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A B S T R A C T

Background: Urinary lead (Pb) is generally considered to have limited use in biomonitoring environmental ex-
posure to lead. Carbon load in airway macrophages (AM BC) is an internal marker to assess long-term exposure
to combustion-derived aerosol particles. In urban environments, atmospheric Pb and black carbon may have
common sources. We aimed to study the temporal change of urinary Pb (U-Pb) when exposure to outdoor air
pollution changes, and the relationship between U-Pb and AM BC.
Methods: A panel of 50 young healthy adults [mean (SD) 26.7 (5.2) years], including 17 long-term (> 1 year)
residents in Leuven, Belgium (BE), 15 and 18 newcomers (arrived< 3weeks) from low- and middle-income
countries (LMIC) and high-income countries (HIC), respectively, underwent 8 repeated measurements at 6 weeks
intervals. In urine spot samples obtained at 5 time points (T1, T2, T4, T6, T8), 24 trace elements were quantified
by inductively coupled plasma-mass spectrometry. At each time point, AM BC was quantified as the median
surface of black inclusions (in μm2) by means of image analysis of 25 macrophages obtained by induced sputum.
Changes in urinary metal concentrations (with and without creatinine correction) and the relationship between
U-Pb and AM BC were estimated using linear mixed models adjusted for covariates and potential confounders.
Results: Only U-Pb differed between groups and exhibited significant time trends. Participants from the LMIC
group had significantly higher initial U-Pb (1.18 μg/g creat) than the HIC group (0.44 μg/g creat) and BE group
(0.45 μg/g creat). In the LMIC group, U-Pb decreased significantly with time by 0.061 μg/g creatinine per
30 days [95% confidence interval (CI): 0.034, 0.088]. U-Pb remained unchanged in the other two groups. An
increase in AM BC of 1 μm2 was associated with an increase in U-Pb of 0.369 μg/g creat (95% CI: 0.145, 0.593).
Conclusion: This panel study demonstrates that U-Pb may be a valid alternative to blood Pb for biomonitoring
changes in exposure to lead, at least at group level. In addition, we identified a positive association between U-Pb
and AM BC, a biomarker of exposure to traffic-related air pollution, suggesting the existence of common sources
of Pb and black carbon in urban environments.

1. Introduction

Inhalation of atmospheric dust particles is one of the major path-
ways of exposure to lead (Pb) in the general population (Järup, 2003;
Maret, 2017; Skerfving and Bergdahl, 2015). The elimination of lead
additives from gasoline and the banning of lead-based paints have led
to progressive decreases in atmospheric lead levels around the world,
thus resulting in decreased blood Pb levels (B-Pb) in both adults and
children, first in industrially developed countries, and then in some

developing countries (Skerfving and Bergdahl, 2015). Nevertheless,
marked geographical variations in lead exposure still exist on a global
scale. Besides a more recent implementation of the phase-out of leaded
gasoline in developing countries, such variation can be attributed to
multiple other anthropogenic activities, such as metal mining and
smelting, waste incineration, battery recycling, wood and coal burning,
that may still represent substantial sources of lead pollution in the
developing world (Nriagu and Pacyna, 1988; Skerfving and Bergdahl,
2015; UNEP, 2010).
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In urban environments, lead is mainly present in fine particles (Dean
et al., 2017; Lyu et al., 2017), thus allowing deposition of lead in the
lower respiratory tract (Avino et al., 2016; Geiser and Kreyling, 2010;
Möller et al., 2008; Salma et al., 2015), followed by its absorption and
distribution through the circulation (Klotz and Göen, 2017). Combus-
tion-derived fine and ultrafine particles are also deposited in the lower
respiratory tract where they are phagocytosed by macrophages (Geiser,
2002; Geiser and Kreyling, 2010). This results in the presence of in-
clusions containing carbonaceous aggregates in the cytoplasm of mac-
rophages (Alexis et al., 2006; Geiser, 2010). These inclusions of black
carbon (BC) in airway macrophages (AM) are visible under light mi-
croscopy and their amount can be quantified as a surface, thus pro-
viding a biomarker of a person's internal exposure to combustion-de-
rived particulate matter (PM) (Bai et al., 2015). AM BC has been used in
several studies to estimate personal exposure to traffic-related PM (Belli
et al., 2016; Jacobs et al., 2010).

To date, only few studies have assessed how Pb levels evolve in
people who moved recently from an area of high air pollution to an area
of lower air pollution. We took advantage of a one-year panel study
involving participants who had recently arrived in Leuven from various
countries (Bai et al., 2018). In that study we had also collected urine,
which enabled us to verify if urinary concentrations of metals would
also be indicative of past exposure to urban pollution. The present ar-
ticle shows that urinary levels of Pb (U-Pb) reflect past exposure to
urban pollution, and that these decline progressively upon moving to an
area with lower air pollution.

2. Materials and methods

2.1. Study design and study population

The study was conducted in Leuven, Belgium, between 2013 and
2016. The study area included the city centre of Leuven and its nearby
surrounding areas (Fig. 1). As previously described (Bai et al., 2018),
we advertised our study on university bulletin boards, social media, and
word of mouth to enroll potential participants from 2013 to 2015. The
participants had to fulfill the following inclusion criteria: 1) never-
smoker or ex-smoker (quit> 1 year), 2) having resided in Belgium for

more than one year or having newly arrived in Belgium (< 3weeks), 3)
having lived in the same place in the previous 3months, and 4) going to
be living in Belgium for the following 10months. The participants were
excluded if they had 1) unclear or variable exposure before the re-
location to Belgium, and 2) any severe respiratory disease, a history of
cardiovascular disease, diabetes, or other conditions that could inter-
fere with the health measurements (Bai et al., 2018). Seventy three
nonsmoking young adults (students or researchers) met the inclusion
criteria and 61 attended the first health measurement (T1). Over nearly
one year follow-up, 8 repeated measurements at intervals of approxi-
mately 6 weeks were carried out at the University Hospital Leuven,
Belgium (Fig. 1). Fifty participants completed at least the first four
measurements (T1–T4) and were included in the present study. Among
these 50 participants, 44 had data for all of the 5 chosen time points
(T1, T2, T4, T6, and T8), 3 participants had data for 4 time points (T1,
T2, T4, and T6), and 3 participants had data for 3 time points (T1, T2,
and T4). The demographic variables did not show differences between
included (n=50) and non-included (n= 23) subjects (data not
shown). The participants were either long-term residents in Leuven,
Belgium (BE group), or people who had recently arrived in Leuven from
various countries. The latter subjects were grouped into participants
having come from low- and middle-income countries, i.e. mainly China
and India (LMIC group), or from high-income countries, mainly Europe
(HIC group) [details provided in Bai et al., 2018]. Their background
exposure to urban air pollution before inclusion was estimated by the
annual average PM10 reported for their city of origin in the World
Health Organization's database (WHO, 2016). At each time point (T1 to
T8), participants replied to a standard questionnaire, and they gave a
sputum sample (obtained by sputum induction), a venous blood sample,
and a spot sample of urine. The study protocol was approved by the
Ethical Committee of KU Leuven (S55729). All participants were given
detailed oral and written information on the study and gave their
written informed consent.

