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Background and goals: As part of the authorization process for the solid waste incinerator (SWI) inModena, Italy,
a human biomonitoring cross-sectional pilot studywas conducted to investigate the degree towhich people living
and working in the proximity of the plant were exposed to SWI emissions.
Methods: Between May and June 2010, 65 subjects living and working within 4 km of the incinerator (exposed)
and 103 subjects living and working outside this area (unexposed) were enrolled in the study. Blood, serum
and urinary metals (Pb, Cd, Cu, Zn, Hg, Mn, Ni), urinary benzene, toluene, xylene (BTEX), S-phenylmercapturic
acid (SPMA), and urinary polycyclic aromatic hydrocarbons (PAHs) were analysed. Information about lifestyle,
anthropometric characteristics, residence, and health status was collected by a self-administered questionnaire.
Exposure to particulate matter (PM) emitted from the SWI was estimated using fall-out maps from a quasi-
Gaussian dispersionmodel. Amultiple linear regression analysis investigated the relationship betweenbiomarkers

and the distance of a subject's place of residence from the SWI plant or the exposure to PM.
Results: Urinary BTEX and SPMA and blood, serum and urinary metals showed no differences between exposed
and unexposed subjects. PAHs were higher in exposed than in unexposed subjects for phenanthrene, anthracene,
and pyrene (median levels: 9.5 vs. 7.2 ng/L, 0.8 vs. b0.5 ng/L and 1.6 vs. 1.3 ng/L, respectively, p b 0.05). Multiple
linear regression analysis showed that blood Cd and Hg and urinary Mn, fluorene, phenanthrene, anthracene
and pyrene were inversely correlated to the distance of a subject's residence from the SWI. Urinary Mn, fluorene
and phenanthrene were directly correlated to PM exposure.
Conclusions: This study, although not representative of the general population, suggests that specific biomarkers
may provide information about the degree of exposure the subjects working and living in the proximity of the
SWI plant may have to emissions from that facility.
© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Solid waste incinerators (SWIs) can be significant sources of envi-
ronmental pollution, potentially exposing nearby populations to haz-
ardous chemicals at toxic levels. Both inorganic and organic chemicals
have been identified in SWI emissions, including carbon monoxide
(CO), carbon dioxide (CO2), sulphur oxides (SOX), nitrogen oxides
(NOX), dioxins and furans, volatile organic compounds (VOC), polycyclic
aromatic hydrocarbons (PAHs), metals and particle matter (PM) (WHO,
2007). Some of these chemicals have been classified as known (group 1)
iences and Community Health,
edale Maggiore Policlinico, Via
fax: +39 02 503 20111.
.

ghts reserved.
or probable (group2A) carcinogens for humans according to the Interna-
tional Agency for Research on Cancer (IARC, 1987, 1997, 2010, 2012).

Directive 2000/76/EC of the European Parliament and the Council on
the Incineration of Waste enforces preventive measures to prevent or
reduce negative effects to the environment, particularly emissions into
air, soil and surface water, as well as to human health which might
arise from incineration and co-incineration of waste. In particular, this
directive states that incineration facilities shall be subject to a permit
to operate, which sets stringent operating conditions, technical require-
ments and emission limits (European Commission, 2000). A review of
European legislation on industrial emissionswas launched inNovember
2005 by the European Commission, leading to a new Directive (2010/
75/UE) that will be fully implemented by 7 January 2014 (European
Commission, 2010).

In order to meet the enforceable requirements of these regulations,
SWI technology has evolved over time, particularly in terms of emission
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control in order to guarantee that they are within the limits specified
by the European Directive (WHO, 2007).

A daunting array of documents and reports dealing with exposures
and risks associated with solid waste treatment, and the possible health
effects causedby incinerators, landfills and otherwaste disposal facilities,
have been produced over the last two decades (reviewed in Franchini
et al., 2004; Porta et al., 2009). Some studies have suggested associations
between incinerator emissions and health effects, particularly adverse
impacts on reproduction and cancer (Franchini et al., 2004; Rushton,
2003; Vinceti et al., 2008; WHO, 2007). However, these studies have
several deficiencies thatmust be considered, such as the lack of exposure
information, the use of surrogate measurements (e.g., the distance from
the source) and the difficulty in controlling for potential confounding
factors. These uncertainties, therefore, diminish the impacts of the report
findings and the overall interpretation of results. Regardless, concern
over the sustainability of the process of solid waste management by
incineration, and putative health effects, has not diminished but has
grown more acute, especially for the general populations living in
proximity to these plants.

Because of these issues that were identified in earlier studies, more
recent investigations have been designed and implemented with
the goal of establishing a better definition of exposure and/or effects
arising from SWI. Some studies have been focused on dispersionmodels
and socio-demographic data (Floret et al., 2006; Hodgson et al., 2007;
Ranzi et al., 2011), while others were based of human biomonitoring
(HBM) of exposure (Agramunt et al., 2005; Bocio et al., 2005;
Domingo et al., 2001; Fierens et al., 2007; Reis et al., 2007; Zubero
et al., 2010) and early biological effects (Oh et al., 2005; Sul et al.,
2003; Toide et al., 2003), either in workers or in the general population
residing close to the SWI.

Eight municipal SWIs operate in the Emilia-Romagna region of Italy.
One of these, in the municipality of Modena, has been operating since
1980. Technological upgrades have recently been made to this plant to
increase the waste disposal activity up to a total of 180,000 tons/y.
Currently, the plant has three emission lines and an 80 m chimney
stack. In 2010, as a part of the integrated environmental authorization
process issued by the authorization body (Provincia di Modena) to au-
thorise the increase of waste disposal activity, a HBM cross-sectional
pilot study was conducted to investigate possible biomarkers of expo-
sure related to incinerator emissions.

