunological method
based on latex microparticles (HemosIL D-Dimer HS Assay Kit); and
iv) leucocytes and thrombocytesweremeasured using aflowcytometric
method (Sysmex XN Analyzer).

2.4. Dust exposure

The choice of aggregate typeswas based on previous in-vitro studies
suggesting that plagioclase-rich rocks have a low potential to induce
pro-inflammatory responses, while rocks containing minerals, such as
quartz, amphibole, chlorite, and epidote, induced a marked increase in
the release of IL-6 and IL-8 (Hetland et al., 2000; Øvrevik et al., 2005).
In addition, quartz diorite and rhomb porphyry are also used in the as-
phalt of the largest, most-trafficked cities in Norway.

Both aggregates were produced using the standardized Los Angeles
(LA) Method, which determines the resistance of an aggregate to frag-
mentation (European Committee for Standardisation 1998, EN 1097–2
annex A) to achieve a particle size of less than 65 μm. The quartz diorite
has a ball mill value AN= 5,2 and LA value of 10.3, which means it can
be used as a surface course on roads with annual average daily traffic
(AADT) >15,000. The rhomb porphyry has a ball mill value AN = 7,5
and LA - value of 16.4, which means it can be used as a surface course
on roadswith AADT between 5000 and 15,000, according to existing re-
quirements. The final size distributions and fractions of the two aggre-
gates were analysed after crushing.

2.5. Exposure chamber

The exposure took place at the Department of Industrial Economics
and TechnologyManagement in the division of Health, Safety and Envi-
ronmental Management at NTNU in Trondheim. The exposure chamber
had an area of 11.8 m2 and a volume of 35.0 m3. The air change rate
(ACH) was 3.0 h−1 during exposure to quartz diorite and rhomb por-
phyry. During exposure to lactose a lower ACH (2.06 h−1) was used to
increase the chamber exposure to this material. On 11 of the 19
tes.

scovite Amphibole Chlorite Epidote Calcium

± 0.0 10.5 ± 0.7 15.0 ± 0.0
± 0.0 3.0 ± 0.0 5.5 ± 0.7 2.0 ± 0.0
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exposure days, the room temperature and relative humidity (RH) were
measured. The mean temperature was 20.8 °C, while the temperature
ranged from 18.1 to 23.1 °C, and the mean RH was 36%, with the RH
ranging from 22 to 49%. Mixed ventilation was used, in which the air
was supplied to the roomby one air terminal located on the roof and ex-
tracted through two extract diffusers, also situated on the roof. To in-
crease the mix of contaminants in the room, a table fan was placed
near the closed window. The air used to generate the dust was filtered
using HEPA filters before the exposure dust was supplied to the room
to ensure that the generated particles were from the test material and
not from outdoor pollution sources. Fig. 1 shows a sketch of the expo-
sure chamber.

Aerosol generation was performed with a TSI 3410L Dust
Aerosol Generator. The dust generator dispersed the dust into the
facility through flexible silicone tubing that ended approximately
1.3 m above floor level in the middle of the wall. The walls and
floor consisted of smooth surfaces that were easy to clean between
each exposure session. To document that the chamber was ade-
quately cleaned prior to dust generation, the particle concentration
was measured (using DustTrack) at the beginning of each expo-
sure session. In short, the feeding mass of a material (powder) is
defined by the belt speed on the aerosol generator and the powder
bulk density. For each of the materials, the dependency between
the belt speed and feed mass was obtained (TSI Incorporated,
2018) so that the concentration, in mg/m3, could be calibrated to
deliver a maximum of 10 mg/m3 of total dust and 5 mg/m3 of
respirable dust, which correspond to the Norwegian eight-hour
occupational exposure limit values for these particle fractions,
respectively. The concentration was calculated based on the sup-
plied air volume and mass balance for the exposure chamber
(see Fig. 1). The photometric calibration factor (PCF) and the size
calibration factor (SCF) in the calibration user settings were up-
dated for each of the materials used. As a result, an individual cal-
ibration curve was created for each exposure material to achieve
the wanted exposure concentrations. For lactose, a fluidized-bed
Aerosol Generator 3400 (TSI) was used to disperse and aerosolize
dry powders in a size range of 0.5 μm to 40 μm in aerodynamic
diameter. The large beads in the fluidized-bed broke up the
agglomerates of fine-powder particles.
Fig. 1. The exposure chamber. Stationary sampleswere collected from the test stand,while
personal samples were collected from each of the four people seated in the chamber.
Symbols: 1 = air filter, 2 = pump, 3 = table fan, 4 = circular diffusor, 5 = test stand.

