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Abstract: The bone is one of the relevant target organs of heavy metals, and heavy metal toxicity is
associated with several degenerative processes, such osteoporosis and bone mineral alterations, that
could lead to fractures. We aimed to study a presumed relationship between bone density, evaluated
by quantitative bone ultrasound (QUS), dual-energy X-ray absorptiometry (DXA) and peripheral
quantitative computed tomography (pQCT) and the dietary intake of cadmium, lead and mercury in
healthy premenopausal women. A total of 158 healthy, non-smoking, premenopausal women were
incorporated into the study. A validated food frequency questionnaire (FFQ) was administered to
assess intake during the preceding seven days. The median predicted dietary cadmium intake among
the 158 women studied was 25.29 µg/day (18.62–35.00) and 2.74 µg/kg body weight/week (b.w./w)
(1.92–3.83). Dietary lead intake was 43.85 µg/day (35.09–51.45) and 4.82 µg/kg b.w./w (3.67–6.13).
The observed dietary mercury intake was 9.55 µg/day (7.18–13.57) and 1.02 µg/kg b.w./w (0.71–1.48).
Comparisons, in terms of heavy metal intake, showed no significant results after further adjusting for
energy intake. No statistically significant correlations between heavy metal intake and the QUS, DXA
and pQCT parameters were observed. Levels of dietary exposure of cadmium, lead and mercury were
mostly within the recommendations. We did not find associations between the QUS, DXA and pQCT
parameters and the dietary intake of the studied heavy metals in healthy premenopausal women.

Keywords: heavy metals; food; dietary intake; bone health; women’s health; premenopause; bone
mineral density

1. Introduction

Bone is one of the important target organs of heavy metals, and heavy metal toxicity is associated
with several degenerative processes, such as osteoporosis and bone mineral alterations, that could lead
to fractures [1,2]. Exposure to heavy metals occurs through various routes, and quantifying absorbed
doses is complex because of the levels of absorption and metabolism [2]. In addition, exposure duration
varies widely among individuals, with polluted or fresh water, soil, dermal contact of soil, air, smoking,
and food being the primary routes of exposure [2–7]. In the case of cadmium, for non-smokers, food
consumption has been identified as the major pathway of cadmium exposure, accounting for 90% of
the cadmium exposure compared to other routes of exposure [8,9].

Toxicity and the resulting threat to human health of any contaminant depends on the
concentration; it is well known that sustained exposure to cadmium, lead and mercury at relatively
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low levels has negative effects [10,11]. Cadmium ranks seventh in the Agency for Toxic Substances and
Disease Registry (ATSDR) list of elements posing the most significant potential threat to human health
in the environment [12], and both human and in vivo studies have demonstrated cadmium to have
toxic effects on bones, resulting in low bone mass, higher risk of osteoporosis and bone fractures [13–18].
Several population-based studies from Belgium, Sweden, Japan, and China have demonstrated an
association between decreased bone mineral density and low-level cadmium exposure [15,19–22].
Cadmium also interferes with parathyroid hormone stimulation of vitamin D activation in kidney
cells to increase urinary excretion of calcium, thereby reducing its absorption from the intestines and
interfering with calcium incorporation into bone cells [23].

Lead exposure has been linked to enhanced bone turnover, reduced mineralization, and a
decline in bone mineral density (BMD) and is considered to be a cause of osteoporosis in the most
serious cases [24]. Lead can substitute calcium in hydroxyapatite crystals and has a higher affinity for
osteocalcin than calcium [24,25].

There is a lack of knowledge about the effects of mercury on human bone metabolism, and further
research, in regard to the potential effects of mercury on bone metabolism, is required [24].

The food frequency questionnaire (FFQ) method is applied as a tool in estimating the frequency of
intake of individual foods or food groups over different periods of time (days, weeks, months, or years)
and has been used, more and more, to measure dietary exposures in epidemiologic studies [26,27] that
evaluate dietary heavy metal intake.

The standard screening procedure for the assessment of bone mineral density (BMD) is dual X-ray
absorptiometry (DXA), which helps in identifying patients at risk of osteoporosis or fractures [28].
Quantitative bone ultrasound (QUS) is an alternative and/or integrative technique to DXA scan; it is a
radiation-free, transportable technique that uses sound waves to evaluate bone properties that are not
measured by the DXA scan [29–33]. Peripheral quantitative computed tomography (pQCT) provides
information regarding both trabecular and cortical bone properties and measures volumetric bone
mineral density (vBMD), which is independent of body size and in contrast to the size-dependent
planar measurement of areal bone mineral density (aBMD) [34].

We aimed to describe the dietary intakes of lead, cadmium and mercury among healthy,
non-smoking premenopausal Spanish women. Additionally, we attempted to establish a putative
relationship between bone health, measured by—QUS, DXA and pQCT—and the intake of these heavy
metals in these women.

2. Materials and Methods

Healthy, non-smoking, premenopausal women were recruited from the area of Cáceres and
nearby communities, via web advertising and primary care consults. Inclusion criteria included being
healthy, residing in the studied area, being of white European origin and having no mental or physical
functional impairments. The Clinical Research Ethics Committee at the Complejo Hospitalario San
Pedro de Alcántara Hospital (Cáceres, Spain) (05032001/17) approved this study. All participants
provided written informed consent, in accordance with the 1975 Declaration of Helsinki.

We aimed to have enough statistical power to detect medium effect sizes (anticipated Cohen’s
d = 0.5) with a β = 0.80 and α = 0.05, which required a minimum sample size of 128 participants.
A total of 158 premenopausal women were included in this study. Participants underwent primary
or secondary examinations. Most of them were married and did not have children (71.5%), and their
social status was average. None of the participants had dietary restrictions and their medical histories
showed no presence of low-trauma fractures.

We registered subjects’ complete medical histories and physically examined each participant
before acceptance into the study. Women were excluded if they were taking medications that could
interfere with bone turnover (antipsychotics, oral anticoagulants, corticoids, etc.). All women led active
lives but did not regularly practice sports. Alcohol intake was occasional (not exceeding 100 mL/day in
any case). Height was measured using a Harpenden stadiometer (Holtain, Crymych, UK). Weight was
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obtained by standing on a zeroed biomedical precision balance scale. Both measurements were
obtained with the women dressed in light clothing, with shoes and socks removed. Body mass index
(BMI) was calculated as weight in kilograms divided by height in meters squared (kg/m2).

Ultrasound studies were performed on the 2nd to the 5th proximal phalanx of the non-dominant
hand, using a DBM Sonic Bone Profiler (IGEA, Capri, Italy). The femoral neck and L2–L4 spine BMDs
were analyzed via DXA (Norland XR-800, Norland Inc., Fort Atkinson, WI, USA), and measurements
were expressed as the quantity of mineral divided by the area scanned (g/cm2). pQCT measurements
were performed on the non-dominant distal forearm, using a Stratec XCT-2000 device (Stratec
Medizintechnik, Pforzheim, Germany).

According to the Food and Agriculture Organization/World Health Organization (FAO/WHO)
recommendations [35], diary-based studies that combine the data for specific contaminants with
individual (or household) dietary records [36] can be employed to determine the intake of heavy
metals. Women enrolled in this study completed a 131-item FFQ. This FFQ was previously validated
and involves a 24-h recall performed over seven days [31,37–39]. A database involving food cadmium,
lead and mercury was constructed, as previously reported [39]. Using the FFQ, we also estimated the
dietary intakes of iron, zinc, iodine, magnesium, copper, selenium, calcium and vitamin D from the
Spanish Food Composition database [40].

