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Abstract

Environmental exposures need to be assessed for the understanding of the health risks of general population. Organochlorine compounds (OCs) from chlor-alkali plants (CAPs) are significant for the exposomes of individuals living in locations receiving their emissions and have to be determined. The aims of the study are to identify the area of influence of past and present OC emissions from CAPs and to set quantitative body burden estimates. A CAP situated in a rural area was selected for study. The geographic distribution of the atmospheric emissions was monitored using olive tree leaves. Human biomonitoring was assessed by serum analysis from general population (n = 1340). OCs concentrations followed exponential decay functions with maxima in the immediate vicinity of the factory. The individuals living within 1 km exhibited hexachlorobenzene (HCB), polychlorobiphenyls (PCBs) and DDT-DDE  (dichlorodiphenyltrichloroethane-dichlorodiphenyldichloroethylene) concentrations that were 12, 1.3-1.9 and 3.9 times higher than in sites not influenced by the emissions from this factory. Individuals from municipalities situated 15-25 km away from the CAP showed 1.5, 1.2-1.4 and 1.3 times higher serum HCB, PCB and DDT concentrations than in distant sites. The high serum concentrations of DDT and PCBs were observed even 23-31 years and 9-17 years after manufacture completion of these compounds, respectively. Our methodology provides a way for assessment of the influence of past and present atmospheric OCs emissions from CAPs into the exposome of individuals living in nearby areas.
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Abbreviations: AMAP, Arctic Monitoring and Assessment Programme; CAP, chlor-alkali plant; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; GC, gas chromatography; HCB, hexachlorobenzene; HCH, hexachlorocyclohexane; OC, organochlorine compound; PCB, polychlorobiphenyl; POP, persistent organic pollutant; SD, standard deviation.

1. Introduction

A large number of major chronic human diseases are likely to result from the combination of environmental exposures to chemical stressors and human genetics. Today the limiting factor of knowledge of health risks is the low level of awareness of environmental exposures. The concept of individual exposome, representing all environmental contributors to disease received by an individual during a lifetime, is useful to assess the environmental stresses in a time-integrated perspective. However, new approaches to this concept are needed to better understand the underlying mechanisms of environment-health/disease associations.

This integrated approach is not easy to implement in the case of persistent organic pollutants such as organochlorine compounds (OCs) because their high environmental stability often involves exposures far beyond its time of use or application. One of these cases of concern are chlor-alkali plants (CAPs) in which compounds such as DDT or polychlorobiphenyls (PCBs) were manufactured in the past and production was stopped as consequence of legal regulations often well before the implementation of the Stockholm Convention (2004). At present, hexachlorobenzene (HCB) is emitted as by-product in the CAPs synthesizing organochlorine solvents. The exposome concept requires the assessment of the impact of these industrial installations into the surrounding populations considering both present and past emissions.

The present study describes an environmental and human biomonitoring model to assess this problem. This methodology is applied to one case selected for study that concerns the factory of Flix (south Catalonia) where about 35,000 tons of DDT were produced between 1945 and 1971 (Muñoz 1994), being the largest Spanish manufacturer of this insecticide. This factory was also the only manufacturer of PCBs in Spain and produced 29,000 tons of these compounds between 1959 and 1987 (Breivick et al., 2002). 

The environmental dispersion of OCs both those emitted at present and in the past has been assessed by analysis of olive tree leaves (Olea europaea) collected along concentric circles around the factory that were sampled by the authors of this study. Several experiments have documented that atmospheric POPs attach to tree leaf waxes because of their lipophilicity and low water solubility (Gaggi and Bacci, 1985; Ryan et al., 1988). Examples of the use of these leaves as passive samplers for monitoring atmospheric POP emissions have been documented (Grimalt and van Drooge, 2006; Tremolada et al., 1996; Welsch-Pausch et al., 1995). 

The human biomonitoring was based on the analysis of serum samples collected in two studies. One concerned general population from Flix (n = 421) and sample collection was organized by the authors of the present study (Sala et al., 1999). The other belonged to a general public health survey organized by the Department of Health of the Catalan Government. Individuals from 94 municipalities of Catalonia were included in this second case (n = 919). In the present study, those belonging to the municipalities situated at 15-25 km and 25-40 km from Flix (n = 42 and 172, respectively) were studied separately and compared with the rest of the samples (n = 705). The combination of these three datasets provides an integrated picture of the area of influence of the atmospheric emissions of OCs from this type of installations as well as their accumulation patterns in the surrounding populations.

2. Materials and methods

2.1. Environmental spatial coverage

The geographic dispersion of the organochlorine compounds emitted to the atmosphere from the CAP was assessed from the analysis of leaves from olive trees due to the wide distribution of this species in the area. These leaves were collected in February 2006 at 43 sites along 5 concentric circles situated at distances of 1, 5, 10, 20 and 40 km from the factory. The sites selected for study were allocated in these 5 circles, each encompassing 8 or more points distributed nearly homogeneously along the XY directions (see Supplemental Material, Figure S1). Samples were collected with precleaned tweezers. Each was a composite of olive leaves from one tree. The gathered leaves were situated at 10 cm from the end of the branch to be sure that they were the oldest leaves of the tree. Sample aliquots were stored in glass tubes, transported at <0ºC to the lab and stored at -20ºC until further analysis.

