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Abstract

Background—Previous studies have suggested an association between particulate air pollution 

and cardiovascular disease, but the mechanism is still unclear.

Objective—We examined the association between workplace exposure to vehicle-related 

particles and cardiovascular disease related systemic inflammatory markers, C-reactive protein 

(hs-CRP), soluble intercellular adhesion molecule-1 (sICAM-1), and interleukin-6 (IL-6) in 137 

trucking terminal workers (non-drivers) in the U.S. trucking industry.

Methods—We visited two large trucking terminals in 2009 and measured vehicle-related 

elemental carbon (EC), organic carbon (OC), and particulate matter with aerodynamic diameter 

≤2.5μm (PM2.5), for 5 days consecutively at the main work areas. Each participant provided a 

blood sample and completed a health questionnaire during the sampling period. Individual 

workplace exposure level was calculated by 12-hr time weighted moving averages based on work 

shift. The association between each blood marker and exposure to each pollutant during 0-12, 

12-24, 24-36, and 36-48 hours before the blood draw was examined by multivariable regression 

analyses.
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Results—In general, OC and EC had a positive association with sICAM-1, especially for 

exposure periods 12-24 (lag12-24) and 24-36 (lag24-36) hrs prior to blood draw [β=54.9 (95%CI: 

12.3-97.5) for lag12-24 and β=46.5 (95%CI: 21.2-71.8) for lag12-24; change in sICAM-1 (in ng/mL) 

corresponding to an IQR increase in OC]. A similar pattern was found for EC and PM2.5. We did 

not find an association between measured pollutants up to 48 hours before blood draw and hs-CRP 

or IL-6.

Conclusion—In this group of healthy workers, short-term exposure to vehicle-related air 

pollutants may be associated with sICAM-1. Our findings may be dependent on the exposure 

period studied.

Keywords

cardiovascular disease; inflammatory marker; occupational exposure; traffic air pollution; trucking 
industry

1. Introduction

Workers in the trucking industry are regularly exposed to exhaust from diesel trucks, light 

duty gasoline vehicles, and propane fork lift trucks, depending on job duties. Previous 

studies have suggested that exposure to particulate matter (PM) in general and from vehicle-

related exhaust in particular is associated with elevated risks of cardiovascular disease 

(CVD) (Dockery et al. 1993; Hoek et al. 2013; Laden et al. 2006; Peters et al. 2004; Pope et 

al. 2004a; Wellenius et al. 2012). Occupational studies suggested that workers in the 

transportation industry, specifically drivers, have increased risk of CVD (Bigert et al. 2004; 

Robinson and Burnett 2005; Shin et al. 2013; Tuchsen et al. 2006), but limited studies have 

focused on terminal-based workers or non-drivers. In previous work by our research team, 

we observed elevated standardized mortality ratios for ischemic heart disease in both drivers 

and non-drivers (Hart et al. 2013; Laden et al. 2007).

It has been hypothesized that exposure to PM might induce a low-grade systemic 

inflammatory response that leads to an increased risk of CVD, and previous studies have 

suggested that exposure to PM is associated with elevated levels of systemic inflammatory 

markers (Chen et al. 2015; Dai et al. 2016; Delfino et al. 2009; Riediker et al. 2004; Ruckerl 

et al. 2007; Schwartz 2001), the potential predictors of susceptibility to CVD (Blake and 

Ridker 2002; Saadeddin et al. 2002; Tousoulis et al. 2007). However, the results have been 

inconsistent, and recently a growing number of studies have reported null associations 

(Brauner et al. 2008; Forbes et al. 2009; Mirowsky et al. 2015; Rudez et al. 2009), especially 

for C-reactive protein (CRP), a widely known acute phase protein produced by the liver in 

response to proinflammatory cytokines. It is possible that associations between air pollutants 

and CRP may be stronger in susceptible populations, and may not be as evident among 

healthy individuals. Positive associations between particulate air pollution and inflammatory 

markers have been observed among more susceptible populations such as myocardial 

infarction (MI) survivors (Ruckerl et al. 2007), patients with coronary or ischemic heart 

disease (Delfino et al. 2009; Siponen et al. 2015), individuals with type 2 diabetes (O'Neill et 

al. 2007; Ruckerl et al. 2014), and the elderly (Delfino et al. 2009; Pope et al. 2004b; Zeka et 
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al. 2006). On the other hand, a few studies of healthy individuals did not find similar 

associations (Brauner et al. 2008; Mirowsky et al. 2015; Rudez et al. 2009).