Medians and interquartile ranges (IQR) were used to describe the studied sample. Considering
the non-normality of some of the studied data, the Mann-Whitney U test was used to evaluate the
differences between groups. Partial correlations (adjusted by energy intake) were also calculated.
To adjust for potential confounding factors, we used a non-parametric rank analysis of the covariance
model, where cadmium, lead and mercury intake was considered factors and energy intake (kcal/day)
was considered a covariate. All statistical tests were conducted using SPSS version 22.0 (IBM Corp.,
Armonk, NY, USA).

3. Results

3.1. Sample Characteristics Regarding Heavy Metal Dietary Intake

The women with the highest dietary cadmium intakes reported consuming more copper, vitamin
D, iron, magnesium and selenium than those with less dietary cadmium exposure. After further
adjustment for energy consumption, no significant differences were detected with regard to dietary
iron, magnesium and copper in the cadmium subgroups (Table 1); the dietary intakes of vitamin D
and selenium continued to be significant.

Table 1. Sample characteristics regarding cadmium dietary intake in premenopausal women.

Variable (Units)
Low (<25.29 µg/day) High (>25.29 µg/day) p-Value p-Value *

Median (IQR) (n = 79) Median (IQR) (n = 79)

Age (years) 40 (37–43) 41 (37–44) 0.682 0.852
Body mass index (kg/m2) 24.80 (22.80–27.50) 23.62 (22.33–26.38) 0.068 0.215

Dietary vitamin D (µg/day) 3.92 (2.17–6.14) 7.25 (4.84–11.65) <0.001 <0.001
Dietary calcium (mg/day) 982 (675–1239) 1025 (790–1278) 0.339 0.738

Dietary iron (mg/day) 11.73 (10.25–15.75) 14.24 (11.62–17.01) 0.007 0.237
Dietary zinc (mg/day) 9.24 (7.24–10.71) 10.05 (7.94–12.49) 0.051 0.959

Dietary energy (kcal/day) 1969.2 (1629.2–2415.0) 2260 (1858.1–2626.5) 0.003 N/A
Dietary iodine (µg/day) 330.5 (98–431) 335 (36–436) 0.865 0.156

Dietary magnesium (mg/day) 227.8 (178.5–276.6) 259 (203.3–341.1) 0.010 0.196
Dietary copper (mg/day) 0.806 (0.564–1.031) 0.936 (0.769–1.397) 0.002 0.558

Dietary selenium (µg/day) 72.4 (53.2–90.7) 95.35 (68–119.9) <0.001 0.005
Dietary cadmium/body weight (µg/kg b.w./w) 1.92 (1.56–2.31) 3.83 (3.26–4.89) <0.001 <0.001

Dietary cadmium (µg/day) 18.62 (14.37–20.75) 34.99 (30.40–41.96) <0.001 <0.001

* After further adjustment for energy intake (kcal/day). IQR: interquartile range; N/A: Not Applicable.
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Women with higher dietary intakes of lead reported lower BMIs and higher intakes of vitamin
D, calcium, iron, zinc, iodine, magnesium and copper (Table 2). After further adjustment for calorie
consumption, the dietary intakes of iron, zinc magnesium and selenium remained significant.

Table 2. Sample characteristics regarding lead dietary intake in premenopausal women.

Variable (Units)
Low (<43.85 µg/day) High (>43,85 µg/day) p-Value p-Value *

Median (IQR) (n = 79) Median (IQR) (n = 79)

Age (years) 41 (37–44) 41 (37–43) 0.635 0.553
Body mass index (kg/m2) 25.06 (22.97–27.57) 23.98 (22.30–26.38) 0.033 0.234

Dietary vitamin D (µg/day) 438 (257–811) 621 (411–99) 0.012 0.435
Dietary calcium (mg/day) 961 (634–1209) 1025 (873–1327) 0.018 0.546

Dietary iron (mg/day) 11.02 (8.62–14.49) 15.16 (12.42–17.57) <0.001 0.015
Dietary zinc (mg/day) 8.7 (6.67–10.37) 10.63 (8.92–13.07) <0.001 0.007

Dietary energy (kcal/day) 1858.1 (1500.4–2323.6) 2358.3 (1995.1–2621.4) <0.001 N/A
Dietary iodine (µg/day) 322 (18–441) 339 (205–434) 0.065 0.844

Dietary magnesium (mg/day) 214.5 (159.5–286.2) 269.4 (222.8–338.3) <0.001 0.023
Dietary copper (mg/day) 0.724 (0.501–0.993) 0.945 (0.82–1409) <0.001 0.281

Dietary selenium (µg/day) 63.1 (49.8–79.6) 96 (75.7–125) <0.001 <0.001
Dietary lead/body weight (µg/kg b.w./w) 3.67 (3.2–4.36) 6.05 (5.19–6.97) <0.001 0.004

Dietary lead (µg/day) 35.09 (29.8–40.03) 51.45 (47.59–58.37) <0.001 0.006

* After further adjustment for energy intake (kcal/day).

Higher dietary intakes of vitamin D, iron, magnesium, copper and selenium were observed
in women with dietary intakes of mercury above the median of our sample (Table 3).
After further adjustment for calorie consumption, the dietary intakes of vitamin D and selenium
remained significant.

Table 3. Sample characteristics regarding mercury dietary intake in premenopausal women.

Variable (Units)
Low (<9.55 µg/day) High (>9.55 µg/day) p-Value p-Value *

Median (IQR) (n = 80) Median (IQR) (n = 78)

Age (years) 40.5 (37–43) 41 (37–44) 0.739 0.848
Body mass index (kg/m2) 24.51 (22.88–27.41) 23.7 (22.33–26.84) 0.138 0.370

Dietary vitamin D (µg/day) 3.93 (2.28–6.16) 7.35 (4.89–11.65) <0.001 <0.001
Dietary calcium (mg/day) 996 (677–1224) 995.5 (728–1285) 0.517 0.661

Dietary iron (mg/day) 11.93 (10.37–15.82) 14.17 (11.52–17.01) 0.015 0.188
Dietary zinc (mg/day) 9.08 (7.29–10.74) 10.04 (7.94–12.45) 0.063 0.583

Dietary energy (kcal/day) 2008.25 (1643.25–2390.65) 2256.65 (1855.8–2621.4) 0.008 N/A
Dietary iodine (µg/day) 331 (98–431) 334 (32–436) 0.832 0.205

Dietary magnesium (mg/day) 225.3 (179.15–279.5) 260.45 (203.3–341.1) 0.012 0.169
Dietary copper (mg/day) 0.81 (0.57–0.98) 0.94 (0.77–1.4) 0.001 0.384

Dietary selenium (µg/day) 72.1 (52.25–90.45) 95.8 (68.2–118.9) <0.001 0.001
Dietary mercury/body weight (µg/kg b.w./w) 0.71 (0.53–0.87) 5.18 (4.24–6.62) <0.001 <0.001

Dietary mercury (µg/day) 7.19 (4.96–7.72) 47.78 (39.99–57.82) <0.001 <0.001

* After further adjustment for energy intake (kcal/day).

3.2. Bone Density and Heavy Metal Dietary Intake

Significant differences were observed in bone transmission time (µs) between the cadmium groups
(Table 4) (p = 0.028). Such differences remained significant after further adjustment for energy intake
(p = 0.037). No more significant differences were observed.



Int. J. Environ. Res. Public Health 2017, 14, 1437 5 of 13

Table 4. Bone density and cadmium dietary intake in premenopausal women.

