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A B S T R A C T

Background: Lead battery repair workers (LBRW) and electronic repair workers (ERW) may be exposed to in-
organic components during work. This study aimed at determining essential and non-essential trace elements in
male LBRW, ERW, referents and a group of female petty traders (FPT) in Kumasi (Ghana), taking into account
iron status and inflammation.
Methods: Altogether 64 LBRW, 64 ERW, 65 referents and 26 FPT were investigated in this cross-sectional study.
Urine, whole blood and serum were collected for determination of trace elements. C-reactive protein and ferritin
were determined in serum.
Results: The LBRW had higher blood concentrations of manganese (B-Mn) and lead (B-Pb) and antimony in urine
(U-Sb), and lower concentrations of cobalt in blood (B-Co). Being ERW was associated with higher concentra-
tions of blood cadmium (B-Cd), urinary tin (U-Sn) and serum chromium (S-Cr). Concentrations of selenium (B-
Se), Co and mercury (B-Hg) in whole blood and iodine in urine (U-I) were relatively high. Marginal iron status
appeared to be a determinant for elevated concentrations of Co in particular, but also Mn and Cd in blood.
Systemic inflammation was associated with the concentrations of copper and Se. The concentrations of Hg in
whole blood were highly associated with Se and arsenic (As) in whole blood, indicating fish consumption as a
common source of intake of these elements. However, Hg in whole blood was only slightly associated with Se in
serum.
Conclusions: The ERW had elevated concentrations of B-Cd, S-Cr, and U-Sn, while B-Mn, B-Pb, and U-Sb con-
centrations were higher among the LBRW. Iron status and inflammation had substantial impact on some element
concentration. This population had high concentrations of B-Se, B-Hg and B-Co and U-I.

1. Introduction

This study was carried out in Kumasi, the second most populous city
in Ghana, where there has been a growth of small-scale industries, of
which some are involved in the repair and recycling of electrical and
electronic waste and car lead (Pb) batteries. Studies have confirmed
that processing of electrical and electronic waste has the potential of
releasing metals such as Pb, cadmium (Cd), chromium (Cr) and zinc
(Zn) into the air and thus pose a risk to workers’ health [1–6]. We have
recently reported that Pb battery repair workers (LBRW) in Kumasi had
elevated concentrations of Pb in blood (B-Pb) [7]. There are few studies

on essential and non-essential trace elements in blood and urine col-
lected from healthy populations in Ghana [8]. Higher concentrations of
urinary Pb (U-Pb), tin (U-Sn), arsenic (U-As) and antimony (U-Sb) were
measured among gold miners, in small scale artisanal gold mining
communities and in electronic waste recycling workers compared to
reference populations [9–11]. Urinary concentrations of arsenobetaine
and dimethylarsinic acid suggested consumption of fish and shellfish to
be one important source of As in the electronic waste recycling workers
[11]. Seafood, and especially shellfish, are important sources for As
intake in humans. The amount of As in a range of marine species is
substantially higher than that of mercury (Hg) [12]. Arsenic occurs
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predominantly as organic compounds in seafood. Although rapidly
excreted, it has been proposed that total As in blood (B-As) is a useful
predictor of fish intake, because its concentration also reflects the
consumption of lean fish [13]. Seafood also contains methyl mercury
(MeHg) and the intake depends largely on the species and quantity of
seafood consumed. Total Hg in whole blood (B-Hg) is an indicator for
the absorbed amount in humans [12,14]. Fish is also an important
source of essential trace elements, e.g. selenium (Se) [15]. The amount
of selenomethionine varies substantially between fish species [16–18].
Fish also contains low molecular weight organoselenium compounds
which are poorly characterized [19]. Recently selenoneine was identi-
fied in fish [20]. Iron deficiency is a worldwide prevalent deficiency
state [21], which may be associated with higher concentrations of Cd,
cobalt (Co) and manganese (Mn) in whole blood (B-Cd, B-Co, B-Mn)
[22]. Uptake of inorganic iron (Fe) is dependent on the divalent metal
transporter (DMT1) [23], that also transports divalent Mn, Cd and Co
into duodenal enterocytes [24]. Export of divalent metal ions through
ferroportin out of the enterocyte into the systemic circulation has been
less studied. Ferroportin controls the fluxes of Fe(II) and Zn(II) entering
into plasma [23]. Also Co, Cd and Mn have been suggested to be
transported through ferroportin [25–28]. Ferroportin is regulated by
the hormone hepcidin, and its synthesis is increased during systemic
inflammation [23]. It is assumed that hepcidin mediates anaemia ob-
served in chronic inflammatory diseases [29]. Whether lower grade
inflammation has an impact on the status of other essential and non-
essential trace elements is less known. This study was carried out at
Suame Magazine, Asafo Fitam and Bantama, all suburbs of the Kumasi
metropolis of Ghana. The aim was to assess the extent of exposure to
inorganic components in LBRW and electronic repair workers (ERW),
by taking into account the effects of trace element concentrations re-
lated to consumption of seafood, marginal Fe status and systemic in-
flammation. A further aim was to fill a knowledge gap with respect to
levels of essential and non-essential trace elements in a population from
Ghana.

2. Material and methods

2.1. Study design and subjects

Altogether four different groups of subjects were invited to parti-
cipate in this cross-sectional study. These were male LBRW, ERW and
referents. In addition, a group of female petty traders (FPT) was
included.The main criterion for inclusion was at least one year of em-
ployment at the workplace, or for FPT vendoring within a close vicinity
of the workplaces of interest. Subjects who were on sick leave or
otherwise absent from work were not included in the study. The age
among the participants was restricted to between 18 and 50
years.Eligible for inclusion were workers from two small scale Pb bat-
tery workshop sites at Suame Magazine and Asafo Fitam. Altogether 92
LBRW were approached for participation in the study to reach the
target of 64 participating LBRW. Their job functions included charging
of Pb batteries, breaking of batteries to replace damaged batteries and
repair of Pb plates and replacing Pb terminals of the battery by welding.
They did not use gloves or any personal respiratory protection during
repair work. During the full-shift working period the workers typically
did the same repair work for about six hours (depending on the amount
of work available), otherwise they stayed outside the workshop area.
Altogether 21 different electronic workshops in Bantama were ap-
proached to reach the target of including 64 ERW. In total, 85 ERW
were asked to participate in order to include this target number. The
main job tasks of the ERW were dismantling, soldering and welding and

finally reassembly of electronic equipment (e.g. televisions, radios,
video players and computers).

Seventy-nine subjects working within the same geographical loca-
tion as the LBRW and ERW were invited to participate in the study as
referents based on the assumption that they belong to the same socio-
demographic level as the target groups. As 14 subjects declined to
participate, 65 referents were examined. They were recruited from the
immediate environs of the workshops where the ERW and LBRW were
employed. Their work included selling items such as automobile spare
parts and engineering materials (excluding Pb batteries) or selling (but
not repairing) used electronic equipment such as televisions, radios,
compact disks etc. The FPT comprised women selling goods within the
close vicinity of the working environments of the workshops where the
LBRW and ERW were employed. Altogether, 52 subjects were invited,
of whom 26 agreed to participate in the study. Subjects with known
chronic diseases, such as cancer, heart diseases and diabetes, were not
considered for inclusion. Subjects known to abuse drugs or alcohol were
also excluded. Since malaria is widespread in Ghana, only subjects with
active malaria at the time of the examinations were excluded. Two FPT
indicated that they were diabetic, and were thus excluded.

