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                    Abstract
Background
Elevated cardiovascular disease risk has been reported with proximity to highways or busy roadways, but proximity measures can be challenging to interpret given potential confounders and exposure error.
Methods
We conducted a cross sectional analysis of plasma levels of C-Reactive Protein (hsCRP), Interleukin-6 (IL-6), Tumor Necrosis Factor alpha receptor II (TNF-RII) and fibrinogen with distance of residence to a highway in and around Boston, Massachusetts. Distance was assigned using ortho-photo corrected parcel matching, as well as less precise approaches such as simple parcel matching and geocoding addresses to street networks. We used a combined random and convenience sample of 260 adults >40 years old. We screened a large number of individual-level variables including some infrequently collected for assessment of highway proximity, and included a subset in our final regression models. We monitored ultrafine particle (UFP) levels in the study areas to help interpret proximity measures.
Results
Using the orthophoto corrected geocoding, in a fully adjusted model, hsCRP and IL-6 differed by distance category relative to urban background: 43% (-16%,141%) and 49% (6%,110%) increase for 0-50 m; 7% (-39%,45%) and 41% (6%,86%) for 50-150 m; 54% (-2%,142%) and 18% (-11%,57%) for 150-250 m, and 49% (-4%, 131%) and 42% (6%, 89%) for 250-450 m. There was little evidence for association for TNF-RII or fibrinogen. Ortho-photo corrected geocoding resulted in stronger associations than traditional methods which introduced differential misclassification. Restricted analysis found the effect of proximity on biomarkers was mostly downwind from the highway or upwind where there was considerable local street traffic, consistent with patterns of monitored UFP levels.
Conclusion
We found associations between highway proximity and both hsCRP and IL-6, with non-monotonic patterns explained partly by individual-level factors and differences between proximity and UFP concentrations. Our analyses emphasize the importance of controlling for the risk of differential exposure misclassification from geocoding error.
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                    Background
Residential proximity to major roadways and highways has been found to be associated with numerous adverse health outcomes, including cardiovascular diseases [1–3]. These studies suggest that prior conditions, diabetes and obesity for example, make individuals more vulnerable to traffic exposure [4, 5]. Only a few studies have reported levels of blood markers–C-Reactive Protein (hsCRP), Interleukin-6 (IL-6), and fibrinogen–relative to distance to highways or roadways [5–7].
A primary hypothesis for near roadway health effects has been traffic-related air pollutants, many of which are elevated next to high traffic roadways [8]. A recent meta-analysis of near highway air monitoring studies found that there was consistent evidence for steep gradients of UFP, elemental carbon, volatile organic compounds, CO, NO and NOx[9]. These pollutants tend to decline to urban background levels within 200-400 m, vary considerably with changes in meteorology, and have most often been measured over short time periods, typically individual days [10]. While health studies have reported exposure to various pollutants as well as distance to roadways [2, 7], none have yet assigned exposure to UFP in the near highway environment. With or without pollutant exposure measures, proximity could represent traffic noise, a factor we could not address in this analysis [11], or gradients of socioeconomic status (SES) near heavy traffic, raising the need to carefully address potential confounders.
Prior traffic proximity studies have often used exposure metrics with potentially significant misclassification. Many studies that use proximity as an exposure proxy have assigned residential locations by geocoding addresses to street networks, which introduces positional error that could bias results of fine-scale proximity analysis [12–14]. Previous analysis of this study population found a mean positional error of 39 m and 49 m when geocoding to a commercially and publicly available street network address dataset, respectively [15]. Given steep pollution gradients within 200 m of a highway, this degree of error could be significant.
The Community Assessment of Freeway Exposure and Health study (CAFEH) is a community-based participatory research cross sectional study of near highway air pollutants, primarily UFP, and blood markers of cardiovascular risk [16]. Here we report an analysis of proximity to a major highway and association with blood markers of cardiovascular risk. We focus on state of the art geopositioning of residential addresses and consideration of a large number of potential confounders. We also use UFP concentration patterns to inform stratified analyses that better reflect spatial distributions of pollutants.


