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• Higher levels of organochlorine pesticides
in Africans from low-income countries

• Higher levels of PCBs in Africans from
high-income countries

• Levels of PCBs are significantly higher in
people from West Africa.

• Significant association between imple-
mentation of ICT and PCB contamination

• High volume of second-hand electronic
equipment is associated with high PCB
levels.
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Several studies of environmental samples indicate that the levels of many persistent organic pollutants (POPs)
are increasing in Africa, but few studies have been conducted in humans. Simultaneously,manyAfrican countries
are experiencing a rapid economic growth and implementing information and communication technologies
(ICT). These changes have generated high amounts of electronic waste (e-waste) that have not been adequately
managed. We tested the hypothesis that the current levels of two main classes of POPs in Western and Central
African countries are affected by the degree of socioeconomic development. We measured the levels of 36
POPs in the serum of recent immigrants (N = 575) who came from 19 Sub-Saharan countries to the Canary
Islands (Spain).We performed statistical analyses on their anthropometric and socioeconomic data. Highmedian
levels of POPs were found in the overall sample, with differences among the countries. Organochlorine pesticide
(OCP) and polychlorinated biphenyl (PCB) levels increasedwith age. People from low-income countries had sig-
nificantly higher OCP levels and much lower PCB levels than those from high-income countries. We found a sig-
nificant association between the implementation of ICT and PCB contamination. Immigrants from the countries
with a high volume of imports of second-hand electronic equipment had higher PCB levels. The economic devel-
opment of Africa and the e-waste generation have directly affected the levels of POPs. The POP legacies of these
African populations most likely are due to the inappropriate management of the POPs' residues.
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1. Introduction
Persistent organic pollutants (POPs) are highly synthetic, lipophilic,
persistent, and cumulative substances (Safe, 1990). Human exposure
to POPs usually occurs through the ingestion of the fatty parts of animal
foods (El-Shahawi et al., 2010). Most POPs come from the production
and use of organochlorine compounds, such as organochlorine pesti-
cides (OCPs) and polychlorinated biphenyls (PCBs). Numerous studies
have revealed that POPs, individually and in combination, may contrib-
ute to the development of severe health problems such as immune sup-
pression, genotoxic effects, or cancer (Bergman et al., 2012; Gioia et al.,
2014; Jarvis et al., 2014; Kortenkamp, 2007; Lauby-Secretan et al., 2013;
WHO, 2003).

Due to the banofmanyof these chemicalsworldwide, a considerable
number of monitoring studies have found a downward trend in the de-
tection of their concentrations (Kim and Yoon, 2014; Mannetje et al.,
2013; Nost et al., 2013; Ryan and Rawn, 2014). However, this steady de-
cline has not been observed in Africa. Although few studies have moni-
tored human contamination in Africa (Gioia et al., 2014), several studies
on environmental samples have found that pollution levels in this conti-
nent are increasing, instead of declining or remaining stable (Adu-Kumi
et al., 2012; Asante et al., 2013; Garrison et al., 2014; Gioia et al., 2014;
Klanova et al., 2009; Ndiaye et al., 2012; Ssebugere et al., 2013).

Various reasons seem to underlie the increase in POPs. First, African
countries have used (and still use) high amounts of OCPs to eliminate
agricultural pests or control disease vectors. Moreover, it has been esti-
mated that approximately 50,000 tons of obsolete pesticides litter the
African landscape (World Bank, 2012). Africa has not been a producer
and/or major user of PCBs, so their origin seems to be different. How-
ever, Africa has been undergoing a rapid transformation of information
communication technology (ICT) in recent years (World Bank, 2012),
and the bulk import of second-hand electrical and electronic equipment
(EEE) from developed countries was established to cover these de-
mands. Moreover, in light of this increased demand, an illegal trade of
EEE waste (e-waste) has developed simultaneously, with some esti-
mates of the e-waste generated in developed countries and exported
to developing countries being up to 80% (UNEP, 2011). However, the
Fig. 1. Map of the Canary Islands. Participants were enrolled in Gran Canaria (n = 575
importing countries lack the necessary infrastructure for an environ-
mentally sound management of e-waste when these goods reach their
end-of-life (UNEP, 2011). The disassembling of transformers or the
open burning of the unusable EEE to recover valuable metals is one of
the practices that contribute dramatically to the increase in the environ-
mental levels of PCBs (but also of PCDD/Fs and PAHs) (Gioia et al.,
2014). Further, biomass burning and the exhaust from obsolete cars
and industrial engines may be important contributors to the environ-
mental release of PCBs and PCDD/Fs in Africa (Lammel et al., 2013;
Laroo et al., 2012).