This study was approved by the School of Medical Sciences, Kwame
Nkrumah University of Science and Technology/Komfo Anokye
Teaching Hospital Committee on Human Research Publication and
Ethics. The study was also approved by the Regional Committee for
Medical Research Ethics of Northern Norway (code 2011/729). An in-
formed written consent was obtained from all participants.

2.2. Examinations

The participants were admitted to a place separated from the
workplace for health examinations. Biological samples were collected
by authorized health staff after instructions of the procedure. Blood
samples were collected on the day when they brought with them from
home a first voided morning urine sample. In order to record back-
ground variables, exposure and potential confounders (e.g. job history,
years of formal education, medical history, alcohol consumption) of
importance for the interpretation of the results, a self-administered
questionnaire was used. Also pregnancy related information was re-
corded for the FPT. The answers were filled in by each participant, but
the completeness of the answers were checked by the investigator.

2.3. Collection of biological samples

Whole blood was collected from the cubital vein in 5 mL plastic
vacutainer tubes with lithium-heparin (Zhejiang Kangshi Medical
Devices Co., Ltd, China) after cleaning of the skin with deionised water
and ethanol. Whole blood for harvesting of serum was collected in 5 mL
vacutainers without additives (Vacuette®, Greiner Labortechnik, Gmbh,
Austria). After sampling, the tubes rested for 30 min before cen-
trifugation for 10 min at 1500g. Serum was pipetted off into 1.0 mL
cryotubes (Sarstedt AG, Numbrecht, Germany). The first voided
morning urine sample was collected in a 10 mL Sarstedt polypropylene
(PP) tube (Sarstedt AG, Numbrecht, Germany). The urine samples were
transferred to a 5 mL PP tube (Greiner Bio-one, CELLSTAR®, UK) for
storage. The biological samples were frozen immediately after collec-
tion and kept at −20 °C at the Komfo Anokye Teaching Hospital
(KATH), Kumasi. The samples were transported to the National Institute
of Occupational Health, Norway (NIOH) for long term storage at
−20 °C.
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2.4. Measurements of trace elements in biological samples

The biological samples were analysed for the content of trace ele-
ments at NIOH. Whole blood (1 mL) and serum (0.5 mL) samples were
prepared by adding 2 and 1 mL of 65% ultrapure nitric acid, respec-
tively. After heating to 90 °C for 90 min in a laboratory oven and
cooling to room temperature, the samples were diluted to 14 mL (whole
blood) and 7 mL (serum) with deionized (DI) water. Urine specimens
were heated for one hour at 80 °C in a laboratory oven prior to analysis
in order to prevent laboratory acquired infections and to dissolve urine
precipitates.

The analyses were performed by inductively coupled plasma sector-
field mass spectrometry (ICP-SF-MS) using an Element 2 mass spec-
trometer (Thermo Electron, Bremen, Germany) calibrated with whole
blood, serum and urine matrix matched standard solutions. For the
quality control (QC) Seronorm Trace Elements Whole Blood L-1 (LOT:
1103128) and L-2 (LOT: MR9067x), Seronorm Trace Elements Serum L-
1 (LOT: 0903106) and L-2 (LOT: 0903107) and Seronorm Trace
Elements Urine L-1 (LOT: 1011644) and L-2 (LOT: 1011645) reference
materials (Sero AS, Billingstad, Norway) were used. The results ob-
tained for the elements in the Seronorm™ Quality Assurance materials
were within the producer’s recommended reference ranges.

Detection limits (DL) for elements in whole blood were 0.28 (B-As),
0.12 (B-Cd), 0.047 (B-Co), 3.5 (copper, B-Cu), 0.13 (B-Hg), 0.30 (B-
Mn), 0.071 (molybdenum, B-Mo), 0.20 (B-Pb), 1.3 (B-Se), and 4.3 (B-
Zn) μg/L. The corresponding DLs for elements in serum were 0.041 (S-
As), 0.025 (S-Co), 2.7 (S-Cu), 0.058 (S-Hg), 0.19 (S-Mn), 0.16 (S-Mo),
0.051 (S-Pb), 0.92 (S-Se), and 3.1 (S-Zn) μg/L. The DLs for the mea-
sured elements in urine were 0.037 (U-As), 5.5 (bromine, U-Br), 0.017
(U-Co), 0.056 (U-Cr), 0.16 (U-Cu), 1.4 (U-Fe), 0.074 (U-Hg), 1.2 (U-I),
0.064 (U-Mo), 0.69 (nickel, U-Ni), 0.018 (U-Sb), 0.13 (U-Se), 0.029 (U-
Sn), 0.009 (vanadium, U-V), 0.033 (tungsten, U-W) and 13 (U-Zn) μg/L.

The following trace elements were also determined, but their con-
centrations are not reported since a substantial fraction of the mea-
surements were below DL. The DLs and the number of
measurements<DL (shown in brackets) were; B-Bi (bismuth, 0.034;
213) B-Cr (0.79; 124), B-Ni (1.0; 68), B-Sn (0.40; 190), B-U (uranium,

0.091; 218), B-V (0.066; 94), B-W (0.023; 151), S-Bi (0.0072; 185), S-
Cd (0.035; 191), S-Cr (0.60; 122), S-Ni (0.80; 110), S-Sn (0.15; 183), S-
U (0.0031; 200), S-V (0.077; 158), S-W (0.036; 204), U-Bi (0.002; 73),
U-Cd 0.056; 133), U-Mn (0.051; 148), U-Pb (0.46; 82), U-Ti (titanium,
0.39; 102) and U-U (0.011; 122) μg/L. Data on S-Cr, S-Ni and U-Pb are,
however, reported due to the substantial differences in values<DL
between groups.Urinary creatinine (cr.) was measured with a SFA-200
flow injection analyzer (Burkard Scientific Ltd., Uxbridge, UK) ac-
cording to the Jaffé reaction. Fifteen participants had urinary cr. below
0.20 g/L. Their urinary measurements were not considered in the sta-
tistical analysis.

2.5. Measurements of ferritin and C-reactive protein in serum

Serum ferritin (S-ferritin) was measured by a Cobas 8000 Modular
analyzer with reagents from Roche Diagnostics (Mannheim, Germany).
The analytical coefficient of variation (CV) was< 4%. Serum C-reactive
protein (S-CRP) was measured by a Cobas 8000 Modular analyzer with
reagents from Roche Diagnostics (Mannheim, Germany). The analytical
CV was< 3.5%.

2.6. Statistical analysis

The trace element concentrations had generally skewed distribu-
tions. In order to achieve a normal distribution, these variables were
log-transformed and geometric means (GM) are presented. Differences
between groups were assessed with analysis of variance (ANOVA), and
least significant differences were calculated and compared, in order to
separate the groups that differed when more than two groups were
compared. In a few cases (S-Cr, S-Ni, U-Pb) where many values
were<DL, the Kruskal-Wallis test was used to assess differences be-
tween groups and Mann-Whitney U test to assess which groups differed
from each other. Median values are reported for these concentrations.
Multiple linear regression analysis (backward procedure) was also ap-
plied to assess associations between specific element concentrations as
dependent variables and a set of independent variables, including sex
(1/0), being a LBRW (1/0), being an ERW (1/0), S-ferritin (lg), S-
CRP > 5 mg/L (1/0), age, body mass index (BMI), alcohol use (1/0),
and being active smoker (1/0). Finally, univariate associations were
assessed by least square regression analysis giving Pearson’s correlation
coefficient as the measure of association. A two-tailed p-value< 0.05
was considered to be of statistical significance. Statistical calculations
were performed with SPSS, version 24.

