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ABSTRACT 29 

Background: Particulate air pollution is a risk factor for cardiovascular diseases and 30 

thrombosis. Long-term exposure to particulate matter with a diameter <10 µm (PM10) 31 

has been associated with an increased risk of venous thrombosis. 32 

Objectives: The aim of this study was to investigate whether or not particulate air 33 

pollution alters fibrin clot structure and thus modulates thrombosis risk. 34 

Methods: We investigated fibrin polymerization by turbidity (maximum absorbance 35 

mOD), clot structure by confocal microscopy (fibre number per µm) and fibrin pore size 36 

by permeability (Ks x10-10 cm2) in 103 patients with deep vein thrombosis and 121 37 

healthy controls, for whom levels of air pollution exposure had been recorded. 38 

Exposure groups were defined by mean PM10 concentrations over the 730 days before 39 

the event. 40 

Results: We found a higher average number of fibres per clot area in patients than 41 

controls, but no difference in Ks or fibre thickness. When the two groups were divided 42 

into high or low exposure to PM10, a significantly denser fibrin clot network structure 43 

with thicker fibres (higher maximum absorbance, p<0.05), decreased permeability 44 

(lower Ks value, p<0.05) and higher average fibre numbers per clot area (p<0.05) was 45 

observed in patients in the high exposure group compared to those with low exposure. 46 

There were no significant differences in fibrin clot structure between the two exposure 47 

levels in healthy subjects.  48 

Conclusions: PM10 levels are associated with altered fibrin clot structure in patients 49 

with deep vein thrombosis but not in controls, suggesting that air pollution may trigger 50 

differences in fibrin clot structure only in patients predisposed to thrombotic disease.  51 
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 52 

 53 

HIGHTLIGHTS 54 

 PM10 levels are associated with denser fibrin clot structure in patients with DVT. 55 

 In the control group, high PM10 level did not contribute to denser fibrin clot 56 

structure formation. 57 

 Air pollution may trigger differences in clot structure in patients predisposed to 58 

thrombosis. 59 

 60 

 61 

KEY WORDS 62 

Air Pollution, Blood Clotting, Fibrin, Particulate Matter, Venous Thrombosis  63 

 64 

 65 

 66 

 67 

 68 

1. INTRODUCTION 69 

Exposure to air pollution is associated with adverse effects on the pulmonary and 70 

cardiovascular systems (Franchini and Mannucci, 2012; Peters, 2005). Urban air 71 
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pollution is composed of both gaseous pollutants (e.g. ozone, nitrogen dioxide, and 72 

sulphur dioxide) and particulate matter (PM). The PM in air pollution is a mixture of 73 

particles of different sizes, shapes, surface area, chemical composition, solubility and 74 

origins that are suspended in the air (Pope  3rd, 2009). PM is categorized by 75 

aerodynamic diameter, with PM10 representing particles with a diameter of less than 76 

10 µm (Brook, 2008; Polichetti et al., 2009). The smaller particles in PM10, which have 77 

a diameter of less than 2.5 μm (PM2.5), are associated with combustion of fossil fuels 78 

and high temperature industrial processes (Brook et al., 2010; Newby et al., 2014; 79 

Pope  3rd, 2009). Ultrafine particulate matters with a diameter less than 100 nm (PM0.1) 80 

are from fresh combustion and traffic–related pollution which can travel large distances 81 

(Brook et al., 2010; Newby et al., 2014). The PM in urban air pollution has been 82 

associated with cardiovascular mortality and morbidity in a number of studies  (Morris, 83 

2001; Polichetti et al., 2009; Shah et al., 2013).  84 

A range of possible mechanisms by which PM may damage the cardiovascular system 85 

have been proposed, including atherogenesis, thrombosis and endothelial dysfunction 86 

(Mills et al., 2009). Observations that particulate air pollution exposure is associated 87 

with increased levels of circulating coagulation proteins (eg. factor VIII [FVIII], von 88 

Willebrand factor and fibrinogen) suggest that hypercoagulability due to PM exposure 89 

could be an important risk factor for thrombosis (Baccarelli et al., 2007b; Nemmar et 90 

al., 2006). A 70% increase in risk of deep vein thrombosis (DVT) for each 10 µg/m3 91 

elevation of PM10 was observed in a large cohort study in the Lombardy region 92 

(Baccarelli et al., 2008). However, the mechanisms underpinning the increased risk of 93 

thrombosis after exposure to ambient air pollution are still poorly understood. 94 
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Fibrin clot structure, mechanical properties and resistance to lysis, are emerging risk 95 

factors in cardiovascular disease and venous thrombosis (Undas and Ariens, 2011; 96 

Wolberg, 2007). Altered fibrin clot structure with compact, highly branched fibre 97 

networks, reduced permeability and prolonged lysis time has been associated with 98 

ischemic stroke and venous thrombosis (Undas and Ariens, 2011; Wolberg, 2007). In 99 

view of these associations between thrombosis and fibrin structure, we previously 100 

investigated the effects of particulate matter on fibrin clot structure. We found that 101 

particulate matter caused changes in fibrin clot structure and function in purified 102 

systems and human plasma (Metassan et al., 2010a). In contrast, we found no 103 

changes in fibrin clot structure in healthy individuals after 2 hours exposure to 104 

particulate matter while performing moderate exercise (Metassan et al., 2010b). 105 

However, the exposure in the latter study was transient and of short duration. Whether 106 

or not fibrin clot structure is affected by long-term exposure to high levels of air 107 

pollution, and particularly in patients with thrombosis exposed to air pollution is 108 

currently unknown. 109 

In view of the association between exposure to particulate matter and thrombosis, and 110 

of the association between thrombosis and abnormal fibrin clot structure, we 111 

investigated the possible association between fibrin clot structure and PM10 levels in 112 

a well-characterized group of patients with DVT and healthy controls from the 113 