Variable (Units)
Low (<25.29 µg/day) High (>25.29 µg/day) p-Value p-Value *

Median (IQR) (n = 79) Median (IQR) (n = 79)

Quantitative bone ultrasound
Amplitude-dependent speed-of-sound (Ad-SoS) (m/s) 2120 (2092–2145) 2133 (2092–2166) 0.224 0.329

Ultrasound bone profiler index (UBPI) 0.78 (0.69–0.85) 0.78 (0.71–0.85) 0.933 0.861
Bone transmission time (BTT) (µs) 1.60 (1.52–1.65) 1.60 (1.58–1.72) 0.028 0.037

Bone mineral density (BMD) (g/cm2)
BMD Femoral neck 0.891 (0.839–0.992) 0.885 (0.815–0.966) 0.372 0.325

BMD Femoral trochanter 0.685 (0.636–0.755) 0.677 (0.617–0.771) 0.777 0.714
BMD Ward’s triangle 0.709 (0.624–0.807) 0.687 (0.614–0.782) 0.568 0.746

BMD L2 1.109 (1.016–1.184) 1.097 (1.012–1.180) 0.631 0.851
BMD L3 1.101 (1.015–1.189) 1.101 (1.016–1.182) 0.790 0.853
BMD L4 1.060 (0.976–1.151) 1.037 (0.972–1.128) 0.453 0.624

BMD lumbar spine 1.105 (1.009–1.173) 1.079 (0.997–1.157) 0.601 0.673

Volumetric BMD (mg/cm3)
Total density 363.6 (323.4–394.5) 348.9 (327.9–385.8) 0.479 0.623

Trabecular density 180.1 (160.3–210.1) 174.4 (152.8–197.8) 0.305 0.551
Cortical density 503 (449.4–558.3) 494.8 (454.4–545.4) 0.832 0.887

Bone morphometry (mm2)
Total area 283.4 (265.6–311.9) 294.1 (270.1–324.1) 0.120 0.252

Trabecular area 127.4 (119.4–142.4) 132.3 (121.5–145.5) 0.185 0.485
Cortical area 155.9 (146.2–171.6) 161.9 (148.6–178.6) 0.157 0.350

* After further adjustment for energy intake (kcal/day).

No significant differences were observed between the lead groups; however, after adjusting for
calorie intake, a significant difference was observed between the studied groups in the cortical area
(mm2) (p = 0.030) (Table 5).

Table 5. Bone density and lead dietary intake in premenopausal women.

Variable (Units)
Low (<43.85 µg/day) High (>43,85 µg/day) p-Value p-Value *

Median (IQR) (n = 79) Median (IQR) (n = 79)

Quantitative bone ultrasound
Ad-SoS (m/s) 2126 (2093–2157) 2130 (2090–2162) 0.801 0.886

Ultrasound bone profiler index (UBPI) 0.77(0.71–0.85) 0.78 (0.71–0.84) 0.985 0.998
Bone transmission time (BTT) (µs) 1.60 (1.55–1.7) 1.60 (1.52–1.68) 0.568 0.433

Bone mineral density (g/cm2)
BMD Femoral neck 0.886 (0.814–0.991) 0.892 (0.826–0.971) 0.865 0.993

BMD Femoral trochanter 0.689 (0.630–0.754) 0.679 (0.611–0.775) 0.981 0.988
BMD Ward‘s triangle 0.692 (0.602–0.810) 0.697 (0.626–0.785) 0.716 0.780

BMD L2 1.100 (1.016–1.157) 1.107 (1.006–1.194) 0.436 0.328
BMD L3 1.095 (1.008–1.161) 1.107 (1.031–1.199) 0.157 0.120
BMD L4 1.054 (0.983–1.135) 1.046 (0.966–1.138) 0.793 0.999

BMD lumbar spine 1.088 (1.009–1.142) 1.089 (0.997–1.191) 0.565 0.476

Volumetric BMD (mg/cm3)
Total density 349.7 (321.7–389.1) 358.3 (327.9–389.4) 0.381 0.497

Trabecular density 176.8 (155.4–203.4) 178.2 (156.4–210.1) 0.551 0.575
Cortical density 494.3 (450–556.1) 501.1 (460–547.8) 0.505 0.671

Bone morphometry (mm2)
Total area 293.8 (275.3–327.6) 287.5 (261.4–319.2) 0.092 0.050

Trabecular area 131.9 (123.6–147.2) 129.1 (117.3–143.4) 0.091 0.057
Cortical area 161.9 (151.8–180.3) 158.4 (144.1–174.4) 0.078 0.030

* After further adjustment for energy intake (kcal/day). (kcal/day) was considered a covariate.

No significant differences were observed between the mercury groups in the measured bone
health parameters (Table 6).
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Table 6. Bone density and mercury dietary intake in premenopausal women.

Variable (Units)
Low (<9.55 µg/day) High (>9.55 µg/day) p-Value p-Value *

Median (IQR) (n = 80) Median (IQR) (n = 78)

Quantitative bone ultrasound
Ad-SoS (m/s) 2126 (2092.5–2145) 2131 (2092–2166) 0.360 0.361

Ultrasound bone profiler index (UBPI) 0.78 (0.69–0.84) 0.78 (0.71–0.85) 0.882 0.794
Bone transmission time (BTT) (µs) 1.60 (1.52–1.65) 1.60 (1.55–1.72) 0.057 0.059

Bone mineral density (g/cm2)
BMD Femoral neck 0.893 (0.834–1.005) 0.889 (0.824–0.969) 0.390 0.323

BMD Femoral trochanter 0.680 (0.633–0.753) 0.684 (0.611–0.775) 0.951 0.863
BMD Ward’s triangle 0.706 (0.624–0.806) 0.687 (0.616–0.785) 0.595 0.665

BMD L2 1.109 (1.017–1.187) 1.096 (1.006–1.169) 0.536 0.683
BMD L3 1.101 (1.020–1.188) 1.101 (1.014–1.183) 0.736 0.785
BMD L4 1.059 (0.980–1.148) 1.038 (0.972–1.128) 0.397 0.568

BMD lumbar spine 1.097 (1.012–1.175) 1.076 (0.997–1.153) 0.522 0.586

Volumetric BMD (mg/cm3)
Total density 359.3 (318.85–388.95) 350.25 (328.-389.4) 0.832 0.551

Trabecular density 178.3 (159.35–208.7) 174.55 (153.4–197.8) 0.461 0.795
Cortical density 499.65 (449.15–555.8) 496.2 (460–553.2) 0.675 0.506

Bone morphometry (mm2)
Total area 283.4 (265.95–311.05) 294.3 (267.3–324.1) 0.189 0.345

Trabecular area 127.4 (119.55–141.35) 132.3 (120.1–145.5) 0.278 0.618
Cortical area 155.9 (146.4–171.25) 162.05 (147.2–178.6) 0.237 0.467

* After further adjustment for energy intake (kcal/day). (kcal/day) was considered a covariate.

3.3. Correlation Study

Dietary intake of cadmium was positively associated with the dietary intakes of vitamin D,
magnesium and selenium, after further adjustment for energy intake (Table 7). Dietary lead intake was
associated with dietary iron, calcium, zinc, magnesium and dietary selenium intakes, but not associated
with vitamin D intake (p = 0.162) after adjusting for dietary energy. Similar to cadmium, mercury
intake was associated with vitamin D intake and selenium intake but not with dietary magnesium
intake (p = 0.063), after adjusting for calorie intake (Table 7).

Table 7. Partial correlation results (dietary heavy metals and nutrients).