In this context, the initiation of monitoring studies of the general
population of Africa is imperative. However, the economic, logistic,
and idiosyncratic characteristics of African countries make this assess-
ment a challenge. For this reason, immigrant population-based studies
can be used to obtain information thatwould otherwise be very difficult
to obtain. In the last decade, immigration to Europe has increased, with
Africa being the source of a large number of immigrants. The Canary
Islands are a territory of the European Union (Spain) in Africa
(100 km off the coast of Morocco, Fig. 1), with a socioeconomic level
of development comparable to any other territory of the Union. This
has made the archipelago a target of irregular immigration; thus, from
1999 to 2011, over 100,000 immigrants from the African continent are
estimated to have arrived by sea to the Canary coast (Rodríguez et al.,
2008).

We developed this study because we had an exceptional opportuni-
ty to conduct the health assessments of these immigrants. We mea-
sured the serum levels of 36 POPs in the voluntary participants from
19 countries of Western and Central Africa, who were enrolled. As far
as we know no previous studies have been conducted to assess POP
levels in migrants from Africa, and thus this study is the first of its
kind. The purpose of the assessment was to obtain a glimpse of the
baseline levels of pollution of the inhabitants of this extensive region
of theAfrican continent. Based on the collecteddataweperformed anal-
yses of the determinants of their contamination levels to test the
hypothesis that the current levels of two main classes of POPs in
Western and Central African countries are affected by the degree of so-
cioeconomic development.
). Inset: the minimum distances from West Africa and mainland Spain are shown.



Table 1
Characteristics of participants in the study from Western African countries (n = 480),
Central African countries (n = 95), and socio-economic variables used in this study.

Total samples 575 (100%)

Anthropometric characteristics
Gender

Men 517 (89.9%)
Women 58 (10.1%)

Age (years)
Mean ± SD 26.8 ± 6.6
Median 26.0
Range 15–49
Participants in quartile 1 (Q1 = 15–22 y.o.) 135 (23.5%)
Participants in quartile 2 (Q2 = 22–26 y.o.) 136 (23.7%)
Participants in quartile 3 (Q3 = 26–31 y.o.) 145 (25.2%)
Participants in quartile 4 (Q4 = 31–49 y.o.) 159 (27.6%)

BMI
Mean ± SD 23.8 ± 3.5
Median 23.7

Origin
Western Africa

Benin 3 (0.5%)
Burkina Faso 4 (0.7%)
Cape Verde 1 (0.2%)
Gambia, The 22 (3.8%)
Ghana 106 (18.4%)
Guinea 41 (7.1%)
Guinea Bissau 15 (2.6%)
Ivory Coast 21 (3.7%)
Liberia 7 (1.2%)
Mali 34 (5.9%)
Mauritania 7 (1.2%)
Niger 1 (0.2%)
Nigeria 109 (19.1%)
Saint Tome et Principe 1 (0.2%)
Senegal 26 (4.5%)
Sierra Leona 79 (13.7%)
Togo 3 (0.5%)

Central Africa
Cameroon 41 (7.1%)
Congo, Republic 31 (5.4%)
Equatorial Guinea 23 (4.0%)

Habitat
Rural 246 (42.8%)
Urban 329 (57.2%)

Economic development indicators a

Gross national income per capita
Low income (bUS$1005) 213 (37.0%)
Lower–middle income (US$1006–US$3975) 339 (58.9%)
Upper–middle income (US$3976–US$12,275) 0 (0.0%)
High income (NUS$12,276) 23 (4.1%)

Internet implantation
b10% users 363 (63.6%)
N10% users 212 (36.4%)

Telephone users
b50 lines/100 people 202 (35.1%)
N50 lines/100 people 373 (64.9%)

a These values are referred to the country of origin of the immigrants (UNEP, 2011;
World Bank, 2013). Thefigures in the right column indicate the number and percentage of
immigrants, which belonged to these countries.
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2. Methods