2.2. Populations and recruitment

The two adult populations considered for study were obtained from a general public survey of Catalonia and a specific study from Flix township. The Catalan health survey (ESCA-2002) collected information in 2002 from 8400 individuals belonging to 122 municipalities. The study design is reported elsewhere (Porta et al., 2010). Within this study 919 serum samples were obtained from individuals aged between 18 and 74 years belonging to 94 municipalities. These municipalities did not include villages closer than 15 km from Flix (Figure 1). Thus, the first belt of samples available for study (42 individuals) corresponds to the villages located between 15 and 25 km. These municipalities, Benissanet, Corbera d’Ebre, Falset, La Granja d’Escarp and Torres de Segre, are approximately distributed in a circle around Flix (Figure 1). The second belt included 172 individuals from 14 municipalities located at about 30 to 40 km from Flix. The individuals (n = 705) in the rest of the municipalities (75) were not considered to be influenced from Flix and their pooled values were taken as reference. The Flix cross sectional study was carried out in 1994, encompassing 421 inhabitants aged between 14 and 86 years. The study design is also reported elsewhere (Sala et al., 1999).

2.3. Laboratory analytical methods

Blood serum analysis was performed to measure concentrations of a wide array of organochlorine compounds, such as pentachlorobenzene, HCB, several isomers of hexachlorocyclohexanes (, ,  and -HCH), 2,4’-DDT, 4,4’-DDT and their metabolites, 2,4’-DDD, 4,4’-DDD, 2,4’-DDE and 4,4’-DDE, and the PCB congeners 28, 52, 101, 118, 138, 153 and 180. The procedures for these analyses have been described in detail elsewhere (Grimalt et al., 2010; Otero et al., 1997). Briefly, serum samples (1 ml) were introduced into 10 ml centrifuge tubes and the recovery standards TBB and PCB-209 were added. Then, n-hexane (3 ml) and conc. H2SO4 (2 ml) were added, mixed in a vortex (ca. 1,500 rpm, 30 s) and centrifuged (ca. 3,500 rpm, 5 min). The supernatant n-hexane layer was transferred into a second centrifuge tube. Further n-hexane (2 ml) was added to the first tube containing the H2SO4/serum mixture, stirred and then centrifuged. This last step was repeated again yielding a combined extract of 7 ml of n-hexane, to which 2 ml of conc. H2SO4 were added, the suspension was mixed (vortex mixer, ca 1.500 rpm, 60 s), centrifuged (3.500 rpm, 10 min), and the supernatant n-hexane was transferred to a conical bottomed, graduated tube. These n-hexane extracts were reduced to near dryness under a stream of pure nitrogen. Then, the solutions were quantitatively transferred to GC vials using four 25 l rinses of isooctane and adding the injection standard PCB-142.

The olive tree leaves (2 – 2.5 g fresh weight) of each sample were frozen with liquid nitrogen and ground with 5 g of Na2SO4. Then, they were Soxhlet extracted for 24 h in 100 mL of n-hexane inside a precleaned cellulose cartridge. Surrogate standards of PCB-30 and PCB-200 were added to all samples and blanks before extraction. The extracts were evaporated to 1 mL by vacuum rotary evaporation and cleaned-up with a column (i.d. 0.9 cm, length 30 cm) filled with 7 g of silica gel (bottom) and with 7 g neutral aluminum oxide (top) in slurry packing in n-hexane. The column was then eluted with 30 mL of n-hexane and the first 15 mL were discarded in order to get rid of the aliphatic hydrocarbons. Two more fractions were collected: 20 mL of (9:1 v/v) n-hexane/dichloromethane and 30 mL of (4:1 v/v) n-hexane/dichloromethane. These extracts were combined and concentrated to nearly dryness and cleaned up with conc. H2SO4 as described for the serum samples.

Instrumental analysis was performed by gas chromatography with electron capture detection (Agilent Technologies 6890N) using a DB-5 column protected with a retention gap (60 m x 0.25 mm i.d., 0.25 m film thickness; J&W Scientific). Compound identification was confirmed by analysis with an HP 5973 MSD gas chromatograph coupled to a mass spectrometer (Agilent, Palo Alto, USA) in negative chemical ionization mode. One blank was analysed every 6 samples. The recoveries of the surrogate standards were 76±13% and 82±14% for PCB-30 and PCB-200, respectively. The concentrations of the compounds analysed were corrected by the recoveries of these standards. The limits of detection and quantification for the leave analyses were calculated from three and five times the standard deviation of the noise measured besides the chromatographic peaks of each analyte. They ranged between 0.01-0.30 ng/g and 0.01-0.44 ng/g, respectively. Moreover, these methods provided results within the 20% variability of the consensus values of the AMAP Ring Test Proficiency Program for Persistent Organic Pollutants in human serum (Centre de Toxicologie. Institut National de Santé Publique du Québec).

