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A B S T R A C T   

Background and objectives: Experimental data suggest that trace elements, such as arsenic (As), cadmium (Cd), 
and selenium (Se) can influence the bone remodeling process. We evaluated the cross-sectional association be-
tween As, Cd, and Se biomarkers with bone mineral density (BMD) measured at the calcaneus, in a representative 
sample of a general population from Spain. As secondary analyses we evaluated the associations of interest in 
subgroups defined by well-established BMD determinants, and also conducted prospective analysis of 
osteoporosis-related incident bone fractures restricted to participants older than 50 years-old. 
Methods: In N = 1365 Hortega Study participants >20 years-old, urine As and Cd were measured by inductively 
coupled-plasma mass spectrometry (ICPMS); plasma Se was measured by atomic absorption spectrometry (AAS) 
with graphite furnace; and BMD at the calcaneus was measured using the Peripheral Instaneuous X-ray Imaging 
system (PIXI). As levels were corrected for arsenobetaine (Asb) to account for inorganic As exposure. 
Results: The median of total urine As, Asb-corrected urine As, urine Cd, and plasma Se was 61.3, 6.53 and 0.39 
μg/g creatinine, and 84.9 μg/L, respectively. In cross-sectional analysis, urine As and Cd were not associated with 
reduced BMD (T-score < -1 SD). We observed a non-linear dose-response of Se and reduced BMD, showing an 
inverse association below ~105 μg/L, which became increasingly positive above ~105 μg/L. The evaluated 
subgroups did not show differential associations. In prospective analysis, while we also observed a U-shape dose- 
response of Se with the incidence of osteoporosis-related bone fractures, the positive association above ~105 μg/ 
L was markedly stronger, compared to the cross-sectional analysis. 
Conclusions: Our results support that Se, but not As and Cd, was associated to BMD-related disease. The asso-
ciation of Se and BMD-related disease was non-linear, including a strong positive association with osteoporosis- 
related bone fractures risk at the higher Se exposure range. Considering the substantial burden of bone loss in 
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elderly populations, additional large prospective studies are needed to confirm the relevance of our findings to 
bone loss prevention in the population depending on Se exposure levels.   

1. Introduction 

Osteoporosis, a systemic skeletal disorder with bone remodeling 
failure resulting in microarchitecture and bone mass loss [1], is a major 
Public Health problem due to its high prevalence. In the US, the National 
Health and Nutrition Examination Survey (NHANES) (2013–2014) 
estimated that 10–17% of women older than 50 years had prevalent 
osteoporosis [2]. The corresponding prevalence in women older than 70 
years old was 39% [3]. In 2010, 22 million women and 5.5 million men 
were estimated to have osteoporosis in the European Union [4]. 
Osteoporosis-associated complications such as increased fracture risk, 
disability and mortality, have a substantial burden of disease in elderly 
populations [5,6]. While, recent osteoporosis prevalence trends are 
unclear [7–10], the projections indicated that the cost associated to 
osteoporosis burden of disease is expected to increase by a 25% in 2025 
in the EU [4]. Numerous factors (genetic, nutritional, metabolic and 
endocrine, including menopause) are associated to osteoporosis [11,12]. 
Osteoporosis determinants other than age and menopause, however, are 
not completely understood. The identification of novel factors such as 
environmental determinants that could provide support for bone 
fragility prevention and control is needed. 

Trace elements, such as As, Cd, and Se could influence the bone 
remodeling process [13,14]. Chronic exposure to Cd, a well-established 
nephrotoxicant [30][], can alter renal function, including vitamin D 
activation [16], which has a key role in bone metabolism and mineral-
ization. In addition, Cd decreases intestinal absorption of calcium in the 
enterocyte which promotes secondary hyperparathyroidism and bone 
resorption [17], and also stimulates osteoblast (cells related to bone 
formation) apoptosis and autophagy [18]. As has been associated with a 
decreased osteoblast proliferation and increased osteoclasts multiplica-
tion (cells related to bone resorption) [14], possibly due to the 
As-induced decrease in transcription factors expression in osteoclasts 
(RUNX2, BMP2, osteocalcin) and osteoblasts (RANKL expression), 
resulting in alterations of both cortical and trabecular bone micro-
architecture [19,20]. The essential nutrient Se is a key cofactor of 
antioxidant proteins and reactive oxygen species (ROS) are involved in 
osteoclasts activation and osteoblasts differentiation [21–23]. Several 
studies have evaluated the association between these trace elements and 
bone disease [24–27] with mixed results. However, the non-linearity of 
the dose-response has rarely been evaluated, specially in the setting of 
prospective studies. 

The Hortega Follow-Up Study investigates novel determinants of 
selected chronic conditions, especially cardiovascular, but also bone 
disease, in a population-based sample of a general population from a 
region of Spain. The study includes measures of bone mineral density 
(BMD) at the calcaneus bone using the Peripheral Instantaneous X-ray 
Imaging (PIXI) system. Peripherical densitometry has been associated to 
fractures risk, similarly to other established measures of osteoporosis 
such as central BMD determined at the lumbar spine or hip bones [28]. 
The predictive value of calcaneus BMD for osteoporosis screening has 
been validated in our study population [29]. We selected urine As and 
Cd, and plasma Se for this study because they are well established bio-
markers of exposure and intake. While urine Cd reflects the long-term 
accumulated Cd in the body [30], urine As [31] and plasma Se [32] 
reflect recent and ongoing exposure. 

The main objective of this study was to evaluate the cross-sectional 
association between As, Cd and Se exposures with reduced BMD as 
determined in the calcaneus in Hortega Study participants. As secondary 
objectives we conducted subgroup analysis in biologically meaningful 
subgroups defined by sex, age, renal function, smoking and alcohol 
drinking status and physical activity, and also, a prospective analysis of 

time to event data after a 14-year follow-up to evaluate the incidence of 
osteoporosis-related bone fractures in the subset of participants older 
than 50 years. 