Methods
Recruitment
The analysis presented here includes data from two near-highway areas and two paired urban background areas, located in Somerville and in the Dorchester and South Boston neighborhoods of Boston, MA [Somerville and Dorchester hereafter; Figure 1[16]. A third neighborhood from which we recruited, Chinatown in downtown Boston, was excluded because the highway geometries and street canyons complicated assignment of simple proximity values. Recruitment proceeded in approximately one year blocks. In each neighborhood we stratified recruitment for <100 m, 100-400 m and >1000 m from the edge of Interstate-93 (I-93) in order to maximize local exposure contrast. We ended up with a small number of residences outside of 400 m so we extended the study to 450 m. On the basis of location of our recruited sample, we excluded from analysis the 450-1000 m areas. All participants in the study areas resided in buildings that were no more than 6 stories high and most were in buildings of 3 stories or less. Random samples were generated for all addresses within our study areas and every address in the random sample was approached. We had complete sets of documents available in English, Spanish, Portuguese, Haitian Creole, Vietnamese and Chinese and field members fluent in these languages to ensure broad inclusion of non-English speaking residents. Recruitment was door-to-door by surveyors who received extensive training and supervision. To bolster numbers, we recruited additional convenience samples. The convenience samples largely consisted of residents in 4 elderly housing developments, 2 each in Somerville and Dorchester. The study protocol and consent forms were approved by the Tufts Health Sciences IRB.
Figure 1[image: figure 1]

                          The near highway and urban background study areas in (a) Somerville and (b) Dorchester with participant residential addresses.
                        


Full size image


Human data
Participants who enrolled in the study completed a survey in their home which included questions about demographic information (Table 1). Time activity was collected for 2 recent days and included time spent inside and outside at home, at work/school, at other locations, and on highways for each hour for a recent workday/weekday and non-workday/weekend. Time activity data displayed significant differences in micro-environment time allocation when stratified by demographic variables, but low within participant variability between the first and second questionnaire [15]. We asked questions that assessed exposure to highway pollutants in other microenvironments (residential, occupational, commuting, etc.). We also gathered information on possible confounders with cardiovascular disease (diet, physical activity, stress, etc.) and inquired about relevant diagnosed comorbidities (diabetes, hypertension, etc.). Medications were recorded from labels of all prescriptions that were available in the home and were classified into broad categories by a physician: statins, oral hypoglycemic agents (OHAs), insulin, anti-hypertensives, antacids, anti-inflammatories and hormones. Data were double entered into MS Access, checked for errors and corrected (verified and validated) by reference to the original survey hard copy. Most variables included in the regression models had 1% or less missing. BMI and smoking status had 8% and 4% missing, respectively. Income had the largest percent missing at 11%. Those with missing income were categorized into a separate group and retained in the analysis.
Table 1 
                          Characteristics of the study population stratified by categories of distance to the highway
                        Full size table