2.2. Carbon load in airway macrophages

Cytospin slides of sputum plugs were prepared according to stan-
dard guidelines (Miller et al., 2005; Seys et al., 2013). AMs were

Fig. 1. Map of Belgium (left panel) indicating the location of Leuven, where participants resided during the study period. Right panel shows the location of the
participants' residences (blue pins) and the location of the University Hospital (red pin), where measurements were performed; orange straps represent major roads.
Most participants lived within the circular road around the city centre. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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visualized under a light microscope at ×100 magnification, and the
median area (μm2) of black inclusions was calculated by ImageJ (Na-
tional Institutes of Health, USA) of 25 randomly captured AMs, as
previously described (Bai et al., 2018; Jary et al., 2015).

2.3. Urinary trace elements

A spot urine sample was collected in a sterile polystyrene container
(100mL) at every health measurement and kept frozen at −20 °C.
Urine samples collected at 5 of the 8 time points (T1, T2, T4, T6, and
T8) were analyzed (in December 2016) for 24 trace metals/metalloids
by means of inductively coupled plasma - mass spectrometry (ICP-MS),
according to previously published methods (Hoet et al., 2013) and
without knowledge of their exact provenance (blinded analysis), at the
Louvain Centre for Toxicology and Applied Pharmacology (LTAP,
Université catholique de Louvain, Belgium). The LTAP laboratory is
ISO15189-certified for ICP-MS analyses of metals in both urine and
blood, and it is a reference laboratory for the German External Quality
Assessment Scheme (G_EQUAS) (Göen et al., 2012). Briefly, urine spe-
cimens (500 μL) were diluted quantitatively (1+ 9) with acid solution
(HNO3 1% and HCl 0.5%) containing Sc, Ge, Rh and Ir as internal
standards, and then analyzed using an Agilent 7500ce instrument, in
the no-gas mode for Al, Ba, Be, Bi, Cd, In, Li, Mo, Pb, Pt, Sn, Sb, Te, Tl
and U, and in the helium mode for As, Co, Cr, Cu, Mn, Ni, V, Zn and Se.
Limits of detection (LOD) were determined as three times the standard
deviations of concurrently analyzed blanks. No values of U-Pb were
below LOD (0.025 μg/L). Creatinine was determined by a modified
Jaffé reaction using a C502 module on a Cobas 8000 analyser (Roche
diagnostics, Rotkreuz, Switzerland). In accordance with recommenda-
tions (Poulson et al., 1997), highly concentrated (creatinine>3.0 g/L)
and highly diluted (creatinine<0.3 g/L) urine samples were excluded.

2.4. Statistical analysis

For statistical analysis, we used data from participants with com-
pleted health measurements on at least the first four time points (T1 to
T4), some subjects having dropped out after T4 (see above). Statistical
analysis was performed with SAS software, version 9.4 (SAS Institute
Inc., Cary, NC, USA).

We calculated the mean and standard deviation or median and in-
terquartile range (IQR), as appropriate. The baseline characteristics of
the different groups were compared using Pearson's chi-square tests for
categorical variables and with analysis of variance (ANOVA) for con-
tinuous variables. When over 50% of the samples were below the LOD,
only the percentile distribution was supplied. The urinary concentra-
tions of metals were expressed in μg/L and, to make allowance for ur-
inary dilution, also in μg/g of creatinine (μg/g creat).

Linear mixed models (LMM) with random intercept and slope in

time for each subject, to account for the repeated measures design of
the study, were used to analyze the temporal change between the dates
of signing up and sampling urinary metals throughout the study period.
Both linear and non-linear (quadratic) evolutions were considered.
Adjustments were made for the geographical origin of participants
(three groups), as well as for previously determined possible con-
founders [age, sex (reference: female), sampling season (reference:
December–February), sampling time (reference: am vs pm), and crea-
tinine (only for concentrations of urinary metals expressed as μg/L)
(Hoet et al., 2013)]; interactions between time and these variables were
not considered. Moreover, we conducted stratified analyses by geo-
graphical origin (three groups). We additionally studied the association
between AM BC and U-Pb concentrations. LMM were used for this
analysis with U-Pb concentrations as response variable and AM BC as
predictor variable. A random intercept and slope in time were modelled
to deal with the longitudinal nature of the data. Correction was per-
formed for group and time, and, in a separate model, additionally for
age, sex, sampling time (am vs pm) and season. The results of temporal
changes of U-Pb and the association between U-Pb and AM BC are
presented for creatinine-corrected U-Pb. The crude values of U-Pb were
also used for these analyses and served as a sensitivity analysis. All tests
are two-sided, and a 5% significance level is assumed for all tests.

3. Results

3.1. Participant characteristics and baseline data

Participant characteristics are presented in Table 1, according to
their geographic origin before the study. There were no significant
differences in baseline characteristics among groups (Table 1) except,
by design, for estimated prior background exposure to PM. Thus, par-
ticipants in the LMIC group had a significantly higher previous ex-
posure to PM10 (estimated annual average close to 100 μg/m3) than
participants in the other groups (estimated annual average around
25 μg/m3). Participants of the LMIC and HIC groups underwent their
first measurement within a median of 9 days and 10 days after arrival,
respectively.

3.2. Urinary creatinine and trace elements

Based on urinary creatinine concentrations, we excluded 29 too
diluted samples (creatinine<0.3 g/L) and 9 too concentrated samples
(creatinine>3 g/L), thus leaving 194 urine samples for analyses.
Creatinine concentrations did not differ between groups or between
study time points (Supplementary Table S1).