3. Results

Three subjects were active smokers and 39 participants reported to
consume alcohol (Table 1). The 19 participants with S-CRP ≥ 5 mg/L
had GM S-CRP of 10.5 mg/L (range 5–57). The group of FPT had sig-
nificantly lower S-ferritin compared to the other groups. The con-
centrations of elements in whole blood, serum and urine are presented
in Tables 2 and 3. LBRW had significantly higher B-Pb, S-Pb, U-Pb and
U-Sb and significantly lower B-Co than all other groups. ERW had
significantly higher S-Mn and S-Cr than all other groups. The con-
centrations of B-Cu, S-Cu, S-Co, U-Co, U-I and S-Se were significantly
higher while B-As, B-Pb, S-Pb and B-Se were significantly lower among
FPT compared to all other groups. The GM concentrations of B-Se, S-Se,
B-Hg, B-Co and U-I among all participants combined were 252 μg/L,
113 μg/L, 3.8 μg/L, 1.9 μg/L and 238 μg/g cr., respectively.

Multiple linear regression analysis including all participants was

Table 1
Background data of lead battery repair workers (LBRW), electronic repair workers (ERW),
referents and female petty traders (FPT) under study.

bGeometric mean.

LBRW ERW Referents FPT
(N = 64) (N = 64) (N = 65) (N = 26)
AMa(min-
max)

AM (min-
max)

AM (min-
max)

AM (min-
max)

Age (years) 31.8 (20–49) 32.6 (18–50) 30.2 (18–50) 34.2 (20–49)
BMI (kg/m2) 23.3

(17.3–31.1)
22.8
(17.9–29.4)

23.0
(16.5–31.5)

28.2
(16.2–40.0)

Work-years 11.4 (1–30) 10.8 (2–30) 8.9 (1–30) 6.2 (1–20)
Current smokers

(in%)
3.1 0 1.6 0

Alcohol users (in
%)

15.6 23.4 20.3 4.0

S-ferritin (μg/L)b 111
(15–426)

129
(22–796)

134
(16–714)

33 (2–189)

S-CRP ≥ 5 mg/L
(in%)

9.4 7.8 7.9 12.0

aArithmetic mean.
bGeometric mean.
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Table 3
The geometric mean (GM) concentrations (in μg/g creatinine) of trace elements in urine among lead battery repair workers (LBRW), electronic repair workers (ERW), referents and
female petty traders (FPT).

LBRW ERW Referents FPT
(N = 64) (N = 64) (N = 65) (N = 26)
GM (min-max) GM (min-max) GM (min-max) GM (min-max)

Asa 75 (4.7–559) 101 (27–551) 82 (21–391) 85 (33–251)
Br†f 3.7 (1.0–13) 3.5 (1.2–13) 3.1 (0.89–16) 4.5 (2.4–10.1)
Co**,cef 0.59 (0.07–5.8) 0.61 (0.20–3.8) 0.61 (0.14–12) 1.5 (0.42–36.9)
Cr 0.25 (<DL-6.4) 0.23 (<DL-1.0) 0.28 (<DL-7.6) 0.34 (0.13–3.1)
Cu 13 (2.4–80) 13 (5.4–142) 14 (3.9–136) 14 (9.0–86)
Fef 6.0 (<DL-157) 6.6 (<DL-147) 5.3 (<DL-450) 11 (<DL-210)
Hgcf 0.22 (<DL-4.2) 0.27 (<DL-2.6) 0.26 (<DL-1.2) 0.42 (<DL-6.9)
I**,bcef 208 (80–621) 231 (110–695) 253 (84–613) 328 (162–1221)
Mo 96 (16–1401) 87 (7–590) 118 (10–931) 75 (26–223)
Ni 3.1 (<DL-25) 2.9 (<DL-10) 2.9 (<DL-46) 3.6 (<DL-37)
Pb¶,#,bc 1.8 (<DL-46) 1.1 (<DL-24) 0.6 (<DL-6.1) 0.6 (<DL-2.3)
Sb***,abc 0.75 (0.05–17) 0.16 (0.03–7.6) 0.18 (<DL-2.0) 0.16 (0.06–0.73)
Se**,ac 24 (8.0–92) 32 (15–86) 28 (9.0–89) 35 (24–62)
Sn***,a 0.24 (<DL-20) 0.62 (<DL-9.1) 0.32 (<DL-8.1) 0.36 (0.11–1.9)
V*,bc 0.07 (0.02–0.35) 0.09 (0.03–0.31) 0.09 (0.01–3.2) 0.12 (0.03–1.2)
W 0.14 (<DL-6.2) 0.12 (<DL-2.3) 0.14 (<DL-1.8) 0.13 (<DL-0.49)
Znab 178 (30–647) 234 (35–1525) 232 (54–980) 243 (65–430)

†mg/g creatinine; ¶Median; PANOVA: *** < 0.001; ** < 0.01; * < 0.05.#P-Kruskal-Wallis < 0.01; a p < 0.05 between LBRW and ERW; bp < 0.05 between LBRW and referents;
cp < 0.05 between LBRW and females; dp < 0.05 between ERW and referents; ep < 0.05 ERW and females; fp < 0.05 between referents and females.

Table 2
The geometric mean (GM) concentrations (in μg/L) of trace elements in whole blood and serum among lead battery repair workers (LBRW), electronic repair workers (ERW), referents
and female petty traders (FPT).

LBRW ERW Referents FPT
(N = 64) (N = 64) (N = 65) (N = 26)
GM (min-max) GM (min-max) GM (min-max) GM (min-max)

Whole blood
As**,cef 3.5 (0.7–10) 3.6 (0.9–14) 3.8 (1.5–16) 2.5 (0.8–7.4)
Cdd 0.2 (<DL-0.9) 0.3 (0.1–0.7) 0.2 (<DL-1.8) 0.3 (<DL-4.2)
Co***,abc 1.2 (0.5–7.6) 2.6 (0.5–22) 2.1 (0.4–37) 2.1 (0.7–8.8)
Cu†**,cef 1.0 (0.7–1.3) 1.0 (0.8–1.4) 1.0 (0.8–1.5) 1.1 (0.8–1.6)
Hgb 3.6 (1.0–9.3) 3.6 (1.3–13) 4.3 (1.5–18) 3.6 (2.1–15)
Mn**,abef 9.5 (3.6–24) 8.1 (3.2–39) 8.0 (2.1–17) 10.3 (2.8–37)
Mo 1.1 (0.5–3.9) 1.1 (0.5–2.2) 1.0 (0.3–4.7) 1.0 (0.5–3.2)
Pb***,abcef 200 (45–1099) 97 (36–437) 102 (34–478) 54 (18–379)
Se***,cef 252 (117–369) 265 (167–500) 255 (161–401) 214 (154–300)
Zn†,f 7.1 (2.6–11.1) 7.1 (4.3–9.9) 7.3 (4.2–9.8) 6.6 (3.4–8.8)