2. Methods 

2.1. Study population 

A population-based survey was carried out in public health system 
beneficiaries older than 20 years included in the Hospital Universitario 
Rio Hortega’s catchment area in Valladolid (Spain). The multi-stage 
complex sampling yielded a representative sample of the source popu-
lation, which is an adult general population from Spain [33]. Among the 
1502 baseline participants, we excluded 58 missing BMD values, 58 
missing trace element biomarker determination, 2 missing smoking 
status, 1 missing body mass index and 18 missing physical exercise re-
cords, resulting in a study population of 1365 individuals for the 
cross-sectional analysis. Fractures are the most apparent manifestation 
of bone fragility, specially in individuals older than 50 years [34]. For 
prospective analysis of osteoporosis-related bone fractures in the subset 
of participants older than 50 years (N = 702), we further excluded 49 
participants who were considered losses to follow-up (i.e. there was only 
baseline, but not follow-up, information in their health records), and 15 
participants with a personal history of osteoporosis-related bone frac-
tures at baseline, resulting in a study population of 638 individuals. 

2.2. Trace metals determinations 

Total plasma metal and metalloid levels were measured in 2012 by 
atomic absorption spectrometry with graphite furnace on a Varian AAS 
240 Zeeman (Varian Inc., US) at Cerba International Laboratories Ltd. 1 
ml of urine was dissolved in 5 ml at 5% (v/v) HNO3 control of Ultra 
Metal Traces and 100 ng/ml of Rh aqueous solution was added as an 
internal standard for the samples and their calibrators. The quality 
control of the analysis was conducted using the lyophilized Clincheck 
urine control reference material (RECIPE) Level I and Level II, and 
Material Standard Reference 2670 for urine toxic metals from the Na-
tional Institute of Standards and Technology (NIST). The lower detec-
tion limit of detection and coefficient of variation (CV) for plasma Se 
were 29.9 μg/L and 5.6%, with all individuals showing detectable 
concentrations. 

Urine trace elements biomarkers were measured in the Laboratory of 
Environmental Chemistry and Bioanalysis of Huelva University (Spain) 
in 2016. Total urine Cd and As levels were determined by inductively 
coupled-plasma mass spectrometry (ICPMS) on an Agilent 7500Cex 
ICPMS (Agilent Technologies) equipped with an octapole collision cell 
(Agilent Technologies, Japan). The limits of detection (and corre-
sponding CV) were 0.0005 μg/L (5.2%) for Cd and 0.024 μg/L (6.5%) for 
As. All individuals showed detectable concentrations of urinary Cd and 
As. Urine As species concentrations, including arsenite (AsIII), arsenate 
(AsV), methylarsonate (MMA), dimethylarsinate (DMA) and arsen-
obetaine (Asb), were determined by ICPMS Thermo XSeries 2 (Thermo 
Scientific, Germany) equipped with an octapole reaction cell, coupled to 
an anion exchange liquid chromatography (IEC-HPLC) system on an 
Agilent 1100 (Agilent, USA). The As speciation occurred only in a 
random subsample of 295 individuals of study population. 

Asb, an organic As specie, is mostly found in seafood and it is 
considered non-toxic for human health [35]. In populations with sig-
nificant seafood intake, as in Spain, it is necessary to account for the 
contribution of organic As in the interpretation of urinary As concen-
trations as a biomarker of inorganic As exposure [36]. In a previous 
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report within the Hortega Study [37], we used the As speciation infor-
mation available in the random subsample of our study participants to 
generate a distribution of Asb imputed values (for the participants with 
As speciation missing completely at random [MCAR]) as the 50th 
percentile of each subject-specific posterior distribution obtained from a 
Markov Chain Monte Carlo (MCMC) by Gibbs sampling nested linear 
model. This MCMC model and all the details regarding its development 
and implementation have been published [37]. In the present analysis, 
we used the complete dataset including observed and imputed MCAR 
Asb values to calculate a biomarker for total urine As concentrations not 
derived from seafood by regressing total urine As concentrations on Asb 
using a residual-based method [38]. To have levels of As exposure that 
are meaningful for the population, the marginal mean of total As con-
centrations among participants with low Asb (defined as individuals 
below the second percentile of As distribution [4.78 μg/L]) was added to 
the residuals. 

2.3. Bone mineral density-related endpoints 

Peripheral BMD. A densitometry of the calcaneus was performed on 
the right calcaneus using the Peripheral Instataneous X-ray Imaging 
System (PIXI). Calibration and quality assurance testing of scanners 
were performed daily, both of which were always within the limits set by 
the software. The results were expressed in grams per square centime-
ters. We then calculated the T-score for each sex based on a reference 
Spanish population provided by the manufacturers. Reduced BMD was 
defined as a T-score lower than one standard deviation from the mean 
(-1 SD), which yielded the highest sensitivity to identify osteoporosis in 
our study population compared to the gold standard (central DEXA as 
measured in the hip bone) [29]. 

Incidence of osteoporosis-related bone fractures. In the Hortega Study 
we have available information on osteoporotic incident fractures 
(mainly, hip, humerus, vertebral and Colles) and associated time to 
event based on the date of the first pathological imaging technique 
(including X-ray, CT scan or NMR) from review of clinical records for a 
14-year follow-up [33]. Follow-up time was calculated in years from the 
date of baseline visit to the date of pathological imaging for patients 
with osteoporosis-related bone fracture during the follow-up (i.e cases) 
and, for those without bone fracture (i.e non-cases), to the date of death, 
if death happened during the follow-up, or the date of the administrative 
censoring (November 30, 2015). 