Previous studies have also suggested that the association between air pollution and 

cardiopulmonary health outcomes might be modified by gene polymorphisms. Glutathione 

S-trans-ferase M1 (GSTM1), a class member of glutathione S-transferases (GSTs) gene 

family which is known for their ability to produce enzymes that are involved in 

detoxification and is part of the antioxidant defense system (Armstrong 1997), has been 

reported to modify the association between secondhand smoke exposure and inflammatory 

markers (Miller et al. 2003). It is also suggested that GSTM1 may modify the association 

between air pollution and heart rate variability, respiratory illness, as well as pro-

inflammatory expression and cell adhesion molecule (Chahine et al. 2007; Madrigano et al. 

2010; Ruckerl et al. 2014; Wu et al. 2012; Yang et al. 2008).

The purpose of this study was to examine the short-term relationship between occupational 

exposure to particulate air pollution and inflammatory markers, including high-sensitivity C-

reactive protein (hs-CRP), soluble intercellular adhesion molecule-1 (sICAM-1), and 

interleukin-6 (IL-6), among trucking terminal workers (non-drivers) in the U.S. trucking 

industry. Additionally, we assessed gene-environment interaction by GSTM1 gene deletion 

to identify potential susceptible subpopulations in this relatively healthy working population.

2. Materials and Methods

2.1. Study subjects

We visited two large trucking terminals in Carlisle, PA, and Chicago, IL in March and June 

2009, respectively. A total of 178 terminal-based workers (non-drivers) who worked at these 

two terminals during the sampling periods were recruited to participate in the study. The 

participants were asked to provide a blood sample and complete a health questionnaire. The 

detailed job categories in the trucking industry and the corresponding job duties are 

described elsewhere (Smith et al. 2006). In brief, the job titles of the participants included in 

the study were mainly dock worker (moving freight within the terminal), hostler (moving 

trucks in the terminal yard), and clerk (office worker). The protocol was approved by the 

Human Subjects Committees at the Brigham and Women's Hospital, the Harvard School of 

Public Health, and VA Boston Healthcare System, and each participant provided informed 

consent before participating.

2.2. Blood sample and health questionnaire

Phlebotomy was offered 24 hours per day during the field sampling period in each trucking 

terminal. At their convenience, participants provided approximately 30 mL of blood either 

before, during, or after one of their work shifts during the sampling week. Blood samples 

were stored in a refrigerator in the field and sent back to our laboratory with a coolant by 

overnight shipping every day. Upon arrival, the blood samples were centrifuged in a 

refrigerated unit and blood components aliquoted in cryotubes, which were stored in the 

vapor phase of liquid nitrogen freezers at lower than -130 °C. All samples were processed 

and stored within 24 hours of collection. The analyses of inflammatory markers were 
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performed at the Clinical & Epidemiologic Research Laboratory, Department of Laboratory 

Medicine at Children's Hospital in Boston. Hs-CRP levels were determined by an 

immunoturbidimetric assay on a Hitachi 917 analyzer (Roche Diagnostics; Indianapolis, 

IN), using reagents and calibrators from Denka Seiken (Niigata, Japan). Concentrations of 

sICAM-1 and IL-6 were measured by an enzyme-linked immunosorbent assay (ELISA), 

which employs the quantitative sandwich enzyme immunoassay technique (R&D Systems, 

Minneapolis, MN). CRP is a well established non-specific systemic inflammatory marker 

related to CVD, and IL-6 has been linked to increased risk of stroke and MI, whereas 

sICAM-1 is directly involved in atherogenesis and has been considered as a good predictor 

of CVD in healthy individuals (Tousoulis et al. 2007). For the three inflammatory markers 

analyzed, all the samples were above the laboratory thresholds of detection. In addition, we 

randomly selected 100 samples from non-smokers to analyze the polymorphisms of an 

oxidative stress gene, GSTM1, to evaluate the potential for gene-environmental interaction. 

GSTM1 genotyping was performed by the assay consists of amplification of exons 4 and 5 

of the GSTM1 allele by polymerase chain reaction (PCR) to differentiate between the null 

polymorphism and the presence of one or more copies of the gene (Schwartz et al. 2005).