Serum
As 2.1 (0.2–8.0) 1.9 (0.6–6.1) 2.2 (0.4–13) 1.9 (0.5–8.1)
Co***,cef 0.2 (0.1–0.7) 0.2 (0.1–1.2) 0.2 (0.1–1.6) 0.5 (0.1–7.2)
Cr¶,###,ade <DL (<DL-15) 0.7 (<DL-6.6) <DL (<DL-1.4) <DL (<DL-15)
Cu†***,cef 1.1 (0.5–2.4) 1.1 (0.7–1.9) 1.0 (0.7–2.0) 1.5 (0.8–6.7)
Hg 0.7 (0.2–1.7) 0.7 (0.3–2.0) 0.8 (0.3–2.9) 0.8 (0.4–15)
Mn***,ade 0.8 (0.5–3.0) 1.0 (0.5–2.1) 0.8 (0.5–2.5) 0.8 (0.5–3.0)
Mo 1.5 (0.8–5.3) 1.5 (0.6–3.1) 1.4 (0.4–5.4) 1.3 (0.6–4.2)
Ni¶,#,bd <DL (<DL-114) 0.9 (<DL-4.5) <DL (<DL-20) <DL (<DL-6.3)
Pb***,abcef 1.2 (0.1–28) 0.5 (0.1–9.4) 0.4 (0.1–4.2) 0.3 (0.1–3.4)
Se**,cdef 112 (88–178) 108 (75–153) 115 (86–183) 124 (87–159)
Zn†,a 0.9 (0.6–1.2) 0.8 (0.6–1.2) 0.8 (0.6–1.2) 0.8 (0.5–1.0)

†mg/L; ¶Median; PANOVA: *** < 0.001; ** < 0.001; * < 0.05. P-Kruskal-Wallis:
# < 0.05; ### < 0.001; ap < 0.05 between LBRW and ERW; bp < 0.05 between LBRW and referents;

cp < 0.05 between LBRW and females; dp < 0.05 between ERW and referents; ep < 0.05 ERW and females; fp < 0.05 between referents and females.
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used to assess several factors simultaneously (Table 4). Being LBRW
was associated with higher concentrations of B-Mn, B-Pb, S-Pb, U-Pb
and U-Sb and lower B-Co. Being ERW was associated with higher
concentrations of U-As, B-Cd, S-Mn and U-Sn. Several element con-
centrations were associated with being FPT. S-ferritin concentrations
were negatively associated with B-Cd, B-Co, S-Co, U-Co and B-Mn. The
highest S-Co concentrations were associated with having low S-ferritin
concentrations (Fig. 1). This was also observed for B-Co (Fig. 2, panel
A) and U-Co (Fig. 2, panel B). Also the concentrations of B-Mn (Fig. 3,
panel A) and B-Cd (Fig. 3, panel B) were highest among subjects with
the lowest concentrations of S-ferritin. When excluding 13 subjects with
S-ferritin below the normal range according to the reference range of
the laboratory, indicative of Fe deficiency, the remaining subjects in the
low S-ferritin group still had significantly higher concentrations of S-Co
and U-Co compared to the group with S-ferritin from 66 to 99 μg/L
(results not tabulated). Subjects having S-CRP ≥ 5 mg/L had higher
GM (95% CI) concentrations of S-Cu (1.37 mg/L (1.24-1.51) vs. 1.08
(1.04-1.12); p < 0.001) and B-Cu (1162 μg/L (1091–1241) vs. 994
(976–1012); p < 0.001) than subjects having S-CRP < 5 mg/L, while
B-Se (255 μg/L (248–262) vs 225 (207–246); p = 0.01) and S-Se
(114 μg/L (112–116) vs. 103 (96–109); p = 0.005) were lower (not
tabulated). The GM (95% CI) B-Mn concentration of the LBRW was
higher than the other subjects combined (9.6 μg/L (8.7-10.5) vs 8.3
(7.9-8.8); p = 0.01) after adjusting for S-ferritin and age. B-Pb was

significantly associated with B-Mn (Pearson’s r = 0.54, p < 0.001)
among the LBRW, but not among the non-LBRW combined. Fig. 4
shows that the GM concentrations of B-Mn was highest among the third
of LBRW with the highest B-Pb concentrations after adjusting for S-
ferritin and age. The GM (95% CI) concentration of B-Co was lower
among the LBRW when compared to the non-LBRW combined (1.2 μg/L
(1.0-1.5) vs 2.3 (2.0-2.6); p < 0.001) after adjusting for S-ferritin and

Table 4
Results from multiple linear regression analysis (backwards procedure) including all participants. Presented are the respective β-coefficients that were of statistical significance, multiple r
and the corresponding p-values.

Sex Ferritin CRP Alco Smoke ERW LBRW Age BMI Mult r

Whole blood
As 0.20*** 0.08* 0.01* 0.30***

Cd −0.21*** 0.16** 0.35** 0.10** 0.40***

Co −0.19** −0.28*** −0.02** 0.40***

Cu −0.03* 0.07*** 0.003* 0.44***

Hg 0.14* 0.14*** −0.09* −0.09* 0.005* 0.01** 0.42***

Mn −0.17*** 0.06* 0.003* 0.40***

Pb 0.27*** 0.30*** 0.55***

Se 0.10*** −0.05* 0.04** 0.006*** 0.44***

Zn 0.04* 0.15*

Serum
Cu −0.15*** 0.10*** 0.04* 0.46***

Mn 0.06* 0.11*** 0.37**

Pb 0.25** 0.45*** 0.50***

Se −0.04** −0.02* 0.003*** 0.33***

Zn 0.03* −0.03* −0.02* 0.02* 0.23**

As 0.11* −0.32* 0.01* 0.24**

Co −0.56*** 0.71***

Hg 0.12** −0.09* −0.09* 0.006*** 0.36***

Urine
Cr −0.21* −0.02* 0.21*

Se −0.13* 0.09** 0.26**

Zn −0.12* 0.17*

As 0.10* 0.15*

Co −0.50*** −0.007* 0.49***

Hg −0.23* 0.17*

Ni −0.19** −0.02** 0.30***

Sb 0.65*** 0.56***

Sn 0.34*** −0.02* 0.33***

*** p < 0.001.
** p < 0.01.
* p < 0.05.

Fig. 1. The association between cobalt and ferritin in serum among all participants.
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BMI. No statistically significant association was observed between B-Co
and B-Pb.

The U-Hg concentrations were low, indicating that B-Hg to a large
extent reflects MeHg exposure and thus the intake of products of marine
origin. Concentrations of B-Hg were highly correlated with concentra-
tions of B-Se and B-As (Table 5). It is noteworthy that the correlation
between B-Hg and S-Se was low (Pearson’s r = 0.14, p = 0.04). Fig. 5
shows the GM (95% CI) concentrations of B-Se and S-Se according to
the concentrations of B-Hg stratified into five equally large sized
groups. There is an increase in B-Se concentrations according to in-
creasing B-Hg levels, while the concentrations of S-Se are similar across
all B-Hg strata.