Variable (UNITS)
Dietary Intake (µg/day)

Cadmium Lead Mercury

Dietary vitamin D (µg/day) r = 0.38; p < 0.001 r = 0.11; p = 0.162 r = 0.39; p < 0.001
Dietary calcium (mg/day) r = −0.01; p = 0.819 r = 0.16; p = 0.045 r = −0.04; p = 0.545

Dietary iron (mg/day) r = 0.12; p = 0.131 r = 0.33; p < 0.001 r = 0.09; p = 0.236
Dietary zinc (mg/day) r = 0.09; p = 0.232 r = 0.41; p < 0.001 r = 0.07; p = 0.378

Dietary iodine (µg/day) r = −0.06; p = 0.408 r = −0.00; p = 0.952 r = −0.07; p = 0.336
Dietary magnesium (mg/day) r = 0.18; p = 0.022 r = 0.34; p < 0.001 r = 0.14; p = 0.063

Dietary copper (mg/day) r = 0.14; p = 0.081 r = 0.218; p = 0.006 r = 0.11; p = 0.137
Dietary selenium (µg/day) r = 0.28; p < 0.001 r = 0.28; p < 0.001 r = 0.28; p < 0.001

No significant correlations were observed between the bone health parameters measured and
dietary intakes of cadmium, lead and mercury in the studied sample of premenopausal women, after
adjustment for energy intake (Table 8). Moreover, regarding the osteopenia/osteoporosis diagnosis,
based on the T-score at either the hip or the lumbar spine, no significant correlations were observed
(Table 8).
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Table 8. Partial correlation results (dietary heavy metals and bone parameters).

Variable (Units)
Dietary Intake (µg/day)

Cadmium Lead Mercury

Quantitative bone ultrasound
Ad-SoS (m/s) r = 0.02 (p = 0.72) r = 0.06 (p = 0.45) r = 0.02 (p = 0.74)

Ultrasound bone profiler index (UBPI) r = −0.00 (p = 0.95) r = −0.05 (p = 0.49) r = −0.00 (p = 0.92)
Bone transmission time (BTT) (µs) r = 0.10 (p = 0.18) r = 0.07 (p = 0.38) r = 0.10 (p = 0.19)

Bone mineral density (g/cm2)
BMD Femoral neck r = −0.02 (p = 0.78) r = −0.02 (p = 0.73) r = −0.04 (p = 0.65)

BMD Femoral trochanter r = 0.03 (p = 0.66) r = −0.01 (p = 0.86) r = 0.03 (p = 0.65)
BMD Ward's triangle r = 0.01 (p = 0.85) r = 0.01 (p = 0.86) r = −0.00 (p = 0.98)

BMD L2 r = −0.00 (p = 0.95) r = 0.05 (p = 0.51) r = −0.01 (p = 0.83)
BMD L3 r = −0.01 (p = 0.81) r = 0.08 (p = 0.30) r = −0.03 (p = 0.63)
BMD L4 r = −0.01 (p = 0.89) r = 0.02 (p = 0.78) r = −0.02 (p = 0.72)

BMD lumbar spine r = −0.01 (p = 0.89) r = 0.06 (p = 0.46) r = −0.03 (p = 0.75)

Volumetric BMD (mg/cm3)
Total density r = 0.06 (p = 0.39) r = 0.09 (p = 0.26) r = 0.06 (p = 0.48)

Trabecular density r = −0.02 (p = 0.73) r = −0.00 (p = 0.99) r = −0.04 (p = 0.58)
Cortical density r = 0.08 (p = 0.33) r = 0.10 (p = 0.21) r = 0.07 (p = 0.38)

Bone morphometry (mm2)
Total area r = 0.02 (p = 0.84) r = −0.11 (p = 0.18) r = 0.028 (p = 0.72)

Trabecular area r = −0.02 (p = 0.76) r = −0.12 (p = 0.14) r = −0.01 (p = 0.85)
Cortical area r = −0.02 (p = 0.82) r = −0.12 (p = 0.12) r = −0.00 (p = 0.94)

Bone health (T-score)
Spine T-score r = −0.04 (p = 0.96) r = 0.051 (p = 0.526) r = −0.19 (p = 0.81)
Hip T-score r = −0.03 (p = 0.71) r = −0.03 (p = 0.69) r = −0.04 (p = 0.58)

3.4. Dietary Heavy Metal Exposure and Major Food Sources in the Entire Sample

Finally, we assessed dietary exposure to the studied heavy metals and the primary food sources
in the entire sample. We estimated that the median dietary cadmium exposure among the 158 women
investigated was 25.29 µg/day (18.62–35.00) and 2.74 µg/kg body weight/week (b.w./w) (1.92–3.83).
The dietary lead intake was 43.85 µg/day (35.09–51.45) and 4.82 µg/kg b.w./w (3.67–6.13). Dietary
mercury intake was 9.55 µg/day (7.18–13.57) and 1.02 µg/kg b.w./w (0.71–1.48). The primary source
of dietary cadmium intake was fish, which constituted up to 79% of the total exposure. The major
source of dietary lead exposure was also fish, accounting for 88% of the total intake. Finally, the major
source of dietary mercury exposure was cereals, constituting 53% of the total intake.

4. Discussion

The skeleton is a metabolically active organ that undergoes continuous remodeling throughout
life. To investigate the influences of dietary cadmium, lead and mercury in premenopausal women,
we analyzed the dietary intake of 158 healthy participants and evaluated their bone health by the three
most widely used techniques to date, QUS, DXA and pQCT.

High cadmium exposure causes bone damage [41–43]. The effects of cadmium on bones have
been regarded as late manifestations of cadmium toxicity and are supposed to be the consequence
of cadmium nephrotoxicity, resulting in an altered vitamin D metabolism and a loss of re-absorptive
capacity for nutrients [19]. Nevertheless, the joint Food and Agriculture Organization/World Health
Organization (FAO/WHO) Expert Committee on Food Additives has determined that substantial
confusion exists regarding the long-term effects of cadmium on the bone [19], and that the association
between dietary cadmium exposure and bone health must be further analyzed, especially in
women [15]. The adverse effects of low-level cadmium exposure on bones, likely exerted via elevated
bone resorption, has seemed to be enhanced after menopause [15], and this was confirmed by our
observations, as we did not detect any association between the evaluated parameters and dietary
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cadmium exposure in our sample of premenopausal women. The current in vivo experiment has
established that cadmium exposure induced low vBMD and had no impact on tissue BMD [18];
therefore, further attention should be paid to the influence of cadmium on bone microarchitecture.

Similarly, it has been suggested that lead accumulated in bones, due to exposure over time,
can have detrimental effects on vBMD, by reducing cortical thickness and integral vBMD [44]
in postmenopausal women; nonetheless, there is an absence of evidence for this hypothesis in
premenopausal women. We did not detect a statistically significant difference in bone density among
the groups of women, based on dietary exposure to cadmium or lead.

While not perfect, FFQs have been validated for estimating energy, macronutrients and
micronutrients [45–48]. Energy adjustment is essential in FFQ-derived estimates because estimates
of nutrients and contaminants are often highly correlated with energy intake [48,49], as they were
in this study. Dietary cadmium exposure was markedly lower than the provisional tolerable weekly
intake (PTWI) level settled by the Joint FAO/WHO Expert Committee on Food Additives (JECFA;
7 µg/kg b.w./w) [50] and reexamined by the European Food Safety Authority (EFSA) [51,52] that
determined a renewed PTWI of 2.5 µg/kg b.w. (0.357 µg/kg b.w./day) [36]. In our sample of
premenopausal women, approximately 49% of the sample exceeded the threshold for cadmium.
JECFA has also established a PTWI for lead; however, the EFSA [53] determined that the prior PTWI
(given as 25 µg/kg b.w.) was not useful, due to a lack of evidence of a threshold for lead-induced
effects. We observed that our participants had figures well below the PTWI for lead. Our findings
(4.82 µg/kg b.w./w) are consistent with those from previous studies in Spain [39,54,55] that assessed
the dietary exposure of heavy metals. The results achieved, in regard to the average dietary exposure of
lead in those studies, ranged from 4 µg/kg b.w./w to 56 µg/kg b.w./w between the zones considered.
Finally, the EFSA have proposed a maximum dietary exposure of 4 µg/kg b.w./w [36] of mercury, and
none of the studied women transgressed this limit.