2.1. Study population

The study population consisted of 575 Sub-Saharan African immi-
grants from all of the 16 Western-African countries and 3 Central-
African countries. We sequentially and prospectively recruited the
volunteers within the first two months after their arrival on the island
of Gran Canaria (Canary Islands, Spain). We recruited people who
were temporarily lodged in shelters as part of the general screening
for imported diseases. All of the participants provided their written
consent for the use of their biological samples for research. They
underwent a physical examination to rule out the presence of signs or
symptoms of disease. We conducted a supplementary face-to-face in-
terview in English or French following a pre-established questionnaire
(de-la-Iglesia-Inigo et al., 2013; Sanz-Pelaez et al., 2008). Trained nurses
recorded their heights and weights, and their corresponding bodymass
index (BMI) was calculated (measured weight [kg] divided by mea-
sured height squared [m2]). Height was measured to the nearest 1 cm,
andweightwasmeasured to the nearest 0.1 kg. Blood sampleswere ob-
tained from all of the participants. First, blood samples were analyzed to
determine immunological, hematological, biochemical, parasitological,
and nutritional parameters. The remaining serum was kept frozen at
−80 °C until the POPs analysis was performed. The demographic char-
acteristics of the participants and the variables in this study are present-
ed in Table 1.

2.2. Analytical chemical methods

Wemeasured the serum levels of 18 OCPs: methoxychlor, p,p′-DDT,
p,p′-DDE, p,p′-DDD, hexachlorobenzene (HCB), hexachlorocyclohexane
(α-, β-, γ-, δ-HCH), aldrin, endrin, dieldrin, heptachlor, cis- and trans-
chlordane, α- and β-endosulfan, endosulfan-sulfate, and mirex. We
also determined 18 PCB congeners, including marker-PCBs (M-PCBs)
and dioxin-like PCBs (DL-PCBs): IUPAC numbers # 28, 52, 77, 81, 101,
105, 114, 118, 123, 126, 138, 153, 156, 157, 167, 169, 180, and 189.

The details of sample extraction, validated chromatographic meth-
od, and quality control have been previously reported (Camacho et al.,
2013; Luzardo et al., 2013). Briefly, samples were subjected to solid-
phase extraction using Chromabond® C18ec columns (Macherey-
Nagel, Germany) that yielded recoveries in the range of 89–107%.
Without further purification steps, the samples were subjected to chro-
matographic analysis on a Trace GC Ultra coupled with a QuantumMax
triple quadrupole mass spectrometer (Thermo Fisher Scientific, Palo
Alto, CA) for the quantification of 36 analytes in addition to internal
standards and surrogates. The limit of quantification (LOQ) was set at
5 pg/mL for all the compounds. A zero valuewas assigned to all the com-
pounds below the limit of detection (LOD), and those compounds below
the LOQwere assigned half of the LOQ. The total cholesterol and triglyc-
eride concentrations were used for the lipid adjustment of results, as
recommended (Bernert et al., 2007). Therefore, all the results have
been expressed in ng/g lipid weight (lw).

2.3. Statistical analysis.

We used PASW Statistics v 19.0 (SPSS Inc., Chicago, IL, USA) toman-
age the database of the study and to perform statistical analyses.
Normality was examined using the Kolmogorov–Smirnov test. We
used an ANOVA to analyze the normally distributed variables, mainly
the anthropometric variables, and the Mann–Whitney and Kruskal–
Wallis tests to analyze the non-normally distributed variables. The
POP distributions lacked normality and homoscedasticity; therefore,
we used non-parametric tests. We used the chi-square test to examine
the relationships between the categorical variables. The results were re-
ported as medians and interquartile ranges. Probability levels of less
than 0.05 (two tailed) were considered statistically significant. The
breakpoints used for economic development variableswere themedian
values of the distribution of those variables between the countries of
origin of immigrants.