Supplementary Table S2 contains the detailed results for all the
trace elements in urine, except for five elements (Be, In, Pt, Bi and U)
for which> 85% of the values were below LOD, thus leaving 19

Table 1
Baseline characteristics of included participants (N=50).a

Characteristic All LMIC HIC BE

N 50 15 18 17
Age, yr 26.7 (5.2) 25.7 (3.3) 25.7 (4.7) 28.9 (6.5)
Sex, female † 23 (46.0) 9 (60.0) 6 (33.3) 8 (47.1)
BMI, kg/m2 22.6 (3.9) 21.2 (3.5) 22.8 (2.7) 23.7 (5.0)
Never/ex-smoker † 46/4 (92/8) 15/0 (100/0) 15/3 (83/17) 16/1 (94/6)
Estimated annual average PM10 before inclusion, μg/m3 97.7 (32.4)⁎⁎ 25.2 (8.1) 22.9 (0.2)
Latency between arrival and inclusion ‡ 9 days

(1–19)⁎⁎
10 days
(2−23)⁎⁎

1.9 years
(1–5.4)b

LMIC: participants having recently arrived from low- and middle-income countries, HIC: participants having recently arrived from high-income countries, BE:
participants having resided in Belgium for at least one year. Comparison among groups by one-way ANOVA or χ2 test.

a This table is similar to a previously published table (Bai et al., 2018), except for a slightly different number of participants due to different inclusion criteria. Data
are described as mean (SD) except for † n (%) and ‡ median (range).

b Only for 9 foreign-born residents.
⁎⁎ p < 0.001 compared to BE.
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elements for analyses. For all elements, except Pb (see further), the
linear slopes with time did not differ significantly from zero, whether or
not interactions of time with geographical origin were considered
(Table S2). No significant trends emerged when non-linear evolutions
were tested, except for urinary Mn and Cd (without creatinine correc-
tion), thus explaining why the changes between 0 and 6months and
between 6 and 12months are presented for these variables (Table S3).

Fig. 1 depicts the individual and average levels of U-Pb at different
time points for the three groups separately. In Group HIC and BE, U-Pb
values fluctuated from one time point to another in individual subjects
[average (range) intra-individual coefficient of variation: Group BE,
59% (34–90%) for crude values and 40% (5–111%) for creatinine-
corrected values; Group HIC, 43% (10–75%) for crude values and 25%
(12–39%) for creatinine-corrected values]. However, in both groups the
average concentrations of U-Pb remained stable around 0.5 μg/g creat
with minor fluctuations (Fig. 1). In contrast, Group LMIC had higher U-
Pb levels than the other two groups at T1 (1.18 μg/g creat) and un-
derwent a sustained decrease in U-Pb throughout the study period to a
similar level as the two other groups at T8 (Fig. 1).

The quantitative changes over time in U-Pb are shown in more
detail in Table 2. Overall, U-Pb decreased significantly by 0.017 μg/g
creat per month (30 days) for the whole group; these decreases were
somewhat attenuated after adjustments for age, sex, sampling time and
sampling season (Table 2). The interaction between group and time was
highly significant and stratification by group demonstrated that U-Pb
decreased over time only in Group LMIC (by 0.061 μg/g creat per
month), whereas no significant change occurred over time in Group HIC
and Group BE. Using the crude values (μg/L) to study the temporal
change of U-Pb did not modify the effect. Testing quadratic time trends
did not provide better fits to the data than the linear models.

3.3. Relationship between urinary lead and carbon load in airway
macrophages

With adjustment for geographical origin and follow-up time, each
1 μm2 increment in AM BC was associated with an increase in U-Pb of
0.289 μg/g creat (95% CI: 0.075, 0.503; p=0.009). This association
was strengthened [0.369 (95% CI: 0.145, 0.593), p= 0.002] after ad-
ditional adjustment for other covariates, including age, sex, sampling
season, and sampling time.

4. Discussion

In this one-year panel study of young healthy nonsmokers, we found
that urinary lead concentrations declined progressively in those who
moved from an area with high PM10 pollution to Leuven, an area of
moderate urban pollution. In participants whose background exposure
to PM10 remained stable, urinary lead concentrations remained un-
changed. The main novelty of the present study is the significantly
positive association found between urinary lead and black carbon in
airway macrophages, a novel biomarker of chronic exposure to

combustion-related air pollution (Bai et al., 2015, 2018).
A possible criticism of our study is that we measured lead con-

centrations in urine and not in blood. Blood‑lead (B-Pb) is indeed re-
garded as the most appropriate parameter for biomonitoring lead ex-
posure in clinical practice, in occupational surveillance and in
population studies (Barbosa Jr et al., 2006; Sakai, 2000; Skerfving and
Bergdahl, 2015). Although our research protocol also involved repeated
venous blood sampling, the blood samples were processed for other
laboratory analyses in serum or leukocytes (unpublished) and, there-
fore, whole blood was no longer available for measuring trace metals.
However, measuring urinary lead (U-Pb) can also be used for assessing
exposure since lead is mainly excreted in the urine (Bergdahl and
Skerfving, 2008). The utility of U-Pb for lead exposure biomonitoring is
supported by the association between B-Pb and U-Pb, although this
relation is not perfect and has high variance and uncertainty (Barbosa
et al., 2005; Skerfving and Bergdahl, 2015). Nevertheless, even though,
in theory, urinary lead may have been less suitable than blood lead for
our purpose, the present observations do indicate that measuring lead
in urine was capable not only of differentiating groups of subjects with
presumably different past exposures to lead, but also to demonstrate
time-related changes in the body burden of lead.

Another relative weakness of our study is that we do not have data
on the exact sources of exposure to lead in our participants. This could
have been partly addressed by measuring the isotopic composition of
lead (Gulson et al., 2006), but this was beyond the scope of our study.
Conceivably, the progressive decline in lead observed in the partici-
pants from the LMIC, could be due to decreases in lead intake via food
or drink, but we do not think this to be likely. Indeed, although lead
exposure may result from contamination of the water supply [e.g. the
Flint episode (Hanna-Attisha et al., 2016)], from occupational ex-
posures (Koh et al., 2014), from the use of traditional cosmetics or re-
medies (Parnia et al., 2018), or from pollution by nearby mining or
smelting operations (Zheng et al., 2013), none of these circumstances
were likely to apply to our participants. Moreover, it is accepted that
ambient air and dust nowadays substantially contribute to environ-
mental exposure to lead in the general population, especially in urban
areas (IARC, 2006; Järup, 2003; UNEP, 2010). The association found
here between urinary lead and black carbon in airway macrophages
appears to corroborate this.