We derived variables for race as white or non-white, based on the small numbers in other racial minority categories. An occupational combustion exposure was based on a qualitative assessment of each participant’s current and past occupation(s) along with self-reported exposure on the job. Pack years of smoking was calculated for current and past smokers. Vigorous leisure time physical activity was calculated based on frequency and duration. Upon completing the in-home survey, participants were invited to attend field clinics (typically within weeks of the home visit) after fasting through the night. Clinics were held in the morning in the study areas. At the clinics, we administered a second brief survey that included illnesses in the past week, alcohol consumption, when they last ate, whether they had recent stressful life events (open ended) and exposure to 18 sources of combustion in the previous week. A combustion exposure score was derived by adding up the number of reported combustion exposures in the week preceding their blood draw.
Height and weight were recorded using a standard scale (SECA, Model #8761321009) and stadiometer (Shorr Productions LLC, Model #905055). Diastolic and systolic blood pressure were measured in the right, then left, then right arms with the participant seated using an automatic blood pressure machine (Model #HEM711ACN2, Omron Healthcare, Kyoto, Japan). Hypertension was defined as either measured elevated blood pressure or taking antihypertensive medications. Blood lipid profile was measured on site from a finger stick using a CardioChek PA device (Polymer Technology Systems, Inc. CardioChek, Indianapolis, IN). A venous blood sample was taken, processed to plasma and stored at minus 80 degrees centigrade. Stored plasma was analyzed in 3 batches. Each sample was assayed using immunoassay kits for hsCRP (SPQ High Sensitivity CRP Reagent Set; DiaSorin, Stillwater, MN); fibrinogen (κ-Assay, Kamiya Biomedical, Seattle, WA); Tumor Necrosis Factor alpha receptor II (TNF-RII; Quantitative, R & D Systems, Minneapolis, MN); and IL-6 (Quantitative HS, R & D Systems, Minneapolis, MN).
Participants with hsCRP levels greater than 10 mg/L (N = 23) were examined for individual/group mean differences for BMI, current smoking, recent illness, serious chronic illness, and recent combustion exposure. We found no trends in individuals or significant group differences in means that could justify removing them from the analysis.
Geographic data
Residential address and apartment numbers were verified during recruitment. Parcel address geo-databases were obtained from the Somerville and Boston GIS and city planning departments and used to geocode residential addresses of study participants within ESRI ArcGIS 10.1. Aerial photography with 15-30 cm resolution and horizontal error less than 1 m from a 2008–2009 flyover of Massachusetts was downloaded from the Massachusetts Office of Geographic Information and used to manually locate each residence from the parcel centroid to the center of residential buildings (N = 235) [17]. Parcel building and floor plans were obtained for parcels with multiple or larger buildings. Floor plans were scanned and georeferenced to the aerial photos in ArcGIS to assign the apartment within each building. Parcel geocoding with aerial photography has been considered a gold standard methodology for address assignment [14]. To the best of our knowledge this study is the first near highway health study to employ this level of precision.
We defined highways to include entrance and exit ramps as well as feeder roads running parallel to the highway. The state road network contains a surface width variable that was used to create an edge of roadway buffer, which was visually verified for accuracy using the aerial photography layer. Distance to highway was calculated for each residence within ArcGIS by conducting a spatial join to the edge of highway polygon, providing a Euclidian distance. These values were then used to categorize study participants into categories of 0–50 m, 50-150 m, 150-250 m, 250-450 m, and ≥ 1000 m (urban background) from the highway. Distance to highway was explored as a continuous variable, but was found to not be appropriate since there is a gap between 450 m and 1000 m where participants were intentionally not recruited as part of the CAFEH study in order to maximize exposure contrast in the study population. Proximity cut points were determined based upon previous literature identifying strongest association with 0-50 m from a major roadway and cardiovascular health outcomes [6, 7]. Subsequent exposure groupings were determined based upon maximizing number of cut points while maintaining sufficient sample size to conduct a multiple linear regression. A dichotomous exposed/unexposed cut point (categories of 0-450 m and 1000 m+) was found to not be significantly associated with hsCRP and IL-6. Other cut points that mixed the 0-50 m category (categories of 0-100 m, 100-450 m and 1000 m+; and categories of 0-50 m, 51-450 m and 1000 m+) also did not show significant associations.
Air pollution data
Mobile monitoring of particle number concentration which is dominated by UFP was conducted with the Tufts Mobile Air Pollution Laboratory (TAPL), a converted recreational vehicle equipped with a condensation particle counter (TSI Model 3775). The TAPL was driven on the same route which encompassed the areas with study participants for 283 hours in Somerville and 141 hours in Dorchester/South Boston [15, 18]. Particle number concentrations, are presented for the distance categories given above. The instrument time stamp was used to correct for measurement lag times (3 seconds). Other details of quality control are reported elsewhere [18]. All the data collected in each distance category listed above is presented. We excluded data collected between 450 m and 1000 m because there were no study participant residences in this range of distances from the edge of I-93.
Statistical methods
Analyses were performed using SAS® (Statistical Analysis Software, Cary, North Carolina) version 9.12 and SPSS® (SPSS, Inc., Chicago, IL) version 20.0. Bivariate analyses were conducted using t-tests and Wilcoxon tests to compare means and medians for normally and non-normally distributed continuous variables respectively between two categories. Analysis of variance (ANOVA) with a post-hoc Tukey multiple comparisons test were used to compare means of normally distributed continuous variables between the exposed and urban background groups. Differences in medians for non-normally distributed continuous variables for each exposed group and urban background were calculated using Wilcoxon tests with a post-hoc Bonferroni correction for multiple comparisons. Chi-square analysis and Fisher’s exact test, when appropriate, were used to compare differences in proportions. All hypothesis tests were two-sided.
Multivariate regression consisted of examining the association between proximity to highway and lognormal-transformed levels of hsCRP, IL-6 and TNF-RII. The lognormal-transformed regression ß-estimates and 95%CIs were exponentiated to obtain the percent difference between each exposed group and urban background for each outcome. Fibrinogen was normally distributed and was examined for absolute differences.
Model-building involved consideration of variables, using a series of bivariate analyses to identify potential confounders. Age, sex, and smoking status were forced into the models. Variables associated with both the outcome and main predictor which had p-values less than 0.15 were considered potential confounders and included in the multivariate linear regression model building process. Adjusted linear regression model building was performed using a forward stepwise selection approach with a p-value of 0.15 as both entry and exit criteria. We performed an additional manual selection process where variables were retained if they had an impact on the beta coefficients of the distance variables. Effect modification was explored as part of the multivariate model building process and did not yield any significant interactions. In addition to the unadjusted model two other models were developed, a model adjusted for variables that could influence exposure to air pollution (“exposure adjusted”) and a fully adjusted model that included the exposure variables. Residuals were checked and found to be normally distributed. We also fit generalized additive models (GAM) which allowed for a smooth effect of the continuous distance variables and generated corresponding spline plots for the 0-450 m study areas.


