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Abstract 

Background - Vascular changes may underpin the association between airborne black carbon 

(BC) and cardiovascular events. Accurate assessment of personal exposure is a major 

challenge in epidemiological research. BC concentrations are strongly related to time-activity 

patterns, which is particularly relevant when investigating short-term effects. We investigated 

associations between arterial stiffness and personal short-term BC exposure. 

Methods - This panel study included 54 healthy adults (92% women, mean age 40.7 years). 

BC exposure was monitored individually with a micro-aethalometer during one workweek. 

Functional and structural properties of the carotid artery were examined ultrasonographically 

on two separate days. The effect of different short-term personal BC exposure windows (1, 2, 

4, 6, 8, 24 and 48 hours before the ultrasound examination) on carotid artery stiffness was 

estimated using mixed models while adjusting for other known correlates of arterial stiffness. 

Results - Median personal BC exposures within the same day ranged from 599.8 to 728.9 

ng/m³ and were associated with carotid arterial stiffness measures. Young’s elastic modulus 

and pulse wave velocity, both measures of stiffness, were positively associated with BC 

exposure, while the distensibility and compliance coefficient, measures of elasticity, were 

negatively associated with BC exposure. The strongest associations were observed with BC 

exposure 8 hours before the clinical examination. For each 100 ng/m³ increase in exposure 

within this time window, Young’s elastic modulus increased by 2.38% (95% CI: 0.81 to 3.97; 

P=0.0033), while the distensibility coefficient decreased by 2.27% (95% CI: -3.62 to -0.92; 

P=0.0008). 

Conclusions - Short-term elevations in personal BC exposure, even within hours, are 

associated with increased arterial stiffness. This response may reflect a pathway by which air 

pollution triggers cardiovascular events. 
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1. Introduction 

Increases in particulate air pollution levels have been associated with an increase in 

cardiovascular morbidity and mortality in numerous epidemiological studies1-3. Altered 

cardiac autonomic function4-6, atherosclerosis5-7 and changes in vascular function5, 6, 8 are 

potential pathophysiological pathways through which particulate air pollution can influence 

the cardiovascular system.  

Evidence from animal studies indicates that particulate matter can initiate and 

accelerate atherosclerosis.9-13 Different epidemiological studies show an association between 

long-term exposure to particulate air pollution and intima-media thickness. Intima-media 

thickness is a parameter for vascular structural changes that is frequently used as a subclinical 

marker of atherosclerosis.14 Measures of arterial stiffness on the other hand provide a 

manner to investigate functional vascular changes. Acute changes in vascular stiffness may 

be a factor in explaining how acute exposure to particulate air pollution can trigger 

cardiovascular events, such as myocardial infarction.15 However, epidemiological studies 

investigating the association between short-term exposure to particulate air pollution and 

arterial stiffness are limited.16, 17 Research by Mehta and colleagues shows that short-term 

increases in air pollution levels, that were monitored centrally, were associated with changes 

in the augmentation index and augmentation pressure, both measures of vascular stiffness.17 

Adamopoulos et al. report cross-sectional associations between augmentation pressure and 

short-term exposure to particulate matter with a diameter smaller than 10 µm (PM10) in 

men.16  

Black carbon (BC) is formed during traffic-related combustion and BC concentration is 

used as a general measure for exposure to traffic particles.18 BC is considered as an important 

component of particulate air pollution that induces adverse health effects.19, 20 The estimation 
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of individual BC exposure levels is a challenge in epidemiological research. Most studies 

evaluate individual exposure based on central monitoring stations, estimation models or 

proxies for exposure such as distance to major roads. These approaches do not consider the 

fact that individual exposure is strongly related to time-activity patterns.21 Modelled exposure 

based on the place of residence may result in exposure misclassification, especially for traffic-

related BC with high spatio-temporal gradients.21, 22 Such exposure misclassification may bias 

results towards the null, leading to an imprecise estimation of the health effects associated 

with particulate air pollution exposure and BC in particular.22 Better personal estimates of BC 

in relation to location can now be obtained with small continuous BC sensors.21, 23, 24 

We report the results of a repeated measures study that analyzed markers related to 

vascular structure, i.e. carotid intima-media thickness, and to vascular function, i.e. carotid 

artery stiffness parameters in a cohort of healthy adults. We investigated for the first time 

the association of the latter parameters with personal short-term exposure to BC. 