Lombardy region in Northern Italy. 114 

 115 

2. METHODS 116 

2.1 Study Population 117 
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The study population of patients and controls has been previously described in detail 118 

(Baccarelli et al., 2007; Baccarelli et al., 2007; Baccarelli et al., 2008; Baccarelli et al., 119 

2009). Briefly, patients from the Lombardy region, Northern Italy were referred to the 120 

Angelo Bianchi Bonomi Thrombosis Center in Milan from January 1995 to September 121 

2005 for a thrombophilia screening after a first episode of objectively confirmed lower-122 

limb DVT with or without pulmonary embolism. Controls were healthy individuals, 123 

friends or partners of the patients, who were residents in the Lombardy region and 124 

volunteered to undergo thrombophilia screening. Thrombophilia was classified as 125 

being positive for at least one of the following: factor V Leiden, prothrombin G20210 126 

mutation, antithrombin-, protein C-, protein S-deficiency, antiphospolipids antibodies 127 

and hyperhomocysteinemia. All patients and controls provided written consent and the 128 

study was approved by the local ethics committee. Methods for exposure assignment 129 

were previously described in detail (Baccarelli et al., 2007; Baccarelli et al., 2007; 130 

Baccarelli et al., 2008; Baccarelli et al., 2009). Hourly concentrations of PM10 were 131 

obtained from the Regional Environmental Protection Agency (ARPA Lombardia) 132 

which recorded the hourly air pollution data from January 1994 to September 2005 133 

using monitors located at 53 different sites throughout the Lombardy region (Baccarelli 134 

et al., 2007). All patients and controls provided informal written consent and the study 135 

was approved by the local ethics committee. 136 

 137 

2.2 Fibrin Polymerisation by Turbidity Analysis 138 

For turbidimetric analysis of fibrin polymerisation, plasma was diluted 1:3 in 0.05 M 139 

Tris-HCl, 0.1 M NaCl, pH 7.5 in a 96-well plate, and 0.5 U/mL human thrombin (Sigma-140 

Aldrich, St. Louis, Mo) and 10 mM Calcium Chloride (final concentrations) were added. 141 
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Immediately after the addition of thrombin and calcium, absorbency was read every 142 

12 seconds at 340 nm for 60 minutes with a Kinetic Plate Reader (Spectramax Plus 143 

384, Molecular Devices, UK). Lag time (defined as the time required for the OD to 144 

increase >0.01) and maximum OD (ODmax) were measured. The lag phase of the 145 

turbidity curve reflects the time required for lateral aggregation of fibrin fibres to start 146 

from the addition of the activation mixture. Maximum absorbance at the plateau phase 147 

reflects the fibre diameter and fibrinogen concentration. Polymerisation rate was 148 

analysed by measuring the slope of the turbidity curve at its steepest or inflexion point 149 

(Mills et al., 2002). 150 

 151 

2.3 Laser Scanning Confocal Microscopy 152 

Laser scanning confocal microscopy provides detailed analysis of the fully hydrated 153 

fibrin clot structure, allowing visualization of the 3D structure of the clot and direct 154 

quantification of fibrin clot structure using image analysis tools. Human fibrinogen 155 

labeled with fluorescein isothiocyanate (FITC) (final concentration 50 μg/ml) and 0.5 156 

M CaCl2 (final concentration 10 mM) were mixed with plasma samples (diluted 1:3 in 157 

0.05 M Tris–HCl, 0.1M NaCl, pH 7.5). Next, human thrombin (final concentration 0.5 158 

U/ml) was added to the mixture. Fibrin clots were prepared in a total volume of 60 µl, 159 

and immediately upon the addition of thrombin, samples were briefly mixed and 30 µl 160 

was transferred to a 6 channel µ-slide VI 0.4 (Ibidi, Martinsried, Germany), which was 161 

placed in a humidity chamber for 30 minutes to prevent dehydration of the clot. The 162 

3D structure of the clot was visualized by laser scanning confocal microscopy using a 163 

LSM 700 T-PMT ZEISS microscope (ZEISS, Jena, Germany). Clot structure was 164 

analysed using a 63x oil immersion lens with a 5W argon laser and 488 nm laser filter. 165 
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The images were collected in the format of 512x512 pixels. Fibre density was 166 

calculated as the number of fibres crossing a straight line of fixed length across the 167 

scan-field (Bhasin et al., 2008). All measurements were performed with Image J 168 

version 1.25s software (Wayne Rasband, National Institutes of Health).  169 

 170 

2.4 Analysis of Pore-structure by Permeation  171 

Permeability analysis was performed to study the average pore-structure of the fibrin 172 

network. In this method, the flow rate of a liquid passing through the fibrin clot is 173 

measured under a constant pressure drop. A total of 10 mM calcium chloride and 1 174 

U/ml human thrombin (Sigma) (final concentrations) were added to 30 µL plasma 175 

samples. After incubation in a wet chamber for 120 minutes at room temperature, 176 

plastic tubes containing the clots were connected to a reservoir with buffer (0.05 M 177 

Tris–HCl, 0.1 M NaCl, pH 7.5) and the buffer was allowed to flow through the fibrin 178 

gels with a pressure drop of 4 cm. After washing for 120 minutes, the volume of the 179 

buffer that flowed through the clot was measured in 4 sequential 30 minutes collections 180 

over 120 minutes. The flow rate represents the pore size of fibrin clot structure, 181 

expressed as Darcy constant or Ks. The Ks was calculated as previously described 182 

(Mills et al., 2002). 183 

 184 

2.5 Statistical Analysis 185 

All experiments were performed in triplicate. Fits of the Ks, ∆Abs340nm, and fibre 186 

number distributions to the normal distribution were tested using the Kolmogorov-187 