2.4. Quality control

The recoveries of all the analytes were acceptable using this method
because in all of the cases, the recoveries were above 74%. All the indi-
vidual measurements were corrected by the recovery efficiency for
each analyte. All the measurements were performed in triplicate, and
the values used for calculations were the mean of the three values. In
each batch of samples, two controls were included every 12 samples:
a reagent blank consisting of a vial containing only cyclohexane
and an internal laboratory quality control (QC) consisting of blank



Table 2
Concentrations of organohalogenated pollutants (median and interquartile range) in serum samples of Western and Central Africa immigrants recently arrived to Gran Canaria (Canary Islands, Spain). Results are expressed in ng/g lw.

All countries Western Africaa Central Africab

IC GM GH GN GB ML NG SN SL Miscc CM CG GQ

n = 575 n = 21 n = 22 n = 106 n = 41 n = 15 n = 34 n = 109 n = 26 n = 79 n = 27 n = 41 n = 31 n = 25

OCPs
∑DDTs d 294

(124–708)
193
(184–396)

299
(69–726)

207
(69–493)

313
(125–967)

130
(37–339)

248
(62–1503)

311
(156–612)

118
(23–307)

485
(177–685)

326
(137–685)

523
(221–858)

636
(329–1553)

385
(64–1404)

∑HCH e 1
(0–6)

1
(0–37)

1
(0–3)

2
(0–5)

1
(0–5)

2
(0–9)

2
(1–6)

2
(0–6)

3
(1–7)

1
(0–7)

0
(0–9)

1
(0–2)

1
(0–2)

1
(0–6)

∑Cyclodienes f 1
(0–6)

2
(1–206)

17
(1–38)

10
(1–50)

3
(1–44)

10
(1–24)

5
(1–56)

16
(2–53)

1
(0–19)

17
(1–72)

15
(3–73)

7
(0–44)

12
(6–38)

56
(6–152)

∑Chlordanes g 11
(1–53)

0
(0–1)

0
(0–2)

0
(0–2)

0
(0–2)

0
(0–2)

0
(0–2)

0
(0–2)

0
(0–1)

0
(0–2)

1
(0–4)

1
(0–3)

1
(0–2)

2
(0–5)

∑OCPs h 361
(163–827)

322
(194–841)

325
(118–743)

292
(119–555)

351
(148–1016)

134
(56–407)

281
(117–1558)

400
(198–719)

124
(49–359)

574
(247–968)

409
(197–787)

556
(254–916)

660
(372–1585)

558
(126–1351)

PCBs
∑M-PCBsi 198

(34–613)
28
(3–69)

79
(6–298)

1343
(10–2889)

136
(44–383)

116
(47–253)

119
(9–225)

230
(63–413)

75
(18–173)

181
(61–363)

167
(2–228)

92
(45–150)

181
(65–326)

689
(518–1126)

∑DL-PCBsj 26
(2–69)

0
(0–11)

0
(0–21)

139
(0–387)

11
(0–70)

5
(0–62)

0
(0–38)

10
(3–47)

0
(2–37)

0
(3–41)

0
(0–50)

0
(0–28)

0
(0–27)

72
(32–108)

∑PCBsk 222
(82–678)

28
(3–85)

81
(11–309)

1530
(568–2943)

124
(48–390)

137
(54–256)

141
(66–229)

255
(85–439)

78
(25–182)

181
(99–374)

133
(65–283)

117
(59–164)

181
(92–356)

887
(621–1230)

∑TEQs l,m 7.8
(0.6–25.7)

0
(0–2.8)

0
(0–26.3)

41.7
(0–58.1)

2.7
(0–21)

2.1
(0–18.7)

0
(0–11.4)

3.1
(1.1–14.1)

0
(0.6–11.1)

0
(0.9–12.3)

0
(0–14.9)

0
(0–8.4)

0
(0–8.1)