2.4. Data analysis

The statistical software R (R Development Core Team, 2012) was used for data analysis and graphics. Statistical analyses were focused on the compounds found above quantification limits in more than 30% of the samples: HCB, -HCH, 4,4’-DDT, 4,4’-DDE and PCB congeners 118, 138, 153 and 180. Serum concentrations from both populations were expressed in crude values (ng/ml). Moreover, serum concentrations from the Catalan population were also expressed in a lipid-adjusted basis (ng/g lipid), calculated from the levels of cholesterol and triglyceride (Phillips et al., 1989) which were determined enzymatically using Txad-Pap and CIN-UV methods, respectively. 

Means, medians and selected percentiles were used for descriptive analysis. Multivariate regression models controlling for age and sex were calculated, log(OC) = β1(Area) + β2(Sex) + β3(Age) + ε, for assessing the differences between Flix, the municipalities in the first and second ring around Flix and those from the rest of Catalonia.

Age was settled at its mean and the reference category for sex was women. The OC concentrations were transformed into natural logarithms in order to normalize the distributions for the linear regressions. The results were presented in the original scale by using the inverse of the logarithm. The model results are reported by reference to an individual women having the mean age of the sample (47 years, Figure 3).

3. Results

3.1. Environmental distribution of the factory emissions

The concentrations of HCB, the main pollutant found in the leaves from the vicinity of the factory, ranged between 0.3 and 24.5 ng/g (Table 1). A ratio of 38 is observed when comparing the average concentrations in the olive oil leaves collected at 1 km and 40 km from the factory (Table S1). The average concentrations near the CAP, 13 ng/g (Table S1), are very high in comparison with the reported levels of this compound in tree leaves from other areas, e.g. 0.01-0.49 ng/g in pine needles from Europe (Jensen et al., 1992), 1.6-3.2 ng/g in Melaleuca leaves from Australia (Muller et al., 2001), <0.01-0.09 ng/g in mango leaves from Seychelles and Mauritius (Tremolada et al., 1993), <0.1-0.52 ng/g in tree leaves from African sites (Calamari et al., 1991) and 0.01-0.59 ng/g in pine needles from the Canary Islands (Vila et al., 2003).
The concentrations of individual PCB congeners in the olive tree leaves collected around the installation ranged between 0.14 and 2.7 ng/g (Table 1). Total PCBs (the seven congeners analyzed) ranged between 0.9 and 19.8 ng/g. Ratios of 2.4-9.5 are observed for the individual congeners when comparing the average concentrations of the leaves collected at 1 and 40 km from the CAP (Table S1). The total PCB concentrations in the leaves located around 1 km from the factory, 6.4 ng/g (Table S1), are higher than those observed in remote sites, e.g. 3.6 ng/g in pine needles from the Pyrenees (Grimalt and van Drooge, 2006), but they are in the range of concentrations observed in pine or spruce needles from rural/urban areas (Brorstrom Lunden and Lofgren, 1998; Jensen et al., 1992; Muller et al., 2001; Hellstrom et al., 2004) and lower than those described in pine needles of some industrial sites (Wyrzykowska et al., 2004). 

The concentration ranges of 4,4’-DDT and 4,4’-DDE were 0.21-4.4 ng/g and 0.21-1.8 ng/g, respectively. In most samples the 4,4’-DDT concentrations were higher than those of 4,4’-DDE (average ratios of 4,4’-DDT/4,4’-DDE = 2.3). The higher concentrations of the former generally indicate a recent use of this insecticide but in the present case they may reflect contributions from factory residues preserved from environmental decay due to disposal conditions. Comparison of the average concentrations at 1 and 40 km away from the factory shows ratios of 3.9 and 9.8 for 4,4’-DDE and 4,4’-DDT, respectively (Table S1). The observed average concentrations at 1 km around the factory, 1.5 and 4.6 ng/g for 4,4’-DDE and 4,4’-DDT, respectively, are higher than those reported in pine needles from European sites, 0.07-0.65 ng/g and 0.1-1.8 ng/g, respectively (Jensen et al., 1992) but lower than those observed in areas from continental Africa (Calamari et al., 1991) or Mauritius (Tremolada et al., 1993) polluted with DDT residues. The lipid content of the studied samples ranged between 0.6 and 3.4%.