Results
Participants were recruited between July 2009 and June 2011. Out of a random sample of 1,247 addresses, 587 were determined to be eligible and, of these, 327 (56%) completed surveys and 174 gave blood samples with one participant’s blood sample not viable for analysis (final N = 173). Ninety-four convenience participants are also included. In total we had blood samples from 267 people and used 260 of these for this analysis, eliminating 7 who lived outside the distance categories.
The mean age of participants was 58.2 years, 155 (58%) were women and most (66%) were White. The proportion of those who completed high school was 78%, most had incomes below $75,000 (69%) and mean BMI was 29.7. There was little difference with distance for near-highway population subgroups 0-50 m, 150-250 m and 250-450 m for age, BMI, household income, education, employment, study area, or traveling on highways (Table 1). It is important to note that the 50-150 m distance group was younger, had lower BMI, higher SES, and traveled less on highways, resembling the urban background population.
In the Somerville study area both hsCRP and IL-6 were higher in near highway areas than in the urban background (>1000 m), although a dose response relationship with distance was not apparent. Mean and median biomarker data by distance to highway for the total sample and by neighborhood (Additional file 1: Table S1). Fibrinogen and TNF-RII were not elevated near the highway in Somerville. Near highway levels were not elevated for any of the blood markers for the Dorchester area. There was little evidence of associations with distance in regression models for TNF-RII or fibrinogen (Additional file 2: Table S2).
In the unadjusted model hsCRP was higher near the highway compared to urban background except in the 50-150 m distance category (Table 2 and Figure 2). Adjustment for exposure modifiers resulted in a gradient from closer to farther from the highway, with the exception of 50-150 m residences. The fully adjusted model included age, smoking status, gender, income, BMI, born in the USA, vigorous physical activity, travel on highway, cooked with oil, non-workday time spent inside home, insulin medication, statin medication, heart attack. This model no longer had a distance-dependent gradient, although hsCRP remained elevated relative to urban background for all distance categories except 50-150 m.
Table 2 
                        Regression models comparing hsCRP and IL-6 with distance from the highway
                      Full size table


Figure 2[image: figure 2]

                        Unadjusted analysis of associations between distance and hsCRP and IL-6 levels, for various subpopulations compared to background.
                      