Smirnov test. Pearson’s correlation test was used to analyze the association between 188 
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clot parameters and patients’ characteristics. The ANOVA and Chi Square tests were 189 

used for investigating the intergroup differences for continuous variables and 190 

categorical variables respectively. P-values less than 0.05 were considered to indicate 191 

statistical significance. Analysis was performed with SPSS version 20 (IBM, 192 

Portsmouth, UK). 193 

To analyze the data, we categorized several parameters from continued data to 194 

categorical data. As the concentrations of PM10 were variable between days, we 195 

decided to average all PM10 individual exposure data from the day of event (DVT) up 196 

to 730 days before the event. We chose 45.6 μg/m3 as the cut-off point to divide 197 

patients and controls into two exposure groups because it represented the mean value 198 

of PM10 concentrations over the total period of 730 days. The participants with mean 199 

exposure PM10 levels below 45.6 μg/m3 were classed as low exposure and those with 200 

PM10 exposure levels above 45.6 μg/m3 were classed as high exposure. The number 201 

of subjects with positive thrombophilia in each group was represented by percentages. 202 

 203 

3. RESULTS 204 

There were significant correlations between maximum absorbance and the number of 205 

fibres (r = 0.4, p < 0.001), maximum absorbance and Ks (r = -0.5, p < 0.001), and 206 

number of fibres and Ks (r = -0.5, p < 0.001). Maximum absorbance and fibre number 207 

were both positively correlated with age, body mass index (BMI), fibrinogen 208 

concentration and plasma level of FVIII, whereas Ks was negatively correlated, 209 

indicating that with increasing age, BMI, fibrinogen concentrations and FVIII levels, the 210 

fibrin fibres grew thicker, and were more compactly woven in the three-dimensional 211 
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clot network, and that the clot was less permeable. Except for Ks, both fibre thickness 212 

(r = 0.1, p = 0.042) and fibre number (r = 0.2, p = 0.001) were associated with PM10 213 

concentrations. Representative fibrin clot structures formed from plasma as imaged 214 

using laser scanning confocal microscopy are shown in Fig 1.  215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

Figure 1. Representative fibrin clot structures formed from plasma of subjects 227 

exposed to high and low levels of PM10 228 
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     229 

A. Patient A exposed to low PM10 levels        B. Patient B exposed to high PM10 levels 230 
 231 

     232 

C. Control A exposed to low PM10 levels        D. Control B exposed to high PM10 levels 233 

 234 

General characteristics, FVIII, fibrinogen, thrombophilia abnormalities and fibrin clot 235 

structure parameters of patients and controls are shown in Table 1. Patients and 236 

controls differed in sex distribution (more women among patients), BMI (higher in 237 

patients), and thrombophilia abnormalities (more frequent in patients). FVIII and 238 

fibrinogen were also higher in patients than controls. In terms of the clot structure, only 239 

fibre number was significantly different between patients and controls (p = 0.018). 240 
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However, there was a tendency for patients to show denser fibrin clot structure with 241 

thicker fibres, more number of fibres per clot area and less permeable clots compared 242 

to controls. 243 

Patients exposed to high levels of air pollution showed higher concentrations of 244 

fibrinogen compared to those exposed to low levels, whereas thrombophilia was 245 

similarly distributed (Table 2). We also compared the fibrin clot structure parameters 246 

by exposure levels in patients and controls. Patients in the high exposure group had 247 

thicker fibres, more compactly arranged fibres and less permeable structures 248 

compared to those in the low exposure levels. However, in controls only plasma levels 249 

of coagulation FVIII were different between the two exposure groups (p = 0.029). 250 

Table 3 shows logistic regression analysis of risk factors for DVT. The continuous data 251 

age, BMI, fibrinogen concentration FVIII level were categorized into high and low 252 

groups, the cut-off points were 51.9, 24.7, 299.7, and 125.3 respectively. The model 253 

showed that increased age, BMI and fibrinogen concentrations did not contribute to 254 

the development of DVT in this study. Male sex was a risk factor for DVT, as well as 255 

FVIII, thrombophilia abnormalities and high level of PM10.  256 

Finally, we analyzed the relative contributions of age, sex, BMI, thrombophilia 257 

abnormalities, PM10 and interaction of thrombophilia abnormalities and PM10 with the 258 

variation in maximum absorbance, fibre number and Ks by linear regression in patients 259 

and controls, respectively (Table 4). In the maximum absorbance model, BMI and 260 

PM10 exposure both significantly contributed to the formation of thicker fibres in 261 

patients only, whereas age was significantly correlated with maximum absorbance in 262 

controls. In the fibre number model, PM10 and BMI were risk factors for more branched 263 

fibre formation for both patients and controls. In the Ks model, exposure to PM10 did 264 
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not contribute to the alterations of clot structure in patients or controls. Permeability of 265 

the clot reduced with BMI increased in patients but not in controls. Neither 266 

thrombophilia abnormalities nor the interaction of thrombophilia abnormalities and 267 

PM10 were contributing to the alteration of fibrin clot structure in this study. Due to the 268 

relatively small sample size of patients who had thrombophilia, there was not enough 269 

power to investigate the relationship between fibrin clot structures and thrombophilia. 270 

Another reason for the absence of an effect of thrombophilia may be that there was a 271 

large degree of heterogeneity of the causes of thrombophilia in this small group, 272 

including defects of antithrombin, protein C, antiphospholipids, FV Leiden mutation or 273 

prothrombin mutation. Each of these could have differential effects on fibrin clot 274 

structure, and therefore overall, due to the small sample size, and heterogeneity of the 275 

group, there was no effect on clot structure in our study (figure shown in appendix). 276 

 277 
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Table 1. Characteristics of patients with deep vein thrombosis and controls  278 