4. Discussion

This is, to our knowledge, the largest study of essential and non-
essential trace element concentrations in biological fluids collected
from a population in Ghana. The concentrations of B-Se, U-I and B-Co
were high, and also B-Hg was higher than e.g. in most European
countries. The LBRW had higher concentrations of B-Mn, B-Pb, S-Pb, U-
Pb and U-Sb and lower concentrations of B-Co, while the ERW had
higher concentrations of B-Cd, S-Cr, S-Mn, U-As and U-Sn and possibly
S-Ni compared to the other groups. Iron deficiency was an important
determinant for the measured concentrations of Co, Mn and Cd.
Subjects with CRP ≥ 5 mg/L had higher B-Cu and S-Cu and lower B-Se

and S-Se concentrations. The concentrations of B-Hg were highly as-
sociated with B-Se and B-As, indicating fish consumption as a common
source of intake.

The LBRW had higher concentrations of B-Pb, S-Pb, U-Pb and U-Sb.
Lead and Sb are main metal constituents in car Pb batteries [30,31].

Fig. 4. The GM (and 95% CI) concentrations of B-Mn in referents (left) and LBRW ac-
cording to their concentration of B-Pb stratified into three equally large sized groups
adjusted for S-ferritin and age.

Fig. 3. The GM (and 95% CI) concentrations of manganese (adjusted for age and being
LBRW) (Panel A) and cadmium (adjusted for being ERW, smoker and S-CRP ≥ 5 mg/L)
(Panel B) in whole blood according to the serum ferritin concentrations stratified into five
equally large groups.

Fig. 2. The GM (and 95% CI) concentrations of cobalt in whole blood (adjusted for being
LBRW and BMI) (Panel A) and urine (adjusted for age) (Panel B) according to the serum
ferritin concentrations stratified into five equally large groups.
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Furthermore, LBRW with B-Pb> 294 μg/L had higher concentrations
of B-Mn. Several studies have reported higher B-Mn in Pb exposed
populations [32–34]. It has been proposed that increased synthesis of
protoporphyrin in erythrocyte precursors induced by Pb exposure also
results in increased erythrocyte uptake of Mn [32]. The B-Co con-
centrations were around 50% of that of the other groups, although U-Co
and S-Co were comparable to that of the referents. Lower B-Co in a Pb
exposed population has also been reported [34], but mechanisms are
not known.

Regression analysis showed that ERW had higher concentrations of
B-Cd, S-Mn U-As and U-Sn. It is plausible that the slightly higher con-
centrations of Cd and Sn may be related to soldering during repair made
by the ERW [35–37]. The slightly higher S-Mn, S-Cr and S-Ni may point
to welding as another source of work-related exposure [38]. Also con-
centrations of U-As were higher. This has been reported during E-waste
recycling in Ghana, but fish consumption was suggested to be a cause
for increased U-As [11]. The higher U-As may be difficult to interpret as
the concentrations of B-As and S-As were similar among the four groups
under study, and U-As is related to consumption of fish and seafood.
The GM B-Hg concentration of 3.9 μg/L is higher than GM concentra-
tions of 0.83 and 0.58 μg/L in US and German populations [39,40], but
similar to the GM of 3.9 μg/L measured among Korean men [41]. Fish
consumption in Korea is high. The mean per capita fish consumption in
Ghana is estimated at about 26 kg [42]. The U-Hg concentrations are
low, suggesting low exposure to inorganic mercury, e.g. from dental
amalgam or illegal gold mining. Thus, it is likely that B-Hg mainly re-
flects MeHg in this population. Around 24% of the values were above
human biomonitoring I (HBM I) value of 5 μg/L where no effect is
anticipated. One value was higher than the HBM II value of 15 μg/L,
where an increased risk of effect is assumed [43]. Concentrations of B-
Se (GM = 252 μg/L) were substantially higher, while concentrations of

S-Se (GM= 113 μg/L) were moderately higher among all participants
than results from a pooled data analysis of 75 studies showing GM
concentrations of 121 and 91 μg/L of B-Se and S-Se, respectively [44].
The S-Se concentrations increased only slightly according to the level of
B-Hg among all participants, although fish is regarded as one important
Se source for humans [45,46]. A recent study determined the mean Se
content of numerous fish species to be 0.32 mg/kg [47].

In contrast to S-Se, B-Se increased substantially by increasing B-Hg
(Fig. 5). These results could suggest that participants consuming more
marine food tend to accumulate Se in the cellular blood compartment,
predominantly containing erythrocytes. A recent study of a fish- eating
population in Japan reported that selenoneine was highly concentrated
in the blood cellular fraction, and that selenoine was higly correlated
with MeHg in that fraction [48]. One study of rats reported that sele-
nomethionine was not taken up [49]. The selenomethionine and sele-
noneine content varies substantially between fish species [16–18,20].
Fish is likely also to contain low molecular mass organoselenium spe-
cies other than selenoamino acids [19]. Plasma Se may be a marker of
selenomethionine content in food or Se-enriched yeast supplement, but
not other forms of Se [50].

The occurrence of selenosis was studied among inhabitants of the
Brazilian Amazon [51]. Their median B-Se and S-Se concentrations of
228 and 135 μg/L, respectively, are similar to concentrations measured
in the present study. No evidence of selenosis was observed in that
study, suggesting that no toxic effects of Se among the participants of
the present study can be expected. This is also in accordance with
previous evaluations [52].

Although less known, studies have shown associations between fish
consumption and B-As [13,46]. It is therefore no surprise that B-Se, B-
Hg and B-As were highly significantly correlated in the present study.
Arsenic occurs predominantly as various organic As compounds in
seafood, and arsenobetaine has been shown to be the main As com-
pound in fish [16].

Iron status is commonly assessed by measuring serum ferritin con-
centrations [53].However, serum ferritin may increase during in-
flammation, but no significant difference was observed between parti-
cipants of this study having S-CRP ≥ 5 mg/L or lower than 5 mg/L
(GM127 μg/L vs 105 μg/L; p = 0.51). Twenty percent of FPT and 3.1%
of male participants had S-ferritin values indicating Fe deficiency. The
concentrations of B-Co, B-Cd, B-Mn, U-Co and S-Co were significantly
higher among participants in the lowest S-ferritin quintile. When ex-
cluding participants with Fe deficiency, S-Co and U-Co (but not B-Cd
and B-Mn) were still significantly higher among the remaining parti-
cipants in the lowest S-ferritin quintile. This suggests that Fe deficiency
is not required for increased Co uptake. A previous study showed higher
B-Co, B-Cd and B-Mn in Fe deficient humans [22]. The most efficient
transport by human DMT1 was observed for Cd (II) followed by Fe (II),
Co (II) and Mn (II) [24]. Thus, results from the present study are in
accordance with experimental data. The main control point of gastro-
intestinal absorption of Fe is ferroportin that is responsible for the ex-
port of Fe out of the intestinal cells [23]. Ferroportin expression also
stimulated the efflux of Co, but not Cd and Mn [27], although ferro-
portin as Mn exporter has been proposed [26]. Ferroportin is regulated
by hepcidin. IL-6 is an important inducer of both hepcidin and the CRP
gene during inflammation, and CRP is a marker of systemic in-
flammation [54,55]. Having S-CRP ≥ 5 mg/L had no impact on the
concentrations of Cd, Mn or Co, but these subjects had higher B-Cu and
S-Cu. Associations between S-CRP and S-Cu have been shown pre-
viously [56,57]. The enhanced amount of S-Cu during inflammation
may be due to increased liver ceruloplasmin synthesis and release [56].
Lower S-Se and B-Se were also observed among subjects with S-
CRP ≥ 5 mg/L, also in agreement with previous studies [58]. It has
been suggested that an acute inflammatory response does not affect the
erythrocyte concentrations of Cu and Se [59]. Thus, it is possible that
the alterations observed in B-Se and B-Cu are not alterations in the
blood cellular compartment, but related to altered serum

Table 5
Associations between the concentrations of mercury, arsenic and selenium in urine, whole
blood and serum among all participants.