21.6
(9.6–32.4)

a Western African countries: Ivory Coast (IC); The Gambia (GM); Ghana (GH); Guinea (GN); Guinea Bissau (GB); Mali (ML); Nigeria (NG); Senegal (SN); Sierra Leone (SL); Miscellanea (Misc).
b Central African countries: Cameroon (CM); Congo Republic (CG); Equatorial Guinea (GQ).
c Misc: Due to the lownumber of people from these countries, immigrants fromBenin, Burkina Faso, Cape Verde, Liberia,Mauritania, Saint Tome et Principe, and Togo has been considered as a single group for thepresentation of results in this table.
d ∑DDTs: sum of p,p′-DDT, p,p′-DDE, and p,p′-DDD.
e ∑HCHs: sum of isomers α-, β-, γ-, and δ- of hexachlorocyclohexane.
f ∑Cyclodienes: sum of aldrin, dieldrin, endrin, endosulfan α, endosulfan β, and endosulfan sulfate.
g ∑Chlordanes: sum of cis chlordane and trans chlordane.
h ∑OCPs: sum of all 18 organochlorine pesticides.
i ∑M-PCBs: sum of marker PCBs (#28, 52, 101, 118, 138, 153, 180).
j ∑DL-PCBs: sum of dioxin-like PCBs (#77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169, 189).
k ∑PCBs: sum of all 18 PCB congeners.
l Potential toxicity (in terms of the toxic equivalence to dioxins; TEQs) for the DL-PCBs using the toxic equivalency factors (TEFs) as revised by theWorld Health Organization (WHO) in 2005 (Van den Berg et al., 2006).We expressed the total TEQs

(∑TEQs) as the sum of the TEQs individually obtained from the DL-PCBs.
m Expressed in pg g-1 fat.
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Fig. 2. Box plots indicating the comparison of the levels of OCPs (left) and PCBs (right) of
immigrants grouped by region of origin: West Africa vs. Central Africa. The line inside the
box represents the median, the bottom and top of the box are the first and third quartiles
of the distribution, and the lines extending vertically from the boxes indicate the variabil-
ity outside the upper and lower quartiles.
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serum (Lyophilized human serum, Medidrug Basis Line, Medichem,
Germany) spiked at 20 μg/kg of each of the analytes that were proc-
essed using the same method as the samples. The batch analyses were
considered valid when the values of the analytes in the QC were within
15% of the deviation of the theoretical value.

3. Results

3.1. Assessment of serum concentrations of POPs

We found a high degree of variability in the concentrations and
frequencies of POP levels. Table 2 summarizes the results by chemical
classes (detailed results of all the analytes have been included as
Supplementary Tables 1 and 2). It is noteworthy that all of the analytes
included in the study were detected, although the frequencies of detec-
tion were highly variable. Thus, the most frequently detected
compound was p,p′-DDE (100% of the samples); its parent compound
(p,p′-DDT) was detected in 72.2% of the samples. PCBs #28, 138, 153,
and 180 were also detected in N70% of the samples. The frequencies of
the other POPs ranged from 2.7% to 64.6%. The pesticides that contribut-
ed more to the total OCP (∑OCPs) levels were DDTs (81.2%), and the
PCB congeners that contributed more to the total PCB (∑PCBs) levels
were M-PCBs (89.8%). These main contributors did not change when
the results were analyzed according to the country of origin.

The pattern of contamination varied among the countries in a statis-
tically significantmanner for both the∑OCPs (p b 0.0005) and∑PCBs
(p b 0.0001) (Supplementary Fig. 1). Thus, participants from the Congo
Republic and Sierra Leona had the highest levels of contamination by
the OCPs (median 660 ng/g lw and 574 ng/g lw, respectively), and
those from Guinea Bissau and Senegal had the lowest levels (median
134 ng/g lw and 124 ng/g lw, respectively). The immigrants from
Ghana and Equatorial Guinea had the highest median concentrations
of PCBs (1530 ng/g lw and 887 ng/g lw, respectively), whereas those
from the Ivory Coast (28 ng/g lw) and Senegal (78 ng/g lw) had the low-
est concentrations.

Fig. 2 presents the summary of the results by region: Western-
African vs. Central-African immigrants. We found that the levels of
∑OCPs were higher in the Central-African immigrants (median =
632 ng/g lw) than in the Western-African immigrants (451 ng/g lw)
(p b 0.05). However, the ∑PCB levels were much higher in the
Western-African immigrants (262 ng/g lw) than in the Central-African
immigrants (136 ng/g lw) (p b 0.0001). The chemical class differences
remained statistically significant for the ∑DDTs (p b 0.005), ∑HCHs
(p b 0.05), M-PCBs (p b 0.0001), and DL-PCBs (p b 0.001) (data not
shown in Fig. 2).