Variables 
Patients 

Mean ±SD or 
percentage% 

Controls 
Mean ±SD or 
percentage% 

P-Value 

Number of subjects 103 121  

Age (years) 53.7 ±14.7 50.4 ±13.9 0.085 

BMI 25.5 ±4.2 24.0 ±4.3 0.014 

Men % 48.5% 25.6% <0.0001 

Primary education or below % 70.9% 77.7% 0.187 

Non-Smoking % 33.0% 76.9% 0.584 

Thrombophilia^ % 40.8% 14% <0.0001 

Factor VIII (%) 141.6 ±43.1 108.1 ±27.4 <0.0001 

Fibrinogen (mg/dl) 309.4 ±80.7 290.7 ±50.9 0.070 

Maximum Absorbance (mOD) 719.2 ±175.2 679.3 ±156.9 0.073 

Fibre Number (per µm) 22.5 ±3.5 21.3 ±3.8 0.018 

Ks (x10-10 cm2) 28.8 ±8.8 31.4 ±12.2 0.248 

^ Thrombophilia was classified as being positive for at least one of the following: factor V Leiden, prothrombin G20210 mutation, 279 

antithrombin-, protein C-, protein S-deficiency, antiphospolipids antibodies and hyperhomocysteinemia.  280 

 281 
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Table 2. Clotting parameters (mean ± SD) in patients and controls of high and low PM10 exposure 282 

Variables 

Patients Control 

Low Exp 

(n=23) 

High Exp 

(n=80) 
P-Value 

Low Exp 

(n=72) 

High Exp 

(n=49) 
P-Value 

PM10 Levels (µg/m3)  39.3 ±8.5 48.9 ±2.6 <0.001 41.61 ±4.8 49.20 ±3.0 <0.001 

Thrombophilia≠ 47.8% 38.8% 0.435 12.5% 16.3% 0.552 

Factor VIII (%) 132.2 ±38.0 144.2 ±44.3 0.260 114.2 ±30.2 101.7 ±22.9 0.029 

Fibrinogen (mg/dl) 277.2 ±81.3 320.4 ±78.1 0.026 283.8 ±64.9 300.4 ±45.3 0.168 

Maximum Absorbance (mOD) 626.4 ±155.5 745.8 ±172.2 0.003 675.9 ±171.2 684.2 ±134.7 0.776 

Fibre Number (per µm) 20.4 ±3.9 23 ±3.1 0.001 21 ±4 21.7 ±3.4 0.307 

Ks (x10-10 cm2) 33.7 ±11.2 26.3 ±6.1 0.006 30.1 ±11.4 35.2 ±14.5 0.236 

≠The percentage of subjects with positive thrombophilia in each group 283 

 284 

 285 

 286 

 287 

 288 
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Table 3. Logistic regression analysis of risk factors for deep vein thrombosis 289 
 290 

Determinants or Variables OR 95% CI p-value 

Age > 51.9 years 0.70 0.32-1.52 0.368 

Men 3.02 1.36-6.74 0.007 

BMI > 24.73 0.88 0.39-1.95 0.748 

Thrombophilia 2.65 1.16-6.05 0.020 

FVIII > 125.27% 5.52 2.52-12.10 <0.0001 

Fibrinogen > 299.73 mg/dl 1.44 0.65-3.17 0.371 

PM10 Exposure Level > 45.6 µg/m3 3.85 1.79-8.28 0.001 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 
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Table 4. Linear regression analysis of risk factors for Maximum Absorbance, Fibre Number and Ks (cases/controls) 299 

Determinants 

Maximum Absorbance 

Correlation Coefficient  (95% CI) 

Fibre Number 

Correlation Coefficient  (95% CI) 

Ks 

Correlation Coefficient  (95% CI) 

Case Control Case Control Case Control 

Age (years) 
0.47 

(-1.75-2.70) 

2.30* 

(0.10-4.49) 

-0.02 

(-0.07-0.03) 

0.09 *** 

(0.04-0.14) 

-0.15 

(-0.33-0.02) 

-0.26 

(-0.52-0.01) 

Men 
9.01 

(-56.58-74.60) 

-47.2 

(-112.65-18.24) 

-0.18 

(-1.58-1.22) 

-0. 42 

(-1.84-1.00) 

-1.16 

(-6.64-4.33) 

3.03 

(-5.68-11.74) 

BMI 
18.12 *** 

(10.34-25.91) 

5.93 

(-1.26-13.12) 

0.22 * 

(0.06-0.39) 

0.22 ** 

(0.06-0.37) 

-0.65 * 

(-1.30-(-0.01)) 

-0.53 

(-1.30-0.24) 

Thrombophilia 

358.56 

(-128.83-
845.96) 

-227.89 

(-886.78-
431.00) 

8.03 

(-2.67-18.74) 

7.78 

(-6.48-22.04) 

-16.08 

(-48.96-16.81) 

-70.42 

(-153.83-12.99) 

PM10 Exposure 
Level 

(µg/m3) 

10.07 ** 

(3.58-16.56) 

-1.44 

(-6.90-4.03) 

0.22 ** 

(0.08-0.35) 

0.12* 

(0.01-0.24) 

-0.32 

(-0.75-0.12) 

0.41 

(-0.48-1.31) 

Interaction 

(Thrombophilia 
and PM10 
exposure) 

-7.62 

(-17.95-2.71) 

4.99 

(-9.29-19.26) 

-0.157 

(-0.38-0.07) 

-0.21 

(-0.52-0.10) 

0.34 

(-0.39-1.08) 

1.85 

(-0.10-3.80) 

The correlation coefficient is of statistical significance *p<0.05; **p<0.01; ***p<0.001. 300 