4

2.6. Exposure measurement

To measure and control the concentration of dust in the exposure
chamber, both personal and stationary samples were collected, in addi-
tion to real-timemeasurements. To measure the variability in exposure
between the subjects in the exposure chamber, personal samples of re-
spirable particles were collected from each participant using a cyclone
(SKC aluminium respirable cyclone) equipped with a cassette (SKC
SureSeal 3-piece 37 mm) containing PCV filters (SKC PVC filter 37 mm
5.0 μm) connected to a sampling pump (SKC AirChek 3000). The sam-
pling pump was calibrated to deliver a flow rate of 2.5 L/min for 4 h.
The filters were weighed prior to and post exposure using a Mettler
AE 163 scale (Mettler Instruments AG, Greifensee, Switzerland) with a
limit of detection (LOD) of 0.05 mg. A reference filter was always
weighed prior to weighing the experimental filters, and the standard
deviation was calculated based on the average weight of the reference
filter to obtain the LOD.

To obtain information about the temporal variably observed during
each exposure day and to adjust the settings to obtain the desired expo-
sure levels, real-time readings of PM1, PM2.5, PM10, and respiratory dust
fractions were obtained using DustTrak (TSI model DRX 8533) for the
two stone types A and B and inert dust C. This instrument combines
photometric measurements of the particle cloud and optical sizing of
single particles in a unique visual system and measures different parti-
cle size fractions in the concentration range from 0.001 mg/m3 to
150 mg/m3 (Wang et al., 2009). The instrument is calibrated with stan-
dard ISO 12103-1 A1 test dust (Arizona road dust) from the factory.

For continuous measurement of UFP and submicron particles, a
ScanningMobility Particle Sizer (SMPS) was used (TSI Model 3938). In-
strument use is described elsewhere (Jørgensen, 2019). The DRX 8355
and SMPS were located on the outside of the exposure chamber, with
a plastic tube connected through the wall and fastened to a test stand
on the inside of the exposure chamber for continuous monitoring.

Also attached to the test stand was equipment for taking stationary
gravimetric samples of PM2.5 and recording respirable fractions, tho-
racic fractions, and “total dust”. All gravimetric samples were collected
on PVC filters (SKC 37 mm 5.0 μm). The sampling heads for PM2.5

(PEM™ 2.5 μm2 l/min) and total dust (SKCSureSeal 37mm3-piece cas-
sette) were each coupled to a pump (Casella Tuff personal air sampler)
calibrated to deliver 2.0 L/min. For thoracic fraction sampling, a cyclone
(BGI GK 2,69)with a cassette (SKC SureSeal37mm3-piece cassette), cal-
ibrated to deliver a pump flow of 1.6 L/min, was used. For the stationary
sampling of respirable dust, a cyclone (SKC aluminium respirable cy-
clone) equipped with a cassette (SKC SureSeal 37 mm3 piece) con-
nected to a pump (Casella Tuff personal air sampler), calibrated to
deliver 2.5 L/min, was used. A verification of pump flow was done
both prior to and after exposure. All filters were weighed before and
after exposure, in the same room, next to the exposure chamber.

2.7. Statistical analysis

For descriptive statistics, concentrations were observed for each ex-
posure material and for each exposure time, then analysed separately
and checked for normality, as judged by the Shapiro-Wilk test and his-
tograms. The results are shown in Table 3 and include arithmeticmeans
and standard deviations (S.D.s).

The percent changes from baseline and to post exposurewere calcu-
lated using the following formula:

Post exposure
Baseline

� �
� 100

� �
−100

The percent change scores were not normally distributed, and for
graphical illustration, data are presented as median values and their
95% confidence intervals (CIs). To analyse the absolute differences ob-
served between the baseline scores (concentrations measured before
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entering the exposure chamber) and those collected post exposure (4 h
after exposure, and 24 h after exposure) for each exposure material, the
paired t-test test was used. For each of the parameters, one linear mixed
- effect model was built. To estimate the trend for each exposure mate-
rial (categorical variable), exposure time (categorical variable) and gen-
der (categorical variable) these variables were interpreted as fixed
effects, and the baseline score and birth year of the subjects were
interpreted as a fixed covariates. I.D. was used as a subject variable,
and a random intercept was included for each subject. When applying
the linear mixed-effect model, we assumed that the same observations
obtained from each subject were correlated and that the ones from dif-
ferent subjects were independent. It was also assumed that the resid-
uals had a normal distribution with mean zero and constant variance.
These assumptions were met after log transforming the values for fi-
brinogen and thrombocytes. For the remaining dependent variables,
the distribution of the residuals was either symmetric (approximately
normal) or slightly skewed, and the model assumption for the linear
mixed-effects model was relaxed by using the Huber/White/Sandwich
Estimator for the variance (robust linear mixed-effect model). After
modelling the parameter estimates using the linear mixed-effect
model, the Bonferroni post-hoc test was used for pairwise comparisons
to determinewhether the coagulation parameters differed between the
different exposurematerials. The resultswere analysed using STATA 15.

The study was approved by the Regional Ethics Committee (REK)
(approval no.: 260381). All volunteers received detailed written and
oral information concerning the study and signed a written consent
document.

3. Results

Themedian concentrations of total dust, respiratory dust, PM2.5, and
UFP for each of the three exposure materials are shown in Table 2. The
concentrations were lower for lactose compared to quartz diorite and
rhomb porphyry. Lactose easily agglomerates and is a compact powder.
While the aggregates from quartz diorite and rhomb porphyry are dry,
lactose contains moisture, which makes it less disposable and difficult
to achieve the same exposure concentrations as with quartz diorite
and rhomb porphyry. Thus, a lower ACH was used in the exposure
chamber for the dispersion of lactose.

The measured concentrations of coagulation markers are shown in
Table 3. D-dimer assays were also performed. However, 93% of the sam-
ples collectedwere below the limit of quantification (0.3 μg/mL). There-
fore, these data are not shown in Table 3 or used in the statistical
analysis.
Table 2
Median and range concentrations for different particle size fractions measured during
exposure.

Median Range

Quartz diorite
Thoracic dust (gravimetric)a mg/m3 13.9 12.9–17.4
Respirable dust (gravimetric)b mg/m3 5.4 2.4–6.9
PM2.5 (gravimetric)a mg/m3 4.3 3.8–11.9
UFPa (SMPS) 1726.0 928.0–2782.0

Rhomb porphyry
Thoracic dust (gravimetric) mg/m3 16.8 11.8–20.6
Respirable dust (gravimetric) mg/m3 5.7 2.1–7.8
PM2.5 (gravimetric) mg/m3 5.1 3.8–15.5
UFP (SMPS) 2343.0 1832.0–7362.0

Lactose
Thoracic dust (gravimetric) mg/m3 2.5 1.0–4.6
Respirable dust (gravimetric) mg/m3 0.3 0.1–0.5
PM2.5 (gravimetric) mg/m3 1.2 0.8–5.4
UFP (SMPS) 678.0 202.0–1293.0

a Stationary samples.
b Personal samples.
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As shown in Table 3, the concentration of fibrinogen increased at the
24 h post-exposure mark for quartz diorite. Post-exposure, the mean
stayed the same for the lactose (although the SD increased). For B, the
mean decreased, then increased again. Both vWFc and vWFa decreased
post-exposure for all three exposure materials, but the decrease was
most significant after exposure to quartz diorite, followed by rhomb
porphyry. The leucocyte count increased post-exposure for all exposure
materials. Thrombocytes increased 24 h post-exposure to quartz diorite
and rhomb porphyry; however, they decreased post-exposure to lac-
tose. The increase was most significant after exposure to quartz diorite.

Themedian percent changes in the outcome variables from baseline,
alongwith their 95% confidence intervals, are shown in Fig. 2 for each of
the three exposure materials. As shown in the figure, the percentage
change in thrombocytes registered as an increase 24 h post-exposure
to quartz diorite (1.92%) and rhomb porphyry (1.63%), while it regis-
tered as a decrease for lactose (−1.25%) According to the paired t-test,
the difference between the absolute differences frombaseline for quartz
diorite and lactose 24 h post-exposure was of borderline statistical sig-
nificance (p = 0.06). No statistical difference was observed between
quartz diorite and rhomb porphyry or rhomb porphyry and lactose. Ac-
cording to the linear mixed-effect model, the highest concentrations of
thrombocytes, after accounting for baseline and time, were observed
post-exposure for quartz diorite (p = 0.09), followed by rhomb por-
phyry (p= 0.0.39). However, material as the fixed effect was not a sig-
nificant explanatory factor for thrombocytes.