B-Hg B-As B-Se S-Hg S-As S-Se U-Hg U-As

B-Hg –
B-As 0.54*** –
B-Se 0.50*** 0.45*** –
S-Hg 0.88*** 0.46*** 0.31*** –
S-As 0.44*** 0.86*** 0.29*** 0.42*** –
S-Se 0.14* 0.14* 0.33*** 0.26*** 0.19** –
U-Hg 0.37*** 0.08 0.04 0.44*** 0.08 0.04 –
U-As 0.31*** 0.46*** 0.14 0.28*** 0.56*** 0.01 0.23** –
U-Se 0.12 0.09 0.10 0.15* 0.16* 0.16* 0.47*** 0.52***

*** p < 0.001.
** p < 0.01.
* p < 0.05.

Fig. 5. The GM (and 95% CI) concentrations of B-Se (•) and S-Se (−) stratified according
to the concentrations of B-Hg among all participants into five equally large sized groups.
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concentrations.
The I intake is regarded as adequate when the population median U-

I concentration is from 100 to 199 μg/L [60]. The median concentration
of U-I among the participants in this study was 225 μg/L, indicating a
higher intake than recommended. Low I intake during pregancy has
been associated with cognitive impairment in the offspring [60]. It is
therefore important to emphasize that the FPT, aged 20–49, had
median U-I of 231 μg/L, which is regarded adequate for pregnant
women [61]. Excess I intake may cause thyroid diseases or extrathyroid
diseases, but reported effects vary substantially in relation to ingested
amounts [62]. Normal B-Co values are below 0.5 μg/L [63]. The
average among all participants of this

study was, in contrast, 1.9 μg/L. No dietary data were available. It is
therefore difficult to assess causes for these higher B-Co concentrations.
High Co exposure is associated with a range of systemic effects, e.g.
erythropoietic actions, goiter or neurotoxic effects. However, no signs
of Co toxicity was observed in healthy volunteers at sustained B-Co
concentrations of 10–70 μg/L for 90 days [64]. Significant systemic
effects is not likely to occur below B-Co of 300 μg/L in healthy in-
dividuals [65].

In summary, both ERW and LBRW had increased concentrations of
some elements in biological fluids. This studied population had high
concentrations of U-I, B-Se, B-Hg and B- Co, which should be elucidated
in further studies. Iron status and inflammation had substantial impact
on some trace element concentrations.

Conflict of interest

The authors declare to have no conflict of interests.

Funding

The study was financially supported by the Norwegian Ministry of
Foreign Affairs through The Climate and Human, Environment and
Health Research Strategy Centre, UiT The Arctic University of Norway,
Tromsø (Norway) and the Arctic Monitoring and Assessment
Programme (AMAP) secretariat in Oslo (Norway).

References

[1] K. Ramu, N. Kajiwara, A. Sudaryanto, T. Isobe, S. Takahashi, A. Subramanian, et al.,
Asian mussel watch program: contamination status of polybrominated diphenyl
ethers and organochlorines in coastal waters of Asian countries, Environ. Sci.
Technol. 41 (2007) 4580–4586.

[2] A. Sudaryanto, N. Kajiwara, O.V. Tsydenova, Levels and congener specific profiles
of PBDEs in human breast milk from China: implication on exposure sources and
pathways, Chemosphere 73 (2008) 1661–1668.

[3] B.H. Robinson, E-waste: an assessment of global production and environmental
impacts, Sci. Tot. Environ. 408 (2009) 183–191.

[4] K.N. Chen, X. Dietrich, Developmental neurotoxicants in e-waste: an emerging
health concern, Environ. Health Perspect. 119 (4) (2011) 431–438.

[5] A.A. Adaramodu, A.O. Osuntogun, C.O. Ehi-Eromosele, Heavy metal concentration
of surface dust present in e-waste components: the Westminister electronic market,
Lagos Case Study, Resour. Environ. 2 (2) (2012) 9–13.

[6] A. Julander, L. Lundgren, L. Skare, M. Grandér, B. Palm, M. Vahter, et al., Formal
recycling of e-waste leads to increased exposure to toxic metals: an occupational
exposure study from Sweden, Environ. Int. 73 (2014) 243–251.

[7] E. Dartey, B. Berlinger, Y. Thomassen, D.G. Ellingsen, J.Ø. Odland, V.K. Nartey,
et al., Bioaccessibility of lead in airborne particulates from car battery repair work,
Environ. Sci.: Processes Impacts 16 (12) (2014) 2782–2788.

[8] F.A. Armah, R. Quansah, I. Luginaah, A systematic review of heavy metals of an-
thropogenic origin in environmental media and biota in the context of gold mining
in Ghana, Int. Sch. Res. Notices (2014) 252148.

[9] K.A. Asante, T. Agusa, C.A. Biney, A. Subramanian, O.D. Ansa-Asare, C.A. Biney,
et al., Contamination status of arsenic and other trace elements in drinking water
and residents from Tarkwa, a historic mining township in Ghana, Chemosphere 66
(2007) 1513–1522.

[10] N. Basu, D.-H. Nam, E. Kwansaa-Ansah, E.P. Renne, J.O. Nriagu, Multiple metals
exposure in a small-scale artisanal gold mining community, Environ. Res. 111
(2011) 463–467.

[11] K.A. Asante, T. Agusa, C.A. Biney, W.A. Agyekum, M.O. Bello, M. Otsuka, et al.,
Multi-trace element levels and arsenic speciation in urine of e-waste recycling
workers from Agbogbloshie, Accra in Ghana, Sci. Tot. Environ. 424 (2012) 63–73.

[12] A.C. Bosch, B. O’Neill, G.O. Sigge, S.E. Kerwath, L.C. Hoffmann, Heavy metals in
marine fish meat and consumer health: a review, J. Sci. Food Agric. 96 (1) (2016)
32–48.

[13] A.L. Brantsæter, M. Haugen, Y. Thomassen, D. Ellingsen, T. Ydersbond, T.-A. Hagve,
et al., Exploration of biomarkers for total fish intake in pregnant Norwegian women,
Publ. Hlth. Nutr. 13 (2010) 54–62.

[14] T.W. Clarkson, L. Magos, The toxicology of mercury and its chemical compounds,
Crit. Rev. Toxicol. 36 (2006) 609–662.

[15] S.A. McNaughton, G.C. Marks, Selenium content of Australian food: a review of
literature values, J. Food Compos. Anal. 15 (2002) 169–182.