2.4. Other relevant variables 

Sociodemographics data, such as sex, age, education (<high school, 
> or equal to high school) and lifestyle habits including physical ac-
tivity, diet, drinking and smoking intake were collected by questionaires 
administered by trained staff in an in-person interview and physical 
examination. Physical activity questions included information on the 
type and frequency of walking and physically active hobbies, sports, or 
exercises, including jogging or running, riding a bicycle or an exercise 
bicycle, swimming, aerobic dancing, other dancing, calisthenics or floor 
exercises, gardening or yard work, and weight lifting. Open-ended 
questions assessed information on physical activities not previously 
listed. Physical activity was estimated in metabolic equivalents (METs) 
per minute/week based on standardized intensity scores [39]. For 
descriptive and interaction purposes we categorized physical activity 
below and above 3000 METs minute/week, since it has been shown that 
lower risk for diabetes, stroke and other outcomes occurred specially 
above 3000 METs minute/week [40]. Smoking and alcohol consump-
tion status were classified as former, current and never. Urine cotinine 
was measured by enzyme-linked immunosorbent assay (ELISA) 
(“Análisis DRI® Cotinine” Kit, Ref. 0395 Microgenics laboratories). 
Concentrations below the limit (34 ng/ml) were detected in 77% of the 
participants. Body mass index (BMI) was calculated using measured 
weight (kilograms) by height (meters) squared. Urine and serum 

creatinine were measured by the modified kinetic Jaffé method by 
isotope dilution mass spectrometry on a Hitachi 917 analyzer (Rocher, 
Boheringer, Germany). The glomerular filtration rate was estimated 
based on serum creatinine determinations (eGFR) by the abbreviated 
CKD-EPI equation [41]. Chronic kidney disease (CKD) was defined as 
glomerular filtration rate lower than 60 mL/min/1.73m2. 

The research protocol was approved by ethical committee of the 
Hospital Universitario Rio Hortega of Valladolid. 

2.5. Statistical analysis 

Descriptive analysis. All analyses were weighted to reflect the distri-
bution of participant characteristics in the underlying source popula-
tion. Urine biomarkers in μg/L were divided by urine creatinine in g/L to 
account for the dilution of urine. Trace elements levels were log- 
transformed. We described the median and interquartile range of each 
trace element distribution across participant characteristics. Age and sex 
are strong, non-modifiable, determinants of BMD. Thus, to describe 
other BMD determinants independently of age and sex, we estimated 
summary statistics (i. e. marginal proportions and means) of participant 
characteristics overall and by BMD categories using age and sex- 
adjusted generalized linear models. Cutoffs for trace metals and BMD 
percentiles were based on the weighted distribution in the study sample. 

Association and subgroup analysis. We evaluated the association of 
log-transformed trace elements levels (as independent variables in 
separate models for Asb-corrected As, Cd and Se) with reduced BMD (T- 
score < -1 SD) by using logistic regression models. Trace element con-
centrations were introduced in the models as tertiles comparing each of 
the 2 highest tertiles of trace elements with the lowest tertile, or as a log- 
transformed (continuous) variable for an interquantile range compari-
son. We conducted two progressively adjusted statistical models. Model 
1 was adjusted for age, sex, education (<high school, ≥high school) and 
body mass index (BMI). Model 2 was additionally adjusted for physical 
activity (METs min/week), eGFR, alcohol intake (never, former, cur-
rent), cotinine (<34, 34–500, ≥500 ng/mL), cumulative smoking 
(packs-years) and smoking status (never, former, current). In pre-
liminary analysis, we also adjusted for meat and fish consumption with 
no substantial change in the observed estimates. These variables had a 
number of missing values and were, thus, not included in subsequent 
analysis. We evaluated differential associations in subgroups defined by 
biologically relevant covariates, including sex (men and women), age 
(<50 and ≥50 years), smoking status (never and ever smoking), alcohol 
intake (never and ever drinking), eGFR (>60 and ≤60 ml/min/1.23 m2) 
and physical activity (<3000 and ≥ 3000 METs min/week). 

Prospective analysis. We repeated the cross-sectional associations for 
reduced BMD and also evaluated osteoporosis-related fractures risk 
associated to Se among individuals older than 50 years. The reason to 
restrict the prospective analysis to older participants was that the 
number of osteoporosis-related fractures in individuals below 50 years is 
low. The prospective analysis was performed using multi-adjusted cox 
proportional regression models with urine Asb-corrected As, urine Cd 
and plasma Se as independent variables in separate models, with age 
introduced in the survival models as the time scale. 

All statistical analyses were conducted with the “survey” package in 
R software (version 4.0.3) to account for the complex sampling design. 

3. Results 

Descriptive analysis. The median of urine As, Asb-corrected As and 
Cd and plasma Se was 61.3, 6.53, and 0.39 μg/g creatinine and 84.9 μg/ 
L, respectively (Table 1). In this study, participants with higher levels of 
Asb-corrected As and Cd were somewhat older, males, with lower BMI 
and less physically active. Former and current smokers had higher urine 
Cd levels. Among never smokers, median levels of Cd were 0.3 μg/g 
creatinine for men and 0.4 μg/g creatinine for women. Se levels were 
lower in women compared to men. The average calcaneus BMD was 
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0.47 g/cm2 in women and 0.59 g/cm2 in men. The weighted % of 
participants with reduced BMD was 28.4 overall, and 41.9% among 
participants older than 50 years (data not shown). Participants with 
higher BMD in the calcaneus tended to be younger, mostly males, with 
higher BMI, higher education, with decreased cumulative smoking and 
more physically active (Table 2). 

Association and subgroup analyses. In cross-sectional analysis, 
urine As and Cd were not associated with reduced BMD. The fully 
adjusted odds ratio (OR [95% CI]) comparing the highest to the lowest 
tertiles of Asb-corrected As and Cd distributions were, respectively, 0.80 
(0.58, 1.10) and 1.06 (0.77, 1.45) (Table 3). We observed a non-linear 
association between plasma Se levels and reduced BMD (p-value of 
nonlinearity = 0.01) (Table 3). Supplemental Fig. 1 shows the flexible 
dose-response relationship for the evaluated trace elements with 
reduced BMD. We observed that the association for Se was inverse at 

Table 1 
Median (interquartile range) of urine As, Asb-corrected As and Cd (μg/g), and 
plasma Se (μg/L) levels by participants’ characteristics (n = 1365).   