4.1. Changes in urinary lead over time

In the group of participants having lived in Leuven for more than
one year before enrollment (Group BE), average concentrations of U-Pb
remained stable (Fig. 2). The values found in the present study are
lower than those measured, by the same laboratory, in 1022 Belgian
adults without occupational exposure to metals recruited in 2010–2011
(Hoet et al., 2013) (Table 3). The authors of the latter publication noted
that Belgium completed the phase-out of leaded gasoline later than the
USA and Canada, thus explaining the higher Pb levels in that Belgian
population than in American and Canadian populations during the

Table 2
Changes (Δ) in urinary lead concentration (U-Pb) over time.

Δ U-Pb (95% CI) for 1 month (μg/g creat) p-Value p-Value for interaction between group and follow-up time

All subjectsa −0.017 (−0.034, −0.001) 0.044
All subjectsb −0.013 (−0.030, 0.004) 0.125 0.0002
LMIC groupc −0.061 (−0.088, −0.034) < 0.0001
HIC groupc 0.015 (−0.011, 0.040) 0.265
BE groupc −0.004 (−0.027, 0.020) 0.763

LMIC, low and middle-income countries; HIC, high-income countries; BE, Belgium. One month is 30 days.
Data were analyzed by linear mixed models. Interaction between geographical origin (group) and follow-up time [group× time (month)].

a Adjusted for group.
b Adjusted for group and for age, sex, sampling time (am vs pm), sampling season.
c Adjusted for age, sex, sampling season, sampling time (am vs pm).
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same monitoring period. However, in the past years the environmental
lead levels in airborne dust and surface water have decreased further
(Flemish Environment Agency, 2013) and this has been paralleled with
decreasing blood Pb levels in newborns and adolescents from the
Flemish community of Belgium (Schoeters et al., 2017). This probably
explains why our current findings in Belgian residents are close to the
American and Canadian reference values obtained approximately
5 years earlier.

In the participants who had moved from high-income countries
(mostly within western Europe), the values of U-Pb at inclusion and
over the further course of the study were similar to those of the BE
group, which is compatible with the absence of substantial differences
in current blood lead levels among high-income countries (Nisse et al.,
2017). In contrast, the participants from low- and middle-income
countries had markedly higher initial U-Pb levels than the other par-
ticipants (Fig. 2), indicating that they had experienced higher exposure
to environmental lead before moving to Belgium. This is not surprising
in view of the existing global variations in lead exposure, much of
which has been attributed to differences in phasing out leaded gasoline
(Skerfving and Bergdahl, 2015). Since ten out of the fifteen subjects of
the LMIC group came from China, we compared our results with those
of a multi-regional study in China (Ding et al., 2014). U-Pb levels in our
participants having recently arrived from China were similar to those in
the same age group in the Chinese study (Table 3). However, by the end
of the observation period of almost one year, U-Pb of the LMIC group
was only slightly higher than that of the HIC and BE groups. The decline
from T1 (1.37 μg/L) to T8 (0.55 μg/L) appeared linear with a relatively
slow rate (−0.067 μg/L per month), compared to what would be ex-
pected based on half-lives of 1 to 2months reported for blood and soft
tissue lead (Centers for Disease Control and Prevention, 2016; Furtado
Rahde, 1994; National Research Council, 1993). To our knowledge, few
studies have investigated the time course of early changes in Pb levels
upon moving from an area of high air pollution to an area of lower air
pollution. For instance, Gulson et al. (1996) reported a 20–69% de-
crease in B-Pb in six persons from two families 8months after relocating
from a high lead exposure area (Broken Hill mining community) to less
lead-polluted rural areas in Australia. The same group measured B-Pb
monthly in eleven female immigrants from Eastern Europe up to
300 days after their arrival in Australia, and derived half-lives for B-Pb
of 25 to 175 days (in the six most exposed women) (Gulson et al.,
1995). However, tissue lead stores continued to contribute to blood Pb
well beyond 300 days. More recently, B-Pb levels in South and East
Asian women having lived in Canada for 1 to 5 years were shown to
decrease slightly with length of residence in Canada (Dix-Cooper and
Kosatsky, 2018; Parnia et al., 2018). These findings show that B-Pb
levels change in response to alterations in lead exposure brought about
by changes in geographical locations. Our findings using urinary lead
corroborate these observations.

4.2. Association between urinary lead and carbon in airway macrophages

Although other studies have described declining Pb levels after
moving from one country to another (Gulson et al., 1995; Dix-Cooper
and Kosatsky, 2018; Parnia et al., 2018), our study, for the first time,
demonstrates a positive association between U-Pb, a biomarker of lead
exposure, and AM BC, a novel biomarker of inhaled combustion-related
particles. Finding such association was only possible thanks to the un-
ique study design that provided sufficient spatial and temporal varia-
tion in both U-Pb and AM BC. The simplest explanation for the asso-
ciation observed between both biomarkers is that they reflect past
exposure to a common source of pollution, most likely ambient parti-
culates. Admittedly, U-Pb reflects the renal excretion of Pb absorbed by
inhalation and ingestion, but even after the phase-out of leaded gaso-
line, road traffic is still a major source for lead exposure in urban en-
vironments, mainly because of the resuspension of previously con-
taminated dust (Gemeiner et al., 2017; Novák et al., 2003). Moreover,Fi
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combustion of other fuels, particularly coal, contributes a considerable
portion of atmospheric lead emissions in both developed and devel-
oping countries (Junninen et al., 2009; Novák et al., 2003; Pan et al.,
2015; Pinto et al., 2015; Querol et al., 2006; Zhou et al., 2013). Al-
though in urban areas airborne Pb shares the same sources as EC in
aerosol particles, we found no published evidence for a relationship
between Pb and EC in aerosol particles in modern day urban air pol-
lution studies. We attempted to quantify lead (and other elements) in
sputum samples at T1, but the levels were mostly below detection, even
in the sputum samples from Group LMIC (not shown in the results).
Other analytical techniques will be necessary to determine the extent to
which Pb and BC are co-localized in airway macrophages.

The good correlation between U-Pb and AM BC, with a qualitatively
similar kinetic behavior in Group LMIC, is indicative of a common ex-
posure source. Nevertheless, further studies are necessary to investigate
the clearance of the various storage compartments of AM BC (lung
macrophages or lung interstitium) and Pb (soft tissue, bone, and
kidney).