A detailed health and exposure questionnaire was completed by each participant at the time 

of the blood draw. We asked about recent and past smoking habits, recent secondhand smoke 

(SHS) exposure, job title and job history, date and time of last work shift, specific duties on 

the day of blood draw, work schedule over the previous week, recent acute and chronic 

illnesses, medication use, physical activity, alcohol use, weight and height, and waist size.

2.3. Exposure assessment

We measured PM2.5 (particulate matter with aerodynamic diameter ≤2.5μm) as an overall 

measure of air pollution from multiple sources, elemental carbon (EC) in PM1 (particle 

matter with a diameter of ≤1.0 μm) as a marker of exposure to vehicle related combustion 

particles, and organic carbon (OC) in PM1. EC and OC were measured in PM1 to focus on 

exposures to freshly generated exhaust. In this work setting, EC has been shown to originate 

primarily from diesel exhaust (Davis et al. 2006). Area samples of PM2.5, EC, and OC were 

collected consecutively using 12-hr integrated sampling for 5 days and nights, changing the 

collectors at 7 a.m. and 7 p.m. every day. The particle collectors and their pumps were 

mounted in a box sampler connected to an external battery. Area samples were collected at 

the loading dock (2 box samplers in separate locations where loading was on-going), 

terminal yard (1 box sampler placed based on wind direction to reflect terminal background 

level from off-site sources), and the terminal office (1 box sampler), to represent exposures 

to airborne particles at work for dock workers, hostlers, and office workers, respectively. 

Mean concentration was calculated for the areas with more than 1 box sampler. The detailed 

sampling methods for each pollutant are described elsewhere (Smith et al. 2006). In brief, 

EC and OC in PM1 were measured by collecting PM1 on a 22-mm quartz tissue filter, which 

was then analyzed by thermal-optical carbon analyzer based on the NIOSH 5040 method 

(NIOSH 1998). PM2.5 was measured by a method consistent with the EPA PQ200 Federal 

Reference Method (Tainio et al. 2005). Particles were collected on a 37-mm Teflon filter 

(with a pore diameter of 0.2 μm) after passing through a precision-machined cyclone pre-

selector (BGI, Inc., Waltham, MA) to remove particles greater than 2.5 μm aerodynamic 
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diameter. In summary, for each on-site location, 10 consecutive integrated 12-hr samples of 

PM2.5, EC and OC were available over the 5 day sampling period. The overall correlations 

between averaged PM2.5, EC, and OC were low to moderate (Pearson's r=−0.18 for PM2.5 

and EC; r=0.54 for PM2.5 and OC; r=0.09 for OC and EC).

Personal exposure to EC, OC, and PM2.5 for each participant was estimated from the area 

samples based on the participant's job title and work shift. We used the time of blood draw, 

the time the worker started working that day, and whether he or she worked the day before to 

estimate a time weighted average of occupational exposures to each pollutant for the 12 

hours immediately preceding the blood draw (Lag0-12), and 12-24 hours, 24-36 hours, and 

36-48 hours (Lag12-24, Lag24-36, and Lag36-48, respectively) before the blood draw (Figure 

1). The workers on average worked 8-10 hour work shifts, and we assumed that occupational 

exposure levels were equal to zero when off work. In other words, the workers are 

occupationally exposed to the pollutants only during their work shifts and the rest of the 

time is a ‘wash-out’ period in terms of occupational exposures, and our approach was to 

account for both exposure at work and the wash-out period. In addition, we calculated the 

mean of Lag0-12 and Lag12-24 (Lag0-24), the mean of Lag24-36 and Lag36-48 (Lag24-48), and 

the mean of exposure levels during 0-48 hrs (Lag0-48) before the blood draw.

2.4. Statistical Analysis

Workers with sufficient aliquots of blood for laboratory analysis and job information (job 

title and work shift) were included in the statistical analysis. We used multivariable linear 

regression analysis to assess the association between particulate air pollutants (EC, OC and 

PM2.5) and each marker of inflammation in separate models. Because the residuals of these 

regression models were non-normal, we used the robust variance for statistical inference 

(White 1980).