3.2. Anthropometric determinants of POP contamination

We examined the effects of age, sex, and BMI on the levels of POPs.
There was no influence of sex or BMI on the levels of pollutants. How-
ever, there was an age effect in which the levels of∑OCPs were higher
in the upper quartile (Q4, p b 0.001). There was also a regional effect
when we analyzed the entire sample and for Q3 in Central-African im-
migrants when the sample was analyzed by region (p b 0.05). We also
observed a trend of increased ∑PCB levels with increased age, with
the median level in Q3 significantly higher than the median levels
of Q1 and Q2 (p b 0.05), but lower than the median level of Q4
(p b 0.05). This trend also was present in the regional analyses, with
significantly higher median levels among the Western-African immi-
grants in Q4 (p b 0.001) (Supplementary Fig. 2).

3.3. Socioeconomic determinants of POP contamination

First, we studied the effects of the gross national income per capita
(GNI) (World Bank, 2013) on the levels of POPs in the immigrants. We
founda decreasing trend for∑OCPs and an increasing trend for∑PCBs
with increasing income (Fig. 3). Thus, immigrants from countries with
low GNIs had significantly higher levels of ∑OCPs (379 ng/g lw) than
those from countries with middle GNIs (341 ng/g lw) (p b 0.01), and
high-GNIs (199 ng/g lw) (p b 0.005). On the contrary, the∑PCB levels
of immigrants from low-GNI countries were much lower (155 ng/g lw)
than those from middle-GNI (350 ng/g lw) (p b 0.001), and high-GNI
countries (726 ng/g lw) (p b 0.0001). People from the upper–middle
GNI countries did not participate in this study.

We also examined the effect of the type of residential area (rural vs.
urban) in which the immigrants lived in their country of origin, on their
POP levels. No significant differences were found in the analysis of the
overall sample, or by countries or area. However, when we grouped
the immigrants according to the GNI of their countries of origin, we
found that the levels of ∑OCPs were significantly higher in people
from rural areas of lower-GNI-countries (412 ng/g lw) that those
from cities (317 ng/g lw [163–843] (p b 0.05). In contrast, the people
from urban areas of low-GNI countries had higher levels of ∑PCBs

image of Fig.�2


Fig. 3. Effects of the gross national income per capita (GNI) on the levels of POPs in the immigrants. Participants were grouped according the GNI of their country of origin following the
classification ofWorld Bank (2013). Box plots indicate the comparison of the levels of OCPs (up) and PCBs (down). The line inside the box represents themedian, the bottom and top of the
box are the first and third quartiles of the distribution, and the lines extending vertically from the boxes indicate the variability outside the upper and lower quartiles.

Fig. 4. Effect of ICT implementation on the PCB levels of the immigrants: (A) Internet use; (B) phone use. The breakpoints usedwere themedian values of the distribution of those variables
between the countries of origin of immigrants. The line inside the box represents themedian, the bottomand top of the box are the first and third quartiles of the distribution, and the lines
extending vertically from the boxes indicate the variability outside the upper and lower quartiles.
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Fig. 5. (A) Box plots indicating the comparison of the levels of PCBs (right) of immigrants grouped according the imports of EEE of their countries of origin: main importers vs. low im-
porters (UNEP, 2011); (B) comparison of the levels of PCBs (median and interquartile range) in people from countries with high EEE imports (according the year of arrival to the Canary
Islands)with the volumeof imports (tons) in those years; (B, inset) temporal pattern (2000–2011) of the levels of PCBs inpeople from countrieswith highEEE imports. The lines inside the
boxes represents themedian, the bottom and top of the boxes are the first and third quartiles of the distribution, and the lines extending vertically from the boxes indicate the variability
outside the upper and lower quartiles.
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(375 ng/g lw) than those from rural areas (129 ng/g lw, p b 0.005).
None of these differences was observed in immigrants from middle-
or high-GNI countries.