Representation of the concentrations of the studied compounds vs. distance from the CAP showed a predominant decreasing trend at increasing distance in all angular directions. This quasi-circular spatial dispersion can be modeled by a negative exponential equation, y = b e-ax, showing significant correlation coefficients for all compounds (r2 between 0.61 and 0.80; p<0.001; Table 1). These distributions and equations are consistent with a geographic point source of OCs in the area related with residues discharged in the past. No prevailing direction of dispersion reflecting wind patterns has been observed. These curve fitting equations can be used to determine the area of influence of these factory emissions by calculation of the distances, x, corresponding to the lowest OC concentrations, y, which ranged between 11-17 km (Table 1). These tree leaves have an average life time of two years. As they were collected in February 2006, the observed OC spread must reflect atmospheric emissions between 2004 and 2006. The observed PCBs, DDT and DDE distributions correspond therefore to industrial residues generated as consequence of past activities in the factory. These residues must have remained nearby the factory even after 34 and 20 years of discontinuation of the manufacture of DDT and PCBs, respectively.

3.2. Characteristics of the studied populations

The mean ages of the individuals from the Catalan and Flix studies were 45 (SD=15) and 46 years (SD=18), respectively (Table 2). The proportion of individuals in the eldest group was slightly higher in the population of Flix (27%) than in the general Catalan study (20%). The difference was not a consequence of the sampling method but a feature of these populations (IDESCAT, 2012). The sex distribution in the studied Catalan population was 43% and 57% of men and women, respectively, whereas in Flix it was 20% and 80%, respectively. This difference in the Flix case was due to the exclusion of the current workers and ex-workers from the factory. Inclusion of these individuals in the database would result in higher concentration values of most OCs (Sala et al., 1999) but they have been excluded to focus the study on general population. No significant differences in age or sex ratios were found between the three selected areas of the Catalan population (Table 2).

3.3. Serum concentrations of OCs

The median concentrations of HCB in Flix, 14 ng/ml, were more than 10 times higher than those found in the population of Catalonia, 1.2 ng/ml (Table 3). This compound is regularly emitted to the atmosphere as consequence of the manufacture of organochlorine solvents which explains the high concentrations found in the village. The maximum concentrations of this compound in Flix and Catalonia were 220 ng/ml and 24 ng/ml, respectively. The median concentrations of β-HCH were also much higher in Flix, 5.1 ng/ml, than in Catalonia, 0.67 ng/ml. Direct emissions from the factory cannot justify the high concentrations of this compound in the Flix inhabitants. Some previous studies have found strong correlations between the concentrations of β-HCH and HCB in serum of some populations (Porta et al., 2007). The PCB concentrations in Flix inhabitants, 2.3 ng/g, were higher than those observed in the Catalan study, 1.8 ng/g (Table 3). The PCB mixtures in Flix show specific features such as the dominance of the PCB-180 congener (Figure 2). In addition, the less chlorinated congeners, PCB-28, PCB-52 and PCB-101, contribute in higher proportion to the median PCB congener mixture of the Flix population than in the equivalent distributions of the Catalan population (Figure 2). The median serum concentrations of 4,4’-DDT and 4,4’-DDE in Flix inhabitants were 0.13 ng/ml and 4.4 ng/ml, respectively, whereas the median concentrations in the Catalan population were 0.18 ng/ml and 2.6 ng/ml, respectively (Table 3). 

3.4. Concentration differences in the populations located at progressive distance from the emission site

The human serum concentrations of HCB, β-HCH, 4,4’-DDT, 4,4’-DDE and total PCBs exhibited highest values in Flix (Table 4) which is consistent with the proximity from the emission source. Comparison of the human concentrations in this area and those in background Catalonia (the areas of Flix influence are not included in this background reference concentration) showed that the concentrations of the above mentioned compounds were 1100%, 830%, 290%, 70% and 65% times higher in the former than the latter, respectively (Table 4). The inhabitants located in the first belt of municipalities around Flix (15-25 km) showed concentrations values that were lower than those in Flix but higher than those in the second belt of municipalities (30-40 km). In this first belt, the median concentrations of HCB, β-HCH, 4,4’-DDT, 4,4’-DDE and total PCBs were 30%, 20%, 30%, 40% and 34% higher than in background Catalonia, respectively (Table 4). Conversely, the median concentrations of the individuals living in the second belt did not show higher concentrations than background Catalonia indicating that the emissions of the factory at these distances did not increase significantly from other sources. Concerning PCBs, the higher abundance of the PCB-180 congener in the Flix population (Figure 2), median PCB-180/ΣPCBs ratio of 0.33 (Table 4) was also reflected by a higher ratio in the first area of influence, 0.29 (Table 4), than in background Catalonia or in the second area of influence, 0.28 (Table 4).

Comparison of the concentrations from these four population groups using a multivariate model adjusting for age and sex (Figure 3) showed the same trends as reported in Table 4. Again, the strongest differences were observed for HCB and β-HCH and the inhabitants of Flix township exhibited the highest concentrations. The inhabitants of this town showed significant higher concentrations of HCB, β-HCH, 4,4’-DDT, PCB-118, PCB-138 and PCB-180 than in the other Catalan areas after adjusting for age and sex (p < 0.05; Figure 3). Comparison of the age and sex adjusted concentrations from the first belt and background Catalonia showed the same differences as in Table 4, being significant at p < 0.05 for β-HCH and 4,4’-DDT, as well as for 4,4’-DDE (p < 0.1). Adjustment of age and sex did not show OC differences between the second belt (30-40 km) and the rest of Catalonia for HCB, β-HCH, 4,4’-DDT and 4,4’-DDE but not for the PCB congeners, although the differences were not statistically significant.