We considered several exposure metrics, including 12-hr exposure (Lag0-12, Lag12-24, 

Lag24-36, Lag36-48), 24-hr exposure (Lag0-24, Lag24-48), and 48-hr exposure (Lag0-48) before 

the time of blood draw. We also conducted multiple-lag models with an inclusion of all four 

lag periods, Lag0-12, Lag12-24, Lag24-36, and Lag36-48, in the same model. Regression 

coefficients and 95% confidence intervals (95%CIs) for each inflammatory marker were 

calculated in relation to an interquartile range (IQR) increase of each air pollutant for the 

corresponding exposure period. Age, gender, race, body mass index (BMI; weight divided 

by height squared, kg/m2), smoking status, secondhand smoke exposure in the last 24 hours, 

educational level, alcohol use, medical conditions (COPD, chronic rhinitis, high blood 

pressure, chronic heart problem, diabetes), and medication use were explored as potential 

confounders. We considered variables that were either known confounders or statistically 

significant in univariate analyses. We also examined effect modification by age, obesity 

(BMI≥30 kg/m2), smoking status, and city by fitting interaction terms and performing 

stratified analyses. In addition, we explored effect modification by GSTM1 polymorphisms 

(null vs. non-null) in the subset of non-smokers for whom genotype was successfully 

ascertained (93 of 100 samples randomly selected).

In sensitivity analyses, we performed the analyses restricted to the workers who provided 

their blood draw after the 2nd day of field sampling, since their exposure profile for every lag 
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period was available. We also examined the association restricted to workers without any 

history of coronary heart disease. In addition, as CRP is a non-specific marker of 

inflammation which might be affected by recent acute illness (Tousoulis et al. 2007), we also 

performed sensitivity analysis additionally adjusted for self-reported recent illness (had a 

cold or flu in the past 30 days). Sensitivity analysis additionally adjusting for time of blood 

draw (i.e., morning, afternoon, evening, overnight) was also conducted to account for 

potential circadian variation of the inflammatory markers. Additionally, we ran the models 

additionally adjusted for duration at work before the blood draw, as well as including 

duration at work × cumulative exposure interaction term, to explore whether different timing 

of blood draw may influence the results observed. We also conducted sensitivity analysis 

only considering the un-weighted exposure level measured from the integrated area 

sample(s) collected during a worker's work shift before the blood draw (and if a worker's 

work shift spanned two area sampling sessions, the average level of the two sessions was 

taken), and adjusted for duration at work before blood draw; while this approach only 

focuses on exposure during the work shift but not the off-work wash-out period, it provides 

information on more acute effects due to workplace exposure and also allows us to ascertain 

whether there was a potential for ‘down-weighting’ the exposure effects when using our 

main approach which also accounted for the off-work period. Further, we performed logistic 

regression using a cut-point of 3 mg/L for hs-CRP, a level associated with greater risk of 

clinical coronary disease (Pearson et al. 2003) as well as other cut-points used in previous 

studies, such as the 90th percentile of hs-CRP (Peters et al. 2001). All analyses were 

performed in the SAS statistical package (v.9.3, SAS Institute Inc., Cary, NC).

3. Results

3.1. Participant characteristics

A total of 137 workers with complete work shift information for estimating personal 

exposure during all four lag periods (of Lag0-12, Lag12-24, Lag24-36, and Lag36-48) were 

eligible for statistical analysis. Participant characteristics, as well as levels of inflammatory 

markers, are presented in Table 1. The participants were predominantly male and Caucasian, 

with a median BMI of 28.3 kg/m2.

3.2. Air pollutants

A total of 80 area samples were collected from 10 sampling sessions in the two trucking 

terminals. The overall median (IQR) level was 0.36 (0.22-0.54) μg/m3 for EC, 6.87 

(5.13-10.5) for OC, and 14.7 (8.96-20.0) μg/m3 for PM2.5. Figure 2 presents the distribution 

of these pollutants by terminal and work area. In general, EC levels were similar across the 

work areas (dock, office, and yard), although levels in Chicago tended to be higher than the 

levels in Carlisle. Overall, the pattern of particulate levels at the two terminals was similar. 

The OC levels were proportionally higher than EC levels in the office area, possibly partially 

because office area is less ventilated comparing to other work areas; thus, cigarette smoke 

(which consists of high OC and low EC) are more likely to persist in the environment in the 

offices.

Chiu et al. Page 6

Environ Res. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The levels of 12-hr lagged periods for estimated personal workplace exposure are 

summarized in Table 2. A majority of 112 participants (82%) provided their blood samples 

after or during their work shift, whereas the rest of the participants provided blood samples 

before their work shift. Thus, Lag0-12 generally represents work exposures for the day of 

blood draw and Lag24-36 represents work exposures the day before for the majority of the 

workers.