3.4. ICT implementation and POP contamination

Finally, we explored the effect of ICT implementation on the POP
levels of the immigrants (Fig. 4). We found no differences between
the two major ICT indicators by country (percentage of Internet users,
and number of telephone line subscribers per 100 inhabitants) on the
∑OCP levels of the immigrants. However, we found strong associa-
tions between these variables and levels of ∑PCBs. Panel A (left)
shows that immigrants from countries with more than 10% Internet
users among three populations had significantly higher levels of
∑PCBs (756 ng/g lw) than those from the countries that had a low
rate of Internet use (154 ng/g lw) (p b 0.0001). In keeping with this
finding, the levels of ∑PCBs were significantly higher in the immi-
grants from countries with more than 50 phone subscribers/100 inhab-
itants (365 ng/g lw) than in those from countries with fewer telephone
users (145 ng/g lw) (p b 0.0001).

3.5. Second-hand EEE imports and POP contamination

We collapsed the groups of immigrants from the countries that are
the main importers of second-hand EEE into one group (Nigeria,
Ghana, Ivory Coast, Liberia, and Benin (UNEP, 2011)), and compared
its POP levels to the other countries. We did not find an overall associa-
tion with the ∑OCP levels, but the immigrants' ∑PCB levels were
strongly associated with the imports of second-hand EEE by their coun-
try of origin (393 ng/g lw vs. 154 ng/g lw, p b 0.0001) (Fig. 5, left panel).
Moreover, the highest levels of ∑PCBs in people from those countries
were exhibited by the immigrants that arrived in the Canaries during
the years when this trade was more intense (UNEP, 2011) (Fig. 5,
right, main body). In any case, a statistically significant increase in the
levels of PCBs was recorded from 2005 onwards in these immigrants
(Fig. 5, right, inset) (p b 0.005).

4. Discussion

Several studies on environmental samples have reported increased
levels of many types of POPs in Africa, such as OCPs, PCBs, or polycyclic
aromatic hydrocarbons (Adu-Kumi et al., 2012; Asante et al., 2013;
Garrison et al., 2014; Gioia et al., 2014; Klanova et al., 2009; Ndiaye
et al., 2012; Ssebugere et al., 2013). However, there are few studies of
humans to confirm that this finding represents a growing trend. To
date, the only study on temporal changes found a downward trend
over time (1991–2007) in both OCP and PCB levels (Linderholm et al.,
2010). Nevertheless, the results of the present investigation indicate
that the increasing pollution levels in the African environment are
resulting in increased levels in humans. Thus, we have found that immi-
grants from some West African countries who arrived in the Canary
Islands after 2005 had significantly higher levels of PCBs than those
who reached the islands earlier. This finding is consistent with the re-
sults of a study of Ghana's population (Asante et al., 2011) that found
higher levels of PCBs and PCDD/Fs in 2009 than in 2004 (in breast
milk). Regardless of the temporal pattern, our results are quantitatively
comparable with those of other studies of Africans (Chikuni et al., 1997;
Ejobi et al., 1996; Ennaceur et al., 2008; Kinyamu et al., 1998;
Linderholm et al., 2010; Pieters and Focant, 2014). In all of these studies,
high concentrations of OCPs and PCBs have been found in human sam-
ples (serumOCPs from 310 to 3400 ng/g lw and serum PCBs from 68 to
230 ng/g lw). Even, when we used the toxic equivalency factors (TEFs)
as revised by the World Health Organization (WHO) in 2005 (Van den
Berg et al., 2006) to obtain the potential toxicity (in terms of the toxic
equivalence to dioxins; TEQs) for the DL-PCBs, our results were also
similar to those reported in the only publication to date that has
employed such a transformation in an African population (2.8 pg/g lw
for South African Tswana population) (Pieters and Focant, 2014). Our
results, as well as those reported in other publications, seem to be logi-
cal in the case of OCPs, since these compounds have been historically
used (and even abused) in Africa (Mansour, 2004). However, the case
of PCBs is striking because the sources of these compounds have histor-
ically been of little use on this continent. However, the levels found in
the Africans in this study are similar to, or even higher than, those re-
ported in European and US populations (around 150–200 ng/g lw)
(Asante et al., 2011). Since the production andmarketing of these prod-
ucts ceased around the world in themid-1980s, the high levels seem to
be the result of the introduction of new sources of these compounds in
Africa. According Gioia et al. (2014) emerging sources of PCBs in Africa
include (1) increasing of e-waste as a consequence of illegal recycling
and treatment of EEE; (2) oil leaching into the environment as a conse-
quence of disassembling of transformers and their inappropriate
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disposal; (3) open burning of EEE andwires to obtain valuablematerials
and (4) ship wreckage.