Biological monitoring of human exposure to pollutants presents
several challenges because of the low concentrations of substances to
bemeasured in complex biologicalmatrices, the difficulty in interpreting
results due to the many exposure sources (e.g., air pollution, diet, and
personal habits), and several genetic and environmental factors affecting
the response of any given individual. In this study the selection of
biomarkers to be investigated was based on several considerations:
information on the types of pollutants emitted by SWIs and their toxico-
logical relevance, findings of previous studies (see references given
above), availability of sensitive and specific biomarkers to be assayed in
easily accessible specimens, and costs. The process led to a focus on the
determination of the following biomarkers: blood lead (B-Pb), blood
cadmium (B-Cd) and blood mercury (B-Hg); serum copper (S-Cu)
and serum zinc (S-Zn); urinary lead (U-Pb), urinary cadmium (U-Cd),
urinary copper (U-Cu), urinary zinc (U-Zn), urinary manganese (U-
Mn) and urinary nickel (U-Ni); urinary polycyclic aromatic hydro-
carbons (PAHs); biomarkers of benzene (urinary S-phenylmercapturic
acid, SPMA; and benzene, BEN); and other monoaromatic hydrocarbons
(urinary toluene, TOL; ethylbenzene, EtBEN; xylenes, Xyl, all together
BTEX). Tobacco smoking was assessed by measuring urinary cotinine
(COT) (Table 1).

The overall objective of this pilot studywas to scrutinise the capabil-
ity of exposure biomarkers to highlight, at a detectable level, the expo-
sure to selected pollutants in the population living in areas exposed
to SWI emissions. In addition, information collected during the study
was used to evaluate the feasibility of this type of study, such as the
compliance of the target population, the technical and logistical
constraints and the suitability of operative procedures.

2. Methods

2.1. Study population

The field study was conducted between May and June 2010 in
Modena, Italy, a medium-sized town (180,000 residents) located in
the middle of the Emilia-Romagna region, in the Po Valley. The SWI is
located in the industrial/rural area of Modena, northwest of the town
centre.

A circular area (radius of 4 km), centred on the incinerator, was
defined as the exposure area. This was based on the previous knowl-
edge of incinerator PM fall-out maps and air monitoring campaigns
(Ranzi et al., 2011). Approximately 38% of the whole municipal popula-
tion lives in this area. The area outside, butwithin 15 km, of the inciner-
ator was defined as the non-exposure area. Inhabitants working and
residing within the circular exposure area were defined as exposed
subjects, while those working and residing outside the exposure area
were considered unexposed subjects (controls).

The exposed group was recruited at the department of public
health, local health unit (USL) of Modena, the main building of
which is located less than 2 km away from the plant itself. The
control group was recruited at the teaching hospital of Modena
(Policlinico), which is located outside the exposure area, about
6 km from the incinerator. Among all workers, eligible subjects
were identified based on the location of their residence (geo-
referenced) using the street number database provided by the carto-
graphic service of the Emilia-Romagna region. Another recruitment
criterion was working and residing at the present location for at
least three years. All eligible subjects were invited to join the study
by e-mail and/or by phone call. A total of 168 participants were re-
cruited, of which 65 fell into the exposed group and 103 into the
unexposed group (Table 2).

Each participant completed an ad hoc questionnaire to evaluate
personal and professional characteristics, personal habits and lifestyle
with particular attention to smoking and diet. Traffic near the home
was evaluated using a subjective judgement of the presence and amount
of soot on the windowsill.

The studywas approved by the ethical committee of the Local Health
Authority of Modena. All subjects were informed about the goal and
protocol of the study and signed an informed consent.

2.2. Environmental exposure

In addition to the binary classification of exposure based on the
recruitment criteria, two other exposure variables were evaluated:
the distance of each subject's residence from the incinerator and the
average exposure to incinerator PM.

The distance (km) was calculated as the linear distance from each
individual geo-referenced location of residences to the solid waste
incinerator. Subjects were than categorised into four groups based on
their distance, each groupwith roughly the same number of individuals
(Table 2).

The average exposure to incinerator PM (ng/m3) was calculated
using simulation modelling of the PM emitted from the incinerator for
a period of 30 d prior to the sampling date, taking into account the
concentration values of the monthly fall-out pollution maps. This time
lag was chosen as representative of an average exposure, irrespective
of atmospheric conditions and plant work load. The pollution maps
were provided by the Environmental Regional Agency (ARPA Emilia
Romagna Provincial Department of Modena). The software used for
the simulations was the quasi-Gaussian model Atmospheric Dispersion
Modelling System (ADMS) Urban 2.2 (Cambridge Environmental Re-
search Consultants, Cambridge, UK). The maps account for a 7 × 8 km



Table 1
Summary of the investigated biomarkers, biological matrices (B blood, S serum, U urine), limit of quantification (LOQ), analytical techniques, and reference values (RV).