[16] L. Hinojosa Reyes, J.L. Guzmán Mar, G.M. Mizanur Rahman, B. Seybert,
T. Fahrenholz, H.M. Skip Kingston, Simultaneous determination of arsenic and se-
lenium species in fish tissues using microwave-assisted enzymatic extraction and
ion chromatography-inductively coupled plasma mass spectrometry, Talanta 78
(2009) 983–990.

[17] S.J. Fairweather-Tait, R. Collings, R. Hurst, Selenium bioavailability: current
knowledge and future research, Am. J. Clin. Nutr. 91 (2010) 1484S–1491S.

[18] U. Kristan, M.A. Arribére, V. Stibilj, Selenium species and their distribution in
freshwater fish from Argentina, Biol. Trace Elem. Res. 151 (2013) 240–246.

[19] M. Haratake, K. Koga, S. Yoshida, T. Fuchigami, M. Nakayama, Chemistry and
biochemistry: selenium species in fish, in: V.R. Preedy (Ed.), Selenium. Chemistry,
Analysis, Function and Effects, The Royal Socitey of Chemistry, Cambridge, UK,
2015, pp. 81–95.

[20] Y. Yamashita, H. Amlund, T. Suzuki, T. Hara, M.A. Hossain, T. Yabu, et al.,
Selenoneine, total selenium, and total mercury content in the muscle of fishes, Fish
Sci 77 (2011) 679–686.

[21] Global Burden of Disease Study 2013 Collaborators, Global, regional, and national
incidence, prevalence, and years lived with disability for 301 acute and chronic
diseases and injuries in 188 countries, 1990–2013: a systematic analysis for the
global burden of disease, Lancet 386 (2015) 743–800.

[22] H.M. Melzer, A.L. Brantsæter, B. Borch-Iohnsen, D.G. Ellingsen, J. Alexander,
Y. Thomassen, et al., Low iron stores are related to higher blood concentrations of
manganese, cobalt and cadmium in non-smoking Norwegian women in the Hunt 2
study, Environ. Res. 110 (2010) 497–504.

[23] T. Ganz, Systemic iron homeostasis, Physiol. Rev. 93 (2013) 1721–1741.
[24] A.C. Illing, A. Shawki, C.L. Cunningham, B. Mackenzie, Substrate profile and metal-

ion selectivity of human divalent metal ion transporter-1, J. Biol. Chem. 287 (36)
(2012) 30485–30496.

[25] Z. Yin, H. Jiang, E.S.Y. Lee, M. Ni, K.M. Erikson, D. Milatovic, et al., Ferroportin is a
manganese-responsive protein that decreases manganese cytotoxicity and accu-
mulation, J. Neurochem. 112 (2010) 1190–1198.

[26] M.S. Madejczyk, N. Ballatori, The iron transporter ferroportin can also function as a
manganese transporter, Biochem. Biophys. Acta 1818 (2012) 651–657.

[27] C.J. Mitchell, A. Shawki, T. Ganz, E. Nemeth, B. Mackenzie, Functional properties of
human ferroportin, a cellular iron exporter reactive also with cobalt and zinc, Am.
J. Cell. Physiol. 306 (2014) C450–C459.

[28] L. Sun, L. Wang, Z. Wang, W. He, S. Zhang, W. Guo, et al., Cadmium depletes
cellular iron availability through enhancing ferroportin translation via iron re-
sponsive element, Mol. Med. Rep. 11 (2015) 3129–3133.

[29] T. Ganz, Hepcidin and iron regulation, 10 years later, Blood 117 (17) (2011)
4425–4433.

[30] M. Kentner, T. Fischer, G. Richter, Changes in external and internal lead load in
different working areas of a starters battery production plant in the period
1982–1991, Int. Arch. Occup. Environ. Health 66 (1) (1994) 23–31.

[31] M. Kentner, M. Leinemann, K.H. Schaller, D. Weltle, G. Lehnert, External and in-
ternal antimony exposure in starter battery production, Int. Arch. Occup. Environ.
Health 67 (2) (1995) 119–123.

[32] A.A.E. Wibowo, H.J.A. Sallé, P. del Castilho, R.L. Zielhuis, An effect of erythrocyte
protoporphyrin on blood manganese in lead-exposed children and adults, Int. Arch.
Occup. Environ. Health 43 (3) (1979) 177–182.

[33] R. Truckenbrodt, L. Winter, K.H. Schaller, The influence of occupational lead-ex-
posure on various elements in whole blood: about in-vivo influence on cadmium-,
calcium-, iron-, copper-, magnesium-, manganese- and zinc-levels in human blood,
erythrocytes and plasma, Zbl. Bakt. Hyg. T. Abt. Orig. B 179 (1984) 187–197.

[34] J. Saavedra-Contreras, C. Rios, Changes in manganese and small cobalt blood levels
of lead-exposed workers, Arch. Invest. Med. (Mex.) 22 (1991) 57–61.

[35] H.J. Mason, N. Williams, S. Armitage, M. Morgan, S. Green, H. Perrin, et al., Follow
up of workers previously exposed to silver solder containing cadmium, Occup.
Environ. Med. 56 (1999) 553–558.

[36] P. Howe, P. Watts, Tin and Inorganic Tin Compounds, Concise International
Chemical Assessment Document ISBN-92-4-153065-0 vol. 65, World Health
Organization, Geneva, Switzerland, 2005, p. 73.

[37] T. Nawrot, P. Geusens, T.S. Nulens, B. Nemery, Occupational cadmium exposure
and calcium excretion, bone density, and osteoporosis in men, J. Bone Miner. Res.
25 (6) (2010) 1441–1445.

[38] D.G. Ellingsen, L. Dubeikovskaya, K. Dahl, M. Chashchin, V. Chashchin, E. Zibarev,
et al., Air exposure assessment and biological monitoring of manganese in welders,
J. Environ. Monit. 8 (2006) 1078–1086.

[39] K.L. Caldwell, M.E. Mortensen, R.L. Jones, S.P. Caudill, J.D. Osterloh, Total blood
mercury concentrations in the U.S. population: 1999–2006, Int. J. Hyg. Environ.
Health 212 (2009) 588–598.

[40] K. Becker, S. Kaus, C. Krause, P. Lepom, C. Schulz, M. Seiwert, et al., German en-
vironmental survey 1998 (GerES III): environmental pollutants in blood of the
german population, Int. J. Hyg. Environ. Health 205 (2002) 297–308.

[41] S.-A. Kim, Y.M. Kwon, S. Kim, H. Joung, Assessment of dietary mercury intake and
blood mercury levels in the Korean population: results from the Korean national

E. Dartey et al. Journal of Trace Elements in Medicine and Biology 44 (2017) 279–287

286

http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0005
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0005
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0005
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0005
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0010
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0010
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0010
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0015
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0015
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0020
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0020
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0025
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0025
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0025
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0030
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0030
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0030
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0035
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0035
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0035
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0040
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0040
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0040
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0045
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0045
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0045
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0045
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0050
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0050
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0050
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0055
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0055
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0055
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0060
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0060
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0060
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0065
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0065
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0065
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0070
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0070
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0075
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0075
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0080
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0080
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0080
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0080
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0080
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0085
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0085
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0090
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0090
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0095
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0095
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0095
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0095
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0100
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0100
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0100
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0105
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0105
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0105
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0105
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0110
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0110
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0110
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0110
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0115
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0120
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0120
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0120
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0125
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0125
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0125
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0130
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0130
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0135
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0135
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0135
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0140
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0140
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0140
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0145
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0145
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0150
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0150
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0150
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0155
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0155
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0155
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0160
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0160
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0160
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0165
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0165
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0165
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0165
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0170
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0170
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0175
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0175
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0175
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0180
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0180
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0180
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0185
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0185
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0185
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0190
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0190
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0190
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0195
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0195
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0195
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0200
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0200
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0200
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0205
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0205


environmental health survey 2012–2014, Int. J. Environ. Public Health 13 (2016)
877–894.