3.3. Association between particulate exposure at work and inflammatory markers

The results from the multivariable-adjusted linear regression model assessing the 

associations of inflammatory markers with the corresponding IQR increase of each 

particulate pollutant are presented in Table 3 for multiple-lag models. For sICAM-1, in 

general we observed a positive relationship with EC and OC, especially for exposure periods 

of Lag12-24 and Lag24-36. We also observed a similar pattern for PM2.5, although the results 

were less significant. The net effect of OC exposure throughout 48 hours before the blood 

draw was significantly associated with sICAM-1. Overall, air pollutants were positively 

associated with IL-6 levels at the exposure period immediately before the blood draw 

(Lag0-12), whereas no other exposure periods appeared to be associated, although all the 

results did not reach statistical significance. We did not find a significant association 

between air pollutants and hs-CRP. The results from models only included one 12-hr lagged 

period at a time (Supplemental Material, Table S-1) as well as models for 24-hr and 48 hr 

moving averages (Supplemental Material, Table S-2) also showed similar patterns.

3.4. Sensitivity Analyses

Sensitivity analysis additionally including recent and chronic illness as well as time of blood 

draw in the models did not materially changed the results (Supplemental Material, Table 

S-1). Further, additionally including duration at work before the blood draw in the multiple-

lag models did not alter our main findings (Supplemental Material, Table S-3), and duration 

at work before the blood draw was not significantly related to the three inflammatory 

markers studied. We did not find any significant positive interactions between duration at 

work and cumulative exposure levels in the interaction models (all p-values for 

interaction>0.2). We also did not find significant associations in the analysis only 

considering un-weighted area exposure levels during a worker's work shift on the day of 

blood draw (Supplemental Material, Table S-4); this is similar to our findings in the main 

analysis when using weighted exposure estimates taking the off-work period into account 

(Table 3), where we also did not find associations between Lag0-12 exposures and 

inflammatory markers. The results from the analyses restricted to the 73 (53%) workers who 

provided their blood draw after the 2nd day of field sampling were similar to the analyses 

performed for all participants. Restricting to 123 (90%) workers without any coronary heart 

disease history also did not alter our conclusions. The results were materially unchanged 

when we performed multivariable logistic regression using 3 mg/L or the upper 90th 

percentile as a cut point for elevated hs-CRP (data not shown).

3.5. Effect modification

We did not find any significant evidence of effect modification by age, obesity, smoking 

status, coronary heart disease history, or city (data not shown). For the subset of the study 
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population with GSTM1 data (n=93), overall we observed a nonsignificant elevation in 

inflammatory markers among those with the GSTM1-null (deletion) polymorphism (n=48), 

compared to those with the non-null polymorphism (n=45). However, no statistical evidence 

of a gene-environmental interaction between particulate exposure and inflammatory markers 

was found (p-value for interaction >0.3).

4. Discussion

We examined the associations between workplace particulate air pollutants and three blood 

markers, hs-CRP, sICAM-1, and IL-6, as indicators of inflammatory responses, among 137 

employees in the U.S. trucking industry. In this population of truck terminal workers, we 

observed suggestive positive associations of occupational exposures to EC and OC 12-36 

hours before the blood draw with elevated sICAM-1. A similar pattern was observed for 

PM2.5, but the results were less consistently statistically significant. We did not find any 

statistically significant relationships of the three measured air pollutants with hs-CRP or 

IL-6. In addition, no statistically significant interaction between GSTM1 and air pollutants 

was found.

Previous literature has suggested that sICAM-1 is a good predictor of cardiovascular risk in 

healthy individuals (Tousoulis et al. 2007). sICAM-1 is expressed mainly on endothelial 

cells under the stimulation of proinflammatory cytokines (Saadeddin et al. 2002; Tousoulis 

et al. 2007), and studies suggest that a greater level of peripheral blood sICAM-1 is 

associated with the development of symptomatic peripheral arterial disease and MI in 

healthy individuals (Blake and Ridker 2002; Ridker et al. 1998). However, studies have 

found inconsistent results on the association between air pollution exposure and sICAM-1. 