4.3. Other trace elements

None of the trace elements measured in urine showed the variation
by geographical origin or the temporal changes observed with Pb, al-
though the LMIC group tended to have slightly higher urinary con-
centrations of several elements (notably Cd) than the two other groups.
Admittedly, the number of participants in our study was not high (fewer
than 20 in each group), which may have prevented us from detecting
subtle differences between groups. On the other hand, the high number
of repeated measurements in each subject represents a strength in terms
of consistency. Consequently, we speculate that the absence, in our
study, of significant spatial differences or temporal trends in the urinary
concentrations of trace elements other than Pb, indicates that sources of
exposure other than air pollution, such as food or drinking water,
predominantly influence urine levels of these trace elements. This is
notably the case for arsenic (Hoet et al., 2013) and cadmium (Sughis
et al., 2014).

5. Conclusion

By making repeated measurements over approximately one year, we
successfully demonstrated changes in urinary lead in young healthy
adults with differing prior exposure to air pollution. The participants
coming from low- and middle-income countries exhibited significantly
higher initial U-Pb than those from high-income countries, and they
progressively reached a similar level as the host country. Our findings
demonstrate that U-Pb may be a valid alternative to B-Pb for

biomonitoring changes in exposure to lead, at least at group level. In
addition, we identified a positive association between U-Pb and AM BC,
a biomarker of exposure to traffic-related air pollution, suggesting the
existence of common sources of Pb and BC in urban environments.

Finally, as we demonstrated that decreased exposure to urban air
pollution was accompanied by a progressive reduction in internal lead
among our participants from LMIC, this suggests that reducing urban
air pollution might result in lowering lead exposure in the population.
In view of the well-established adverse health effects of even low levels
of lead, this would constitute a substantial co-benefit of fighting urban
air pollution in emerging economies.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

We thank the study participants. We thank Dr. Lidia Casas for her
suggestions and help with the statistical analysis. We thank Gladys
Deumer for performing the ICP-MS measurements. This study was part
of the doctoral project of Yang Bai under supervision of Professor
Benoit Nemery and Professor Tim Nawrot. This study was funded in
part by the Flemish Government, Contract LNE/OL201100023/13034/
M&G.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.01.044.

References

Alexis, N.E., Lay, J.C., Zeman, K.L., Geiser, M., Kapp, N., Bennett, W.D., 2006. In vivo
particle uptake by airway macrophages in healthy volunteers. Am. J. Respir. Cell
Mol. Biol. 34, 305–313. https://doi.org/10.1165/rcmb.2005-0373OC.

Avino, P., Protano, C., Vitali, M., Manigrasso, M., 2016. Benchmark study on fine-mode
aerosol in a big urban area and relevant doses deposited in the human respiratory
tract. Environ. Pollut. 216, 530–537. https://doi.org/10.1016/J.ENVPOL.2016.06.
005.

Bai, Y., Brugha, R.E., Jacobs, L., Grigg, J., Nawrot, T.S., Nemery, B., 2015. Carbon loading
in airway macrophages as a biomarker for individual exposure to particulate matter
air pollution — a critical review. Environ. Int. 74, 32–41. https://doi.org/10.1016/j.
envint.2014.09.010.

Bai, Y., Bové, H., Nawrot, T.S., Nemery, B., 2018. Carbon load in airway macrophages as a
biomarker of exposure to particulate air pollution; a longitudinal study of an inter-
national panel. Part. Fibre Toxicol. 15, 14. https://doi.org/10.1186/s12989-018-
0250-8.

Barbosa Jr., F., Tanus-Santos, J.E., Gerlach, R.F., Parsons, P.J., 2006. A critical review of
biomarkers used for monitoring human exposure to lead: advantages, limitations and
future needs. Cien. Saude Colet. 11, 229–241. https://doi.org/10.1590/S1413-

Table 3
Comparison of U-Pb in the present study with data from other national surveys.

Present study Belgium (Hoet
et al., 2013)a

France
(Nisse et al.,
2017)b

Canada (Health
Canada, 2013)c

USA (Centers for Disease
Control and Prevention
(CDC), 2017)d

China (Ding
et al.,
2014)eLMIC HIC BE

T1 T8 T1 T8 T1 T8

GM (95% CI),
μg/L

1.37
(0.98,
1.75)

0.55
(0.26,
0.83)

0.46
(0.35,
0.62)

0.46
(0.33,
0.58)

0.50
(0.33,
0.74)

0.41
(0.21,
0.60)

0.74
(0.69, 0.78)

0.82
(0.75, 0.90)

0.45
(0.41, 0.49)

0.38
(0.35, 0.42)

0.95
(0.89, 1.02)

GM (95% CI),
μg/g creat

1.18
(0.76,
1.59)

0.62
(0.48,
0.75)

0.44
(0.35,
0.55)

0.45
(0.23,
0.67)

0.53
(0.43,
0.66)

0.54
(0.37,
0.71)

0.73
(0.70, 0.77)

0.61
(0.56, 0.66)

0.37
(0.34, 0.40)

0.43
(0.40, 0.47)

N/A

LMIC: low and middle-income countries; HIC: high-income countries; BE: Belgium. GM: geometric mean.
a Population aged 40 years on average, data obtained from 2010 to 2011.
b Population aged 20 to 29 years, data obtained from 2008 to 2010.
c Population aged 20 to 39 years, data obtained from 2009 to 2011.
d Population aged above 20 years, data obtained from 2011 to 2012.
e Population aged between 21 and 30 years, data obtained from 2009 to 2010.

Y. Bai et al. Environment International 125 (2019) 75–81

80

https://doi.org/10.1016/j.envint.2019.01.044
https://doi.org/10.1016/j.envint.2019.01.044
https://doi.org/10.1165/rcmb.2005-0373OC
https://doi.org/10.1016/J.ENVPOL.2016.06.005
https://doi.org/10.1016/J.ENVPOL.2016.06.005
https://doi.org/10.1016/j.envint.2014.09.010
https://doi.org/10.1016/j.envint.2014.09.010
https://doi.org/10.1186/s12989-018-0250-8
https://doi.org/10.1186/s12989-018-0250-8
https://doi.org/10.1590/S1413-81232006000100032


81232006000100032.
Barbosa, F., Tanus-Santos, J.E., Gerlach, R.F., Parsons, P.J., 2005. A critical review of

biomarkers used for monitoring human exposure to lead: advantages, limitations, and
future needs. Environ. Health Perspect. 113, 1669–1674.

Belli, A.J., Bose, S., Aggarwal, N., DaSilva, C., Thapa, S., Grammer, L., Paulin, L.M.,
Hansel, N.N., 2016. Indoor particulate matter exposure is associated with increased
black carbon content in airway macrophages of former smokers with COPD. Environ.
Res. 150, 398–402. https://doi.org/10.1016/j.envres.2016.06.025.