Full size image


In the unadjusted model for IL-6, all of the near highway distance categories had positive associations relative to urban background (Table 2 and Figure 2). As with hsCRP, the exposure adjusted model increased the estimate for the < 50 m distance category. The fully adjusted model adjusted for age, gender, smoking status, BMI, workday time spent at home, windows opened in winter and air conditioner type. In this model all population groups had elevated IL-6 relative to urban background, though notably less for the 150-250 m population. In the fully adjusted models for hsCRP and IL-6 BMI was found to contribute the greatest amount to the adjusted R2 and was shown to be significantly associated with proximity to highway (results not shown).
Adjusted GAM models for the relationship between LN IL-6 and LN hsCRP and distance to highway in the 0-450 m study population (Additional file 3: Figure S1.) displayed a similar trend to the independent variable categorical distance. Stratification of adjusted GAM models by study area displayed markedly different patterns for LN hsCRP. Distance to highway was also examined as a continuous linear variable in adjusted models and while not significant had an inverse relationship with LN IL-6 and LN hsCRP (data not present here).
We also restricted the analysis for Table 2 to include only those participants with complete data for both hsCRP and IL-6 in the fully adjusted models (Additional file 4: Table S3, Additional file 5: Table S4). Percent differences in Additional file 4: Table S3 increased in the unadjusted models, but remained relatively similar to Table 2 in the exposure adjusted and fully adjusted models while standard errors widened in all models. Using the same restriction as for Table 3, Additional file 5: Table S4 compares geocoding methodologies adjusting for covariates, which reduced sample size further. Adjustment of variables revealed a quantitative shift in percent differences within each of the geocoding methods but the qualitative comparison between methods remained similar.
Table 3 
                        Fully adjusted percent difference of biomarkers by geocoding methodology
                      Full size table


We reran the unadjusted and adjusted hsCRP and IL-6 models using the parcel matched, StreetMap USA and TIGER address geocoding and found predominantly that there were changes in associations toward the null for the StreetMap USA and TIGER addresses. The effect of geocoding error on directionality of effect for model ß-estimates was not systematic. The confidence intervals (95%) changed in non-uniform ways, resulting in some spurious results (Table 3 & Additional file 5: Table S4). Distance bin misclassification was examined for the TIGER and Parcel geocoding methodologies by comparing to the ortho-photo corrected residential locations. TIGER geocoding had more false negatives and less sensitivity than parcel geocoding in all distance bins (Additional file 6: Table S5).
We examined medications in detail. Statins, OHAs, and antihypertensives were associated with higher levels of all biomarkers in crude associations. Antacid use was associated with higher levels of hsCRP, IL-6 and TNF-RII. Anti-inflammatory medications and hormones were not associated with differences in biomarkers. In regression models, inclusion of BMI often resulted in medications losing significance. When BMI was excluded from models, some medications could be included; however, this was usually antihypertensive treatment, acting in the same direction as BMI, and likely collinear with BMI in the models (Additional file 7: Table S6). Overall, we found that medications had nominal impact on associations and were included in only two of the models in Table 2.
We also examined reported combustion exposures in the week preceding the blood draw. In adjusted regression models several exposures were associated with cooking with oil for hsCRP and IL-6; spending time on a city street for 20 minutes for IL-6 (in the opposite direction from expected; Additional file 8: Table S7), and smoke exposure at work for TNF-RII (results not shown). Of these, only cooking with oil made it into our fully adjusted model for hsCRP (Table 2). Cooking with oils generates UFP, but we were not able to distinguish effects of food consumption from inhalation of aerosolized oil and found no literature that addressed this issue [19].
To inform subgroup analyses and interpret proximity measures, we compared proximity associations to box plots of UFP concentrations from mobile monitoring in Somerville and Dorchester (Figure 3). UFP were elevated on both sides of the highway in Somerville and for the east side (right side of figure) in Dorchester. The west side (left side of figure, predominantly upwind and with higher local traffic loads) of the highway in Dorchester had a flatter pattern with less evidence of elevation next to the highway (Figure 3b). A prominent sound wall along the east edge of I-93 in Somerville may also have affected concentrations. Concentrations were skewed to the right (approximately lognormal, outliers not shown). For each study area, mean and median UFP concentrations <450 m from the highway were higher than the same statistics in the urban background.
Figure 3[image: figure 3]