Analytes Abbreviation Biological matrix Unit LOQ Analytical technique RV all subjects RV non-smokers RV smokers

Lead B-Pb B μg/L 10 GF-AAS 11–30
Cadmium B-Cd B μg/L 0.2 GF-AAS b1.5
Copper S-Cu S μg/L 150 GF-AAS 600–1600
Zinc S-Zn S μg/L 100 F-AAS 800–1600
Mercury B-Hg B μg/L 0.1 ICP/MS 1.0–4.5
Lead U-Pb U μg/L 0.05 ICP/MS 0.01–2.0
Cadmium U-Cd U μg/L 0.02 ICP/MS 0.1–1.0 0.1–1.5
Copper U-Cu U μg/L 5 GF-AAS 4–15
Zinc U-Zn U μg/L 70 F-AAS 250–650
Manganese U-Mn U μg/L 0.1 ICP/MS 0.2–4.0
Nickel U-Ni U μg/L 0.1 ICP/MS 0.1–5.0
Creatinine crt U g/L 0.1 UV 0.3–3.0
Cotinine COT U μg/L 0.1 LC–MS/MS ≤30a N30a

S-phenylmercapturic acid SPMA U μg/L 0.10 LC–MS/MS b0.25b ≤6b

Benzene BEN U ng/L 15 GC/MS ≤200b ≤2700b

Toluene TOL U ng/L 15 GC/MS ≤500c ≤700c

Ethylbenzene EtBen U ng/L 15 GC/MS ≤130b

m + p-xylene m + p-Xyl U ng/L 15 GC/MS ≤165c ≤215c

o-Xylene o-Xyl U ng/L 15 GC/MS ≤60c ≤80c

Naphthalene Nap U ng/L 5.4 GC/MS na
Acenaphthylene Acy U ng/L 1.7 GC/MS na
Acenaphthene Ace U ng/L 1.7 GC/MS na
Fluorene Flu U ng/L 1.1 GC/MS na
Phenanthrene Phe U ng/L 0.5 GC/MS na
Anthracene Ant U ng/L 0.5 GC/MS na
Pyrene Pyr U ng/L 0.5 GC/MS na
Fluoranthene Flt U ng/L 1.1 GC/MS na
Benz[a]anthracene BaA U ng/L 1.5 GC/MS na
Chrysene Chr U ng/L 0.6 GC/MS na

na = not available.
a Fustinoni et al. (2013).
b Fustinoni et al. (2011).
c Fustinoni et al. (2010b).
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area around the incinerator, and include all the residents within the
municipality of Modena. PM was calculated by taking the weighted
average concentrations of the monthly fall-out pollution maps from
the incinerator estimated at the place of residence (PMresidence) and
work (PMwork). Assumed exposure durations were 16 h/d for the resi-
dential exposure and 8 h/d for working exposure:

PM ¼ 8=24 PMwork þ 16=24 PMresidence
Table 2
Summary of study subject characteristics divided according to different exposure categories.

Categories of exposure
based on recruitment
criteria

Categories of exposure based on distance
of residence from the SWI (km)

Exposed Unexposed b3.0 3.0–b4.5 4.5–5.5 N5.5

Enrolled, n 65 103 29 49 50 40
Male, n, (%) 29 (44.6) 46 (44.7) 16 (55.2) 20 (40.1) 24 (48.0) 15 (37
Age, year
(mean ± SD)

48.2 ± 6.2 48.1 ± 6.8 49.1 ± 5.9 48.0 ± 7.6 48.1 ± 6.0 47.7 ±

BMI, kg/cm2

(mean ± SD)
24.5 ± 4.1 25.6 ± 4.6 24.3 ± 3.6 24.9 ± 4.4 26.0 ± 5.0 25.2 ±

Education, n (%)
Secondary school 6 (9.5) 18 (17.5) 5 3 8 8
High school 28 (44.4) 56 (54.4) 16 19 26 23
Degree 29 (46.0) 29 (28.2) 7 26 16 9
Missing 2 1 1 – –

Smoking (questionnaire), n (%)
Smokers 15 (23.8) 20 (19.6) 1 18 12 4
Ex-smokers 21 (33.3) 32 (31.4) 8 18 15 12
Non-smokers 27 (42.9) 50 (49.0) 19 12 23 23
Missing 2 1 1 1 – 1

Smoking (based on cotinine), n (%)
Smokers 15 (23.1) 23 (22.3) 1 17 14 6
Non-smokers 50 (76.9) 80 (77.7) 28 32 36 34
The subjects were categorised into five groups of roughly the same
size based on their average exposure to PM (Table 2).

2.3. Sample collection and biological monitoring

Specimen collection was performed in the morning and subjects
were asked to refrain from having breakfast. For determination of
blood and serum metals, samples were collected using a standardised
Categories of PM exposure based on fall-out maps (ng/m3) Total

b0.65 0.65–b0.725 0.725–b0.85 0.85–1.00 N1.00

41 29 30 35 33 168
.5) 15 (36.6) 11 (37.9) 17 (56.7) 14 (40.0) 18 (54.5) 75 (44.6)
5.7 49.6 ± 5.3 47.9 ± 6.2 46.9 ± 6.4 48.3 ± 6.5 47.4 ± 7.4 48.1 ± 6.4

4.3 24.7 ± 4.8 25.6 ± 4.8 26.4 ± 5.1 249. ± 4.0 24.6 ± 3.2 25.2 ± 4.4

4 6 5 5 4 24 (14.5)
22 16 11 19 16 84 (50.6)
15 6 14 10 13 58 (34.9)
– 1 – 1 –

8 5 4 12 6 35 (21.2)
14 11 8 8 12 53 (32.1)
19 11 18 15 14 77 (46.7)
– 2 – – 1 3

11 6 5 11 5 38 (22.6)
30 23 25 24 28 130 (77.4)
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needle and stored in suitable trace element free tubes for the analysis of
the variousmarkers. In particular, three 6 mLaliquotswere collected for
the analysis of S-Zn and S-Cu, B-Pb and B-Cd, and B-Hg, respectively. For
urinary biomarkers, urine spot samples (about 40 mL) were collected
at the first morning void in disposable polyurethane bottles. For urinary
BTEX and PAHs, two aliquots (6 mL each) were poured immediately
into pre-evacuated and thermally-cleaned 8 mL glass vials, capped
with a rubber lid with a PTFE lining and crimped with an aluminium
seal to prevent the loss of volatile chemicals. For the analysis of SPMA,
metals, cotinine and creatinine, 2 mLurine aliquotswere stored in poly-
ethylene tubes. Once in the laboratory, samples were stored at −20 °C
and analysed within 60 d, according to the analyte stability protocol.