The temporary trends of the dietary exposure of the studied heavy metals were estimated for
Catalonia, Spain [36]. The dietary exposures for cadmium (2.6 µg/day), mercury (10 µg/day), and
lead (8.4 µg/day) in this region were below the values observed in our sample. Regardless, our results
are consistent with those from preceding investigations in Spain, indicating that dietary exposures of
cadmium, lead and mercury in the Spanish diet are often within the recommendations [10,39,54,56–63].
One study estimated the dietary intake of the considered heavy metals [63] in our region and
determined that our area revealed one of the lowest dietary exposures to cadmium and the highest
dietary exposure of mercury in Spain; we admit that it is possible that the dietary patterns of our
region have changed since then, and changes in the dietary exposures of cadmium, lead and mercury
in our region might arise.

Primary dietary sources of cadmium in Spain are said to be cereals and fish [36], which was
confirmed by our observations. Analogous results were observed for the dietary exposure of
mercury—fish was the primary dietary source [36,64–68]. We observed a large contribution of cereals
to total dietary lead exposure in two of the three considered heavy metals, together with fish and meat;
this result supports previous investigations on the contribution of cereals to the dietary exposure of
lead in Spain [69].

Our study has several limitations. A first limitation is the observational cross-sectional design
itself, which did not allow for the testing of hypotheses focused on the effect of dietary intake of heavy
metals in premenopausal women on bone health. The study did, however, generate a significant
data set that can be examined for potential relationships between dietary intake of heavy metals and
different parameters of bone health, which can be used to inform hypotheses for future research.
A second limitation was that although statistical analyses for this study were undertaken, minimizing
bias in the reported findings, and adjustment for energy intake was performed and no differences were
observed in the primary determinants of bone density among the analyzed groups, we cannot exclude
the possibility of potential confounding. Furthermore, we planned to have enough statistical power to
detect at least a medium effect size between groups in the measured bone-related parameters (Cohen’s
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d = 0.5). With the final sample size, we were able to detect effect sizes up to Cohen’s d = 0.45, which is
higher than the values reported here. Therefore, our study was underpowered for detecting changes in
bone health outcomes below the indicated threshold and as a result some of our findings may be prone
to type 2 error. Finally, extrapolation of our intake results could be limited, due to regional variability
in heavy metal levels in foodstuffs [48].

5. Conclusions

We did not detect any relation between FFQ-derived dietary exposure estimates of the studied
heavy metals (cadmium, lead and mercury) and bone density—measured by QUS, DXA and pQCT—in
our sample of healthy premenopausal Spanish women. Due to the complexity of the roles of dietary
heavy metals exposure in bone health, there is a need for further large-scale epidemiological studies,
including longitudinal follow-up of QUS, DXA and pQCT, in relation to dietary heavy metal exposure,
in women with different BMD statuses (normal, osteopenic and osteoporotic), before a more definite
conclusion can be drawn.

Acknowledgments: This work was supported partially by the Junta de Extremadura and the “Fondo Europeo de
Desarrollo Regional” (Research Group Grants GR15144).

Author Contributions: Jesus M. Lavado-García and Maria L. Canal-Macias conceived and designed the
experiments; Jesus M. Lavado-García, Luis M. Puerto-Parejo, Raul Roncero-Martín and Olga Leal-Hernández
performed the measurements; Jose M. Moran, Ignacio J. Aliaga and Juan D. Pedrera-Zamorano analyzed the data;
Jose M. Moran and Maria L. Canal-Macias wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Kido, S. Secondary osteoporosis or secondary contributors to bone loss in fracture. Bone metabolism and
heavy metals (cadmium and iron). Clin. Calcium 2013, 23, 1299–1306. [PubMed]

2. Lim, H.S.; Lee, H.H.; Kim, T.H.; Lee, B.R. Relationship between heavy metal exposure and bone mineral
density in Korean adult. J. Bone Metab. 2016, 23, 223–231. [CrossRef] [PubMed]

3. Chowdhury, S.; Mazumder, M.A.; Al-Attas, O.; Husain, T. Heavy metals in drinking water: Occurrences,
implications, and future needs in developing countries. Sci. Total Environ. 2016, 569–570, 476–488. [CrossRef]
[PubMed]

4. Landsberger, S.; Wu, D. The impact of heavy metals from environmental tobacco smoke on indoor air quality
as determined by Compton suppression neutron activation analysis. Sci. Total Environ. 1995, 173–174,
323–337. [CrossRef]

5. Bosch, A.C.; O’Neill, B.; Sigge, G.O.; Kerwath, S.E.; Hoffman, L.C. Heavy metals in marine fish meat and
consumer health: A review. J. Sci. Food Agric. 2016, 96, 32–48. [CrossRef] [PubMed]

6. Albering, H.J.; Van Leusen, S.M.; Moonen, E.J.; Hoogewerff, J.A.; Kleinjans, J.C. Human health risk
assessment: A case study involving heavy metal soil contamination after the flooding of the river Meuse
during the winter of 1993–1994. Environ. Health Perspect. 1999, 107, 37–43. [CrossRef] [PubMed]

7. Schneider, G.; Krivna, V. Multi-element analysis of tobacco and smoke condensate by instrumental neutron
activation analysis and atomic absorption spectrometry. Int. J. Environ. Anal. Chem. 1993, 53, 87–100.
[CrossRef]

8. Yu, G.; Zheng, W.; Wang, W.; Dai, F.; Zhang, Z.; Yuan, Y.; Wang, Q. Health risk assessment of Chinese
consumers to Cadmium via dietary intake. J. Trace Element Med. Biol. 2017, 44, 137–145. [CrossRef] [PubMed]

9. Loutfy, N.; Fuerhacker, M.; Tundo, P.; Raccanelli, S.; El Dien, A.G.; Ahmed, M.T. Dietary intake of dioxins
and dioxin-like PCBs, due to the consumption of dairy products, fish/seafood and meat from Ismailia city,
Egypt. Sci. Total Environ. 2006, 370, 1–8. [CrossRef] [PubMed]

10. Marti-Cid, R.; Llobet, J.M.; Castell, V.; Domingo, J.L. Dietary intake of arsenic, cadmium, mercury, and lead
by the population of Catalonia, Spain. Biol. Trace Element Res. 2008, 125, 120–132. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/23999366
http://dx.doi.org/10.11005/jbm.2016.23.4.223
http://www.ncbi.nlm.nih.gov/pubmed/27965944
http://dx.doi.org/10.1016/j.scitotenv.2016.06.166
http://www.ncbi.nlm.nih.gov/pubmed/27355520
http://dx.doi.org/10.1016/0048-9697(95)04755-7
http://dx.doi.org/10.1002/jsfa.7360
http://www.ncbi.nlm.nih.gov/pubmed/26238481
http://dx.doi.org/10.1289/ehp.9910737
http://www.ncbi.nlm.nih.gov/pubmed/9872715
http://dx.doi.org/10.1080/03067319308044438
http://dx.doi.org/10.1016/j.jtemb.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/28965569
http://dx.doi.org/10.1016/j.scitotenv.2006.05.012
http://www.ncbi.nlm.nih.gov/pubmed/16806402
http://dx.doi.org/10.1007/s12011-008-8162-3
http://www.ncbi.nlm.nih.gov/pubmed/18535793


Int. J. Environ. Res. Public Health 2017, 14, 1437 10 of 13

11. Leblanc, J.C.; Malmauret, L.; Guerin, T.; Bordet, F.; Boursier, B.; Verger, P. Estimation of the dietary intake
of pesticide residues, lead, cadmium, arsenic and radionuclides in France. Food Addit. Contam. 2000, 17,
925–932. [CrossRef] [PubMed]

12. The ATSDR. Substance Priority List. 2017. Available online: https://www.atsdr.cdc.gov/spl/index.html
(accessed on 9 January 2017).