N U. As U. As (Asb- 
corrected) 

U. Cd P. Se 

Overall 1365 61.3 (23.4, 
176.9) 

6.53 (4.05, 
11.38) 

0.39 (0.23, 
0.65) 

84.9 (72.3, 
100.1) 

Age, years 
<50 663 49.5 (20.3, 

132.7) 
6.07 (3.92, 
10.87) 

0.37 (0.22, 
0.64) 

84.2 (72.5, 
101) 

50–65 212 81.3 (32.6, 
223) 

7.33 (4.60, 
12.32) 

0.43 (0.26, 
0.70) 

88.4 (72.6, 
99.4) 

≥65 490 104.6 (34.2, 
287.4) 

6.74 (4.04, 
12.09) 

0.39 (0.23, 
0.66) 

83.9 (71.9, 
98.5) 

Sex 
Male 684 69.1 (25.3, 

189.6) 
6.57 (4.26, 
11.39) 

0.42 (0.25, 
0.68) 

87.1 (73.7, 
103.0) 

Women 681 54.0 (21.6, 
162.1) 

6.31 (3.75, 
11.21) 

0.37 (0.20, 
0.61) 

83.2 (71.5, 
97.6) 

BMI, kg/m2 

<30 1115 61.7 (23.4, 
178.8) 

6.62 (4.15, 
11.82) 

0.39 (0.23, 
0.66) 

84.8 (72.7, 
100.3) 

≥30 250 58.6 (23.8, 
157.7) 

5.89 (3.57, 
9.92) 

0.38 (0.21, 
0.65) 

85.0 (70.8, 
98.6) 

Smoking status 
Never 640 57.1 (22.9, 

188.4) 
6.31 (3.86, 
10.83) 

0.35 (0.2, 
0.59) 

84.3 (72.1, 
98.7) 

Former 407 80.1 (27.1, 
205.2) 

6.69 (4.32, 
12.43) 

0.41 (0.25, 
0.70) 

85.5 (71.9, 
100.5) 

Current 318 53.4 (22.2, 
135.9) 

6.31 (4.13, 
11.86) 

0.45 (0.26, 
0.69) 

85.0 (72.9, 
100.6) 

Cumulative smoking, pack-year 
0 654 57.2 (22.3, 

189) 
6.31 (3.89, 
10.89) 

0.35 (0.2, 
0.59) 

84.1 (71.9, 
98.6) 

0–12 361 52.4 (20.4, 
157.9) 

6.36 (4.09, 
11.81) 

0.37 (0.23, 
0.63) 

84.6 (70.8, 
100.6) 

≥12 350 75.7 (32.0, 
185.9) 

6.86 (4.28, 
12.02) 

0.52 (0.3, 
0.80) 

86.8 (74.2, 
100.9) 

Urine cotinine, mg/dL 
<34 1048 64 (23.7, 

200.7) 
6.55 (4.02, 
11.14) 

0.37 (0.22, 
0.62) 

84.3 (71.9, 
99.6) 

34–500 72 50.5 (18.8, 
126.3) 

4.99 (2.65, 
9.80) 

0.31 (0.19, 
0.63) 

91.3 (76.7, 
101.6) 

≥500 245 56.7 (22.6, 
135.5) 

6.62 (4.49, 
12.07) 

0.48 (0.27, 
0.78) 

84.3 (71.3, 
100.1) 

Alcohol intake 
Never 560 57.2 (22.8, 

165.4) 
6.46 (3.78, 
11.70) 

0.40 (0.23, 
0.63) 

84.1 (71.9, 
99.3) 

Former 113 54.5 (17.6, 
222.2) 

6.38 (4.25, 
10.45) 

0.37 (0.23, 
0.66) 

84.3 (72.9, 
99.5) 

Current 692 63.3 (24.3, 
178.7) 

6.54 (4.17, 
11.29) 

0.38 (0.23, 
0.66) 

85.1 (72.3, 
100.5) 

eGFR, ml/min/1.73m2 

≥60 1227 61.0 (23.4, 
176.7) 

6.61 (4.15, 
11.58) 

0.40 (0.23, 
0.66) 

84.8 (72.3, 
100.3) 

<60 138 66.1 (22.9, 
187.0) 

4.92 (3.04, 
9.18) 

0.33 (0.19, 
0.59) 

85.0 (71.5, 
96.0) 

High education 
No 382 72.2 (25.7, 

236.6) 
6.55 (3.77, 
11.23) 

0.40 (0.23, 
0.64) 

85.1 (71.2, 
98.8) 

Yes 983 59.2 (22.5, 
163.4) 

6.48 (4.08, 
11.44) 

0.39 (0.23, 
0.65) 

84.7 (72.8, 
100.5) 

Physical activity, METs min/week 
<3000 844 62.5 (25.1, 

183.2) 
6.56 (4.16, 
11.20) 

0.40 (0.23, 
0.67) 

84.3 (72.3, 
98.7) 

≥3000 521 58.8 (20.9, 
164.9) 

6.34 (3.86, 
11.41) 

0.37 (0.23, 
0.63) 

85.4 (72.1, 
101.8) 

Abbreviations: U. urine, P. plasma; Asb, arsenobetaine; eGFR, estimated 
glomerular filtration rate. 

Table 2 
Age and gender-adjusteda baseline characteristics of participants by BMD (n =
1365).    