 

 

2. Materials and Methods 

2.1 Study population 

130 nurses from two hospitals in Belgium, i.e. Ziekenhuis Oost-Limburg (ZOL, Genk) and 

Universitair Ziekenhuis Antwerpen (UZA, Antwerp), were invited to participate in the study. 

99 (76%) nurses agreed to participate, of which 56 (56%) were assigned at random to this 

study. The number of participants was fixed because of the limited availability of the BC 

measuring devices. We conducted our study according to the principles outlined in the 

Helsinki declaration for research on human participants. The ethics committee of Hasselt 

University and Universitair Ziekenhuis Antwerpen approved the study. All participants gave 
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written informed consent. A questionnaire provided detailed information on social and 

medical characteristics of the participants, including transportation modes, use of 

medication, smoking habits and incidence of cardiovascular disease in their family. All 

participants reported to be free of clinical cardiovascular diseases and diabetes.  

A panel study design was used to investigate the association between measures of 

arterial stiffness and short-term exposure to BC. BC exposure of the participants was 

monitored continuously during 7 consecutive days of an average workweek between April 

and May 2013. Repeated clinical examinations of the same participant were performed on 

two separate days within this period, i.e. on day 3 and 6. The examination took place between 

7.00h and 19.00h at the hospital where the nurses worked. During the clinical examination, 

participants were questioned on their current medication, caffeine and alcohol use, current 

smoking status and time spent in traffic during the past 24 hours. Smokers (n=2) were 

excluded from all statistical analyses.  

 

2.2 Health measurements 

Clinical examinations were performed by one trained observer and included an ultrasound 

examination of the common carotid artery, blood pressure and heart rate measurements and 

a single blood test at the end of the week. Measurements on non-fasting blood included blood 

cell distribution, serum creatinine, HDL and total cholesterol, blood glucose level and 

γ-glutamyltransferase (GGT) level, a biomarker for alcohol intake. 

 

2.2.1 Carotid stiffness measures 

Ultrasound measurements were performed by one trained investigator using an ultrasound 

device with automatic boundary detection software in RF-mode (MyLabOne, Esaote Benelux, 
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Maastricht, The Netherlands) according to previously reported protocols.25 Longitudinal 

scanning of a 1 cm segment of the right common carotid artery (CCA) at 1 cm proximal to the 

dilatation of the carotid bulb visualizes the lumen-intima and media-adventitia interfaces of 

the far arterial wall. Carotid intima-media thickness (CIMT) was determined under three 

different angles; i.e. 90, 130 and 180 degrees using Meijer’s Arc with the participants at rest 

for 10 minutes in a supine position, with their head slightly turned to the left, according to 

the recommendations of the Mannheim Carotid Intima-Media Thickness Consensus.26 

Measurements obtained at the three angles were averaged. 

The carotid distensibility (DC) and compliance (CC) coefficients are inversely related 

to arterial stiffness such that higher values of these parameters represent less stiffness; 

whereas pulse wave velocity (PWV) is a direct measure of arterial stiffness. These parameters 

are derived from the ultrasound measurements averaged over 8 cardiac cycles and from 

supine brachial blood pressure measured during the ultrasound examination. We computed 

the distensibility and compliance coefficients from the diastolic cross-sectional area (A), the 

systolic increase in cross-sectional area (ΔA) and the local pulse pressure (ΔP) according to 

the formula: DC=(ΔA/A)/ΔP and CC=ΔA/ΔP.27 A and ΔA were calculated as A= π x (D/2)² and 

ΔA= π x [(D+ΔD)/2]² - π x (D/2)². Pulse wave velocity was calculated as PWV=1/�ρ x DC with 

ρ as blood density. Young’s Elastic Modulus (YEM) combines measures of arterial wall 

elasticity with wall thickness and increases in YEM represent an increase in arterial stiffness. 

Young’s Elastic Modulus is calculated as YEM= D/(CIMT x DC).  

Intra-observer coefficients of variation ranged from 5.61% to 11.91% for the different 

stiffness parameters, indicating good reproducibility of the measurements. These results are 

in line with previously published results on variability and reproducibility of carotid structural 
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and functional parameters assessed with transcutaneous ultrasound by Caviezel and 

colleagues in the SAPALDIA cohort.28 

 

2.2.2 Blood pressure and heart rate 

Blood pressure and heart rate were measured according to the guidelines of the European 

Society of Hypertension.29 Participants rested for five minutes, after which heart rate (HR), 

systolic (SBP) and diastolic (DBP) blood pressure were measured five times consecutively with 

an automated device (Omron 705 IT, MSH, Glabbeek, Belgium). The average of the last three 

measurements was used to calculate mean arterial pressure. 