According to the linear mixed effect models, all coagulationmarkers
occurred in lower concentrations in females compared tomales, and for
vWFa and vWFc, thedifferences in concentrationbetweenmales and fe-
males reached statistical significance.

For fibrinogen, an increase of 3.12% was observed 24 h post-
exposure to quartz diorite, while a decrease from baselinewas observed
post-exposure to rhomb porphyry and lactose. According to the paired
t-test, the absolute changes between baseline and 4 h post-exposure
and baseline and 24 h post-exposure were statistically significantly dif-
ferent when comparing the concentrations after exposure of quartz di-
orite and rhomb porphyry. The absolute changes were also statistically
significantly different from baseline and 4-h post-exposure when com-
paring rhomb porphyry and lactose. The changes observed post-
exposure to quartz diorite and lactose were not significantly different.
According to the linear mixed-effect model, material was a significant
explanatory variable for fibrinogen, after accounting for baseline values
and time, a non-significant positive association was observed between
fibrinogen and quartz diorite.

For vWFa and vWFc, decreases were observed from baseline and
post-exposure for all exposure materials. The decrease was less signifi-
cant post-exposure to lactose. Based on the linear mixed- effect model,
type of material was not a significant explanatory variable for vWF.

Post-exposure, an increase in leukocytes was observed for all expo-
surematerials, but according to thepaired t-test, the only significant dif-
ference observed was between quartz diorite and lactose when
comparing the changes from baseline and 24 h post-exposure (p =
0.06). According to the linear mixed-effect model, material was not a
statistically significant fixed effect for the concentration of leukocytes.
Based on Fig. 2, the median percent change was greater between base-
line and 4-h post-exposure to lactose (19.4%), followed by quartz diorite
(15.1%). However, 24 h post-exposure, a decrease was observed post-
exposure to both quartz diorite and lactose, while an increase was ob-
served post-exposure to rhomb porphyry.

In Table 4, the antilog values of the estimates offixed effects (β) from
the linear mixed-effect model are shown. To compare the three expo-
sure materials, lactose is used as a reference and assigned a value of 1.
For the thrombocytes, the estimate for quartz diorite is 1.02, while the
estimates for rhomb porphyry and lactoseare 1.01 and 1.0, respectively,
meaning that the count for thrombocytes was higher post- exposure to
quartz diorite, compared to rhomb porphyry and lactose. The estimate
for quartz diorite is almost statistically significant (p = 0.09).



Table 3
Means and standard deviations of coagulation markers measured in blood.

Exposure to quartz diorite Exposure to rhomb porphyry Exposure to lactose

Beforea 4 h after 24 h afterb Before 4 h after 24 h after Before 4 h after 24 h after

Thrombocyt
(×109/L)

268.6
(SD = 58.3)

268.1
(SD = 57.3)

272.3
(SD = 58.5)

269.1
(SD = 61.8)

265.3
(SD = 59.0)

270.0
(SD = 56.3)

272.6
(SD = 55.8)

264.6
(SD = 52.4)

269.8
(SD = 52.6)

Leukocyte
(×109/L)

5.6
(SD = 1.44)

6.4 (SD = 1.6) 6.2 (SD = 1.6) 5.6 (SD = 1.5) 6.6
(SD = 1.68)

6.4 (SD = 1.6) 5.7 (SD = 1.6) 7.0 (SD = 1.9) 6.1 (SD = 2.0)

Fibrinogen
(g/l)

2.4 (SD = 0.5) 2.4 (SD = 0.5) 2.51
(SD = 0.6)

2.6 (SD = 0.6) 2.4 (SD = 0.5) 2.5 (SD = 0.5) 2.4 (SD = 0.3) 2.4 (SD = 0.4) 2.4 (SD = 0.4)

vWFac

(IU/dl)
105.4
(SD = 26.5)

94.8
(SD = 24.2)

98.7
(SD = 22.8)

103.5
(SD = 25.8)

93.5
(SD = 21.8)

101.5
(SD = 25.3)

105.0
(SD = 27.7)

101.9
(SD = 24.7)

106.1
(SD = 29.5)

vWFc.d

(IU/dl)
118.6
(SD = 30.7)

105.4
(SD = 25.7)

109.7
(SD = 26.0)

113.0
(SD = 25.5)

107.9
(SD = 27.9)

109.4
(SD = 24.0)