 301 
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4. DISCUSSION 302 

We found that after long-term and high-level exposure to air pollution (PM10 303 

concentrations over 45.6 µg/m3), patients with DVT had significantly denser fibrin clot 304 

structures compared to those living in areas with lower levels of exposure (PM10 less 305 

than 45.6 µg/m3). In the high exposure group, clots from patients contained thicker 306 

fibres, more compact fibre arrangements and less permeable fibrin structures. There 307 

were no significant differences in fibrin clot structure between the two exposure levels 308 

in healthy subjects.  309 

The mechanisms underpinning this difference between patients and healthy controls 310 

are unknown but may be related to the differences in susceptibility of fibrin clot 311 

structure to air pollution PM exposure. In a previous in vitro study we found that at 312 

least part of the effect of particulate matter on fibrin structure could be attributed to 313 

oxidative stress induced by the particles (Metassan et al., 2010). It is possible that 314 

healthy subjects are more resistant to oxidative stress than patients with venous 315 

thrombosis, since the latter may have an enhanced inflammatory state (Franchini and 316 

Mannucci, 2011), that increases oxidative stress. Alternatively, due to increased levels 317 

of inflammatory proteins and coagulation activation in patients with venous thrombosis, 318 

any additional oxidative effects caused by air pollution on fibrin clot structure could be 319 

more pronounced, perhaps due to a threshold effect, or a minimum level of oxidative 320 

stress needed for effects on clot structure to become apparent. Finally, due to the 321 

inflammatory state, pulmonary function may be impaired, leading to translocation of 322 

ultrafine PM into the circulation. However, these considerations remain speculative as 323 

there currently are no reliable methods to analyze PM in the blood, nor do we have 324 

detailed information regarding the pulmonary function in our patients. 325 
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We previously investigated the effects of transient exposure (2 hours) to diesel particle 326 

air pollution in a controlled environment in healthy, young individuals (Metassan et al., 327 

2010), finding that fibrin clot structure in plasma from subjects after short-term diesel 328 

exhaust exposure was not significantly different compared to those who were exposed 329 

to filtered air (Metassan et al., 2010). Our current findings extend these findings and 330 

further indicate that even after chronic, long-term and high level exposure to particulate 331 

matter, the fibrin clot properties in healthy controls remain similar to those who were 332 

exposed to lower levels of PM exposure.  333 

Consistent with a larger previous study on the association between air pollution and 334 

venous thrombosis (Baccarelli et al., 2008), PM10 exposure in the current study was a 335 

strong risk factor for DVT and men had higher risk of DVT than women. Baccarelli et 336 

al. (2008) showed that DVT risk was associated with the concentrations of PM10 337 

measured during the year before diagnosis (Baccarelli et al., 2008). In the current 338 

study, sex, levels of factor VIII, thrombophilia abnormalities, and PM10 exposure level 339 

were all significantly associated with the risk of DVT. Increased levels of coagulation 340 

factors, such as factor VIII, have previously been associated with increased risk of 341 

thrombosis (A Undas et al., 2009). Thrombophilia abnormalities are also contributing 342 

factors that modulate fibrin clot structure. The prothrombin G20210 mutation leads to 343 

the increase plasma level of prothrombin which triggers the formation of denser clot 344 

structure composed of more branched thinner fibres (Wolberg and Campbell, 2008). 345 

However, age, BMI and fibrinogen concentrations were not significantly associated 346 

with DVT. 347 

We also observed some differences in clot structure between patients and controls. 348 

Clots formed from plasma of patients had denser, less permeable fibrin clot structures 349 
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containing more, thicker fibres compared to controls, although the differences did not 350 

reach statistical significance, possibly due to the relatively small number of subjects 351 

studied. These data provide some support to previous studies by Undas et al.(2009), 352 

in which plasma from patients with DVT and pulmonary embolism (PE) formed clots 353 

with lower clot permeability and higher maximum absorbency than controls (A Undas 354 

et al., 2009). But there were still some different findings that in our study in the patient 355 

group, there were 93 patients with deep vein thrombosis (DVT) and 10 patients with 356 

pulmonary embolism (PE). By comparing the fibrin clot structures, there were no 357 

significant difference between patients with DVT and patients with PE (shown in the 358 

table in the appendix). However, Undas et al. previously found differences in that 359 

patients with DVT only (n=66) had denser fibrin clot structure and prolonged clot lysis 360 

time compared to patients with DVT and PE (n=34) (Anetta Undas et al., 2009). The 361 

finding that there were no differences in our study may due to the relatively small 362 

sample size of patients with PE, since only 10 patients had DVT and PE compared 363 

with 93 patients with DVT only. 364 

One possible mechanism by which air pollution may contribute to the development of 365 

thrombosis could involve local pulmonary inflammatory and oxidative responses with 366 

the release of prothrombotic factors and inflammatory cytokines into the circulation 367 

after the inhalation of particles (Emmerechts and Hoylaerts, 2012; Mills et al., 2009; 368 

Newby et al., 2014). Previous animal studies showed that PM10 caused lung 369 

inflammation following intrapulmonary instillation of PM and inhalation of concentrated 370 

ambient particles (Donaldson et al., 2005; Elder et al., 2004; Mills et al., 2009). In 371 

clinical studies, pulmonary inflammation occurred after inhalation of both concentrated 372 

ambient particulate matters and dilute diesel particles (Ghio et al., 2000; Mills et al., 373 

2009; Salvi et al., 1999). After exposure, plasma concentrations of pro-inflammatory 374 
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cytokines such as interleukin (IL) - 1β, IL-6 and tumor necrosis factor-α increased 375 

(Donaldson et al., 2005; Fujii et al., 2002; Mills et al., 2009). In both animal and clinical 376 

studies, exposure of PM also led to the elevation of fibrinogen concentrations (Mills et 377 

al., 2009; Schwartz, 2001). High concentrations of fibrinogen shorten the lag phase of 378 

polymerization, increased branch point densities, fibre thickness and clot rigidity, with 379 

concurrent increases in the resistance of the clot to fibrinolysis (Scott et al., 2004; 380 