BMD in the calcaneus (g/cm2)   

Overall ≤0.33 0.33–0.66 >0.66 P-value  
N = 1365 N = 445 N = 465 N = 445  

Age, years; mean 
(SE) 

48.69 
(0.30) 

56.15 
(0.73) 

47.24 
(0.82) 

43.96 
(1.30) 

<0.001 

Women; % (SE) 51.0 
(1.6) 

82.4 
(5.2) 

53.4 (5.4) 21.0 
(4.7) 

<0.001 

BMI, kg/m2; 
mean (SE) 

26.15 
(0.30) 

24.36 
(0.50) 

25.94 
(0.46) 

27.64 
(0.67) 

<0.001 

Smoking status 
Never; % (SE) 44.7 

(4.1) 
36.3 
(7.6) 

41.5 (6.6) 42.3 
(7.7) 

0.27 

Former; % (SE) 28.4 
(3.4) 

28.3 
(6.5) 

33.1 (5.6) 31.1 
(6.2) 

0.50 

Current; % (SE) 27.0 
(3.8) 

35.4 
(7.5) 

25.4 (6.0) 26.6 
(7.2) 

0.07 

Cumulative 
smoking, pack- 
year; mean 
(SE) 

8.46 
(0.88) 

10.85 
(1.43) 

9.58 (1.47) 9.23 
(1.80) 

0.33 

Urine cotinine >
500 mg/dl; 
% (SE) 

1.48 
(0.07) 

1.60 
(0.13) 

1.47 (0.11) 1.48 
(0.14) 

0.10 

Alcohol intake status 
Never; % (SE) 37.9 

(3.8) 
38.5 
(7.5) 

37.8 (6.2) 35.0 
(7.1) 

0.40 

Former; % (SE) 8.7 (2.4) 8.1 (4.3) 9.4 (4.0) 9.1 (4.6) 0.78 
Current; % (SE) 53.5 

(4.0) 
53.5 
(7.6) 

52.8 (6.5) 55.9 
(7.5) 

0.53 

eGFR < 60 ml/ 
min/1.73m2; 
% (SE) 

7.0 (1.7) 8.4 (3.5) 6.0 (2.7) 6.5 (3.1) 0.61 

High education; 
% (SE) 

77.6 
(2.2) 

75.6 
(4.0) 

78.6 (3.8) 81.0 
(3.9) 

0.05 

Physical activity, 
METs min/ 
week; mean 
(SE) 

3262 
(275) 

2947 
(366) 

3036 (393) 3653 
(676) 

0.02 

Urine As levels 
(μg/g); 
geometric 
mean (95% CI) 

66.25 
(52.29, 
83.95) 

58.50 
(36.82, 
92.96) 

74.00 
(51.55, 
106.21) 

72.31 
(45.77, 
114.24) 

0.11 

Urine Asb (μg/g); 
geometric 
mean (95% 
CI)b 

50.44 
(30.74, 
82.78) 

51.73 
(21.82, 
122.62) 

51.30 
(24.41, 
107.80) 

69.38 
(26.17, 
183.89) 

0.62 

Asb-corrected 
urine As (μg/ 
g); geometric 
mean (95% CI) 

6.71 
(5.80, 
7.77) 

6.28 
(4.75, 
8.31) 

6.98 (5.51, 
8.84) 

6.77 
(5.13, 
8.92) 

0.51 

Urine Cd (μg/g); 
geometric 
mean (95% CI) 

0.38 
(0.33, 
0.45) 

0.41 
(0.30, 
0.54) 

0.38 (0.30, 
0.49) 

0.39 
(0.30, 
0.52) 

0.97 

Plasma Se (μg/l); 
geometric 
mean (95% CI) 

84.7 
(81.2, 
88.3) 

82.8 
(76.6, 
89.4) 

84.7 (79.8, 
90.0) 

85.7 
(78.7, 
93.3) 

0.29 

Abbreviations: SE, standard error; eGFR, estimated glomerular filtration rate; CI, 
confidence interval. 

a Age and sex are very strong, non modifiable, determinants of BMD. We, thus, 
accounted for sex and age because we wanted to descriptively assess other de-
terminants independently than age and sex. 

b Subset of 284 participants with measured urine As species. 
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plasma concentrations below ~105 μg/L and became increasingly pos-
itive at plasma Se concentrations above ~105 μg/L. The odds ratios 
(95% CI) of reduced BMD comparing the 80th to the 20th percentiles of 
plasma Se in non-linear models was 0.63 (0.44, 0.90). In subgroup 
analysis, we mostly observed no differencial associations by the sub-
groups evaluated (Supplemental Table 1). 

Prospective analysis. In analysis restricted to the 638 individuals 
older than 50 years, the number of newly diagnosed osteoporosis-related 
fractures and accumulated follow up was 66 and 7006.9 person-year, 
respectively. The dose-response relation between plasma Se and BMD 
-related endpoints was consistently non-linear in both the cross- 
sectional and prospective analysis, with a stronger positive association 
of Se with the incidence of osteoporosis-related bone fractures observed 
above ~100 μg/L (Table 4 and Fig. 1). The hazard ratio (95% CI) for 
incident fractures comparing the 80th to the 20th percentiles of plasma 
Se in non-linear models was 2.25 (1.13, 4.49) (p-value of non-linearity 
= 0.01) (Table 4). We conducted a sensitivity analysis by excluding 
participants with reduced BMD at baseline (resulting in 20 cases and 329 
non-cases), with consistent results (corresponding HR [95%CI] and p- 
value were 1.85 [1.08, 3.18] and 0.03, respectively) (data not shown). 

4. Discussion 

As and Cd exposure were not associated to bone disease in our study 
population. Our data suggest, however, a non-linear association of Se 
exposure with BMD-related endpoints. Below ~105 μg/L, the associa-
tion of plasma Se with reduced BMD was inverse. Above 105 μg/L, the 
corresponding association became positive, being particularly strong for 
the risk of osteoporosis-related bone fractures among participants older 
than 50 years. There was no supportive evidence in favor of a differ-
encial association of Se exposure with reduced BMD by the evaluated 
subgroups. 

In 2001, a general population study used central densitometry by 
dual-energy X-ray absorptiometry (DEXA) to estimate that in Spain two 
million women and eight hundred thousand men have osteoporosis (the 

Table 3 
Odds ratio (95% confidence interval) of reduced BMD, by Asb-corrected As, Cd 
and Se levels (n = 1365).   