116.8
(SD = 26.6)

115.7
(SD = 25.8)

116.9
(SD = 31.0)

a Before exposure (baseline).
b The end of exposure.
c von Willebrand factor activity.
d von Willebrand concentration.
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4. Discussion

The biological effects associated with exposure to PM are
mainly oxidative stress and inflammation, both local and systemic,
which can lead to both pulmonary and cardiovascular diseases. To
assess the cardiovascular impact related to both short- and long-
term exposure to PM, different biomarkers have been proposed
in the literature. These markers, however, remain controversial,
as they are not consistent (Yang et al., 2017). In this study, we
measured the blood concentrations of inflammatory and coagula-
tion parameters, namely, fibrinogen, leukocytes, vWFa, vWFc, and
thrombocytes, pre- and post-exposure to two different exposure
materials and one placebo.
Fig. 2.Median % change from baseline for leukocytes, thrombocytes, fibrinogen, and v
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Different types of environmental exposure chambers have been
used to evaluate health effects from various exposures. In our exposure
chamber, where the participantswere exposed randomly for 4 h to each
of the three materials, we were able to assure clean air before each ex-
posure started and to keep the dust levels reasonably stable over time
during and across the exposure days (Table 2). As the respiratory con-
centrations of quartz diorite and rhombporphyrywere almost identical,
it is fair to assume that differences in biological response to thesemate-
rials can be attributed to the differences in chemical composition and/or
the surface activity/area of the particles.

The antilog of exposure estimates for the different coagulation
markers was used to study the association between exposure material,
time of sampling, and baseline readings. No other determinants were
WF following exposure to quartz diorite (A), rhomb porphyry (B) and lactose (C).



Table 4
Antilog values for the mixed-effects model for the coagulation markers by exposure material, sampling time.

Estimate Fibrinogen vWFac vWFcc Leukocytesc Thrombocytes

Fixed effects β 95% CI β 95% CI β 95% CI β 95% CI β 95% CI

Intercept 1.06 0.96 1.18 44.77b 38.98 51.55 46.44b 39.01 55.15 3.25b 2.70 3.97 105.66b 99.20 112.54
Material
Quartz diorite 1.01 0.98 1.04 0.97 0.92 1.24 0.95a 0.90 1.01 1.0 0.92 1.08 1.02a 1.0 1.03
Rhomb porphyry 0.97b 0.94 1.00 0.97 0.92 0.98 0.99 0.94 1.04 1.03 0.94 1.12 1.01 0.99 1.02
Lactose 1 1 1 1.0 1

Time
1 0.98b 0.95 1.0 0.95b 0.92 0.97 0.97b 0.94 0.99 1.08b 1.04 1.12 0.99 0.98 1.01
2 1 1 1 1 1

Gender
Female 0.99 0.94 1.05 0.94b 0.89 0.99 0.94b 0.91 0.98 0.96 0.85 1.09 0.98 0.95 1.01
Male 1 1 1 1 1
Baseline 1.40b 1.35 1.46 1.01b 1.01 1.01 1.01b 1.01 1.01 1.11b 1.07 1.15 1.03b 1.03 1.04

For Fibrinogen, material was a significant fixed effect.
Bold estimates show positive associations (values above 1), both significant as well as insignificant.

a Significant at the 0.1 level.
b Significant at the 0.05 level.
c The residuals were slightly skewed, and the robust linear mixed-effect model was used for the parameter estimate.
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used in themodels, as each exposed subject was used as their own con-
trol, and exposure was done in random order.

Limited evidence was found for associations between coagula-
tion markers and the three different types of dust. A small, non-
significant positive association was found between quartz diorite
and fibrinogen. A small but almost statistically significant (p =
0.09) association was also obtained between quartz diorite and
the thrombocytes. A positive, non-significant association was also
obtained between rhomb porphyry and thrombocytes and rhomb
porphyry and leucocytes. To our knowledge, this is the first study
in which coagulation markers have been measured pre- and
post-exposure to different types of minerals used in asphalt, a sig-
nificant contributor to non-exhaust air pollution.