Bergdahl, I.A., Skerfving, S., 2008. Biomonitoring of lead exposure—alternatives to
blood. J. Toxic. Environ. Health A 71, 1235–1243. https://doi.org/10.1080/
15287390802209525.

Centers for Disease Control and Prevention, 2016. Biomonitoring summaries - lead
[WWW document]. URL. https://www.cdc.gov/biomonitoring/Lead_
BiomonitoringSummary.html, Accessed date: 13 February 2018.

Centers for Disease Control and Prevention (CDC), 2017. Fourth National Report on
Human Exposure to Environmental Chemicals, Updated Tables.

Dean, J.R., Elom, N.I., Entwistle, J.A., 2017. Use of simulated epithelial lung fluid in
assessing the human health risk of Pb in urban street dust. Sci. Total Environ. 579,
387–395. https://doi.org/10.1016/j.scitotenv.2016.11.085.

Ding, C., Pan, Y., Zhang, A., Wu, B., Huang, H., Zhu, C., Liu, D., Zhu, B., Xu, G., Shao, H.,
Peng, S., Jiang, X., Zhao, C., Han, C., Ji, H., Yu, S., Zhang, X., Zhang, L., Zheng, Y.,
Yan, H., 2014. Study of distribution and influencing factors of lead and cadmium in
whole blood and urine among population in 8 provinces in China. Zhonghua Yu Fang
Yi Xue Za Zhi 48, 91–96.

Dix-Cooper, L., Kosatsky, T., 2018. Blood mercury, lead and cadmium levels and de-
terminants of exposure among newcomer South and East Asian women of re-
productive age living in Vancouver, Canada. Sci. Total Environ. 619–620,
1409–1419. https://doi.org/10.1016/j.scitotenv.2017.11.126.

Flemish Environment Agency, 2013. Flanders Environment Report MIRA Indicator Report
2012.

Furtado Rahde, A., 1994. Lead, inorganic (PIM 301) [WWW document]. In: Biological
Half-Life by Route of Exposure, URL. http://www.inchem.org/documents/pims/
chemical/inorglea.htm#SectionTitle:6.3, Accessed date: 13 February 2018.

Geiser, M., 2002. Morphological aspects of particle uptake by lung phagocytes. Microsc.
Res. Tech. 57, 512–522. https://doi.org/10.1002/jemt.10105.

Geiser, M., 2010. Update on macrophage clearance of inhaled micro- and nanoparticles. J.
Aerosol Med. Pulm. Drug Deliv. 23, 207–217. https://doi.org/10.1089/jamp.2009.
0797.

Geiser, M., Kreyling, W.G., 2010. Deposition and biokinetics of inhaled nanoparticles.
Part. Fibre Toxicol. 7, 2. https://doi.org/10.1186/1743-8977-7-2.

Gemeiner, H., de Araujo Dourado, T., Sulato, E.T., Galhardi, J.A., Gomes, A.C.F., de
Almeida, E., Menegário, A.A., Gastmans, D., Kiang, C.H., 2017. Elemental and iso-
topic determination of lead (Pb) in particulate matter in the Brazilian city of Goiânia
(GO) using ICP-MS technique. Environ. Sci. Pollut. Res. 24, 20616–20625. https://
doi.org/10.1007/s11356-017-9687-9.

Göen, T., Schaller, K.-H., Drexler, H., 2012. External quality assessment of human bio-
monitoring in the range of environmental exposure levels. Int. J. Hyg. Environ.
Health 215, 229–232. https://doi.org/10.1016/J.IJHEH.2011.08.012.

Gulson, B.L., Mahaffey, K.R., Mizon, K.J., Korsch, M.J., Cameron, M.A., Vimpani, G.,
1995. Contribution of tissue lead to blood lead in adult female subjects based on
stable lead isotope methods. J. Lab. Clin. Med. 125, 703–712.

Gulson, B., Mizon, K., Korsch, M., Phillips, A., Hall, J., 1996. Impact on blood lead in
children and adults following relocation from their source of exposure and con-
tribution of skeletal tissue to blood lead. Bull. Environ. Contam. Toxicol. 56,
543–550.

Gulson, B., Mizon, K., Korsch, M., Taylor, A., 2006. Changes in the lead isotopic com-
position of blood, diet and air in Australia over a decade: globalization and im-
plications for future isotopic studies. Environ. Res. 100, 130–138. https://doi.org/10.
1016/j.envres.2005.03.006.

Hanna-Attisha, M., LaChance, J., Sadler, R.C., Champney Schnepp, A., 2016. Elevated
blood lead levels in children associated with the flint drinking water crisis: a spatial
analysis of risk and public health response. Am. J. Public Health 106, 283–290.
https://doi.org/10.2105/AJPH.2015.303003.

Health Canada, 2013. Second Report on Human Biomonitoring of Environmental
Chemicals in Canada.

Hoet, P., Jacquerye, C., Deumer, G., Lison, D., Haufroid, V., 2013. Reference values and
upper reference limits for 26 trace elements in the urine of adults living in Belgium.
Clin. Chem. Lab. Med. 51, 839–849. https://doi.org/10.1515/cclm-2012-0688.

IARC, 2006. Inorganic and organic lead compunds. In: IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans, No. 87. International Agency for
Research on Cancer, Lyon.

Jacobs, L., Emmerechts, J., Mathieu, C., Hoylaerts, M.F., Fierens, F., Hoet, P.H., Nemery,
B., Nawrot, T.S., 2010. Air pollution related prothrombotic changes in persons with
diabetes. Environ. Health Perspect. 118, 191–196. https://doi.org/10.1289/ehp.
0900942.

Järup, L., 2003. Hazards of heavy metal contamination. Br. Med. Bull. 68, 167–182.
Jary, H., Rylance, J., Patel, L., Gordon, S.B., Mortimer, K., 2015. Comparison of methods

for the analysis of airway macrophage particulate load from induced sputum, a po-
tential biomarker of air pollution exposure. BMC Pulm. Med. 15, 137. https://doi.
org/10.1186/s12890-015-0135-7.

Junninen, H., Mønster, J., Rey, M., Cancelinha, J., Douglas, K., Duane, M., Forcina, V.,
Müller, A., Lagler, F., Marelli, L., Borowiak, A., Niedzialek, J., Paradiz, B., Mira-
Salama, D., Jimenez, J., Hansen, U., Astorga, C., Stanczyk, K., Viana, M., Querol, X.,
Duvall, R.M., Norris, G.A., Tsakovski, S., Wåhlin, P., Horák, J., Larsen, B.R., 2009.
Quantifying the impact of residential heating on the urban air quality in a typical
European coal combustion region. Environ. Sci. Technol. 43, 7964–7970. https://doi.
org/10.1021/es8032082.