B-Pb, B-Cd, S-Cu andU-Cuweremeasured by graphite furnace atom-
ic absorption spectrometry (GF-AAS, Thermo Scientific), while S-Zn
andU-Znwere determined usingflame atomic absorption spectrometry
(F-AAS). B-Hg, U-Pb, U-Cd, U-Mn and U-Ni were measured by induc-
tively coupled plasma mass spectrometry (ICP-MS, Thermo Scientific)
combined with a collision cell to reduce interferences, in the presence
of gallium, rhodium and iridium as internal standards. For each analyte,
accuracy and precision were assessed by internal quality controls
using certified reference materials (Seronorm, Sero, Norway) and by
the participation in external quality control assessments.

Urinary BEN, TOL, EtBen, m + p-xylene (m + p-Xyl) and o-xylene
(o-Xyl) were measured by headspace solid-phase microextraction (HS-
SPME) followed by gas chromatography/mass spectrometry analysis
(CG/MS). Prior to analysis, sampleswere spikedwith deuterated internal
standards (benzene-d6, toluene-d8 and p-xylene-d10) (Fustinoni et al.,
1999, 2010a).

Urinary SPMA was measured using a liquid chromatography/triple
quadruple mass detector (LC-MS/MS) with a heated electron spray
ionisation source, after acid hydrolysis of urine samples and solid
phase extraction, in the presence of SPMA-d2 as an internal standard
(Fustinoni et al., 2010a).

Urinary PAHs (naphthalene, Nap; acenaphthylene, Acy; ace-
naphthene, Ace; fluorene, Flu; phenanthrene, Phe; anthracene,
Ant; fluoranthene, Flt; pyrene, Pyr; benz[a]anthracene, BaA; chrysene,
Chr) were measured by solid-phase microextraction (SPME) followed
by GC/MS. Prior to analysis, samples were spiked with a mixture
containing seven deuterated PAHs as internal standards (Campo et al.,
2011).

Urinary COT, a surrogate metric for tobacco smoking, was deter-
mined using LC-MS/MS, in the presence of cotinine-d3 as an internal
standard (Fustinoni et al., 2013).

Urinary creatininewas determined using Jaffe's colorimetricmethod
(Kroll et al., 1986).

A summary of biomarkers, biologicalmatrices, limits of quantification
(LOQ), analytical techniques, and reference values (RV) for each bio-
marker is provided in Table 1. RV refer either to those suggested in
2011 by the Italian Society for Reference Values (SIVR, 2011) or to the
specific experience of the laboratorywhere the analyseswere performed
(Fustinoni et al., 2010b, 2011, 2013).
2.4. Statistical analysis

For statistical analyses, any analytical value less than the limit
of quantification (LOQ) was replaced with one half the LOQ (LOQ/2)
(ISS, 2004). In exposed and unexposed subjects the distribution
of each analyte was described by the percentage of sample above the
LOQ, arithmetic mean, median, and 5th and 95th percentiles.

Comparison between groups and the multiple regression analysis
were performed only for analytes with at least 50% of the data above
the LOQ. The comparison was performed using the ratio of medians,
and both a non-parametric test (Wilcoxon rank-sum/Mann–Whitney,
MW) and a parametric test (Student's t test, tS) were employed on
log-transformed data to obtain the normal distribution. As U-Ni was
abnormally elevated, its levelswere not further considered for statistical
analysis.

For analytes with more than 50% of the data below the LOQ, the
comparison between groups was performed using the one-tail (left)
analysis and the chi-square test. The differences between groups were
considered statistically significant at p b 0.05. To evaluate the associa-
tions between the study biomarkers and exposure to SWI emissions,
according to the exposure categories based on recruitment criteria (ex-
posed subjects = 1 and unexposed subjects = 0), distance of subjects'
residence from the SWI, and exposure to PM based on fall-out maps,
a multivariate linear regression analysis was performed. An initial
“a priori” model was applied to all biomarkers, using age, gender, BMI,
education level, urinary creatinine and smoking habit as covariates. A
second “a posteriori”model was applied to account for the confounding
factors (diet items, traffic, dental amalgams) found to have a significant
effect in a preliminary regression analysis of our data, or known to affect
biomarkers based on previous reports (IARC, 2010; Nordberg et al.,
2007). These factors are reported in the Supplementary table.

Statistical analysis was performed using the Stata 12 package
(StataCorp LP, College Station, TX, USA).

3. Results

3.1. Study population

The characteristics of the study subjects, divided according to
different exposure categories, are shown in Table 2. Although there
were more unexposed than exposed subjects in the study, a balance
was achieved for gender (55% women and 45% men) and age (mean
of 48 y). The median of the body mass index (BMI) was slightly higher
in the unexposed subjects, but subjects in both groupswere in the “nor-
mal weight” range. Level of education was different between the two
groups, with a higher percentage of exposed subjects having graduated.
With regard to tobacco smoking, data are reported using results
from the questionnaire responses andmeasurement of urinary cotinine,
dividing subjects into active smokers (urinary cotinine N 30 μg/L) and
non-smokers (urinary cotinine ≤ 30 μg/L). Regarding location and
configuration of the subject residences, there was a higher percentage
of exposed subjects who reported having windows that overlooked
busy streets, with sills that were dirty with soot, compared to the
unexposed subjects. Conversely, a higher percentage of unexposed sub-
jects reported having busy junctions/intersections and/or heavier bus
and truck traffic in the vicinity of the house. There were no substantial
differences in eating/food habits between the two groups, although
the diet of unexposed subjects appeared healthier and more balanced,
with a greater consumption of vegetables and fish, and lower consump-
tion of animal fats, as well as lower alcohol (wine, beer and liquor) con-
sumption (data not shown).