 

2.3 Personal BC exposure assessment 

Measurements of BC were recorded in one minute intervals using the portable MicroAeth® 

Model AE51 BC aerosol monitor (AethLabs, San Francisco, CA, USA). A short tube was 

attached to the inlet of the device, which allowed participants to put the portable device in 

their pocket, purse or backpack. The filter was replaced every two days to prevent filter 

saturation. The participants were instructed to take the instrument wherever they went. 

When the participants were indoors, they were allowed to keep the instrument static in the 

room where the majority of their time was spent.  

Air was drawn in over a Teflon-coated borosilicate glass fiber filter at a flow rate of 

100 ml/min. The attenuation of light was measured at a wavelength of 880 nm to determine 

BC accumulation on the filter. The attenuation information was used to calculate the BC 

concentration using an assigned calibration factor. Measurements with high attenuation 

(>75) or an error code were excluded from the analyses. Data were smoothened with EPA-

algorithms before further processing.30 Exposure to BC was measured for each participant 
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during seven consecutive days. BC exposure, expressed as ng/m³, was calculated 1, 2, 4, 6, 8, 

24 and 48 hours before the clinical examination. 

 

2.4 Statistical analysis 

SAS software (version 9.4, SAS Institute Inc., Cary, NC, USA) was used for database 

management and statistical analysis. The effect of BC exposure on the different arterial 

stiffness measures was investigated using the MIXED procedure to account for the clustered 

data within the same person, i.e. two measurements that were taken three days apart from 

each other. A random intercept model was used and the coefficients and standard errors 

were estimated under restricted maximum likelihood estimation (REML) with unstructured 

autocorrelation. The hospital where the measurements were performed was included as a 

random effect.  

We adjusted for an a priori chosen list of covariates including gender, age, body mass 

index (BMI), mean arterial pressure, total/HDL cholesterol ratio, glucose level, alcohol 

consumption, smoking status, apparent temperature, day of the week and hour of the clinical 

examination. Both linear and quadratic terms of age were tested. The quadratic term was not 

significant and was therefore removed from the models. Q-Q plots of the residuals were used 

to test the assumptions of all models. These assumptions were met after log10-

transformation of the arterial stiffness measures, i.e. YEM, PWV, DC and CC. Descriptive 

statistics are therefore given as geometric mean with 25th-75th percentile interval for these 

variables. Estimates associated with a 100 ng/m³ increase in BC exposure at the given hour 

lag before the clinical examination for each of the arterial stiffness measures are given as a 

percent change [100 x (10β - 1)]. 
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Men (n=4) were excluded as a sensitivity analysis. Separate mixed models that included 

terms for within- and between-subject BC exposure were fitted in addition to the main model 

because we considered the possibility of differences in between- and within-subject air 

pollution effects. Fitting these models excludes confounding by subject-specific 

characteristics that do not vary over time.31 

In a final analysis, we entered the different lags for BC (lags 1, 2, 4, 6, 8, 24, and 48) in 

one model by using distributed lag non-linear models (DLNM), which has the advantage of 

providing cumulative effects of BC exposure by flexibly estimating contributions at different 

lag times.32 The DLNM is defined through a “cross-basis” function, which allows the 

simultaneous estimation of a non-linear exposure-response association and non-linear effects 

across lags. We assumed a linear exposure-response association and we used different 

specifications to model the lag structure: a linear function, a natural cubic spline with 3 df 

(with knots at equally spaced values in the original lag scale), and an unconstrained 

distributed lag model (in which each lag is entered as a separate variable). Because of the 

correlation between lags, the unconstrained distributed lag model will result in unstable 

estimates for the individual lags, but it is known as more flexible and less prone to bias for the 

estimate of the overall effect.33 These analyses were performed with the statistical software 

R (R Foundation for Statistical Computing, Vienna, Austria) using the “dlnm” package.34 

 

 

3. Results 

3.1 Study population and exposure characteristics 

 

Table 1. Description of the study population. 
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Number of participants 54 
  

Personal characteristics  

Age, years 40.7 ± 10.7 
Female 50 (92.9%) 
Smoking status  

Former 14 (25.9%) 
Never  40 (74.1%) 

Statin users 3 (5.6) 
  