[42] Ministry of Fisheries and Aquaculture Development (MOFAD), Fishery and
Aquaculture Country Profiles, MOFAD, Republic of Ghana, 2015.

[43] World Health Organization, Human Biomonitoring: Facts and Figures, Copenhagen,
WHO Regional Office for Europe, 2015.

[44] N. Noisel, G. Carrier, M. Bouchard, Study of selenium intake and disposition in
various matrices based on mathematical algorithms derived from pooled biomo-
nitoring data, Int. J. Hyg. Environ. Health 217 (2014) 796–804.

[45] C.J. Bates, A. Prentice, M.C. Birch, H. Trevor Delves, Dependence of blood indices of
selenium and mercury on estimated fish intake in a national survey of British adults,
Publ. Hlth. Nutr. 10 (5) (2007) 508–517.

[46] A. Miklavčič, A. Casetta, J.S. Tratnik, D. Mazej, M. Krsnik, M. Mariuz, et al.,
Mercury, arsenic and selenium exposure levels in relation to fish consumption in the
Mediterranean area, Environ. Res. 120 (2013) 7–17.

[47] T. Guérin, R. Chekri, C. Vastel, V. Sirot, J.-C. Volatier, J.-C. Leblanc, et al.,
Determination of 20 trace elements in fish and other seafood from French market,
Food Chem. 127 (3) (2011) 934–942.

[48] M. Yamashita, Y. Yamashita, T. Ando, J. Wakamiya, S. Akiba, Identification and
determination of selenoneine, 2-selenyl-Nα, Nα, Nα-trimethyl-L-histidine, as the
major organic selenium in blood cells in a fish-eating population on remote
Japanese islands, Biol. Trace Elem. Res. 156 (2013) 36–44.

[49] T. Imai, H. Mihara, T. Kurihara, N. Esaki, Selenocysteine is selectively taken up by
red blood cells, Biosci. Biotechnol. Biochem. 73 (12) (2009) 2746–2748.

[50] R. Hurst, R. Collings, L.J. Harvey, M. King, L. Hooper, J. Bouwman, et al., EURRECA
– estimating selenium requirements for deriving dietary reference values, Crit. Rev.
Food Sci. Nutr. 53 (2013) 1077–1096.

[51] M. Lemire, A. Philibert, M. Fillion, C.J. Sousa Passos, J.R.D. Guimarães, F. Barbosa
Jr.et al., No evidence of selenosis from a selenium-rich diet in the Brazilian Amazon,
Environ. Int. 40 (2012) 128–136.

[52] K.L. Nuttall, Evaluating selenium poisoning, Ann. Clin. Lab. Sci. 36 (4) (2006)
409–420.

[53] R. Crichton Inorganic Biochemistry of Iron Metabolism. From Molecular

Mechanisms to Clinical Consequences, 2nd ed., John Wiley and Son, Chichester,
UK, 2001.

[54] J.E. Volanakis, Human C-reactive protein: expression, structure, and function, Mol.
Immunol. 38 (2001) 189–197.

[55] M.C. Dao, S.N. Meydani, Iron biology, immunology, aging, and obesity: four fields
connected by the small peptide hormone hepcidin, Adv. Nutr. 4 (2013) 602–617.

[56] A. Shenkin, Trace elements and inflammatory response: implications for nutritional
Support, Nutrition 11 (1) (1995) 100–105.

[57] S. Bo, M. Durazzo, R. Gambino, C. Berutti, N. Milanesio, A. Caropreso, et al.,
Associations of dietary and serum copper with inflammation oxidative stress, and
metabolic variables in adults, J. Nutr. 138 (2007) 305–310.

[58] F.A. Stefanowicz, D. Talwar, D.S.J. O’Reilly, N. Dickinson, J. Atkinson,
A.S. Hursthouse, et al., Erythrocyte selenium concentration as a marker of selenium
status, Clin. Nutr. 32 (2013) 837–842.

[59] E.J.C. Oakes, T.D.B. Lyon, A. Duncan, A. Gray, D. Talwar, D.St.J. O’Reilly, Acute
inflammatory response does not affect erythrocyte concentrations of copper, zinc
and selenium, Clin. Nutr. 27 (2008) 115–120.

[60] I. Gunnarsdottir, L. Dahl, Iodine intake in human nutrition: a systematic literature
Review, Food Nutr. Res. 56 (2012), http://dx.doi.org/10.3402/fnr.v56i0.19731.

[61] World Health Organization, Urinary Iodine Concentrations for Determining Iodine
Status Deficiency in Populations, Vitamin and Mineral Nutrition Information
System, World Health Organization, Geneva, Switzerland, 2013 http://
.www.who.int/nutrition/vmnis/indicators/urinaryiodine (Accessed February 15th
2017).

[62] H. Backer, J. Hollowell, Use of iodine for water disinfection: iodine toxicity and
maximum recommended dose, Environ. Health Perspect. 108 (8) (2000) 679–683.

[63] D. Lison, Cobalt, in: G. Nordberg, B.A. Fowler, M. Nordberg (Eds.), Handbook on
the Toxicology of Metals, 4th ed., Academic Press, 2015, pp. 743–763.

[64] D.J. Paustenbach, Interpreting cobalt blood concentrations in hip implant patients,
Clin. Toxicol. 52 (2) (2014) 98–112.

[65] D.J. Paustenbach, B.E. Tvermoes, K.M. Unice, B.L. Finley, B.D. Kerger, A review of
the health hazards posed by cobalt, Crit. Rev. Toxicol. 43 (4) (2013) 316–362.

E. Dartey et al. Journal of Trace Elements in Medicine and Biology 44 (2017) 279–287

287

http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0205
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0205
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0210
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0210
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0215
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0215
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0220
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0220
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0220
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0225
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0225
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0225
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0230
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0230
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0230
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0235
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0235
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0235
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0240
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0240
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0240
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0240
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0245
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0245
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0250
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0250
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0250
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0255
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0255
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0255
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0260
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0260
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0265
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0265
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0265
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0270
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0270
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0275
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0275
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0280
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0280
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0285
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0285
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0285
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0290
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0290
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0290
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0295
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0295
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0295
http://dx.doi.org/10.3402/fnr.v56i0.19731
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0305
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0305
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0305
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0305
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0305
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0310
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0310
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0315
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0315
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0320
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0320
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0325
http://refhub.elsevier.com/S0946-672X(17)30740-X/sbref0325

	Essential and non-essential trace elements among working populations in Ghana
	Introduction
	Material and methods
	Study design and subjects
	Examinations
	Collection of biological samples
	Measurements of trace elements in biological samples
	Measurements of ferritin and C-reactive protein in serum
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Funding
	References