4. Discussion

4.1. Impact of the pollutants emitted from the factory

Both the nearest neighbors of the CAP and the individuals living within a circle of about 25 km from this installation showed an increase of serum OCs that is compatible with the factory emissions given the environmental data. The analyses of olive tree leaves and human serum show consistent geographic patterns involving highest concentrations nearby the factory and a distribution of pollutants following a quasi-circular pattern. This general agreement of these two different sample matrices is consistent with a concentration gradient following an exponential decay at increasing distance from the CAP (Table 1). The agreement also encompasses the area of influence of the CAP emissions: 11-17 km according to the olive tree data and 15-25 km as reflected in the analyses of the available human serum samples. A major limitation of this study is the comparison of serum OC concentrations from two surveys performed in two time periods. However, this drawback is not significant for the comparison of the background, first and second influence areas since all these samples were drawn from the same period.

The results of the present study also show that the exposure to CAP emissions continued after ending of the manufacture of the banned OCs. Olive tree leaves have an average life time of two years. Thus, the pollutants in the surface leave waxes must have been accumulated from the atmosphere by passive air-wax exchange during this period, in this case 2004-2006. As mentioned above, production of DDT and PCBs was discontinued in 1971 and 1985, respectively. Accordingly, the leaf concentrations must reflect the emissions from residues remaining in the Flix area as consequence of this previous manufacturing. In contrast, the inhabitants whose serum was analysed in 2002 had an average age of 48 years (interval between 18 and 74 years) at the time of sample collection. Thus, most of them were likely exposed to higher atmospheric concentrations in the past by factory emissions during production of these synthetic compounds. According to the records of the Catalan Health Survey, about 71% of the inhabitants from the municipalities included in this 15-25 km belt were born in the village where they are actually living. Thus, the analysed serum samples likely represent a longer time period than the leaves, including the years of compound manufacturing in most cases. However, as documented from the leaf concentrations, the OC emissions did not stop at the time of manufacture cessation and therefore the inhabitants of these municipalities have been under their influence even in the 2004-2006 period.

Furthermore, the age and sex adjusted multivariate model indicate that the observed concentrations in the human serum collected in the 15-25 km belt of municipalities do not depend on age differences. These data reflect an impact of the DDT and PCB manufacturing of the CAP 31 and 17 years, respectively, after interruption of these activities. These results are consistent with the database from the Flix village that also reflects such an impact 23 and 9 years, respectively, after the end of the manufacturing process.

The factory emissions of HCB constitute a different case. Organochlorine solvents have been synthesized until present and therefore HCB is being emitted as by-product. This continued emission is consistent with the high concentrations of this compound in serum of the Flix inhabitants. The median of this compound in this village was 12 times higher than the median of the background Catalan population (Table 4). This ratio is the highest of all OCs in the Flix population. However, in the serum samples of the first belt of municipalities, the HCB median is 30% higher than the background Catalan population which is about the same than the increase of the other OCs (20-40%). This contrast in ratio values between the populations of Flix and the first belt of municipalities may reflect different physical-chemical properties. The logarithm of the octanol-air constant of HCB is 8.5 and those of the other OCs included in Table 3 range between 9.1 and 10.2 (Mackay et al., 1992; Nadal et al., 2004; Ramdahl et al., 1986). Thus, HCB has much higher volatility than the others which may encompass a higher capacity of dispersion into the gaseous phase and therefore lower possibilities of retention into ecosystems and their populations located at long distances. In this respect, the results from the olive tree leaves show a radius of influence of this compound that is about the same than the other OCs.

4.2. Human serum OCs in Flix and Catalonia

The present serum data from Flix correspond to the highest HCB concentrations ever described in general populations (Table 5). These high values are due to the exposure of the inhabitants from the village to the airborne CAP emissions. The short distance between the factory and the village (about 1 km) is a likely reason for these high concentrations. Besides Flix, the values from the Catalan population are also high and consistent with previously described high HCB levels in Spanish general populations (de Salamanca et al., 1990; Jakszyn et al., 2009). High concentrations have also been found in Slovakia being related to intensive past uses of pesticides in agriculture (Petrik et al., 2006). Notwithstanding, the HCB levels in Flix are the highest ever found in general population (Table 5).