General health characteristics  

Body Mass Index (BMI), kg/m²  23.9 ± 4.2 
Mean Arterial Pressure, mm Hg 83.0 ± 7.6 
Heart Rate, beats per minute 77.8 ± 23.4 
Total/HDL cholesterol ratio 2.6 ± 0.8 
γ-glutamyltransferase, UI/l 17.4 ± 12.3 
Glucose, mg/dl 91.0 ± 15.8 
  

Common carotid artery parameters  
Intima-Media Thickness (CIMT), µm 580.6 ± 116.5 
Young’s Elastic Modulus (YEM), kPa 552.5 (386.8-737.8) 
Pulse Wave Velocity (PWV), m/s 6.71 (5.68-7.78) 
Distensibility coefficient (DC), 10-3/kPa 21.1 (15.6-29.3) 
Compliance coefficient (CC), mm²/kPa 0.73 (0.57-1.04) 
  

Values are number (%) or arithmetic mean ± SD, except for the arterial stiffness parameters (YEM, 

PWV, DC, CC) for which geometric mean (25th-75th percentile) is given. 

 

 

The study population included 54 nurses (92.9% female) aged 22 to 56 years (Table 1). 74.1% 

had never smoked. BMI averaged (SD) 23.9 (4.2) kg/m² and the participants had an average 

systolic and diastolic blood pressure of 115.2 (10.4) and 72.1 (8.0) mm Hg, respectively. Three 

(5.6%) participants used statins and one participant was on anti-hypertensive medication. The 

total/HDL cholesterol ratio averaged 2.6 (0.8). The average γ-glutamyltransferase level was 

17.4 (12.3) UI/l and the glucose level 91.0 (15.8) mg/dl. Mean CIMT of the participants was 
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580.6 (116.5) µm. The different carotid artery stiffness measures, i.e. YEM, PWV, DC and CC, 

averaged (25th-75th percentile) 552.5 (3386.8-737.8) kPa, 6.71 (5.68-7.78) m/s, 21.1 (15.6-

29.3) 10-3/kPa and 0.73 (0.57-1.04) mm²/kPa, respectively. Median personal BC exposure 

ranged from 599.8 to 728.9 ng/m³ over the different hour lags before the clinical examination 

(Table 2). Apparent temperature on the day of the clinical examination ranged from 6.4 to 

15.1°C.  

 

Table 2. Exposure characteristics. 

  

Personal black carbon (BC), ng/m³  
1h-lag 642.7 (251.4-1469.8) 
2h-lag 641.3 (275.5-1455.8) 
4h-lag 619.8 (259.0-1401.9) 
6h-lag 599.8 (300.3-1310.6) 
8h-lag 686.9 (392.7-1237.0) 
24h-lag 711.3 (528.8-1033.6) 
48h-lag 728.9 (503.3-983.2) 

  
Apparent temperature, °C  8.9 (8.4-11.8) 
 

 

Values are median (25th-75th percentile) at different hour lags, except for temperature which is given 

for the day of the clinical examination. 

 

 

3.2 Short-term BC exposure and arterial stiffening 

The different short-term BC exposure windows before the clinical examination were 

significantly associated with all measures of carotid arterial stiffness, as shown in Figure 1. 

Specifically, increases in BC exposure 1 to 8 hours before the ultrasound examination were 

significantly associated with increased arterial stiffness. Increases in YEM (Figure 1A) ranged 

from 1.20 % (95% CI: 0.48 to 1.95; P=0.0016) to 2.38% (95% CI: 0.81 to 3.97; P=0.0033) for 
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each 100 ng/m³ increase in BC exposure 1 to 8 hours before the clinical examination. Similar 

increases in PWV (Figure 1B) are shown for the same hour lags, ranging from 0.51 % (95% CI: 

0.19 to 0.83, P=0.0025) to 1.18 % (95% CI: 0.51 to 1.88; P=0.0008).  

 

A B 

  
C D 

  
Figure 1. Percent change in carotid (A) Young’s Elastic Modulus (YEM), (B) Pulse Wave Velocity (PWV), 

(C) Distensibility Coefficient (DC) and (D) Compliance Coefficient (CC) associated with a 100 ng/m³ 

higher personal exposure to black carbon (BC) at different hour lags prior to the clinical examination. 