Fibrinogen is a soluble plasma glycoprotein synthesized in the liver.
An increased concentration of fibrinogen is considered a risk factor for
cardiovascular events (Toss et al., 1997). According to the linear
mixed-effectmodel for the concentration offibrinogen, type ofmaterial,
time, and baseline concentration were all statistically significant fixed
effects. The patterns observed for the three exposurematerialswere dif-
ferent, as a decrease from baseline was observed post-exposure for
rhomb porphyry and lactose, while an increase was observed for quartz
diorite. The highest concentrations of fibrinogen were measured 24 h
after exposure in the chamber. Using the Bonferroni post-hoc test for
pairwise comparisons, a significant difference was observed between
the two stone aggregates (p=0.02), while therewere no statistical dif-
ferences between quartz diorite and lactose. Although the median per-
cent change from baseline to post-exposure for lactosewas significantly
different from that for quartz diorite (see Fig. 1), the 95% CI for post-
exposure to lactosewaswide. Assumingly, for statistically significant re-
sults, more observations would be necessary.

Fibrinogen is one of the most used biomarkers for the risk of cardio-
vascular effects related to short- and long-term exposure to PM. The as-
sociation between the two is, however, somehow controversial, as the
results of some studies show an increase in the serum concentration
of fibrinogen post-exposure to PM (Cozzi et al., 2007; Ghio et al.,
2003; Hildebrandt et al., 2009; Hilt et al., 2002; S. Wu et al., 2014),
while others have not found an association (Elvidge et al., 2013;
Larsson et al., 2007; O'Toole et al., 2010). This inconsistency can be the
result of different exposure concentrations and/or study designs. An-
other possible explanation may be the different responses to different
chemical composition of particles, which could explain the difference
in fibrinogen observed post-exposure to the three different exposure
materials used in our study. Quartz diorite and rhomb porphyry
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consisted of 27.5% and 4.0% quartz, respectively. In a recent study, a sig-
nificant elevation of fibrinogenwas observed amongstworkers exposed
to concentrations of quartz above 0.05mg/m3 and between 0.03mg/m3

and 0.05 mg/m3 (Westberg et al., 2019).
Now, vWF is known as a coagulation factor (glycoprotein) necessary

for normal haemostasis and is considered to be a useful and sensitive
marker of endothelial dysfunction (A. Blann, 1993; Spiel Alexander
et al., 2008). Blood levels of vWF can be increased via endothelial cell
damage (Horvath et al., 2004; Monroe Dougald and Hoffman, 2006)
trigged by, for example, bacterial or virus infections and exposure to en-
vironmental pollutants (Abraham and Distler, 2007). In a recent meta-
analysis of the association between PM and vWF, an elevation of
10 μg/m3 of PM2.5 was associated with a 0.41% increase in vWF (Liang
et al., 2020). However, in a review of 14 studies examining the associa-
tion between exposure to PM and vWF, no association was found be-
tween short-term exposure and changes in vWF. In three out of six
longitudinal studies, however, a significant association was found
(Elvidge et al., 2013). As observed in our study, decreases in vWFa and
vWFcwere observed after exposure to all exposurematerials. However,
when accounting for time, baseline concentration, and type of material
in the linear mixed-effect model, the lowest reduction was observed
after exposure to lactose. Type of material as a fixed effect, however,
failed to reach statistical significance. In a study of 38 men with chronic
pulmonary diseases, a consistent decrease in vWFwas observed for ex-
posure to air pollutants 24 and 119 h post-exposure (Hildebrandt et al.,
2009). In another study of a group of 40 healthy students exposed to air
pollution in Beijing, a significant positive association was found be-
tween PM2.5- PM10 and vWF 4 days 6 days post-exposure (Shaowei
Wu et al., 2012). In our study, decreases from baseline in vWFa and
vWFc were observed 4 h post-exposure, while the concentrations rose
again 20 h later. These results could indicate that, in order to study the
change in vWF post-exposure to PM, samples have to be collected
over a more extended period of time.

In a previous study, an elevation in thrombocyte aggregation
was observed post-exposure to PM10, which was seen a possible
contributing factor to a higher incidence of cardiovascular events
and mortality under certain given circumstances (Schicker et al.,
2009). In our study, no change or a small decrease in the number
of platelets was observed 4 h (early evening) post-exposure to the
three exposure materials. We did, however, observe an increase
24 h post-exposure (noon/early afternoon) to both stone aggre-
gates, with the most significant increase observed for quartz diorite
(p = 0.09). This finding corresponds to the results of a previous
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study, in which the highest thrombocyte counts were measured
24 h after subjects were exposed to PM (Cozzi et al., 2007).