Box plots of 1-second PNC measurements as a function of distance from I-93 for Somerville (a) and Dorchester/South Boston (b). The boxes represent the 25th and 75th percentiles of the data, the whiskers represent the 10th and 90th percentiles. The horizontal solid line in each box represents the median PNC; the black diamond represents the average PNC. The right side of the red line indicates distance to the east of I-93 (generally downwind), and the left side indicates distance to the west of I-93 (generally upwind).
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In subgroup analyses of unadjusted hsCRP and IL-6 (Figure 2) we found that associations were stronger in Somerville, in non-obese participants (particularly for IL-6) and in the random sample compared to the convenience sample. Associations were also stronger (especially for hsCRP) on the east side of the highway, which is predominantly downwind. We found less consistent differences in associations by native vs. foreign born, age, gender and smoking or diabetes status (Additional file 9: Figure S2 and Figure S3).


Discussion
Using precise geo-positioning for residential addresses and screening a large number of potential confounders we found associations of distance to highway with hsCRP and IL-6. However, we found little evidence for associations for TNF-RII or fibrinogen with proximity. Associations of hsCRP and IL-6 with each other and with cardiovascular disease (CVD) are well established in the literature. The risk ratio for coronary heart disease for a 3-fold higher hsCRP level in a large meta analysis was 1.63, suggesting that if our associations were shown to be causal they could have an impact on morbidity and mortality for near highway residents [20].
Previous research has shown that geocoding addresses to street networks results in substantial misclassification for proximity studies requiring a high degree of spatial accuracy [13, 15, 21]. Our results expand upon these findings and indicate that misclassification can result in biased regression models (Table 3 and Additional file 5: Table S4). Misclassification was differential in our data set, as those closest to the highway had the greatest classification error, attributable in part to street network geocoding [15]. Studies that require fine-scale spatial resolution such as a near highway analysis should, at a minimum, use local parcel data for geocoding in order to limit the effects of positional error and should consider ortho-photo matching.
Geocoding to tax parcel databases has been used less frequently, but has been shown in this study and others to introduce less positional error than geocoding to street networks [12, 14]. Parcel datasets are primarily created at the city or county planning level. It requires collaboration with city planners to gain access to these geo-databases. Ortho-photo imagery is readily available through ESRI ArcGIS, but temporal accuracy and spatial resolution may vary across different areas. We were fortunate that MassGIS has compiled statewide parcel and ortho-photo datsets and made them freely available to download from a single website easing the process of obtaining these datsets in Massachusetts. Researchers working with large cohorts will need to weigh the benefits of reducing positional error against the additional computational resources and time requirements of ortho-photo correction. However, the increase in exposure accuracy can be considerable.
We back calculated expected effect sizes from the literature to test the consistency of our findings with those of others. Because none of the studies comparing highway proximity and hsCRP had data that could be compared to ours, we started with Panasevich et al. who found a statistically significant correlation between long-term exposure to elevated residential NO2 and higher hsCRP and IL-6 (5-year exposure values from Table 2 of their publication) [22]. Since NO2 concentrations decay next to highways, we used the NO2 distance-decay slope for a highway similar to that of our study area, calculated by Gilbert et al. (linear regression model with the highest R2), to convert NO2 levels from Panasevich to distance [23]. Using these two studies, we estimated that hsCRP and IL-6 levels within 100 m of the highway might be expected to be 11% and 24% higher, respectively, than for those living further than 1000 m away. The actual effect sizes we found were mostly 2–5 times higher (Table 2). One possible source of difference, other than study methodology and differences in location, could be that NO2 gradients decay more gradually than do UFP gradients next to highways, and that UFP is more likely to be the causal agent [8]. Another possibility is that we had a vulnerable population with high prevalence of obesity and diabetes relative to the comparison study. Still, our estimates of effect appear higher than previous estimates in general, especially for the random sample and for the Somerville subset.