Cases/Non cases Model 1 Model 2 

Urine Asb-corrected As, μg/g 
Tertil 1 149/304 1.00 (Reference) 1.00 (Reference) 
Tertil 2 152/303 0.78 (0.57, 1.08) 0.78 (0.56, 1.07) 
Tertil 3 147/310 0.82 (0.59, 1.14) 0.80 (0.58, 1.10) 
80th vs 20th 448/917 0.91 (0.74, 1.12) 0.89 (0.72, 1.10) 
p-value  0.37 0.27 
Urine Cd, μg/g 
Tertil 1 143/308 1.00 (Reference) 1.00 (Reference) 
Tertil 2 134/320 0.78 (0.56, 1.09) 0.78 (0.56, 1.09) 
Tertil 3 171/289 1.09 (0.80, 1.49) 1.06 (0.77, 1.45) 
80th vs 20th 488/917 1.01 (0.83, 1.24) 0.99 (0.81, 1.22) 
p-value  0.91 0.96 
Plasma Se, μg/L 
Tertil 1 163/297 1.00 (Reference) 1.00 (Reference) 
Tertil 2 142/315 0.81 (0.59, 1.11) 0.80 (0.58, 1.11) 
Tertil 3 143/305 0.83 (0.60, 1.14) 0.79 (0.57, 1.09) 
80th vs 20th 488/917 0.66 (0.46, 0.94)* 0.63 (0.44, 0.90)* 
p-value  0.03* 0.01* 

Model 1 adjusted for age (years), sex (men, women), BMI (kg/m2) and high 
education (no, yes). 
Model 2 is model 1 further adjusted for physical activity (METs min/week), 
urine cotinine categories (<34, 34–500, ≥500), glomerular filtration rate (ml/ 
min/1.73 m2), cumulative-tobacco smoking (pack-years), smoking status and 
alcohol intake status (never, former, current). 
The tertiles cutoffs were 4.7 and 9.2 μg/g for Asb-corrected urine As, 0.27 and 
0.54 μg/g for urine Cd, and 76.7 and 94.3 μg/L for plasma Se. The 80th and 20th 
percentiles of urine biomarker distributions were 13.6 and 3.5 μg/g for Asb- 
corrected As and 0.76 and 0.20 μg/g for Cd. The corresponding percentiles of 
plasma Se distribution were 104.8 and 69.4 μg/L. *Association obtained from a 
regression models with plasma Se modelled as restricted quadratic splines with 
knots at the 10th, 50th and 90th percentiles. The p-value of non-linearity was 
obtained from a wald-test of the spline terms. Other p-values in the table were 
obtained from a wald test of the regression coefficient for log-transformed urine 
As and Cd. 

Table 4 
Odds ratio (95% confidence interval) of reduced BMD and Hazard ratio (95% confidence interval) of fractures incidence, by urine Asb-corrected As, Cd and plasma Se 
levels in the subsample of individuals older than 50 years.   

OR (95% CI) of reduced BMD 
(N = 702) 

HR (95% CI) of incident osteoporosis-related fractures 
(N = 638) 

Cases/No cases Model 1 Model 2 Cases/No cases Model 1 Model 2 

Urine Asb-corrected As 
Tertil 1 100/108 1.00 (Reference) 1.00 (Reference) 25/183 1.00 (Reference) 1.00 (Reference) 
Tertil 2 119/130 0.91 (0.60, 1.38) 0.89 (0.58, 1.35) 19/204 0.90 (0.45, 1.79) 0.80 (0.39, 1.65) 
Tertil 3 105/140 0.75 (0.49, 1.15) 0.72 (0.47, 1.10) 22/185 1.26 (0.66, 2.4) 1.27 (0.66, 2.45) 
80th vs 20th 324/378 0.79 (0.60, 1.05) 0.78 (0.59, 1.03) 66/572 1.07 (0.71, 1.62) 1.09 (0.71, 1.66) 
p-value  0.10 0.08  0.76 0.70 
Urine Cd 
Tertil 1 99/118 1.00 (Reference) 1.00 (Reference) 26/171 1.00 (Reference) 1.00 (Reference) 
Tertil 2 97/137 0.77 (0.50, 1.20) 0.75 (0.48, 1.17) 22/195 0.97 (0.51, 1.83) 0.99 (0.53, 1.85) 
Tertil 3 128/123 1.14 (0.76, 1.72) 1.14 (0.75, 1.73) 18/206 0.75 (0.38, 1.46) 0.75 (0.39, 1.46) 
80th vs 20th 324/378 1.14 (0.86, 1.50) 1.13 (0.85, 1.50) 66/572 1.13 (0.81, 1.58) 1.09 (0.80, 1.50) 
p-value  0.37 0.40  0.477 0.586 
Plasma Se 
Tertil 1 122/117 1.00 (Reference) 1.00 (Reference) 20/196 1.00 (Reference) 1.00 (Reference) 
Tertil 2 102/133 0.70 (0.47, 1.06) 0.68 (0.45, 1.03) 18/191 1.03 (0.52, 2.01) 1.09 (0.55, 2.16) 
Tertil 3 100/128 0.75 (0.50, 1.13) 0.70 (0.46, 1.06) 28/185 1.44 (0.77, 2.7) 1.67 (0.91, 3.04) 
80th vs 20th 324/378 0.61 (0.38, 0.97)* 0.57 (0.36, 0.91)* 66/572 1.96 (0.95, 4.06)* 2.25 (1.13, 4.49)* 
p-value  0.006* 0.003*  0.02* 0.01* 

Model 1 adjusted by age (years), sex (men, women), BMI (kg/m2) and high education (no, yes). 
Model 2 is model 1 further adjusted for physical activity (METs min/week), urine cotinine categories (<34, 34–500, ≥500), glomerular filtration rate (ml/min/1.73 
m2), cumulative-tobacco smoking (pack-years), smoking status, and alcohol intake status (never, former, current). 
Urine As was adjusted for urine Asb. The 80th and 20th percentiles of urine biomarker distributions were 13.5 and 3.5 μg/g for Asb-corrected As and 0.76 and 0.20 μg/g 
for Cd. The corresponding percentiles of plasma Se distribution were 103.7 and 68.9 μg/L. 
*Association obtained from regression models with plasma Se modelled as restricted quadratic splines with knots at the 10th, 50th and 90th percentiles. The p-value of 
non-linearity was obtained from a wald-test of the spline terms. Other p-values in the table were obtained from a wald test of the regression coefficient for log- 
transformed urine arsenic and cadmium. 
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overall osteoporosis prevalence was 12.7%) [42]. We could not estimate 
a central-BMD based prevalence of osteoporosis in the present study, as 
we did not have available lumbar spine or femoral neck BMD measures 
in the complete study population. In a previous study, however, pe-
ripheral DEXA allowed to identify individuals with prevalent osteopo-
rosis as diagnosed by central DEXA in our study population with 
consistent findings [29]. Other studies have also concluded that pe-
ripheral DEXA is a useful tool for osteoporosis identification [43,44]. 
Moreover, well-known determinants of BMD including age, sex, physical 
activity, smoke status and alcohol intake, are consistently associated 
with calcaneus BMD in our study population, which add robustness to 
our data. 