Weisel, 2007). 381 

A second possible mechanism may involve direct translocation of particulate matter 382 

from the pulmonary alveoli into the blood circulation, crossing the pulmonary 383 

epithelium and vascular endothelium barrier (Emmerechts and Hoylaerts, 2012; Mills 384 

et al., 2009; Newby et al., 2014). Particles with diameters less than 10 μm can be 385 

inhaled deeply into the lungs (Mills et al., 2009). A number of other factors may 386 

influence the possible translocation of PM, including charge, chemical composition, 387 

and propensity to form aggregates (Mills et al., 2009). The size and shape of the 388 

particles could affect the region of deposition in the respiratory system, with smaller 389 

sized particles penetrating deeper into the lung. Macrophages may not be able to 390 

recognize particles with a diameter less than 500nm, and for this reason, ultrafine 391 

particulate matters may enter the blood or lymphatic systems more easily and transfer 392 

to different organs (Teow et al., 2011). Once in the circulation, the particles could 393 

interact with vascular endothelial cells and have direct effects on the atherosclerotic 394 

plaque (Mills et al., 2009), platelets (Lauer et al., 2009) and fibrin clot formation, 395 

structure and stability.  396 

As Mills et al. mentioned that diesel exhaust inhalation causes vascular dysfunction 397 

and impaired endogenous fibrinolysis (Mills et al., 2005). Furthermore, previous 398 
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studies have shown that denser fibrin clot structures were associated with prolonged 399 

lysis time (Ajjan and Grant, 2006; Ariens, 2013; Scott et al., 2004; Undas and Ariens, 400 

2011). Therefore, as patients exposed to high level of air pollution had denser fibrin 401 

clot structures, the lysis time compared to those patients only exposed to low level of 402 

air pollution is likely longer. Future studies will be needed to further evaluate the effects 403 

of air pollution exposure on fibrinolysis in patients with venous thrombosis. 404 

Possible limitations of our study include the relatively small study sample size (due to 405 

the time-consuming nature of fibrin structure analysis), and that we had no information 406 

regarding personal levels of air pollution exposure for the participants. The 407 

concentrations of PM10 in this study were measured according to the area of residence 408 

for the subjects, which were different for each subject and spanned several residential 409 

areas in Lombardy. Therefore, although exposure to air pollution was not measured 410 

with personal monitors, the data obtained did provide average daily, specific and long-411 

term individual exposure to air pollution.  412 

 413 

5. CONCLUSION 414 

In conclusion, this study showed patients with venous thrombosis exposed to high 415 

level of air pollution had denser fibrin clot structures with thicker fibres (higher 416 

maximum absorbance), decreased permeability (lower Ks value) and higher fibre 417 

numbers compared to those in the low exposure group, indicative of a prothrombotic 418 

clot structure. There were no differences in fibrin clot structure measurements between 419 

the two exposure groups in controls, suggesting that air pollution may trigger 420 

differences in fibrin clot structure only in patients predisposed to thrombotic disease.  421 
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 423 

6. LIST OF ABBREVIATIONS 424 

PM -- Particulate Matter 425 

FVIII -- Factor VIII 426 

DVT -- Deep Vein Thrombosis 427 

 428 

 429 

7. ACKNOWLEDGEMENT 430 

RASA is supported by the BHF (RG/13/3/30104). We also wish to thank the patients 431 

and healthy volunteers for taking part in this study. 432 

 433 

 434 

 435 

 436 

 437 

 438 

8. REFERENCES 439 

Ajjan, R., Grant, P.J., 2006. Coagulation and atherothrombotic disease. 440 
Atherosclerosis 186, 240–259. doi:10.1016/j.atherosclerosis.2005.10.042 441 



 

Page 24 of 29 
 

Ariens, R.A., 2013. Fibrin(ogen) and thrombotic disease. J Thromb Haemost 11 442 
Suppl 1, 294–305. doi:10.1111/jth.12229 443 

Baccarelli, A., Martinelli, I., Pegoraro, V., Melly, S., Grillo, P., Zanobetti, A., Hou, L., 444 
Bertazzi, P.A., Mannucci, P.M., Schwartz, J., 2009. Living near major traffic 445 
roads and risk of deep vein thrombosis. Circulation 119, 3118–3124. 446 
doi:10.1161/CIRCULATIONAHA.108.836163 447 

Baccarelli, A., Martinelli, I., Zanobetti, A., Grillo, P., Hou, L.F., Bertazzi, P.A., 448 
Mannucci, P.M., Schwartz, J., 2008. Exposure to particulate air pollution and 449 
risk of deep vein thrombosis. Arch Intern Med 168, 920–927. 450 
doi:10.1001/archinte.168.9.920 451 

Baccarelli, A., Zanobetti, A., Martinelli, I., Grillo, P., Hou, L., Giacomini, S., Bonzini, 452 
M., Lanzani, G., Mannucci, P.M., Bertazzi, P.A., Schwartz, J., 2007a. Effects of 453 
exposure to air pollution on blood coagulation. J Thromb Haemost 5, 252–260. 454 
doi:10.1111/j.1538-7836.2007.02300.x 455 

Baccarelli, A., Zanobetti, A., Martinelli, I., Grillo, P., Hou, L., Lanzani, G., Mannucci, 456 
P.M., Bertazzi, P.A., Schwartz, J., 2007b. Air pollution, smoking, and plasma 457 
homocysteine. Env. Heal. Perspect 115, 176–181. doi:10.1289/ehp.9517 458 

Bhasin, N., Ariens, R.A., West, R.M., Parry, D.J., Grant, P.J., Scott, D.J., 2008. 459 
Altered fibrin clot structure and function in the healthy first-degree relatives of 460 
subjects with intermittent claudication. J Vasc Surg 48, 1497–503, 1503 e1. 461 
doi:10.1016/j.jvs.2008.07.010 462 