To date, little information on sICAM-1 is available to make an inference of the potential 

exposure-response timeline. Similar to our findings, significant associations of short-term 

(within 3 days) PM2.5 exposure and sICAM-1 has been found in other populations such as 

patients with coronary heart disease (Ruckerl et al. 2006), and the elderly who were free of 

known chronic medical conditions at enrollment (Dai et al. 2016). Seven-day exposure to 

PM2.5 (Wilker et al. 2011) as well as median-term (4-12 weeks) exposure to black carbon 

(BC) (Alexeeff et al. 2011), another marker of vehicular-related pollution, have also been 

associated with elevated sICAM-1 levels. However, other studies did not find an association 

between short-term air pollution and sICAM-1, including studies of the elderly and welders 

(Fang et al. 2010; Madrigano et al. 2010). Further studies are needed to identify the potential 

susceptible populations and exposure-response timing of the relationship between air 

pollution and sICAM-1 levels.

CRP is an acute phase protein synthesized by the liver in response to proinflammatory 

cytokines, such as IL-6 (Blake and Ridker 2002; Saadeddin et al. 2002). It is the most well 

established inflammatory marker to date (Tousoulis et al. 2007) because of its association 

with increased cardiac risk (Blake and Ridker 2002; Pearson et al. 2003; Saito et al. 2003) 

and possibly atherosclerotic plaque vulnerability (Blake and Ridker 2002). Both CRP and 

sICAM-1 have been shown to remain independently predictive of coronary heart disease 

after adjustment for metabolic syndrome among men (Pischon et al. 2007). Elevated IL-6 

has been found to be associated with CVD and MI (Bennet et al. 2003; Cesari et al. 2003), 
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and also to be negatively correlated with carotid plaque echogenicity, suggesting increased 

plaque vulnerability (Yamagami et al. 2004). However, IL-6 has a large daily variability and 

relatively short half-life (2-6 hrs) (Riches et al. 1992; Tousoulis et al. 2007), and thus it is 

possible that our sampling method might not be able to capture its rapid variation. On the 

other hand, it is suggested that CRP may have a relatively longer half-life (19 hrs) and 

requires an induction time of 1-2 days (Koenig et al. 2003; Ruckerl et al. 2007). Thus, it is 

possible that the association between CRP and particulate pollutants might have been missed 

in our study because we did not have sufficient information about workers' exposure at work 

>48 hours prior to blood draw. In addition, CRP is a non-specific marker of inflammation, 

which can be affected by recent acute illness (Tousoulis et al. 2007); however, our results 

were not altered after controlling for recent illness. On the other hand, it is possible that we 

did not find an association with CRP because our participants are generally healthier 

workers, as some of the previous studies conducted in healthy populations also did not 

observe a significant association between air pollution and CRP (Brauner et al. 2008; 

Mirowsky et al. 2015; Rudez et al. 2009).

One of the primary work-related exposures for workers in the trucking industry is diesel 

exhaust, which is a complex mixture of fine particles and combustion gases (HEI 1995). 

Environmental sampling of diesel exhaust is challenging because there is no single specific 

marker. Numerous previous epidemiological studies have used job title/job history 

information, census data, and self-reports to assess exposure to diesel exhaust (Garshick et 

al. 2003). For studies using markers of exposure, particulate matter, EC, OC, black carbon, 

oxides of nitrogen (NOx), and polycyclic aromatic hydrocarbons (PAHs) are most 

commonly used as exposure indicators (Garshick et al. 2003). PM2.5 and PM10 have been 

widely used in air pollution studies because particulate matter is one of the six “criteria 

pollutants” regulated by the U.S. Environmental Protection Agency. We measured PM2.5 in 

our study as an overall exposure marker of occupational air pollution in this work setting. 

Previous measurements conducted by our research team indicate that diesel exhaust is the 

dominant source of EC in the terminal work locations (representing all engine operating 

conditions), and exposure to EC in gasoline car emissions and propane emissions are 

relatively small (Davis et al. 2006). EC accounts for a significant fraction of diesel particles 

because historically these particles have EC cores with OC, hydrocarbons, and sulfate (HEI 

1995). Furthermore, EC is not a significant component of cigarette smoke (0.49%) (HEI 

1995), and workers in the trucking industry are less likely to be exposed to other sources of 

EC such as coal or wood smoke.