The concentrations of 4,4’-DDE and 4,4’-DDT in Flix and Catalonia, 200-220 ng/g lipid and 11-19 ng/g lipid, respectively, are slightly higher than in many other previously studied populations (Table 5) such as U.S. (Patterson et al., 2009), Japan (Tsukino et al., 2006), Korea (Kang et al., 2008) and several European regions (Amodio et al., 2012; Becker et al., 2002; Glynn et al., 2000; 2003; Thomas et al., 2006). In contrast, the Catalan 4,4’-DDE levels are lower than in Belgium (Koppen et al., 2002), New Zealand (Bates et al., 2004), Canada (Medehouenou et al., 2011) and Japan (Hanaoka et al., 2002), 720-920 ng/g lipid (Table 5), which has been explained by more intensive past use of DDT or, in general, organochlorine pesticides in agriculture, e.g. Slovakia (DDTs, 1400-2500 ng/g lipid; Petrik et al., 2006) or Romania (4,4’-DDT -340 ng/g lipid-, 4,4’-DDE -2000 ng/g lipid-, -HCH -920 ng/g lipid-; Dirtu et al., 2006). Use of OCs for controlling disease-transmitting vectors, e.g. Mexico (4,4’-DDT -1700 ng/g lipid-, 4,4’-DDE -9500 ng/g lipid-, -HCH -3100 ng/g lipid-; Waliszewski et al., 2012) and some Asian areas (4,4’-DDT -310 ng/g lipid-, 4,4’-DDE -7600 ng/g lipid-, -HCH -510 ng/g lipid-; Lee et al., 2007) has also led to higher population concentrations than in Catalonia.

The PCB serum concentrations in Flix and Catalonia are in the range of those found in other Spanish (Agudo et al., 2009; Zubero et al., 2009) and European reports, e.g. Sweden, Germany, Belgium and Romania (260-700 ng/g lipid; Becker et al., 2002; Dirtu et al., 2006; Glynn et al., 2000, 2003; Koppen et al., 2002). The Catalan concentrations are however higher than in other sites from UK (Thomas et al., 2006), Italy (Amodio et al., 2012), New Zealand (Bates et al., 2004), Japan (Hanaoka et al., 2002; Tsukino et al., 2008), Korea (Kang et al., 2008; Park et al., 2007), Bolivia (Arrebola et al., 2012), U.S.A. (Patterson et al., 2009), Canada (Medehouenou et al., 2011), 82-290 ng/g lipid (Table 5). The populations from the Slovak and Czech studies show much higher PCB concentrations, 740-1900 ng/g lipid, than in Catalonia or Flix which is attributed to the effluents from a PCB factory in Michalovce (Slovakia) and to the intensive chemical industrial activity in the former Czechoslovakia (Cerná et al., 2008; Petrik et al., 2006).

5. Conclusions

About the same impact region of the factory emissions is defined from the olive tree leaves and human serum datasets which determines a steady area of influence of the chlor-alkali pollutants transported through the atmosphere (olive tree leaves) and ingested by the population (human serum). This area reflects the influence of the factory emissions at the time of sampling, 2006 and 2002, respectively. However, the coincident spatial distributions of PCBs and DDT resulting from the study of these two separate databases and the fact that the manufacture of these compounds was discontinued 31 and 15 years (DDT and PCBs, respectively) before the first sampling suggests that the region identified has been under this environmental stress all along this time, at least. Accordingly, the atmospheric emissions of OCs from CAPs may involve high concentrations of these compounds in serum from populations of municipalities within distances of 15-25 km. The influence of these compounds in the exposome of these individuals is observed both for those still emitted at present, e.g. HCB, and those whose manufacturing was discontinued, e.g. PCBs and DDT. Thus, median serum HCB concentrations have been observed to be 12 and 1.5 times higher than background in the vicinity or at 15-25 km away from the factory, respectively. Concerning PCBs, the observed median concentrations in these two areas were 1.3-1.9 and 1.2-1.4 times higher than background, respectively, and for 4,4’-DDT the increases were 3.9 and 1.3 times higher, respectively. The methodological approach described in the present study affords quantitative estimates of the body burden increases of these toxic compounds in populations from locations that may receive emissions of these OCs manufactured at present or in the past.
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Table 1. Equations describing the concentration in vegetation (ng/g d.w.) as a function of distance from the factory, concentration measured within 30-40 km from the factory (base level) and radius of influence.

	Compound
	Concentrations
	Radius of influence (km)
	

	
	Interval
	Equation1
	r2
	
	

	HCB
	0.25-24.5
	10.2 e (- 0.24 x)
	0.77*
	15.5
	

	4,4’-DDE
	0.21-1.8
	1.80 e (- 0.21 x)
	0.61*
	14.3
	

	4,4’-DDT
	0.21-4.4
	4.36 e (- 0.21 x)
	0.64*
	15.2
	

	PCB 118
	0.14-0.8
	0.80 e (- 0.14 x)
	0.66*
	11.1
	

	PCB 153
	0.17-2.2
	2.20 e (- 0.17 x)
	0.80*
	17.1
	

	PCB 138
	0.21-2.7
	2.69 e (- 0.21 x)
	0.80*
	11.9
	

	PCB 180
	0.28-1.8
	1.84 e (- 0.28 x)
	0.80*
	12.2
	

	1 y = b e-ax , where x is the distance (km) from the factory and y is concentration

* p<0.001


Table 2: Characteristics of the populations studied.