3.2. Environmental exposure

Study subjects lived a mean distance of 4.5 ± 1.6 km (range
0.7–8.9 km) from the SWI; 2.9 ± 0.8 km for exposed subjects
and 5.5 ± 1.1 km for unexposed subjects. Based on this distance,
subjects were categorised into four groups: b3 km, 3–b4.5 km, 4.5–
5.5 km and N5.5 km. The characteristics of subjects included in each
group are reported in Table 2.

The fall-out maps for the three months prior to biological sample
collection are reported in Fig. 1. Mean personal exposure to incinerator
PM estimated using the fall-out maps was 0.87 ± 0.37 ng/m3; exposed
and unexposed subjects had a mean PM exposure level of 1.02 ± 0.53
and 0.77 ± 0.14 ng/m3, respectively. Based on these PM data,
exposure subjects were categorised into five groups: b0.65 ng/m3,
0.65–b0.725 ng/m3, 0.725–b0.85 ng/m3, 0.85–1 ng/m3 and N1 ng/m3.
The characteristics of the subjects included in each group are reported
in Table 2.
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The relationships between the exposure categories based on recruit-
ment criteria, distance of residence from the SWI, and exposure to PM
based on fall-out maps are shown in Fig. 2.
3.3. Biological monitoring

Measurable concentrations of metals were found in the majority of
biological fluid samples (Table 3). No significant differences between
exposed and unexposed subjects were observed for blood, serum
or urinary metals, but a significant difference was found for U-Cu,
with higher values in unexposed subjects. The comparison with RV
(Table 1) showed that B-Cd, S-Cu, S-Zn, U-Pb, U-Cd and U-Mn were
within the range of values normally detected in the Italian general
population, while the other metals were up to 2.6-fold higher than
the upper reference values. Abnormal values were found for U-Ni,
for which concentrations up to 4-fold higher than expected values
were observed both in exposed and in unexposed subjects.

Urinary BTEXwere above the LOQ in all samples, with no differences
between exposed and unexposed subjects, although there was a ten-
dency to values N1 for the ratio of themedians. SPMA, a specific metab-
olite of benzene, was above the LOQ in 80% of the exposed subjects but
only 29% of the unexposed subjects.

Five PAH analytes, Nap, Flu, Phe, Ant and Pyr were detected in more
than 50% of the samples. Phe, Ant and Pyr were significantly higher
among exposed subjects. The one-tailed analysis conducted on analytes
for which the number of values bLOQ was greater than 50% showed
significant differences between exposed and unexposed subjects for
Ace, Ant, BaA and Chr.

The data suggest that certain lifestyle factors, specifically traffic
exposure, diet and dental amalgams, had a significant effect on some
of the investigated biomarkers, as reported in the Supplementary table.
3.4. Multivariate linear regression analysis to evaluate the effect
of SWI exposure

Serum, blood and urinary metals and urinary PAHs were used as
dependent variables and the different exposure indices were included
as independent variables in the multiple linear regression analyses
(Table 4). The sign of the β vector (“slope”) of the linear regression var-
ied depending on the indices of exposure, and is expected to be positive
for exposed vs. unexposed subjects and for exposure to PM, but negative
for the distance between subjects' residence and the SWI plant.

Considering the first exposure variable (exposed vs. unexposed), a
positive and significant correlation was found for U-Zn and Ant both
in the “a priori” and in the “a posteriori”models. An additional positive,
though less significant, correlation was found for S-Cu in the “a priori”
Fig. 1. Fall-out maps of SWI particulate matter (PM) emission in the three mont
model, but not in the “a posteriori” model. An unexpected negative
correlation was found for U-Cu and Nap.

Several significant correlations were found for the variable distance
of residence from the SWI; these correlations corresponded to the
expected sign for B-Cd, U-Mn, Phe, Ant and Pyr in both the “a priori”
and the “a posteriori” models. The concentrations of S-Cu, B-Hg and
Flu were inversely correlated with the distance from the SWI, but only
in the “a priori” model or the “a posteriori” model, but not both.

Considering exposure to PM, a positive correlation was identified
with the levels of U-Mn, Flu and Phe in both the “a priori” and the
“a posteriori” models. The correlation was negative with the levels of
B-Pb and S-Zn.

The multivariate linear regression analysis performed on urinary
BTEX and SPMA did not show any significant relationships (results not
shown).

Fig. 3 shows, for selected biomarkers, forest plots with correlation
coefficients (and confidence interval) for the different categories of
distance of residence from the SWI, considering the highest exposure
category (b3 km) as the reference. Similarly, Fig. 4 shows the correlation
coefficients (and confidence interval) for the different categories of ex-
posure to PM, considering the lowest exposure category (b0.65 ng/m3)
as the reference.