Brook, R.D., 2008. Cardiovascular effects of air pollution. Clin Sci 115, 175–187. 463 
doi:10.1042/CS20070444 464 

Brook, R.D., Rajagopalan, S., Pope  3rd, C.A., Brook, J.R., Bhatnagar, A., Diez-465 
Roux, A. V, Holguin, F., Hong, Y., Luepker, R. V, Mittleman, M.A., Peters, A., 466 
Siscovick, D., Smith  Jr., S.C., Whitsel, L., Kaufman, J.D., 2010. Particulate 467 
matter air pollution and cardiovascular disease: An update to the scientific 468 
statement from the American Heart Association. Circulation 121, 2331–2378. 469 
doi:10.1161/CIR.0b013e3181dbece1 470 

Donaldson, K., Mills, N., MacNee, W., Robinson, S., Newby, D., 2005. Role of 471 
inflammation in cardiopulmonary health effects of PM. Toxicol Appl Pharmacol 472 
207, 483–488. doi:10.1016/j.taap.2005.02.020 473 

Elder, A.C.P., Gelein, R., Azadniv, M., Frampton, M., Finkelstein, J., Oberdörster, G., 474 
2004. Systemic effects of inhaled ultrafine particles in two compromised, aged 475 
rat strains. Inhal. Toxicol. 16, 461–471. doi:10.1080/08958370490439669 476 



 

Page 25 of 29 
 

Emmerechts, J., Hoylaerts, M.F., 2012. The effect of air pollution on haemostasis. 477 
Hamostaseologie 32, 5–13. doi:10.5482/ha-1179 478 

Franchini, M., Mannucci, P.M., 2012. Air pollution and cardiovascular disease. 479 
Thromb Res 129, 230–234. doi:10.1016/j.thromres.2011.10.030 480 

Franchini, M., Mannucci, P.M., 2011. Thrombogenicity and cardiovascular effects of 481 
ambient air pollution. Blood 118, 2405–2412. doi:10.1182/blood-2011-04-482 
343111 483 

Fujii, T., Hayashi, S., Hogg, J.C., Mukae, H., Suwa, T., Goto, Y., Vincent, R., Van 484 
Eeden, S.F., 2002. Interaction of alveolar macrophages and airway epithelial 485 
cells following exposure to particulate matter produces mediators that stimulate 486 
the bone marrow. Am. J. Respir. Cell Mol. Biol. 27, 34–41. 487 
doi:10.1165/ajrcmb.27.1.4787 488 

Ghio, A.J., Kim, C., Devlin, R.B., 2000. Concentrated ambient air particles induce 489 
mild pulmonary inflammation in healthy human volunteers. Am. J. Respir. Crit. 490 
Care Med. 162, 981–988. doi:10.1164/ajrccm.162.3.9911115 491 

Lauer, E., Kipen, H., Gandhi, S., Ohman-Strickland, P., Philipp, C., Rich, D., 2009. 492 
Acute Platelet Responses to Ambient Particulate Matter. Epidemiology 20, 493 
S208–S209 10.1097/01.ede.0000362699.44458.26. 494 

Metassan, S., Charlton, A.J., Routledge, M.N., Scott, D.J., Ariens, R.A., 2010a. 495 
Alteration of fibrin clot properties by ultrafine particulate matter. Thromb 496 
Haemost 103, 103–113. doi:10.1160/TH09-05-0330 497 

Metassan, S., Routledge, M.N., Lucking, A.J., Uitte de Willige, S., Philippou, H., 498 
Mills, N.L., Newby, D.E., Ariens, R.A., 2010b. Fibrin clot structure remains 499 
unaffected in young, healthy individuals after transient exposure to diesel 500 
exhaust. Part Fibre Toxicol 7, 17. doi:10.1186/1743-8977-7-17 501 

Mills, J.D., Ariëns, R.A.S., Mansfield, M.W., Grant, P.J., 2002. Altered fibrin clot 502 
structure in the healthy relatives of patients with premature coronary artery 503 
disease. Circulation 106, 1938–1942. 504 
doi:10.1161/01.CIR.0000033221.73082.06 505 

Mills, N.L., Donaldson, K., Hadoke, P.W., Boon, N.A., MacNee, W., Cassee, F.R., 506 
Sandstrom, T., Blomberg, A., Newby, D.E., 2009. Adverse cardiovascular 507 
effects of air pollution. Nat Clin Pr. Cardiovasc Med 6, 36–44. 508 
doi:10.1038/ncpcardio1399 509 



 

Page 26 of 29 
 

Mills, N.L., Törnqvist, H., Robinson, S.D., Gonzalez, M., Darnley, K., MacNee, W., 510 
Boon, N.A., Donaldson, K., Blomberg, A., Sandstrom, T., Newby, D.E., 2005. 511 
Diesel exhaust inhalation causes vascular dysfunction and impaired 512 
endogenous fibrinolysis. Circulation 112, 3930–3936. 513 
doi:10.1161/CIRCULATIONAHA.105.588962 514 

Morris, R.D., 2001. Airborne particulates and hospital admissions for cardiovascular 515 
disease: a quantitative review of the evidence. Env. Heal. Perspect 109 Suppl , 516 
495–500. 517 

Nemmar, A., Hoylaerts, M.F., Nemery, B., 2006. Effects of particulate air pollution on 518 
hemostasis. Clin Occup Env. Med 5, 865–881. doi:10.1016/j.coem.2006.07.007 519 