A systemic inflammatory reaction, coupled with an increased num-
ber of leucocytes, is associated with pulmonary oxidative stress (Salvi
et al., 1999). In two previous studies, a significant increase in leukocytes
was observed with short-term exposure to PM10 and diesel exhaust
(Salvi et al., 1999; Schicker et al., 2009). In our study, a slight increase
in leukocytes was observed post-exposure to all three exposure mate-
rials. Type of material as the fixed effect in the linear mixed-effect
model was, however, not a statistically significant explanatory variable,
as was the case when applying the post-hoc test and the paired t-test.
There was, however, a difference in that the concertation decreased
from 4 to 24 h post-exposure for quartz diorite and lactose, whereas
the concentration continued to increase 24 h post-exposure for rhomb
porphyry (see Fig. 1).

Some in vitro studies have been conducted to study the biological
relevance of the chemical composition of PM. In one study, rat lung al-
veolar macrophages and alveolar type 2 cells were exposed for 20 h
in vitro to different stone particles (mylonite, feldspar, gabbro, and
quartz). The mylonite used in this study is similar to the quartz diorite
used in our study. The release of the inflammatory cytokines
interleukin-6 (IL-6), TNF-α, and macrophage inflammatory protein-2
(MIP-2)weremeasured. Dust frommylonitewas found be themost po-
tent exposure dust, followed by gabbro. Both gabbro and mylonite con-
tain epidote and chlorite. Mylonite also contains quartz (Becher et al.,
2001). Gabbro contains a high amount of amphibole, which is a fibrous
mineral with some similarities to asbestos associated with the potency
observed after exposure to gabbro dust (Becher et al., 2001). In another
in vitro study, A549 cells were exposed for 40 h to different types of
mineral particles (mylonite, gabbro, basalt, and feldspar) at concentra-
tions between 0 and 100 μg/cm2. All particles induced increases in IL-6
and IL-8 with increasing particle concentration, but the potencies of
the different materials varied widely. In correspondence with previous
findings, mylonite was found to be the most potent dust, which can be
explained by a high quartz content combined with chlorite/epidote.
Gabbro did not contain quartz but did contain 35% amphibole. Feldspar
(99% plagioclase) did not show any significant cytotoxic effects at any
level of exposure (Hetland et al., 2000).

In a recent study, conducted at theNational Institute of Public Health
in Norway, the pro-inflammatory cytokine response (IL-8, IL-1β, IL-1α,
and TNFα) was tested for two different types of cells. Bronchial epithe-
lial cells (HBEC3-KT) and cells similar to the immune cells in themacro-
phages (THP-1 cells) were exposed to six different rock samples,
including rhomb porphyry and quartz diorite. The results showed that
the two stone aggregates were not the most potent of the rock samples
in any of the cell types, but that quartz dioritewas significantlymore po-
tent than rhomb porphyry in inducing IL-8 and TNFα in the THP-1 cells.
For the HBEC3-KT cells no significant differences were observed
between quartz diorite and rhomb porphyry for any of the cytokines
(Grytting et al., 2021; Erichsen et al., 2020).

Although other inflammatorymarkers of health effects were used in
these in vitro studies, the results obtained are similar to the findings of
our study. It should, however, be noted that, based on previous findings,
it is difficult to conclude whether it is single minerals causing the
changes in observed inflammatory markers or the composition of the
material as a whole.

Compared to in vitro studies, controlled exposure in humans is the
most powerful method for testing hypotheses related to the biological
responses occurring during and after exposure to xenobiotics
(Seagrave et al., 2005). However, the main drawback of human expo-
sure studies is the often-limited number of participants and their
heterogenicity. As it is not likely that all subjects will respond in the
same manner to exposure, reaching statistical significance after short-
term exposure on a limited number of subjects is often challenging.
Even so, we think that our results have provided some new knowledge
that can be tested in future studies.
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5. Conclusions

These results contribute to our knowledge of the health effects of ex-
posure to non-exhaust emissions with differing chemical compositions.
Despite a limited association observed towards a higher coagulability,
an almost statistically significant (p = 0.09) association was observed
between exposure to quartz diorite and the count of thrombocytes. In
addition, a positive non-significant relationshipwas observed for fibrin-
ogen, also post exposure to quartz diorite, and the differences observed
post-exposure to quartz diorite and rhomb porphyry were statistically
significant (p=0.02). Although the associations areweak, the effect ob-
served post-exposure to quartz diorite supports considering potential
health effects when choosing stone materials in the production of
asphalt.
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