4. Discussion

In this study a human biomonitoring protocol was applied to assess
the exposure to SWI emissions in a group of the general population liv-
ing andworking in the proximity of the plant. The spatial criteria for the
recruitment of the study population were based on the definition of a
circular area with a 4 km radius around the SWI plant, from which the
exposed subjects were selected (Ranzi et al., 2009, 2011). This area in-
cludes the highest concentration of the relapse fumes, as shown in the
fall-out maps (Fig. 1), but it doesn't represent homogeneous exposure
throughout, neither does it take into account atmospheric conditions
such as the direction of dominant winds (NW–SE). Realistically, there
is an exposure gradient associated with the distance from the source.
Due to this limit, two additional a-posteriori exposure variables were
defined. The first was the distance of the dwelling from the plant,
which incorporates the concept of continuous exposure gradient, but
does not take into account the occupational location (where the subject
works), nor does it consider the actual shape of relapse emissions. The
second variable was calculated based on the fall-out dispersion maps,
according to the months of recruitment of the study population. This
allowed for the derivation of the personal exposure to PM, and is
expected to be a more accurate exposure variable, in accordance with
previous information (Floret et al., 2006; Forastiere et al., 2011). Both
modelswere previously used to assess exposure to incinerator emissions
hs (April, May and June 2010) prior to the collection of biological samples.



Fig. 2. Relationship between the categories of exposure based on recruitment criteria (exposed and unexposed subjects), A) distance of residence from the SWI, B) PM exposure concen-
tration for exposed or unexposed subjects and C) PM exposure concentration depending on a distance from SWI based on fall-out maps.
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(Floret et al., 2006; Ranzi et al., 2011). A specific validation study demon-
strated the models' reliability where topography was relatively simple,
such as in the current study area (Floret et al., 2006). The relationships
between the exposure variables were generally good (Fig. 2). The results
Table 3
Summary statistics for biomarkers of exposure to metals, tobacco smoke (cotinine), BTEX and

Biomarkers Unit Exposed (n = 65) Unexposed (n

% N LOQ Mean Median 5th–95th percentiles % N LOQ M

B-Pb μg/L 80.0 27 26 b10–55 86.4
B-Cd μg/L 83.1 0.5 0.3 b0.2–1.3 77.7
S-Cu μg/L 100.0 992 939 616–1564 100.0 9
S-Zn μg/L 100.0 1261 1240 1020–1559 100.0 12
B-Hg μg/L 100.0 4.2 3.1 1.0–11.9 100.0
U-Pb μg/L 100.0 0.52 0.33 0.1–1.5 100.0
U-Cd μg/L 100.0 0.22 0.19 0.05–0.46 100.0
U-Cu μg/L 95.3 13 11 5–23 100.0
U-Zn μg/L 92.3 411 352 b70–1250 85.5 3
U-Mn μg/L 98.5 0.69 0.18 b0.1–2.7 100.0
U-Ni μg/L 100.0 8.68 6.98 2.7–19.7 100.0
COT μg/L 100.0 197.8 0.7 0.3–1172.0 100.0 2
SPMA μg/L 80.0 0.43 b0.10 b0.10–2.37 29.1
BEN ng/L 100.0 505 128 41–960 100.0 3
TOL ng/L 100.0 203 185 121–293 100.0 2
EtBen ng/L 100.0 55 50 26–98 100.0
m + p-Xyl ng/L 100.0 131 115 72–199 100.0 1
o-Xyl ng/L 100.0 39 33 22–60 100.0
Nap ng/L 100.0 50.8 48.1 23.9–83.5 100.0
Acy ng/L 9.2 2.4 b1.7 b1.7–3.7 4.9
Ace ng/L 53.9 3.0 1.9 b1.7–9.8 17.5
Flu ng/L 87.7 3.2 1.9 b1.1–10.4 92.2
Phe ng/L 100.0 10.5 9.5 5.0–20.8 100.0
Ant ng/L 73.9 0.9 0.8 b0.5–2.3 44.7
Pyr ng/L 98.5 1.7 1.6 0.7–2.8 97.1
Flt ng/L 32.3 b1.1 b1.1 b1.1–2.0 27.2
BaA ng/L 20.0 b1.5 b1.5 b1.5–2.3 1.9
Chr ng/L 23.1 b0.6 b0.6 b0.6–1.1 6.8

% N LOQ: percentage of samples above LOQ.
Ratio E/NE = ratio between the median level of biomarker in exposed and unexposed subject
pMW = p for MannWhitney comparison between exposed and unexposed subjects.
ptS = p for t-Student comparison between exposed and unexposed subjects.
na = not applicable for the low number of samples above LOQ.
of the study suggest that these a-posteriori exposure variables better de-
fine the influence of the incinerator on the study population exposure.

Controlling the sources of variability is one of the critical issues
associated with the application of biomonitoring in the study of
PAHs in exposed and unexposed subjects.

= 103) Ratio exposed/unexposed pMW ptS

ean Median 5th–95th percentiles

24 21 b10–52 1.22 0.31 N0.50
0.5 0.3 b0.2–1.4 1.02 N0.50 N0.50

24 866 637–1378 1.09 0.1 0.11
91 1290 1065–1550 0.96 0.32 0.18
4.5 3.5 0.9–11.0 0.9 N0.50 N0.50
0.40 0.26 0.1–1.2 1.23 0.22 0.29
0.19 0.16 0.07–0.35 1.00 N0.50 N0.50

14 13 6–26 0.92 0.03 0.01
95 339 b70–1144 0.97 0.44 0.11
0.59 0.18 0.1–2.7 1.00 N0.50 N0.50
7.88 7.58 1.7–17.5 0.87 N0.50 N0.50

02.9 0.8 0.2–1578.0 0.87 N0.50 N0.50
0.54 b0.10 b0.10–3.83 0.75 0.34 0.39

47 117 41–2406 0.81 0.12 0.12
33 185 108–425 0.92 N0.50 0.22
61 37 21–104 1.36 0.09 0.40
26 100 63–205 1.11 0.37 N0.50
40 32 19–65 1.09 N0.50 N0.50
54.5 45.7 24.6–122.3 1.02 N0.50 N0.50
1.0 b1.7 b1.7–b1.7 na na na
2.3 b1.7 b1.7–11.1 na na na
2.6 1.9 b1.1–4.6 0.87 N0.50 N0.50
8.5 7.2 3.5–16.9 1.15 0.05 0.10
0.6 b0.5 b0.5–1.9 1.81 b0.01 b0.01
1.5 1.3 b0.5–2.8 1.27 0.02 0.13

b1.1 b1.1 b1.1–2.2 na na na
b1.5 b1.5 b1.5–b1.5 na na na
b0.6 b0.6 b0.6–0.6 na na na

s.