Some human studies have evaluated the association of Se biomarkers 
and outcomes related to BMD and have found mixed results [24,25, 
45–50], possibly due to the small samples sizes, heterogeneous adjust-
ment for confounders and different underlying Se distributions. Impor-
tantly, while our data suggest that association of Se and bone outcomes 
is non-linear, the potential non-linearity of Se associations was not 
explored in previous studies. A case-control study from Iran (mean Se 
was 57.58 μg/L in 90 osteoporotic cases and 81.09 μg/L in 90 controls) 
showed moderate-to-strong positive correlations between high serum Se 
levels and high lumbar spine (r = 0.63; p < 0.001), and femoral neck (r 
= 0.69; p < 0.001) BMD [24]. A cross-sectional in Dutch men (N = 387, 
median plasma Se = 91.9 μg/L) also found a positive significant asso-
ciation of Se with central BMD as measured in the hip bone [45]. 
Similarly, another study on 1144 postmenopausal European women 
(mean Se = 94.3 μg/L) observed a positive cross-sectional, but not 
prospective, association of Se with hip BMD [46]. In this study, lumbar 
spine BMD was not associated with plasma Se cross-sectionally nor 
prospectively, and no relationship with risk fracture was identified. 
Moreover, two case-control studies from China (N = 91, mean plasma Se 
was ~134.8 μg/L) and from Turkey (N = 107, mean plasma Se ~66.7 
μg/L for each group), found no association between plasma Se and 
central BMD [25,47]. Other studies have evaluated the association be-
tween dietary Se intake and risk of osteoporotic fractures [48–50]. A 
large cross-sectional study in China (N = 6267) observed a stadistically 
significant association between dietary Se intake (mean ~39.1 μg/day) 
and peripheral BMD, OR [95%CI] = 0.47 [0.31,0.73], p < 0.001, 
comparing the highest to the lowest quartiles) [48]. A case-control study 
in participants from the Utah Study of Nutrition and Bone Health (N =
2564) (mean Se ~110 μg/day), found that increased Se intake levels 

were associated with lower risk of osteoporotic fractures, especially in 
ever smokers (OR [95% CI] = 0.27 [0.12, 0.58], p < 0.001) [49]. 
Consistently, another case-control study from China (N = 1452, Se 
intake ~45 μg/day) reported an inverse association of Se with the risk of 
hip fracture (OR [95% CI] = 0.43 [0.26, 0.70], p = 0.005, comparing the 
highest to the lowest Se quartiles) [50]. In these studies, Se exposure was 
assessed based on self-reported dietary intake, which can undergo 
exposure miss-classification. 

Additional dose-response studies are needed to reproduce our find-
ings. Our results, however, are consistent with some experimental 
studies in rats showing that Se deficit decreased tibia [51] and cortical 
femur [52] bone density. Se inhibited the receptor activator of nuclear 
factor κ-B ligand (RANKL) production, which, essential for osteoclasts 
differentiation [21], and has been related to a beneficial effect on bone 
in rats [53]. Interestingly, an experimental study in rats with anatrozole 
treatment (an aromatase inhibitor that decreases estrogen production, 
which has been associated with a decrease in mineral bone) showed that 
supplemental Se nanoparticles decreased bone reduction using bio-
markers such as TRAP, which is a specific marker for osteoclast cells 
function [54]. Additional animal studies evaluating Se excess, and not 
only deficiency, on bone disease, are needed. 

Other studies point to redox mechanisms as biological link for Se- 
related associations with bone endpoints [22,23,55,56]. Specifically, 
selenoproteins play a main role in oxidative stress regulation and bone 
homeostasis maintenance [21,57]. GPx and thioredoxin reductase 
(TrxR) are involved in redox mechanism, through peroxidase reduction, 
decrease ROS generation, which in experimental studies inhibited 
osteoclast differentiation and activity [21,55,57,58]. Consistently, an 
experimental study in mice observed lower levels in GPx1 and per-
centage of femoral trabecular bone in the control group compared to Se 
supplementation group [56]. In rats, GPX1 expression enhanced the 
type I collagen and alkaline phosphatase expression, and the deposition 
of calcium in bone marrow stromal cells [21,57]. The TrxR gene has 
been found to be responsive to the 1-α,25(OH)2-vitamin D3, which 
stimulates bone cell growth and differentiation [21]. Alternatively, 
selenoprotein P (SePP), another antioxidant selenoprotein, is involved in 
Se transport and storage [57]. Plasma SePP concentrations were posi-
tively associated to hip and lumbar spine BMD in the OPUS study [46], 
supporting that Se transport into the bone marrow is important for bone 
homeostasis. While there is limited evidence assessing whether other 
selenoproteins are directly involved on bone metabolism, they likely 