13. Brzóska, M.; Majewska, K.; Moniuszko-Jakoniuk, J. Mechanical properties of femoral diaphysis and femoral
neck of female rats chronically exposed to various levels of cadmium. Calcif. Tissue Int. 2005, 76, 287–298.
[CrossRef] [PubMed]

14. Staessen, J.A.; Roels, H.A.; Emelianov, D.; Kuznetsova, T.; Thijs, L.; Vangronsveld, J.; Fagard, R.
Environmental exposure to cadmium, forearm bone density, and risk of fractures: Prospective population
study. Public Health and Environmental Exposure to Cadmium (PheeCad) Study Group. Lancet 1999, 353,
1140–1144. [CrossRef]

15. Akesson, A.; Bjellerup, P.; Lundh, T.; Lidfeldt, J.; Nerbrand, C.; Samsioe, G.; Skerfving, S.; Vahter, M.
Cadmium-induced effects on bone in a population-based study of women. Environ. Health Perspect. 2006,
114, 830–834. [CrossRef] [PubMed]

16. Jin, T.; Nordberg, G.; Ye, T.; Bo, M.; Wang, H.; Zhu, G.; Kong, Q.; Bernard, A. Osteoporosis and renal
dysfunction in a general population exposed to cadmium in China. Environ. Res. 2004, 96, 353–359.
[CrossRef] [PubMed]

17. Wang, H.; Zhu, G.; Shi, Y.; Weng, S.; Jin, T.; Kong, Q.; Nordberg, G.F. Influence of environmental cadmium
exposure on forearm bone density. J. Bone Miner. Res. 2003, 18, 553–560. [CrossRef] [PubMed]

18. Chen, X.; Zhu, G.; Jin, T.; Qin, B.; Zhou, W.; Gu, S. Cadmium is more toxic on volume bone mineral density
than tissue bone mineral density. Biol. Trace Element Res. 2011, 144, 380–387. [CrossRef] [PubMed]

19. Lv, Y.; Wang, P.; Huang, R.; Liang, X.; Wang, P.; Tan, J.; Chen, Z.; Dun, Z.; Wang, J.; Jiang, Q.; et al. Cadmium
Exposure and Osteoporosis: A Population-Based Study and Benchmark Dose Estimation in Southern China.
J. Bone Miner. Res. 2017, 32, 1990–2000. [CrossRef] [PubMed]

20. Schutte, R.; Nawrot, T.S.; Richart, T.; Thijs, L.; Vanderschueren, D.; Kuznetsova, T.; Van Hecke, E.; Roels, H.A.;
Staessen, J.A. Bone resorption and environmental exposure to cadmium in women: A population study.
Environ. Health Perspect. 2008, 116, 777–783. [CrossRef] [PubMed]

21. Honda, R.; Tsuritani, I.; Noborisaka, Y.; Suzuki, H.; Ishizaki, M.; Yamada, Y. Urinary cadmium excretion
is correlated with calcaneal bone mass in Japanese women living in an urban area. Environ. Res. 2003, 91,
63–70. [CrossRef]

22. Zhu, G.; Wang, H.; Shi, Y.; Weng, S.; Jin, T.; Kong, Q.; Nordberg, G.F. Environmental cadmium exposure and
forearm bone density. Biometals 2004, 17, 499–503. [CrossRef] [PubMed]

23. Kazantzis, G. Cadmium, osteoporosis and calcium metabolism. Biometals 2004, 17, 493–498. [CrossRef]
[PubMed]

24. Dermience, M.; Lognay, G.; Mathieu, F.; Goyens, P. Effects of thirty elements on bone metabolism. J. Trace
Element Med. Biol. 2015, 32, 86–106. [CrossRef] [PubMed]

25. Dowd, T.L.; Rosen, J.F.; Mints, L.; Gundberg, C.M. The effect of Pb2+ on the structure and hydroxyapatite
binding properties of osteocalcin. Biochim. Biophys. Acta 2001, 1535, 153–163. [CrossRef]

26. Tucker, K.L. Assessment of usual dietary intake in population studies of gene-diet interaction. Nutr. Metab.
Cardiovasc. Dis. 2007, 17, 74–81. [CrossRef] [PubMed]

27. Zukowska, J.; Biziuk, M. Methodological evaluation of method for dietary heavy metal intake. J. Food Sci.
2008, 73, R21–R29. [CrossRef] [PubMed]

28. Lorentzon, M.; Cummings, S.R. Osteoporosis: The evolution of a diagnosis. J. Intern. Med. 2015, 277, 650–661.
[CrossRef] [PubMed]

29. Pedrera-Zamorano, J.D.; Lavado-Garcia, J.M.; Roncero-Martin, R.; Calderon-Garcia, J.F.;
Rodriguez-Dominguez, T.; Canal-Macias, M.L. Effect of beer drinking on ultrasound bone mass in
women. Nutrition 2009, 25, 1057–1063. [CrossRef] [PubMed]

30. Rey-Sánchez, P.; Lavado-García, J.M.; Canal-Macías, M.L.; Gómez-Zubeldia, M.A.; Roncero-Martín, R.;
Pedrera-Zamorano, J.D. Ultrasound bone mass in schizophrenic patients on antipsychotic therapy.
Hum. Psychopharmacol. Clin. Exp. 2009, 24, 49–54. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/026520300750038108
http://www.ncbi.nlm.nih.gov/pubmed/11271706
https://www.atsdr.cdc.gov/spl/index.html
http://dx.doi.org/10.1007/s00223-004-0089-x
http://www.ncbi.nlm.nih.gov/pubmed/15742233
http://dx.doi.org/10.1016/S0140-6736(98)09356-8
http://dx.doi.org/10.1289/ehp.8763
http://www.ncbi.nlm.nih.gov/pubmed/16759980
http://dx.doi.org/10.1016/j.envres.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15364604
http://dx.doi.org/10.1359/jbmr.2003.18.3.553
http://www.ncbi.nlm.nih.gov/pubmed/12619941
http://dx.doi.org/10.1007/s12011-011-9106-x
http://www.ncbi.nlm.nih.gov/pubmed/21656269
http://dx.doi.org/10.1002/jbmr.3151
http://www.ncbi.nlm.nih.gov/pubmed/28407309
http://dx.doi.org/10.1289/ehp.11167
http://www.ncbi.nlm.nih.gov/pubmed/18560534
http://dx.doi.org/10.1016/S0013-9351(02)00035-X
http://dx.doi.org/10.1023/B:BIOM.0000045728.80518.d9
http://www.ncbi.nlm.nih.gov/pubmed/15688853
http://dx.doi.org/10.1023/B:BIOM.0000045727.76054.f3
http://www.ncbi.nlm.nih.gov/pubmed/15688852
http://dx.doi.org/10.1016/j.jtemb.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26302917
http://dx.doi.org/10.1016/S0925-4439(00)00094-6
http://dx.doi.org/10.1016/j.numecd.2006.07.010
http://www.ncbi.nlm.nih.gov/pubmed/17046222
http://dx.doi.org/10.1111/j.1750-3841.2007.00648.x
http://www.ncbi.nlm.nih.gov/pubmed/18298744
http://dx.doi.org/10.1111/joim.12369
http://www.ncbi.nlm.nih.gov/pubmed/25832448
http://dx.doi.org/10.1016/j.nut.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19527924
http://dx.doi.org/10.1002/hup.984
http://www.ncbi.nlm.nih.gov/pubmed/19016257