This study included people from all of the countries of Western
African and from the three westernmost countries of Central Africa.
Although both regions occupy a similar area (approximately
5.5 million sq km), the population density is very different between
them. In West Africa, which includes some of the most populated cities
in Africa, the population density is more than twice that of Central
Africa, where the population is more dispersed and follows a more
rural lifestyle (50.24 vs. 20.53 people per sq km) (World Bank, 2013).
This could explain the results observed in this study, in which the OCP
levels are significantly higher in the immigrants from Central Africa,
and PCB levels are much higher in immigrants fromWest Africa (Fig. 2).

It has been widely reported in the literature that concentrations of
POPs are often associated with age, BMI, and sex, as well as with socio-
economic variables, such as educational level and occupational social
class (Gasull et al., 2013). Regarding anthropometric variables, because
the study population was homogeneous in terms of BMI and sex (89.9%
men), we found a clear association of POPs with only age. Sex differ-
ences have been usually documented by other authors, but in this
case, although the number of volunteers is high, the sex ratio is highly
unbalanced and probably the n is not large enough data to detect
these differences. However, stronger associations were found with the
socioeconomic variables, especially the economic development indica-
tors. In fact, we found that immigrants from the poorest countries ex-
hibited significantly higher levels of contamination by OCPs but much
lower levels of contamination by PCBs than those from higher income
countries. Moreover, immigrants from the urban areas of the low-
income countries had more contamination from PCBs, indicating that
the pollution levels are closely related to lifestyle. Emblematic of the
economic growth of Sub-Saharan Africa is the implementation of ICT,
with more that 80% of urban Africans now having access to cell phones
andmore than 89million Internet users (World Bank, 2013). This trend
has led to anunprecedented volume in theproduction and usage of con-
sumer EEE, especially personal computers, mobile phones, and TV sets.
However, there is a great difference in access to ICT between developed
and developing countries, and to bridge this “digital divide,” imports of
second hand digital equipment from developed countries have in-
creased tremendously (UNEP, 2011). Nevertheless, it is unclear how
many of these EEE imports were able to function for a reasonable time
after being sold, so we suspect that many of these second-hand goods
could be considered e-waste (Schmidt, 2006). The short lifespan of
this equipment indicates that large amounts of e-waste are generated
at a high rate, so it is estimated that the top 5 importers of EEE
(Nigeria, Ghana, Ivory Coast, Benin, and Liberia) are generating more
than one million tons of e-waste per year (UNEP, 2011). The findings
of our study suggest that both the ICT implementation and the
second-hand imports of EEE have a strong influence on the levels of
contamination by PCBs in the general population of these countries,
and consequently, the adverse health effects associated with them.
The explanation for this marked impact is probably related to the infor-
mal way that the e-waste is addressed in most African countries, where
the practices of manual collection and dismantling predominate, and
open burning to recover metals and open dumping of residual fractions
are the norm (Gioia et al., 2014; UNEP, 2011).

5. Conclusions

This is thefirst study to report the levels of contamination by POPs in
the population of a large part of theAfrican continent, covering 19 coun-
tries from two distinct regions. We found numerous associations indi-
cating that the rapid economic development experienced by many of
these countries has a clear relationship with the pollution levels of the
inhabitants. It is true that the study population is not representative of
the general population of these countries because the long distance
and the difficulties these people faced to immigrate to a European
territory introduced a significant bias in the study population (which
are mostly young and healthy males). However, we believe that this
bias does not detract from the study because the results provide an
overview of the determinants of chemical pollution in themost produc-
tive segment of the population of the Western and Central African
countries. The risk that many POPs pose to human health can interact
with the fragile health status and chronic poverty of a large proportion
of the African population in the development of many diseases. This sit-
uationmaybe a serious problem if the levels of these contaminants con-
tinue to increase in this continent. Furthermore, it is well known that
these pollutants do not respect borders, so improper handling of
e-waste in these countries can produce a widespread increase in the
burden of these contaminants. Therefore, measures should be devel-
oped by the international community, together with the governments
of African countries, for the proper handling of these legacy pollutants.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2014.07.124.
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