Fig. 1. Odds ratio (95% CI) of reduced Bone Min-
eral Density and Hazard Ratio (95% CI) of 
Osteoporosis-Related Bone Fractures by plasma Se 
concentrations (μg/L) in the subsample of in-
dividuals older than 50 years (n ¼ 702 and 638, 
for the cross-sectional and prospective analysis, 
respectively). The curve (gray shades) represent the 
odds ratio (95% confidence interval) of reduced BMD 
levels (BMD below -1.0 SD) and hazard ratio (95% 
confidence interval) of osteoporosis-related fractures 
based on restricted quadratics splines with knots at 
the 10th, 50th and 90th percentiles of plasma Se 
distribution (29.92, 84.46 and 115 μg/L, respec-
tively). The reference value was set at the 10th of 
plasma Se distribution (29.9 μg/L). Odds ratio and 
Hazard ratio were estimated with logistic and cox 
proportional hazards models, for the cross-sectional 
and prospective analysis, respectively. Models were 
adjusted for age, sex, education, body mass index, 
smoking status (never, former and current), cumula-
tive smoking (pack-years), urine cotinine levels (<34, 
34–500 y ≥500 ng/ml), alcohol intake (never, former 
and curent), glomerular filtration rate (ml/min/1.73 
m2) and physical activity (METs min/week). The 
histogram represents the frequency distribution of 
plasma Se in the study sample.   
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have a role through redox balance regulation. 
In Se-replete populations, Se intake above 55 μg/day level does not 

increase selenoprotein synthesis or activity [59–64]. In our study pop-
ulation, plasma Se levels below 110 μg/L were inversely associated with 
oxidative stress biomarkers including GSSG/GSH and MDA [65]. Above 
110 μg/L of plasma Se, the association with GSSG/GSH reached a 
plateau, while it remained positive for 8-oxo-DG [65]. Indeed, GPx1, 
reaches the saturation point at ~110 μ/L [66], which, interestingly, 
approximates the inflection point in our dose response curves for Se and 
reduced BMD. Thus, our data support the hypothesis that Se levels above 
selenoproteins saturation levels may increase non-specific incorporation 
of selenomethionine into proteins [59], and induce alterations in oste-
oblast proliferation and differentiation, and, in osteoclast activity [21]. 

While a number of experimental studies provide biological support 
for As and Cd-related bone effects, we found no statistically significant 
associations in our population-based study. It is known that at high 
exposure levels Cd induces bone disease including osteopenia and 
osteomalacia [67]. At lower exposure levels, multiple studies in humans, 
including a meta-analysis of observational studies, have investigated the 
relation between Cd and osteoporosis-related endpoints with heteroge-
neous results [26,27,68,69]. Interestingly, a systematic review and 
meta-analysis [69] estimated that the pooled risk ratio of bone fracture 
was 1.30 (95% IC [1.13, 1.49]) when comparing the highest to the 
lowest Cd exposure categories. Nevertheless, these results are to be 
taken cautiously since the number of meta-analized studies was low (N 
= 8), and there was heterogeneous adjustment for confounders. In 
addition, different biomarkers were used to assess Cd exposure (one 
study measured Cd in erythrocytes [70], three considered dietary Cd 
[71–73] and four used urine Cd [74–77]. Three of the studies using 
urinary biomarkers showed higher Cd levels than in our data (mean 
urinary Cd levels were 11.18 μg/g and 3.55 μg/g in high and medium 
exposures areas in China [77], 0.74 μg/g in Swedish individuals [76] 
and 16.9 μg/day in a Belgian population [75]). All the individual studies 
in the meta-analyses showed a statistically significant association be-
tween Cd exposure and fracture risk, including some studies conducted 
in postmenopausal women and participants older than 50 years. In a 
post-hoc analysis, we observed a different association between Cd and 
reduced BMD below (OR = 0.93 [0.62,1.38]) and above (1.14 [0.50, 
2.63]) 105 μg/L of selenium. However, the p-interaction clearly was not 
statistically significant (p interaction = 0.94) and the confidence in-
tervals were wide and overlapping. These results, thus, do not support 
that the association between Cd levels and BMD is differential by Se 
status in our study population. 

For As, bone disease has not been described as a typical manifesta-
tion of Arsenicosis in areas with disproportionate exposure [78]. At 
lower exposure levels, two case-control studies from Turkey (N = 336, 
median hair As = 1.01 μg/g) [79], and Korea (n = 985, mean urinary As 
~ 8.9 μg/g) [80] reported no statistically significant associations of As 
with central and peripheral BMD, respectively. No other epidemiolog-
ical studies have evaluated the association between As and BMD-related 
outcomes at the lower exposure range. 

Our study is not exempt of limitations. For instance, total plasma Se 
levels do not provide information of individual Se species. More detailed 
analyses of specific selenoproteins levels and activity would allow to 
better understand the relation of Se with bone disease. Another limita-
tion is the lack of information about central BMD measure for the whole 
study population. However, a calcaneus T-score < -1.0 SD showed a 
sensitivity of 85% and a negative predictive value of 79% for the iden-
tification of participants with osteoporosis in a small subset of study 
population [29]. The T-score cut-off associated with the highest speci-
ficity in our study population was -2.5 SD. However, only 57 partici-
pants showed calcaneus BMD levels below this cut-off [29]. Finally, we 
cannot discard residual confounding in our results as in other observa-
tional studies. For instance, the menopause status of women in our study 
population was unknown. Nonetheless, our data does not support a 
differential association of Se and reduced BMD in women or individuals 

younger than 50 years old. Conversely, an important strength of our data 
is that the study population is a representative sample of a general 
population. Another strength is the availability of both prevalent and 
incident BMD-related endpoints, and well-established trace elements 
biomarkers of exposure, which have been obtained by standardized 
protocols including a rigorous quality control. 

5. Conclusions 

In conclusion, Cd and As exposure were not associated with BMD 
loss. For Se, however, we observed a non-linear association with BMD 
endpoints, including a markedly strong positive association with frac-
tures risk at the higher Se exposure range among individuals older than 
50 years. Our findings are compatible with a role of redox unbalance in 
explaining Se-associated bone disease. Given the substantial impact of 
bone mass loss in the elderly population, additional large prospective 
studies are needed to confirm the relevance of our findings to bone loss 
prevention in the population depending on Se exposure levels. 
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C. Álvarez Sanz, Prevalencia de osteoporosis determinada por densitometría en la 
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