Table 4
Beta coefficients and significances ofmultiple linear regression analysis performed using serum, blood, and urinarymetals and urinary PAHs as dependent variables anddifferent exposure
indices as independent variables in the “a priori” model (age, gender, BMI, education level, urinary creatinine and smoking habit), and in the “a posteriori” model (“a priori” and other
variables specifically introduced for each biomarker).

Exposed vs. unexposed Distance of residence from the SWI (km) Exposure to PM based on fall-out maps (ng/m3)

β “a priori”model β “a posteriori” model β “a priori” model β “a posteriori”model β “a priori” model Β “a posteriori”model

B-Pb ns ns ns ns −0.10⁎⁎ −0.10⁎⁎

B-Cd ns ns −0.13⁎ −0.20⁎ ns ns
S-Cu 0.07⁎ ns −0.04⁎⁎ ns ns ns
S-Zn ns ns ns ns −0.02⁎⁎ −0.02⁎

B-Hg ns ns ns −0.21⁎⁎ ns ns
U-Pb ns ns ns ns ns ns
U-Cd ns ns ns ns ns ns
U-Cu −0.21⁎⁎ −0.22⁎⁎ 0.06⁎ ns ns ns
U-Zn 0.33⁎ 0.38⁎⁎ ns ns ns ns
U-Mn ns ns −0.20⁎ −0.27⁎⁎ 0.16⁎⁎ 0.14⁎

U-Ni na na na na na na
Nap ns −0.16⁎ ns ns ns ns
Flu ns ns ns −0.24⁎⁎ 0.11⁎⁎ 0.11⁎⁎

Phe ns ns −0.12⁎⁎ −0.13⁎⁎ 0.05⁎ 0.04⁎

Ant 0.39⁎⁎ 0.38⁎⁎ −0.19⁎⁎ −0.18⁎ ns ns
Pyr ns ns −0.10⁎⁎ −0.12⁎⁎ ns ns

ns = not significant; na = the statistical analysis was not performed due to the abnormal values found for U-Ni.
⁎⁎ p b 0.05.
⁎ p b 0.1.
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environmental exposure. To account for this variability, a detailed
questionnairewas employed to collect information about potential con-
founding variables. This exercise was specifically focused on 1) items in
the diet that are known to be potential sources of selected chemicals
(Nordberg et al., 2007) and 2) habits and actions that elicit exposure
to traffic exhaust (a selection of these variables is reported in the
Supplementary table). In addition, dental amalgams were considered
a source of mercury in this study. Special attention was devoted to
tobacco smoking, since it is a potential source of a myriad of harmful
chemicals that may impact biomonitoring results. For this reason, in
addition to the questionnaire information, quantitative data on urinary
cotinine (a nicotinemetabolite) was obtained. The results of this assess-
mentwere sufficient to allowus to propose 30 μg/L as a cotinine thresh-
old above which active tobacco smoke exposure could be discerned.
Based on this value it was possible to correctly classify 6.5% of the
study subjects who 1) had not provided smoking information (1.5%)
and 2) had incorrectly self-classified themselves (5%) (Table 2) (see
also Fustinoni et al., 2013).

The fact that somemetal concentrations were higher than expected
with respect to reference values may have been due to differences
in analytical technique (Tables 2 and 3). AAS and ICP-MS may lead
to different results due to differences in the manner in which the
two methods handle matrix interferences. As the U-Ni values were
abnormally high, our working hypothesis is that a contamination has
occurred in the sample collection/storage/analysis procedure; this
hypothesis will be tested in the ongoing study on a larger population
sample. No differences were found between exposed and unexposed
samples (Table 3). This result is in accordance with those reported in
other recent studies investigating exposure to heavy metals in popula-
tions living near incinerators of municipal solid waste (Nadal et al.,
2005; Gonzalez et al., 2000; Fierens et al., 2007; Reis et al., 2007;
Ferré-Huguet et al., 2009). Indeed, out of several studies, only two re-
ported higher urinary Cd or Pb in subjects living near a SWI (Schroijen
et al., 2008; Zubero et al., 2010). Considering the contribution of con-
founders, we found that urinary metals were influenced by factors
such as cigarette smoking (Cu, Cd), ingestion of specific food and road
traffic (Cd). The multiple linear regression analysis showed significant
relationships between selected metal biomarkers and the exposure
variables. In particular, U-Mn was inversely related to the distance of
each subject's residence from the incinerator and directly associated
with exposure to PM, while B-Cd was inversely correlated to the dis-
tance of residence from the SWI (Table 4, Figs. 3 and 4). These results
are in agreement with recent evidence indicating that Mn was present
at the highest level among the so-called heavymetals in fine and coarse
fractions of PM collected downwind of an incinerator plant in Italy
(Buonanno et al., 2010), and was elevated in soil and air near a SWI in
Spain (Rovira et al., 2010).