Klotz, K., Göen, T., 2017. Human biomonitoring of lead exposure. In: Sigel, A., Sigel, H.,
Sigel, R.K.O. (Eds.), Lead – Its Effects on Environment and Health. De Gruyter, Berlin,

Boston.
Koh, D.-H., Nam, J.-M., Graubard, B.I., Chen, Y.-C., Locke, S.J., Friesen, M.C., 2014.

Evaluating temporal trends from occupational lead exposure data reported in the
published literature using meta-regression. Ann. Occup. Hyg. 58, 1111–1125.
https://doi.org/10.1093/annhyg/meu061.

Lyu, Y., Zhang, K., Chai, F., Cheng, T., Yang, Q., Zheng, Z., Li, X., 2017. Atmospheric size-
resolved trace elements in a city affected by non-ferrous metal smelting: indications
of respiratory deposition and health risk. Environ. Pollut. 224, 559–571. https://doi.
org/10.1016/j.envpol.2017.02.039.

Maret, W., 2017. The bioinorganic chemistry of lead in the context of its toxicity. In: Sigel,
A., Sigel, H., Sigel, R.K.O. (Eds.), Lead: Its Effects on Environment and Health. Walter
de Gruyter GmbH & Co KG, Berlin, pp. 1–20.

Miller, M.R., Hankinson, J., Brusasco, V., Burgos, F., Casaburi, R., Coates, A., Crapo, R.,
Enright, P., van der Grinten, C.P.M., Gustafsson, P., Jensen, R., Johnson, D.C.,
MacIntyre, N., McKay, R., Navajas, D., Pedersen, O.F., Pellegrino, R., Viegi, G.,
Wanger, J., ATS/ERS Task Force, 2005. Standardisation of spirometry. Eur. Respir. J.
26, 319–338. https://doi.org/10.1183/09031936.05.00034805.

Möller, W., Felten, K., Sommerer, K., Scheuch, G., Meyer, G., Meyer, P., Häussinger, K.,
Kreyling, W.G., 2008. Deposition, retention, and translocation of ultrafine particles
from the central airways and lung periphery. Am. J. Respir. Crit. Care Med. 177,
426–432. https://doi.org/10.1164/rccm.200602-301OC.

National Research Council, 1993. Biologic markers of lead toxicity. In: Measuring Lead
Exposure in Infants, Children, and Other Sensitive Populations. National Academies
Press, Washington, D.C., pp. 143–190. https://doi.org/10.17226/2232.

Nisse, C., Tagne-Fotso, R., Howsam, M., Richeval, C., Labat, L., Leroyer, A., Leroyer, A.,
2017. Blood and urinary levels of metals and metalloids in the general adult popu-
lation of Northern France: the IMEPOGE study, 2008–2010. Int. J. Hyg. Environ.
Health 220, 341–363. https://doi.org/10.1016/j.ijheh.2016.09.020.

Novák, M., Emmanuel, S., Vile, M.A., Erel, Y., Véron, A., Paces, T., Wieder, R.K., Vanecek,
M., Stepánová, M., Brízová, E., Hovorka, J., 2003. Origin of lead in eight Central
European peat bogs determined from isotope ratios, strengths, and operation times of
regional pollution sources. Environ. Sci. Technol. 37, 437–445.

Nriagu, J.O., Pacyna, J.M., 1988. Quantitative assessment of worldwide contamination of
air, water and soils by trace metals. Nature 333, 134–139. https://doi.org/10.1038/
333134a0.

Pan, Y., Tian, S., Li, X., Sun, Y., Li, Y., Wentworth, G.R., Wang, Y., 2015. Trace elements in
particulate matter from metropolitan regions of Northern China: sources, con-
centrations and size distributions. Sci. Total Environ. 537, 9–22. https://doi.org/10.
1016/j.scitotenv.2015.07.060.

Parnia, A., Chakravartty, D., Wiseman, C.L.S., Archbold, J., Copes, R., Zawar, N., Chen,
S.X., Cole, D.C., 2018. Environmental factors associated with blood lead among
newcomer women from South and East Asia in the Greater Toronto Area. Sci. Total
Environ. 624, 558–566. https://doi.org/10.1016/j.scitotenv.2017.11.336.

Pinto, E., Soares, C., Couto, C.M.C.M., Almeida, A., 2015. Trace elements in ambient air at
Porto Metropolitan Area—checking for compliance with New European Union (Eu)
Air Quality Standards. J. Toxicol. Environ. Health A 78, 848–859. https://doi.org/10.
1080/15287394.2015.1051177.

Poulson, O.M., Holst, E., Christensen, J.M., 1997. Calculation and application of coverage
intervals for biological reference values (technical report). Pure Appl. Chem. 69,
1601–1612. https://doi.org/10.1351/pac199769071601.

Querol, X., Zhuang, X., Alastuey, A., Viana, M., Lv, W., Wang, Y., López, A., Zhu, Z., Wei,
H., Xu, S., 2006. Speciation and sources of atmospheric aerosols in a highly in-
dustrialised emerging mega-city in Central China. J. Environ. Monit. 8, 1049–1059.
https://doi.org/10.1039/B608768J.

Sakai, T., 2000. Biomarkers of lead exposure. Ind. Health 38, 127–142.
Salma, I., Füri, P., Németh, Z., Balásházy, I., Hofmann, W., Farkas, Á., 2015. Lung burden

and deposition distribution of inhaled atmospheric urban ultrafine particles as the
first step in their health risk assessment. Atmos. Environ. 104, 39–49. https://doi.
org/10.1016/J.ATMOSENV.2014.12.060.

Schoeters, G., Govarts, E., Bruckers, L., Den Hond, E., Nelen, V., De Henauw, S., Sioen, I.,
Nawrot, T.S., Plusquin, M., Vriens, A., Covaci, A., Loots, I., Morrens, B., Coertjens, D.,
Van Larebeke, N., De Craemer, S., Croes, K., Lambrechts, N., Colles, A., Baeyens, W.,
2017. Three cycles of human biomonitoring in Flanders − time trends observed in
the Flemish Environment and Health Study. Int. J. Hyg. Environ. Health 220, 36–45.
https://doi.org/10.1016/j.ijheh.2016.11.006.