UFP decay patterns were similar to the relationship between hsCRP and IL-6 using categorical distance to highway. The biomarker associations we found for distance from the highway were relatively flat across distance categories, except for the 50-150 m category for hsCRP. Associations of hsCRP and IL-6 with distance were lower on the west side of the highway (Figure 2), where UFP concentrations were lower and gradients were less pronounced (Figure 3). UFP gradients in both neighborhoods were steeper east of the highway (usually downwind; right side of Figure 3) than west, perhaps due to busy local roadways and wind direction. In a detailed analysis reported elsewhere, this UFP difference between west (upwind) and east (downwind) highway sides held for analysis by categories including season, time of day, day of week, wind speed and wind direction [18]. These factors may account in part for the substantial differences in distance associations for hsCRP and IL-6 between Somerville and Dorchester. In particular local street traffic may contribute to UFP exposures especially in the urban background area in Dorchester where participants resided much closer to a major roadway.
In our analysis of hsCRP, the 50-150 m distance category was anomalous and did not have elevated levels relative to background, even in the fully adjusted models. The population living 50-150 m from the highway was demographically similar to the population in the comparison group (urban background). As Table 1 clearly shows, there are appreciable individual level socioeconomic differences between populations in different distance categories. While there was an indication of a smaller but similar pattern in IL-6 models, the fully adjusted model brought the 50-150 m category in line with other near highway categories, suggesting confounding. IL-6 promotes the release of hsCRP, so it is not surprising that we found similar responses. But we cannot explain why controlling for confounding did not adjust the 50-150 m hsCRP associations as it did for IL-6. Adjusting for potential confounders failed to eliminate the possibility of residual confounding based on the results for hsCRP in the 50-150 m group.
Limitations and strengths
Our sample size was modest and there was considerable heterogeneity of the populations in distance categories (Additional file 2: Table S2), which increased the risk of residual confounding. Despite our random sample, our analysis may have limited generalizability. Indications of limitation include the difference in findings between our study areas, the exclusion of one study area due to geographic complexity and between the random and convenience samples. If such variability in response exists within our sample, it is likely that our sample and other populations also will vary. Additionally, we would expect our population to be better matched with populations in the Northeastern US than in other parts of the country or the world.
Our primary exposure metric, distance from the highway, likely introduced exposure misclassification relative to what might be seen with individually-assigned exposures to UFP. We also did not test associations with traffic or topographic metrics other than distance to the highway. We have shown elsewhere [15] that for near highway residents misclassification was differential for time spent away from home, which could reduce exposure. Controlling for time activity and other exposure modifiers enhanced near-highway associations.
A particular strength of this analysis was the use of precise geocoding for residential addresses, achieving the “gold standard” in the field. We recruited in 6 languages, increasing our sampling of hard to reach residents. Our sample was stratified by distance from the highway to maximize exposure contrast. We screened for a large number of potential confounders which included many variables not usually assessed in highway proximity studies, however, we could not assess the impact of traffic or other ambient noise. We explored in full regression models the role of medications and other sources of exposure to combustion. We also had measurements of UFP from the study areas from the same year in which we recruited participants and made a separate qualitative comparison of UFP gradients with associations of distance with hsCRP and IL-6. Finally, we had objective measures of both distance and health.


Conclusion
Our results suggest that highway proximity affects blood markers of inflammation which are, in turn, associated with increased cardiovascular disease risk. Highway proximity is associated with UFP and other pollutants, but also SES and traffic noise. We point to three main lessons from this analysis: 1) Attention to high standards in geocoding is valuable, as less rigorous approaches led to different results; 2) Individual level confounding is a threat to valid associations; and 3) Side of highway and predominant wind direction affected associations, emphasizing limitations in proximity measures. By addressing these issues, we feel that we have improved confidence that traffic pollution next to highways is a risk factor for cardiovascular disease. Future research will need to go beyond using proximity and, instead, assign individual exposures to residents, ideally moving toward personal exposure measures that would decrease potential confounding due to other distance-dependent factors.
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