Newby, D.E., Mannucci, P.M., Tell, G.S., Baccarelli,  a. a., Brook, R.D., Donaldson, 520 
K., Forastiere, F., Franchini, M., Franco, O.H., Graham, I., Hoek, G., Hoffmann, 521 
B., Hoylaerts, M.F., Kunzli, N., Mills, N., Pekkanen, J., Peters,  a., Piepoli, M.F., 522 
Rajagopalan, S., Storey, R.F., 2014. Expert position paper on air pollution and 523 
cardiovascular disease. Eur. Heart J. 36, 83–93. doi:10.1093/eurheartj/ehu458 524 

Peters, A., 2005. Particulate matter and heart disease: evidence from 525 
epidemiological studies. Toxicol Appl Pharmacol 207, 477–482. 526 
doi:10.1016/j.taap.2005.04.030 527 

Polichetti, G., Cocco, S., Spinali, A., Trimarco, V., Nunziata, A., 2009. Effects of 528 
particulate matter (PM(10), PM(2.5) and PM(1)) on the cardiovascular system. 529 
Toxicology 261, 1–8. doi:10.1016/j.tox.2009.04.035 530 

Pope  3rd, C.A., 2009. The expanding role of air pollution in cardiovascular disease: 531 
does air pollution contribute to risk of deep vein thrombosis? Circulation 119, 532 
3050–3052. doi:10.1161/CIRCULATIONAHA.109.870279 533 

Salvi, S., Blomberg, A., Rudell, B., Kelly, F., Sandström, T., Holgate, S.T., Frew, A., 534 
1999. Acute inflammatory responses in the airways and peripheral blood after 535 
short-term exposure to diesel exhaust in healthy human volunteers. Am. J. 536 
Respir. Crit. Care Med. 159, 702–709. doi:10.1164/ajrccm.159.3.9709083 537 

Schwartz, J., 2001. Air pollution and blood markers of cardiovascular risk. Environ. 538 
Health Perspect. 109, 405–409. doi:10.2307/3434788 539 

Scott, E.M., Ariens, R.A., Grant, P.J., 2004. Genetic and environmental determinants 540 
of fibrin structure and function: relevance to clinical disease. Arter. Thromb Vasc 541 
Biol 24, 1558–1566. doi:10.1161/01.ATV.0000136649.83297.bf 542 



 

Page 27 of 29 
 

Shah, A.S., Langrish, J.P., Nair, H., McAllister, D.A., Hunter, A.L., Donaldson, K., 543 
Newby, D.E., Mills, N.L., 2013. Global association of air pollution and heart 544 
failure: a systematic review and meta-analysis. Lancet 382, 1039–1048. 545 
doi:10.1016/S0140-6736(13)60898-3 546 

Teow, Y., Asharani, P. V, Hande, M.P., Valiyaveettil, S., 2011. Health impact and 547 
safety of engineered nanomaterials. Chem Commun 47, 7025–7038. 548 
doi:10.1039/c0cc05271j 549 

Undas, A., Ariens, R.A., 2011. Fibrin clot structure and function: a role in the 550 
pathophysiology of arterial and venous thromboembolic diseases. Arter. Thromb 551 
Vasc Biol 31, e88–99. doi:10.1161/ATVBAHA.111.230631 552 

Undas, A., Podolec, P., Zawilska, K., Pieculewicz, M., Jedlinski, I., Stepien, E., 553 
Konarska-Kuszewska, E., Weglarz, P., Duszynska, M., Hanschke, E., 554 
Przewlocki, T., Tracz, W., 2009. Altered fibrin clot structure/function in patients 555 
with cryptogenic ischemic stroke. Stroke 40, 1499–1501. 556 
doi:10.1161/STROKEAHA.108.532812 557 

Undas, A., Zawilska, K., Ciesla-Dul, M., Lehmann-Kopydłowska, A., Skubiszak, A., 558 
Ciepłuch, K., Tracz, W., 2009. Altered fibrin clot structure/function in patients 559 
with idiopathic venous thromboembolism and in their relatives. Blood 114, 560 
4272–4278. doi:10.1182/blood-2009-05-222380 561 

Weisel, J.W., 2007. Which knobs fit into which holes in fibrin polymerization? J 562 
Thromb Haemost 5, 2340–2343. doi:10.1111/j.1538-7836.2007.02794.x 563 

Wolberg, A.S., 2007. Thrombin generation and fibrin clot structure. Blood Rev 21, 564 
131–142. doi:10.1016/j.blre.2006.11.001 565 

Wolberg, A.S., Campbell, R.A., 2008. Thrombin generation, fibrin clot formation and 566 
hemostasis. Transfus. Apher. Sci. 38, 15–23. doi:10.1016/j.transci.2007.12.005 567 

  568 

 569 



 

Page 28 of 29 
 

9. APPENDIX 570 

Table 5. Clotting parameters (mean ± SD) in patients with DVT only and patients with DVT and PE 571 

Patients with DVT 

Only 

Clotting Parameters 

Mean (±SD) 

Patients with DVT and 

PE 

Clotting Parameters 

Mean (±SD) P Value 

Maximum Absorbance 68.799 (±18.839) Maximum Absorbance 59.806 (±11.109) 0.167 

Fibre Number 21.915 (±3.844) Fibre Number 20.677 (±3.523) 0.206 

Ks 2.868 (±0.884) Ks 2.913 (±0.899) 0.890 
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Table 6. Clotting parameters (mean ± SD) in patients with and without thrombophilia abnormalities 577 

Patients with Thrombophilia 

Abnormalities  

(n=61) 

Clotting Parameters 

Mean (±SD) 

Patients without Thrombophilia 

Abnormalities  

(n=42) 

Clotting Parameters 

Mean (±SD) P Value 

Maximum Absorbance 71.815 (±18.606) Maximum Absorbance 71.989 (±16.889) 0.568 

Fibre Number 22.922 (±3.043) Fibre Number 22.182 (±3.718) 0.365 

Ks 2.840 (±0.738) Ks 2.901 (±0.978) 0.205 

 578 