Seys, S.F., Grabowski, M., Adriaensen, W., Decraene, A., Dilissen, E., Vanoirbeek, J.A.,
Dupont, L.J., Ceuppens, J.L., Bullens, D.M.A., 2013. Sputum cytokine mapping re-
veals an “IL-5, IL-17A, IL-25-high” pattern associated with poorly controlled asthma.
Clin. Exp. Allergy 43, 1009–1017. https://doi.org/10.1111/cea.12125.

Skerfving, S., Bergdahl, I.A., 2015. Chapter 43 – lead. In: Handbook on the Toxicology of
Metals, pp. 911–967. https://doi.org/10.1016/B978-0-444-59453-2.00043-3.

Sughis, M., Nawrot, T.S., Riaz, A., Ikram-Dar, U., Mahmood, A., Haufroid, V., Nemery, B.,
2014. Metal exposure in schoolchildren and working children. A urinary biomoni-
toring study from Lahore, Pakistan. Int. J. Hyg. Environ. Health 217, 669–677.
https://doi.org/10.1016/j.ijheh.2014.02.002.

UNEP, 2010. Final Review of Scientific Information on Lead.
WHO, 2016. WHO global urban ambient air pollution database (update 2016) [WWW

document]. URL. http://www.who.int/phe/health_topics/outdoorair/databases/
cities/en/, Accessed date: 13 December 2017.

Zheng, J., Huynh, T., Gasparon, M., Ng, J., Noller, B., 2013. Human health risk assess-
ment of lead from mining activities at semi-arid locations in the context of total lead
exposure. Environ. Sci. Pollut. Res. 20, 8404–8416. https://doi.org/10.1007/s11356-
013-2145-4.

Zhou, Z., Dionisio, K.L., Verissimo, T.G., Kerr, A.S., Coull, B., Arku, R.E., Koutrakis, P.,
Spengler, J.D., Hughes, A.F., Vallarino, J., Agyei-Mensah, S., Ezzati, M., 2013.
Chemical composition and sources of particle pollution in affluent and poor neigh-
borhoods of Accra, Ghana. Environ. Res. Lett. 8, 44025. https://doi.org/10.1088/
1748-9326/8/4/044025.

Y. Bai et al. Environment International 125 (2019) 75–81

81

https://doi.org/10.1590/S1413-81232006000100032
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0030
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0030
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0030
https://doi.org/10.1016/j.envres.2016.06.025
https://doi.org/10.1080/15287390802209525
https://doi.org/10.1080/15287390802209525
https://www.cdc.gov/biomonitoring/Lead_BiomonitoringSummary.html
https://www.cdc.gov/biomonitoring/Lead_BiomonitoringSummary.html
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0050
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0050
https://doi.org/10.1016/j.scitotenv.2016.11.085
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0060
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0060
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0060
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0060
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0060
https://doi.org/10.1016/j.scitotenv.2017.11.126
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0070
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0070
http://www.inchem.org/documents/pims/chemical/inorglea.htm#SectionTitle:6.3
http://www.inchem.org/documents/pims/chemical/inorglea.htm#SectionTitle:6.3
https://doi.org/10.1002/jemt.10105
https://doi.org/10.1089/jamp.2009.0797
https://doi.org/10.1089/jamp.2009.0797
https://doi.org/10.1186/1743-8977-7-2
https://doi.org/10.1007/s11356-017-9687-9
https://doi.org/10.1007/s11356-017-9687-9
https://doi.org/10.1016/J.IJHEH.2011.08.012
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0105
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0105
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0105
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0110
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0110
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0110
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0110
https://doi.org/10.1016/j.envres.2005.03.006
https://doi.org/10.1016/j.envres.2005.03.006
https://doi.org/10.2105/AJPH.2015.303003
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0125
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0125
https://doi.org/10.1515/cclm-2012-0688
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0135
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0135
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0135
https://doi.org/10.1289/ehp.0900942
https://doi.org/10.1289/ehp.0900942
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0145
https://doi.org/10.1186/s12890-015-0135-7
https://doi.org/10.1186/s12890-015-0135-7
https://doi.org/10.1021/es8032082
https://doi.org/10.1021/es8032082
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0160
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0160
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0160
https://doi.org/10.1093/annhyg/meu061
https://doi.org/10.1016/j.envpol.2017.02.039
https://doi.org/10.1016/j.envpol.2017.02.039
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0175
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0175
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0175
https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1164/rccm.200602-301OC
https://doi.org/10.17226/2232
https://doi.org/10.1016/j.ijheh.2016.09.020
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0200
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0200
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0200
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0200
https://doi.org/10.1038/333134a0
https://doi.org/10.1038/333134a0
https://doi.org/10.1016/j.scitotenv.2015.07.060
https://doi.org/10.1016/j.scitotenv.2015.07.060
https://doi.org/10.1016/j.scitotenv.2017.11.336
https://doi.org/10.1080/15287394.2015.1051177
https://doi.org/10.1080/15287394.2015.1051177
https://doi.org/10.1351/pac199769071601
https://doi.org/10.1039/B608768J
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0235
https://doi.org/10.1016/J.ATMOSENV.2014.12.060
https://doi.org/10.1016/J.ATMOSENV.2014.12.060
https://doi.org/10.1016/j.ijheh.2016.11.006
https://doi.org/10.1111/cea.12125
https://doi.org/10.1016/B978-0-444-59453-2.00043-3
https://doi.org/10.1016/j.ijheh.2014.02.002
http://refhub.elsevier.com/S0160-4120(18)31892-0/rf0270
http://www.who.int/phe/health_topics/outdoorair/databases/cities/en/
http://www.who.int/phe/health_topics/outdoorair/databases/cities/en/
https://doi.org/10.1007/s11356-013-2145-4
https://doi.org/10.1007/s11356-013-2145-4
https://doi.org/10.1088/1748-9326/8/4/044025
https://doi.org/10.1088/1748-9326/8/4/044025

	Urinary lead in relation to combustion-derived air pollution in urban environments. A longitudinal study of an international panel
	Introduction
	Materials and methods
	Study design and study population
	Carbon load in airway macrophages
	Urinary trace elements
	Statistical analysis

	Results
	Participant characteristics and baseline data
	Urinary creatinine and trace elements
	Relationship between urinary lead and carbon load in airway macrophages

	Discussion
	Changes in urinary lead over time
	Association between urinary lead and carbon in airway macrophages
	Other trace elements

	Conclusion
	Conflict of interest
	Acknowledgements
	Supplementary data
	References