The analyses were adjusted for gender, age, body mass index, mean arterial pressure, total/HDL 

cholesterol ratio, glucose level, alcohol consumption, smoking status, apparent temperature, day of 

the week and hour of the clinical examination. 
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The indirect measures of carotid arterial stiffness, i.e. DC and CC, were significantly 

associated with BC exposure at the various hourly lags. DC (Figure 1C) decreased by -0.92 % 

(95% CI: -1.60 to -0.46; P=0.0025) to -2.27% (95% CI: -3.62 to -0.92; P=0.0008) in association 

with a 100 ng/m³ increase in BC exposure 1 to 8 hours before the clinical examination. Similar 

decreases were found for CC (Figure 1D) within these time windows, ranging from -0.92% 

(95% CI: -1.60 to -0.23; P=0.0077) to -2.73% (95% CI: -4.06 to -1.37; P=0.0003).  

BC exposure at lag 24-hour was not significantly associated with any measure of carotid 

arterial stiffness, while the lag 48-hour reached statistical significance in association with 

PWV, DC and CC.  

Our study population included four men. Excluding them from the analyses did not alter 

the previous reported associations. Separate mixed models to differentiate between the 

within- and between-subject effects were evaluated. Results showed that the reported 

associations are driven by within-subject effects, which were statistically significant and 

similar in effect size compared to the results from the main analysis, while the between-

subject effects were not statistically significant. 

Finally, we estimated the cumulative effects of BC exposure over the different time lags 

using a DLNM model. Results showed a cumulative effect of BC exposure on the different 

arterial stiffness measures. The estimated change in PWV associated with a 100 ng/m³ 

increase in cumulative BC exposure ranged from 1.50% (95% CI: 0.35 to 2.66) to 1.85% (95% 

CI: 0.43 to 3.29) depending on the used lag structure (linear, natural cubic spline or 

unconstrained). Similarly, the estimated change in YEM ranged from 1.66% (95% CI: -1.79 to 

5.23) to 2.44% (95% CI: -0.82 to 5.81) for each 100 ng/m³ increase in cumulative BC exposure. 

Estimated changes in DC and CC ranged from -3.60% (95% CI: -6.28 to -0.85) to -2.93% (95% 
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CI: -5.12 to -0.69) and from -3.63% (95% CI: -5.97 to -1.23) to -3.06% (95% CI: -6.18 to 0.17), 

respectively. 

 

 

4. Discussion 

This study documents rapid changes, within hours, in vascular stiffening of the carotid 

artery in association with personal BC exposure during the hours before the clinical 

examination. Young’s elastic modulus and pulse wave velocity, both direct measures of 

stiffness, were positively associated with BC exposure, while the distensibility and compliance 

coefficient, both measures of elasticity, were negatively associated with BC exposure during 

all hour lags before the clinical examination (Figure 1). These associations were independent 

of other cardiovascular risk factors, including gender, age, BMI, mean arterial pressure and 

total/HDL cholesterol ratio. Our results were consistent for the different measures of arterial 

stiffness both within and cumulated over the different exposure windows.  

To date, three intervention studies35-37, two studies focusing on long-term exposure38, 

39 and two studies using short-term exposures16, 17 investigated the consequences of air 

pollution on arterial stiffness. However, none of these studies looked specifically at the impact 

of personal BC exposure or discriminated between different hour lags on the day of the 

arterial stiffness assessment. Adamopoulos and colleagues identified a positive association 

between PM10 exposure averaged over 5 days and augmentation pressure, though only in 

men.16 Within the Veterans Affairs Normative Aging Study, results show an association 

between centrally monitored PM2.5 at a 3-day moving average lag and the augmentation 

index, an indirect measure of arterial stiffening.17 The fact that no association with same day 

BC or other exposure lags was found in the latter study might be driven by the discrepancies 
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in personal BC exposures and centrally monitored BC data, with the latter leading to a possible 

reduction of the effect estimates because of exposure misclassification. Comparably, Suh and 

Zanobetti reported a significant association between heart rate variability and personally 

monitored elemental carbon.40 However, when they used centrally monitored ambient 

elemental carbon, the association was considerably smaller and no longer statistically 

significant, further highlighting potential underestimation of the health effects when using 

modelled air pollution data due to exposure misclassification.22, 41  

Although changes in arterial stiffness are unlikely to be of significance in healthy 

individuals, they may be of clinical importance in susceptible individuals. Arterial stiffness is a 

strong predictor of future cardiovascular events and all-cause mortality, especially in subjects 

with higher baseline cardiovascular risk.15 An acute response in arterial stiffness may reflect 

an underlying mechanism by which particulate matter triggers an increased risk of 

cardiovascular events. Recent meta-analyses have shown that exposure to particulate air 

pollution is associated with a near-term increase in risk of myocardial infarction42, heart 

failure43 and stroke44. These associations were the strongest with same day exposure. Our 

results show a rapid increase in arterial stiffness associated with short-term increases in BC 

concentrations at different exposure windows ranging from 1 to 48 hours before the clinical 

examination. However, strong correlations between the BC concentrations at these different 

time windows make it more difficult to identify the most vulnerable exposure window. We 

observed that the cumulative effect of BC exposure over the different lags is similar in effect 

size compared to the lag-specific effects, showing that these lag-specific effects are not 

additive.  