	
	Background Catalonia
	2nd area of influence
	1st area of influence
	Flix township

	
	n (%)
	n (%)
	n (%)
	n (%)

	All participants
	705 (100)
	172 (100)
	42 (100)
	421 (100)

	Sex
	
	
	
	

	    Woman
	403 (57)
	96 (56)
	21 (50)
	338 (80)

	    Man
	302 (43)
	76 (44)
	21 (50)
	83 (20)

	Age (years)
	
	
	
	

	    All ages
	45 (±15)
	45 (±16)
	48 (±15)
	46 (±18)a

	    14-29
	132 (19)
	36 (21)
	5 (12)
	82 (19)

	    30-44
	214 (30)
	47 (27)
	11 (26)
	119 (28)

	    45-59
	220 (31)
	50 (29)
	17 (41)
	105 (25)

	    60-92
	139 (20)
	39 (23)
	9 (21)
	115 (27)


a Arithmetic mean (±standard deviation).

Table 3. Serum concentrations (ng/ml) of organochlorine compounds from the populations of Flix (n=421) and background Catalonia (n=705). 

	
	Flix (year 1994)
	Background Catalonia (year 2002)

	
	Mean
	P25
	P50
	P75
	Max
	Mean
	P25
	P50
	P75
	Max

	HCB
	17
	8.3
	14
	21
	220
	2.0
	0.51
	1.2
	2.5
	19

	β-HCH
	8.7
	1.5
	5.1
	12
	150
	1.1
	0.28
	0.67
	1.5
	15

	4,4'-DDT
	0.58
	nd
	0.13
	0.90
	6.5
	0.30
	0.077
	0.19
	0.34
	9.4

	4,4'-DDE
	9.1
	1.8
	4.4
	12
	220
	4.5
	1.3
	2.7
	5.4
	37

	PCB-118
	0.10
	nd
	nd
	nq
	1.1
	0.18
	0.066
	0.14
	0.24
	2.5

	PCB-138
	0.80
	0.10
	0.58
	1.2
	4.6
	0.59
	0.27
	0.46
	0.72
	11

	PCB-153
	0.89
	0.21
	0.63
	1.3
	8.2
	0.80
	0.39
	0.63
	0.97
	9.3

	PCB-180
	1.2
	0.29
	0.76
	1.5
	13
	0.64
	0.33
	0.50
	0.77
	6.0


P25, P50 and P75 refer to percentiles 25, 50 (median) and 75, respectively.

nd and nq are not detected and not quantifiable levels, respectively.

Table 4. Median serum concentrations (ng/ml) of organochlorine compounds from each area. Numbers between brackets indicate the ratio between the medians of each area and Catalonia excluding Flix and areas 1 and 2. Background Catalonia is defined as whole Catalonia excluding Flix and the first and second areas of influence.

	Area
	n
	HCB
	β-HCH
	4,4’-DDT
	4,4’-DDE
	PCB118
	PCB138
	PCB153
	PCB180
	PCB180/ΣPCBs

	Flix township
	421
	14.4(12)
	6.5(9.3)
	0.86(3.9)
	4.5(1.7)
	0.33(1.9)
	0.79(1.7)
	0.85(1.3)
	0.96(1.9)
	0.33

	1st area of influence
	42
	1.5(1.3)
	1.2(1.2)
	0.27(1.3)
	3.7(1.4)
	0.20(1.2)
	0.61(1.3)
	0.89(1.4)
	0.69(1.4)
	0.29

	2nd area of influence
	172
	1.2(1)
	0.61(0.87)
	0.17(0.77)
	2.4(0.89)
	0.17(1)
	0.43(0.91)
	0.60(0.94)
	0.47(0.94)
	0.28

	Background Catalonia
	705
	1.2(1)
	0.70(1)
	0.22(1)
	2.7(1)
	0.17(1)
	0.47(1)
	0.64(1)
	0.50(1)
	0.28


Table 5: Median OC concentrations (in ng/g lipid) found in human serum from different world populations.

	Location
	Year
	n
	HCB
	β-HCH
	4,4'-DDT
	4,4'-DDE
	PCB-118
	PCB-138
	PCB-153
	PCB-180
	ΣPCBsa
	Reference

	Catalonia
	2002
	919
	200
	110
	30
	440
	23
	74
	100
	85
	300
	Porta et al., 2010

	
	
	
	[1.2]b
	[0.67]b
	[0.18]b
	[2.6]b
	[0.13]b
	[0.45]b
	[0.63]b
	[0.50]b
	[1.8]b
	

	Flix, Catalonia
	1994
	421
	2400
	860
	22
	740
	ND
	97
	110
	130
	390
	Sala et al., 1999