Int. J. Environ. Res. Public Health 2017, 14, 1437 11 of 13

31. Calderon-Garcia, J.F.; Moran, J.M.; Roncero-Martin, R.; Rey-Sanchez, P.; Rodriguez-Velasco, F.J.;
Pedrera-Zamorano, J.D. Dietary habits, nutrients and bone mass in Spanish premenopausal women: The
contribution of fish to better bone health. Nutrients 2012, 5, 10–22. [CrossRef] [PubMed]

32. Zamorano, J.D.P.; Macías, M.L.C.; García, J.M.L.; Fernández, C.C.; Domínguez, S.B.; Lenza, H.R. Reference
curve of bone ultrasound measurements in proximal phalanges in normal Spanish women. J. Clin. Densitom.
2003, 6, 373–380. [CrossRef]

33. Wuster, C.; de Terlizzi, F.; Becker, S.; Cadossi, M.; Cadossi, R.; Muller, R. Usefulness of quantitative ultrasound
in evaluating structural and mechanical properties of bone: Comparison of ultrasound, dual-energy
X-ray absorptiometry, micro-computed tomography, and mechanical testing of human phalanges in vitro.
Technol. Health Care 2005, 13, 497–510. [PubMed]

34. Engelke, K.; Adams, J.E.; Armbrecht, G.; Augat, P.; Bogado, C.E.; Bouxsein, M.L.; Felsenberg, D.; Ito, M.;
Prevrhal, S.; Hans, D.B.; et al. Clinical use of quantitative computed tomography and peripheral quantitative
computed tomography in the management of osteoporosis in adults: The 2007 ISCD Official Positions. J. Clin.
Densitom. 2008, 11, 123–162. [CrossRef] [PubMed]

35. Guidelines for the Study of Dietary Intakes of Chemical Contaminants; WHO Offset Publish: Geneva, Switzerland,
1985; Volume 87, pp. 1–102.

36. Perello, G.; Llobet, J.M.; Gomez-Catalan, J.; Castell, V.; Centrich, F.; Nadal, M.; Domingo, J.L. Human
health risks derived from dietary exposure to toxic metals in Catalonia, Spain: Temporal trend. Biol. Trace
Element Res. 2014, 162, 26–37. [CrossRef] [PubMed]

37. Moran, J.M.; Lopez-Arza, L.G.; Lavado-Garcia, J.M.; Pedrera-Canal, M.; Rey-Sanchez, P.;
Rodriguez-Velasco, F.J.; Fernandez, P.; Pedrera-Zamorano, J.D. Hormonal relationships to bone
mass in elderly Spanish men as influenced by dietary calcium and vitamin D. Nutrients 2013, 5, 4924–4937.
[CrossRef] [PubMed]

38. Lavado-Garcia, J.M.; Calderon-Garcia, J.F.; Moran, J.M.; Canal-Macias, M.L.; Rodriguez-Dominguez, T.;
Pedrera-Zamorano, J.D. Bone mass of Spanish school children: Impact of anthropometric, dietary and body
composition factors. J. Bone Miner. Metab. 2012, 30, 193–201. [CrossRef] [PubMed]

39. Puerto-Parejo, L.M.; Aliaga, I.; Canal-Macias, M.L.; Leal-Hernandez, O.; Roncero-Martin, R.; Rico-Martin, S.;
Moran, J.M. Evaluation of the Dietary Intake of Cadmium, Lead and Mercury and Its Relationship with Bone
Health among Postmenopausal Women in Spain. Int. J. Environ. Res. Public Health 2017, 14, 564. [CrossRef]
[PubMed]

40. Moreiras, O. Tablas de Composición de Alimentos: Guía de Prácticas; Pirámide: Madrid, Spain, 2013; p. 455.
41. Thomas, L.D.; Michaelsson, K.; Julin, B.; Wolk, A.; Akesson, A. Dietary cadmium exposure and fracture

incidence among men: A population-based prospective cohort study. J. Bone Miner. Res. 2011, 26, 1601–1608.
[CrossRef] [PubMed]

42. Engstrom, A.; Michaelsson, K.; Vahter, M.; Julin, B.; Wolk, A.; Akesson, A. Associations between dietary
cadmium exposure and bone mineral density and risk of osteoporosis and fractures among women. Bone
2012, 50, 1372–1378. [CrossRef] [PubMed]

43. Wallin, M.; Barregard, L.; Sallsten, G.; Lundh, T.; Karlsson, M.K.; Lorentzon, M.; Ohlsson, C.; Mellstrom, D.
Low-level cadmium exposure is associated with decreased bone mineral density and increased risk of
incident fractures in elderly men: The MrOS Sweden study. J. Bone Miner. Res. 2016, 31, 732–741. [CrossRef]
[PubMed]

44. Wong, A.K.; Beattie, K.A.; Bhargava, A.; Cheung, M.; Webber, C.E.; Chettle, D.R.; Papaioannou, A.;
Adachi, J.D.; Canadian Multicentre Osteoporosis Study (CaMos) Research Group. Bone lead (Pb) content at
the tibia is associated with thinner distal tibia cortices and lower volumetric bone density in postmenopausal
women. Bone 2015, 79, 58–64. [CrossRef] [PubMed]

45. Patterson, R.E.; Kristal, A.R.; Tinker, L.F.; Carter, R.A.; Bolton, M.P.; Agurs-Collins, T. Measurement
characteristics of the Women’s Health Initiative food frequency questionnaire. Ann. Epidemiol. 1999,
9, 178–187. [CrossRef]

46. Willett, W.C.; Sampson, L.; Stampfer, M.J.; Rosner, B.; Bain, C.; Witschi, J.; Hennekens, C.H.; Speizer, F.E.
Reproducibility and validity of a semiquantitative food frequency questionnaire. Am. J. Epidemiol. 1985, 122,
51–65. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/nu5010010
http://www.ncbi.nlm.nih.gov/pubmed/23271510
http://dx.doi.org/10.1385/JCD:6:4:373
http://www.ncbi.nlm.nih.gov/pubmed/16340093
http://dx.doi.org/10.1016/j.jocd.2007.12.010
http://www.ncbi.nlm.nih.gov/pubmed/18442757
http://dx.doi.org/10.1007/s12011-014-0138-x
http://www.ncbi.nlm.nih.gov/pubmed/25262020
http://dx.doi.org/10.3390/nu5124924
http://www.ncbi.nlm.nih.gov/pubmed/24304609
http://dx.doi.org/10.1007/s00774-011-0301-9
http://www.ncbi.nlm.nih.gov/pubmed/21822585
http://dx.doi.org/10.3390/ijerph14060564
http://www.ncbi.nlm.nih.gov/pubmed/28587146
http://dx.doi.org/10.1002/jbmr.386
http://www.ncbi.nlm.nih.gov/pubmed/21404330
http://dx.doi.org/10.1016/j.bone.2012.03.018
http://www.ncbi.nlm.nih.gov/pubmed/22465267
http://dx.doi.org/10.1002/jbmr.2743
http://www.ncbi.nlm.nih.gov/pubmed/26572678
http://dx.doi.org/10.1016/j.bone.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/25986335
http://dx.doi.org/10.1016/S1047-2797(98)00055-6
http://dx.doi.org/10.1093/oxfordjournals.aje.a114086
http://www.ncbi.nlm.nih.gov/pubmed/4014201


Int. J. Environ. Res. Public Health 2017, 14, 1437 12 of 13

47. Itoh, H.; Iwasaki, M.; Sawada, N.; Takachi, R.; Kasuga, Y.; Yokoyama, S.; Onuma, H.; Nishimura, H.;
Kusama, R.; Yokoyama, K.; et al. Dietary cadmium intake and breast cancer risk in Japanese women: A
case-control study. Int. J. Hyg. Environ. Health 2014, 217, 70–77. [CrossRef] [PubMed]

48. Vacchi-Suzzi, C.; Eriksen, K.T.; Levine, K.; McElroy, J.; Tjonneland, A.; Raaschou-Nielsen, O.; Harrington, J.M.;
Meliker, J.R. Dietary intake estimates and urinary cadmium levels in danish postmenopausal Women.
PLoS ONE 2015, 10, e0138784. [CrossRef] [PubMed]

49. Willett, W.C.; Howe, G.R.; Kushi, L.H. Adjustment for total energy intake in epidemiologic studies. Am. J.
Clin. Nutr. 1997, 65, 1220S–1228S. [PubMed]

50. JEFCA. Evaluation of Certain Food Additives and Contaminants, Technical Report Series 960; World Health
Organization: Geneva, Switzerland, 2003.