The comparative evaluation of benzene and other BTEX biomarkers
showed no significant differences between exposed and unexposed sub-
jects. The analysis of confounders confirmed the influence of smoking
habits on these biomarkers, especially for benzene, and the effect of var-
iables associatedwith vehicular traffic; therewere some significant asso-
ciations related to some dietary items (see the Supplementary table).
After grouping subjects according to active smoking, all values were
within the laboratory reference ranges (Table 1). Moreover, the levels
of BTEX biomarkers were comparable to those previously measured in
adults and children residing in urban and rural areas (Fustinoni et al.,
2005, 2010b, 2012; Lovreglio et al., 2011; Protano et al., 2012). Since
themultiple linear regression analysis showed no effect of SWI exposure
variables on the levels of BTEX biomarkers, we concluded that a SWIwas
not a significant source of BTEX exposure in the study subjects. Similar
resultswere obtained in Spain, where no exposure difference to airborne
VOCs, including BTEX, was found when sites near a SWI were compared
to reference sites (Vilavert et al., 2009).

Recent studies suggest that simultaneousmeasurements of multiple
PAH analytes are a preferable alternative to the measurement of single
markers (typically urinary 1-hydroxypyrene) (Campo et al., 2010; Li
et al., 2006; Sobus et al., 2009), as the former approach allows for the ac-
quisition of amulti-chemical profile, inclusive of suspected carcinogens,
such as Nap, found in all of our study subjects, and BaA and Chr,
measured in 9% and 13% of subjects, respectively. Median urinary
PAHs were in the low ng/L range; however, a comparison to reference
values was not possible since reliable data on general population uri-
nary PAH levels were not available. However, urinary PAH concentra-
tions in our study were always lower than levels previously reported
for occupationally-exposed individuals. For PAH analytes that were
measured at significantly higher concentrations in the exposed group
(Phe, Ant and Pyr), those concentrations were up to one order of
magnitude lower than those observed in Italian workers exposed to bi-
tumen fumes or diesel exhausts (Campo et al., 2007). The analysis of
confounders confirms the influence of tobacco smoking on some PAHs
(Phe, Ant and Pyr), and the effect of other variables associated with
vehicular traffic (Phe, Ant). Some dietary items showed a significant
influence, as indicated in the Supplementary table. The comparison



Fig. 3. Forest plots for selected biomarkers: the plots report the correlation coefficients (CI) for different categories of distance of residence from the SWI. The highest exposure category
(b3 km) was considered the reference.
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between groups showed significant differences for selected PAHs,
i.e., Phe, Ant and Pyr were higher; Ace, Ant, BaA and Chr were at
measureable levels in a higher percentage of exposed, than in unexposed,
Fig. 4. Forest plots for selected biomarkers: the plots report the correlation coefficients (CI) fo
considered the reference.
subjects (Table 3). This first result was further supported by multiple
linear regression analysis that showed several significant relationships
with all the investigated exposure variables, strongly suggesting that a
r different categories of exposure to PM. The lowest exposure category (b0.65 ng/m3) is
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SWI is a significant source of PAHs to the study population (Table 4, Figs. 3
and 4). Similar reported results have not been identified in the extant
literature, possibly due to the paucity of studies investigating PAH expo-
sure fromSWIs, and to the use of the only 1-hydroxypyrene as a biomark-
er of exposure (Maitre et al., 2003; Schroijen et al., 2008).

Overall, the implementation of this pilot study demonstrated the
feasibility of a human biomonitoring investigation among the popula-
tion living in the proximity of the SWI of Modena. The study provided
substantive information regarding technical–logistical constraints as
well as the suitability of operative procedures. An important consider-
ation of this, and other investigations that incorporate data collection
froma resident populace, is that the compliance of the target population
could not be completely assessed since the recruited individuals were
not representative of the entire population living and working in the
proximity of the SWI. In fact, due to convenience criteria, recruitment
was performed among the employees of two health facilities who
were regarded as more available and motivated than others to volun-
teer for the study and provide accurate information. Moreover, it was
not possible to assess bias associated with the individuals who refused
to participate (which was around 23%). This is true even if there was
no reason to believe that the “refusal” population was significantly
different from the studied population by some determinant that could
otherwise influence the concentration/levels of themeasured biomarkers.

Another open issue is the proper use of short-term biomarkers, as
those applied in the present study, to evaluate the average exposure
arising from SWI in the previous 30 days. It may be useful to underline
that the behaviour over time of these biomarkers is well known in a
frame of occupational exposure, but in general population subjects it
has been investigated poorly. Based on studies on repeated measure-
ments (Lin et al., 2005) it has been shown that biomarkers have smaller
variance than air measurements, particularly in environmental scenari-
os, and they provide a better surrogate of exposure than air measure-
ment. Therefore we expect the applied biomarkers to give a picture of
a steady-state status that takes into account several sources of exposure
(i.e. diet, air pollution, personal habits), and include the equilibrium
between different body compartments (e.g. accumulation sites/blood),
rather than a short-term exposure.

The results of this pilot study suggest that the exposure to BTEX
cannot be attributed to the presence of a SWI. If a SWI is contributing
to BTEX exposure, the contribution is minimal and likely insignificant
when compared to the primary sources such as active tobacco smoking
and traffic emissions. In contrast, PAH exposure appears to be affected
by the presence of the incinerator, and therefore the measurements of
urinary PAHs seem to be relevant to detecting exposure to these persis-
tent organic pollutants. Regarding metals, results suggest that some of
them, especially Mn and Cd, may be associated with SWI emissions.
These results strongly indicate that human biomonitoring can be an
important component of epidemiological studies. To support the results
obtained in the present pilot study, human biomonitoring will be
included in a future study on a larger representative group of subjects
living in the proximity of the investigated SWI.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2013.09.008.
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