We examined the association between the exposure of particulate pollutants and 

inflammatory markers in an occupational setting, focusing upon a healthy working 

population with daily exposure to vehicle-related exhaust at work. Our exposure monitoring 

is not directly comparable to that of other studies in the literature. Most previous 

epidemiological studies have utilized air pollution data collected by local or national air 

quality monitors to represent ambient exposure levels either by close-to-point estimation or 

spatial modeling. In our study, we measured particle levels at each work area in the trucking 

terminals consecutively for five work days, and took into consideration how long each 

worker was on shift at the specific work area. A limitation of our exposure assessment is that 

we had to make assumptions about the relative contribution of the area measurements to an 
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individual's personal occupational exposure. Nevertheless, our previous work on exposure 

assessment at the trucking terminals throughout the U.S. showed that the correlation 

between the average personal exposures and the matched area sampling by work area was 

fairly high, especially for EC (Smith et al. 2006). In addition, our data do not allow us to 

examine the potential effects of peak exposures (for example, 2-hour of very high exposures 

before the blood draw) as we only had integrated exposure data from the area samplings for 

every 12 hours. Another limitation is that, repeated measurements of the studied exposure 

and outcome biomarkers were not available. It is also possible that we did not completely 

account for the circadian variation of the inflammatory markers, but the results of our 

analyses were unchanged when adding the time of blood draw (i.e., morning, afternoon, 

evening, overnight) into our regression models. The estimated Lag0-12 exposures for workers 

who gave blood in the beginning or early in their work shift may not capture their entire 

exposure profile throughout the work shift on the day of the blood draw, but it is a true 

reflection of averaged occupational exposure during 0-12 hours before the blood draw for 

these workers. Although the participants were volunteers, selection bias is not likely to be an 

issue since the workers should not be aware of their levels of inflammatory markers. Finally, 

the sample size was small and thus the association between occupational particulate 

exposure and inflammatory markers might have been missed because of insufficient power. 

It is also possible that the small sample size may be one of the reasons that we did not find 

significant effect modification by GSTM1 polymorphism on these associations.

In summary, we observed a suggestive positive relationship of short-term vehicle-related air 

pollutants at work with sICAM-1 among workers in the trucking industry for EC, OC, and 

PM2.5 especially at the exposure lag period of 12-36 hours before the blood draw. No 

significant evidence of the relationships of particulate air pollutants with IL-6 and hs-CRP 

was found. Our findings suggest that the short-term vehicular exposure may be associated 

with sICAM-1 in a relatively healthy working population, and the findings may be affected 

by the induction time and half-life of the biomarkers studied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EC elemental carbon

GSTM1 gluthatione S-transferase M1

hs-CRP high-sensitivity C-reactive protein

IL-6 interleukin-6

OC organic carbon

PM2.5 particulate matter with aerodynamic diameter ≤2.5μm

PM1 particle matter with a diameter of ≤1.0 μm

SHS secondhand smoke

sICAM-1 soluble intercellular adhesion molecule-1
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Highlights

• Associations between vehicular air pollutants and inflammatory markers were 

examined.

• We focused on non-drivers of truck terminal workers as literature is mainly in 

drivers.

• Short-term exposure to OC and EC may be associated with increased sICAM-1.
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Figure 1. Relationship between area sampling level and estimated personal workplace exposure
X1, X2…X5: Exposure level measured by area sampling.
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Figure 2. Distribution of area measurements of each particulate pollutant, by work area and 
terminal
Levels of pollutants were measured at the field for 5 days/nights consecutively at each work 

area at the terminal (loading dock, office area, and terminal yard).
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Table 1

Levels of Inflammatory markers and characteristics of terminal workers in the U.S. trucking industry. a

Continuous Variables Median (IQR)

CRP (mg/L) 0.99 (0.38-1.98)

sICAM-1 (ng/mL) 248.1 (208.1-296.2)

IL-6 (pg/mL) 1.31 (0.86-2.22)

Age (years) 48 (42-54)

BMI (kg/m2) 28.4 (26.2-31.0)

Categorical Variables n (%)

Male 126 92.0

Caucasian 123 89.8

Education >12yrs 56 40.9

Current smoker 33 24.1

Exposed to SHS in last 24hrs 67 48.9

Ever drink alcohol 113 82.5

Alcohol use in last 24 hrs 28 20.4

Recent illness 30 21.9

Cholesterol drug use 22 16.1

Exercise >2hrs/week 66 48.2

Job title

 Dock worker 68 49.6

 Hostler 31 22.6

 Clerk 38 27.7

Work shift

 Day 63 46.0

 Evening 34 24.8

 Night 20 14.6

 Other/Rotating 20 14.6

a
Variables with missing values: Exposed to SHS in last 24hrs (n=2), recent illness (n=1), ever drink alcohol (n=1), alcohol use in last 24 hrs (n=1).
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