Similar to our study, Brook and colleagues report an association between brief 

increases in personal PM2.5 exposure at lags 1 to 10 hours and small increases in heart rate as 
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well as a non-significant trend toward endothelial dysfunction as measured by flow-mediated 

dilatation.45 Comparably, Krishnan et al. found no significant association between short-term 

variation in central-site monitored PM2.5 and flow-mediated dilatation in the Multi-Ethnic 

Study of Air Pollution study.46 These results suggest that changes in arterial stiffness may only 

be partially mediated through changes in endothelial function. There is a complex interaction 

between the autonomic nervous system and vascular function. Autonomic nervous system 

imbalance is therefore another plausible pathway via which particulate air pollution can affect 

arterial stiffness. This is supported by evidence from He et al. showing a time course of the 

PM2.5 effect on autonomic modulation with the strongest effects occurring between 4-6 

hours.47   

Oxidative stress48 and inflammation49 are main drivers of stiffening of the vascular 

wall. In this regard, it is known that exposure to BC causes both local lung as well as systemic 

inflammation.50, 51 Free radicals may reduce nitric oxide and increase vasoconstrictor agents 

such as angiotensin, endothelin, prostaglandins to aggravate arterial stiffness.52, 53 These 

potential pathways have been corroborated in a controlled exposure study by Peretz and 

colleagues54 who showed an increase in plasma endothelin-1 levels alongside 

vasoconstriction in adults exposed to diesel exhaust.  

The results from our panel study are in line with the outcomes from experimental 

studies. Lundbäck and colleagues report an acute increase in arterial stiffness associated with 

controlled exposure to diesel exhaust36, with similar effect sizes reported for exposure to 

tobacco smoke55, including second-hand smoke56, wood smoke from biomass combustion35 

or welders exposed to metal-rich particulate matter37. Reversely, Lucking and colleagues have 

demonstrated that removing the particles from exhaust prevents several adverse vascular 

effects.57 
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Our study has a small number of participants (n=54) due to the limited availability of 

personal monitoring devices. However, application of these personal exposure 

measurements enabled us to obtain accurate exposure measures leading to significant and 

robust associations. Although we cannot distinguish between different sources of personal 

BC exposure, which apart from traffic can also include indoor sources such as cooking, 

examining the participants at the same time of day during the two clinical examinations 

reduces source-specific variability in exposure within the same subject.  

We have studied a panel of mostly women who reported to be free from clinically 

diagnosed cardiovascular diseases. A homogeneous study population reduces between-

individual variability and increases the statistical power in a small panel. The use of an 

ultrasound device with automatic boundary detection software allowed for a precise 

visualization and calculation of the common carotid artery measures, independent of 

investigator interpretation. Intra-observer coefficients of variation were low for the different 

arterial elasticity measurements, indicating good reproducibility. In addition, the repeated 

measures allowed us to accurately assess intima-media thickness. Intima-media thickness 

does not change over a period of one week and the within-subject coefficient of variation 

should therefore be small. The within-subject coefficient of variation (± SE) was 0.53 ± 3.05%, 

indicating good agreement between the two repeated measurements. This documents the 

robustness of the technique, the observer’s qualifications and suggests that the observed 

dynamic differences in arterial stiffness are unlikely attributable to measurement error. 

Although we cannot exclude some level of residual confounding, it is unlikely that 

unmeasured confounders would eliminate the observed arterial stiffening – black carbon 

association due to our repeated design. By fitting models that included within- and between-

subject BC exposure, we excluded the risk of confounding due to subject-specific 
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characteristics. Results from these analyses showed that the reported associations are driven 

by within-subject effects, further validating our findings. 

 

 

5. Conclusions 

Short-term elevations in airborne black carbon concentration, as measured with personal 

monitoring devices, are associated with increased stiffness of the carotid artery as reflected 

by increased pulse wave velocity and Young’s elastic modulus as well as a lower distensibility 

and compliance. This response may reflect a pathway by which air pollution triggers 

cardiovascular events. 
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