	
	1994
	421
	[14]b
	[5.1]b
	[0.13]b
	[4.4]b
	ND
	[0.58]b
	[0.63]b
	[0.76]b
	[2.3]b
	

	Barcelona, Catalonia
	2006
	231
	110
	64
	22
	220
	13
	48
	69
	63
	190
	Porta et al., 2012

	Spain, five regions
	1992-1996
	953
	460
	220
	ND
	860
	34
	100
	180
	120
	450
	Agudo et al., 2009; Jakszyn et al., 2009

	Biscay, Spain
	2006
	283
	88
	41
	16
	190
	7.7
	66
	95
	85
	260
	Zubero et al., 2009, 2010

	Canary Islands, Spain
	1998
	682
	NA
	NA
	180d
	260d
	NA
	NA
	NA
	NA
	NA
	Zumbado et al., 2005

	UK
	2003
	154
	11
	12
	2.9
	100
	6.1
	27
	41
	33
	170
	Thomas et al., 2006

	Germany
	1998
	2824
	[0.40]b
	[0.16]b,d
	NA
	[1.6]b,d
	NA
	[0.50]b
	[0.70]b
	[0.50]b
	[1.7]b
	Becker et al., 2002

	Sweden
	1996-1997
	205
	65
	51
	NA
	500
	43
	100
	220
	150
	550
	Glynn et al., 2003

	Sweden
	NR
	120
	62
	41
	16
	590
	37
	130
	300
	210
	700
	Glynn et al., 2000

	Belgium
	1999
	47g
	110
	NA
	2.6
	870
	29
	92
	170
	100
	530
	Koppen et al., 2002

	Italy
	2009
	101
	18
	4.3
	4.4
	180
	4.1
	22
	32
	23
	NR
	Amodio et al., 2012

	Slovakia (BA)
	2001
	1038
	640
	44
	33
	1400
	21
	140c
	230
	200
	740
	Petrik et al., 2006

	Slovakia (CA)
	2001
	1009
	690
	49
	73
	2500
	64
	350c
	580
	530
	1900
	Petrik et al., 2006

	Czech Republic
	2006
	202
	NA
	NA
	NA
	NA
	15
	190
	440
	400
	1000
	Cerná et al., 2008

	Romania
	2005
	142
	30
	920
	340
	2000
	12
	38
	100
	110
	380
	Dirtu et al., 2006

	New Zealand
	1996-1997
	60g
	ND
	11
	ND
	920
	ND
	16c
	25
	20
	82
	Bates et al., 2004

	Japan
	1999
	41
	[0.20]b
	[0.50]b
	[5.0]b,h
	[5.0]b,h
	NA
	NA
	NA
	NA
	NA
	Hanaoka et al., 2002

	Japan
	2000
	80
	ND
	93
	ND
	220
	10
	17c
	37
	22
	NR
	Tsukino et al., 2006

	Korea
	2003
	87
	NA
	NA
	NA
	NA
	7.6
	27c
	39
	19
	180
	Park et al., 2007

	Korea
	2006
	40
	17
	49
	19
	220
	6.4
	15
	21
	13
	100
	Kang et al., 2008

	China
	NR
	250
	63
	5100
	310
	7600
	ND
	ND
	ND
	ND
	0.20
	Lee et al., 2007

	Bolivia
	2010
	112
	22e
	NA
	13e
	270e
	NA
	34e
	59e
	27e
	NR
	Arrebola et al., 2012

	Mexico
	2010
	150
	NA
	3100
	1700
	9500
	NA
	NA
	NA
	NA
	NA
	Waliszewski et al., 2012

	USA
	2003
	1961
	15
	ND
	ND
	200
	5.2
	15c
	21
	18
	130
	Patterson et al., 2009

	Canada
	1991-2002
	1979
	28
	21
	11
	720
	23
	42
	74
	60
	290
	Medehouenou et al., 2011


NA: Not analyzed; ND: Not detected; NR: Not reported; BA: Background area; CA: Contaminated area. a Sum of all congeners analysed in each study. b Values expressed in ng/ml. c The reported value co-eluted with other compound. d Mean concentration instead of median. e Geometric mean concentration instead of median. f Medians for the whole population were not available in the cited paper. The presented values have been calculated based on the weighted means of the means of the different groups reported. g Pooled samples. h The reported value is the sum of 4,4'-DDT and 4,4'-DDE.

FIGURE CAPTIONS

Figure 1. Map showing the analyzed populations in Catalonia. For a better description of the studied territories, the map represents the municipality areas instead of the urbanized centers. Flix municipality in black. Municipalities in the first and second area of factory influence in blue and red, respectively. The rest of the studied Catalan municipalities in grey.

Figure 2. Contribution of each PCB congener to the average PCB distributions in the serum samples from the populations of background Catalonia, first and second areas of factory influence and Flix.

Figure 3. Expected concentrations (ng/ml) for each area of the population of Catalonia, adjusted for age and sex. The reference category is a middle-aged women (47 years). Means are represented by dots. Confidence intervals at 95% and 90% probability are represented by thick and thin lines, respectively.
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