51. European Food Safety Authority. Cadmium dietary exposure in the European population. EFSA J. 2012,
10, 2831.

52. Panel, E.C. Scientific Opinion on cadmium in food. EFSA J. 2009, 7, 980.
53. EFSA Panel on Contaminants in the Food Chain (CONTAM). Scientific Opinion on Lead in Food. EFSA J.

2010, 8, 1570.
54. Marin, S.; Pardo, O.; Baguena, R.; Font, G.; Yusa, V. Dietary exposure to trace elements and health risk

assessment in the region of Valencia, Spain: A total diet study. Food Addit. Contam. Part A 2017, 34, 228–240.
[CrossRef] [PubMed]

55. Cuadrado, C.; Kumpulainen, J.; Moreiras, O. Contaminants and nutrients in total diets in Spain. Eur. J.
Clin. Nutr. 1995, 49, 767–778. [PubMed]

56. Bocio, A.; Nadal, M.; Domingo, J. Human exposure to metals through the diet in Tarragona, Spain: Temporal
trend. Biol. Trace Element Res. 2005, 104, 193–201. [CrossRef]

57. Lopezartiguez, M.; Soria, M.; Camean, A.; Repetto, M. Cadmium in the Diet of the Local-Population of
Seville (Spain). Bull. Environ. Contam. Toxicol. 1993, 50, 417–424.

58. Martorell, I.; Perello, G.; Marti-Cid, R.; Llobet, J.M.; Castell, V.; Domingo, J.L. Human exposure to arsenic,
cadmium, mercury, and lead from foods in Catalonia, Spain: Temporal trend. Biol. Trace Element Res. 2011,
142, 309–322. [CrossRef] [PubMed]

59. Rubio, C.; Hardisson, A.; Reguera, J.; Revert, C.; Lafuente, M.; Gonzalez-Iglesias, T. Cadmium dietary intake
in the Canary Islands, Spain. Environ. Res. 2006, 100, 123–129. [CrossRef] [PubMed]

60. Rubio, C.; Gutierrez, A.; Burgos, A.; Hardisson, A. Total dietary intake of mercury in the Canary Islands,
Spain. Food Addit. Contam. Part A 2008, 25, 946–952. [CrossRef] [PubMed]

61. Urieta, I.; Jalon, M.; Eguilero, I. Food surveillance in the Basque Country (Spain). II. Estimation of the dietary
intake of organochlorine pesticides, heavy metals, arsenic, aflatoxin M1, iron and zinc through the Total Diet
Study, 1990/91. Food Addit. Contam. 1996, 13, 29–52. [CrossRef] [PubMed]

62. Schuhmacher, M.; Bosque, M.A.; Domingo, J.L.; Corbella, J. Dietary-intake of lead and cadmium from foods
in Tarragona Province, Spain. Bull. Environ. Contam. Toxicol. 1991, 46, 320–328. [CrossRef] [PubMed]

63. Moreiras, O.; Cuadrado, C. Theoretical study of the intake of trace elements (nutrients and contaminants)
via total diet in some geographical areas of Spain. Biol. Trace Element Res. 1992, 32, 93–103. [CrossRef]

64. Llull, R.M.; Gari, M.; Canals, M.; Rey-Maquieira, T.; Grimalt, J.O. Mercury concentrations in lean fish from
the Western Mediterranean Sea: Dietary exposure and risk assessment in the population of the Balearic
Islands. Environ. Res. 2017, 158, 16–23. [CrossRef] [PubMed]

65. Calatayud, M.; Devesa, V.; Virseda, J.R.; Barbera, R.; Montoro, R.; Velez, D. Mercury and selenium in fish and
shellfish: Occurrence, bioaccessibility and uptake by Caco-2 cells. Food Chem. Toxicol. 2012, 50, 2696–2702.
[CrossRef] [PubMed]

66. Gari, M.; Grimalt, J.O.; Torrent, M.; Sunyer, J. Influence of socio-demographic and diet determinants on the
levels of mercury in preschool children from a Mediterranean island. Environ. Pollut. 2013, 182, 291–298.
[CrossRef] [PubMed]

67. Cano-Sancho, G.; Perello, G.; Maulvault, A.L.; Marques, A.; Nadal, M.; Domingo, J.L. Oral bioaccessibility of
arsenic, mercury and methylmercury in marine species commercialized in Catalonia (Spain) and health risks
for the consumers. Food Chem. Toxicol. 2015, 86, 34–40. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ijheh.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23608001
http://dx.doi.org/10.1371/journal.pone.0138784
http://www.ncbi.nlm.nih.gov/pubmed/26390122
http://www.ncbi.nlm.nih.gov/pubmed/9094926
http://dx.doi.org/10.1080/19440049.2016.1268273
http://www.ncbi.nlm.nih.gov/pubmed/27915676
http://www.ncbi.nlm.nih.gov/pubmed/8536655
http://dx.doi.org/10.1385/BTER:104:3:193
http://dx.doi.org/10.1007/s12011-010-8787-x
http://www.ncbi.nlm.nih.gov/pubmed/20676798
http://dx.doi.org/10.1016/j.envres.2005.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16337849
http://dx.doi.org/10.1080/02652030801993597
http://www.ncbi.nlm.nih.gov/pubmed/18629690
http://dx.doi.org/10.1080/02652039609374379
http://www.ncbi.nlm.nih.gov/pubmed/8647305
http://dx.doi.org/10.1007/BF01691955
http://www.ncbi.nlm.nih.gov/pubmed/2018876
http://dx.doi.org/10.1007/BF02784592
http://dx.doi.org/10.1016/j.envres.2017.05.033
http://www.ncbi.nlm.nih.gov/pubmed/28595041
http://dx.doi.org/10.1016/j.fct.2012.05.028
http://www.ncbi.nlm.nih.gov/pubmed/22634291
http://dx.doi.org/10.1016/j.envpol.2013.07.022
http://www.ncbi.nlm.nih.gov/pubmed/23959058
http://dx.doi.org/10.1016/j.fct.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26409124


Int. J. Environ. Res. Public Health 2017, 14, 1437 13 of 13

68. Obeid, P.J.; Fares, S.A.; Farhat, G.N.; El-Khoury, B.; Nassif, R.M.; El-Nakat, J.; Dhaini, H.R. Mercury health
risk assessment among a young adult Lebanese population. Environ. Sci. Pollut. Res. Int. 2017, 24, 9370–9378.
[CrossRef] [PubMed]

69. Cuadrado, C.; Kumpulainen, J.; Carbajal, A.; Moreiras, O. Cereals contribution to the total dietary intake of
heavy metals in Madrid, Spain. J. Food Compos. Anal. 2000, 13, 495–503. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11356-017-8621-5
http://www.ncbi.nlm.nih.gov/pubmed/28233208
http://dx.doi.org/10.1006/jfca.2000.0937
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Sample Characteristics Regarding Heavy Metal Dietary Intake 
	Bone Density and Heavy Metal Dietary Intake 
	Correlation Study 
	Dietary Heavy Metal Exposure and Major Food Sources in the Entire Sample 

	Discussion 
	Conclusions 

