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Abstract
Pathophysiological conditions can modify the skeletal chemical concentration. This study analyzes the elemental composi-
tion in two anatomical regions from dry femoral bone using a portable X-Ray Fluorescence (pXRF) and evaluates its impact 
in the bone mineral density (BMD). The left femora of 97 female skeletons (21–95 years old individuals) from the Coimbra 
Identified Skeletal Collection were studied. Diagenetic biases were discarded at the outset and BMD was determined with 
Dual-energy X-ray absorptiometry. Chemical measurements were performed at the midpoint of the femoral neck and at the 
midshaft using a pXRF device, and comparisons were made considering the age and the BMD values. Only elements with 
a Technical Measurement Error ≤ 5% were selected: P, S, Ca, Fe, Zn, As, Sr, Pb and the Ca/P ratio. Statistically significant 
differences were found between regions, with higher concentrations of P, Ca, Zn and S at the midshaft, and the Ca/P ratio 
at the femoral neck. The concentration of P is higher in individuals < 50 years, while S and Ca/P ratio increase in individu-
als ≥ 50 years. The decrease of P with age can be simultaneously related to the decline of its concentration in osteoporosis. 
Decreased BMD is also associated with higher levels of S and Pb. Osteoporosis enhances the absorption of osteolytic ele-
ments in specific locations. This fast and non-destructive technique has proved effective for the comprehension of chemi-
cal changes related to bone mass loss. This study highlights the potential of identified skeletal collections to improve the 
knowledge about bone fragility.

Keywords  Bone mineral density · Bone chemical concentration · Lead bone levels · Ca/P ratio · Coimbra Identified 
Skeletal Collection

Abbreviations
pXRF	� Portable X-Ray Fluorescence
BMD	� Bone mineral density
rTEM	� Relative technical measurement error
DXA	� Dual-energy X-ray absorptiometry

OP	� Osteoporosis
CSIC	� Coimbra Identified Skeletal Collection
s.d.	� Standard deviation

Introduction

Osteoporosis (OP) is a metabolic bone disease, typified by a 
decline in bone mass and deterioration of bone microarchi-
tecture, increasing bone fragility and the risk of fracture [1]. 
Bone fragility and associated fractures are major challenges 
for public health, especially impacting the global morbidity 
and mortality of postmenopausal women and aged individu-
als from both sexes [2]. OP is a complex disorder of mul-
tifactorial etiology, being attributed to various endocrine, 
metabolic, mechanical and inflammation factors that result 
in an imbalance between bone resorption and bone forma-
tion. Risk factors include aging, estrogen withdrawal after 
menopause, genetics, reproductive history, physical activity, 
and nutritional status. Studies on OP tend to focus on its 
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main clinical repercussions [3]. However, these events are 
punctuated by fluctuations in the elemental composition of 
the mineral matrix of bone tissue, whose knowledge is still 
inadequate in many aspects [4].

The pure hydroxyapatite molecule—Ca10(PO4)6(OH)2—
has the capability of exchanging ions during the reabsorp-
tion and deposition of new bone and modify its mechanical-
physiochemical properties in order to assist the auxological 
development of individuals [5]. Factors such as extracel-
lular concentration of trace and ultratrace elements, ionic 
affinity and the mineralization degree [6] are essential to 
understand the biophysical bases underlying the bone prop-
erties. The concentration of chemical elements in the bone 
tissue is subordinated to biological factors including age and 
sex [7], environment (e.g., lead pollution [8]) and patholo-
gies, such as osteoarthritis [9] and osteoporosis [10, 11]. It 
has also been demonstrated that bone composition displays 
variability between different animal species [12], as well as 
among type [13], region [14] and layer of the bone under 
analysis [11, 13, 14].

Bone mineral oscillations are subject to a very narrow 
threshold among benefit, damage and toxicity [5], espe-
cially in osteoporotic patients whose biochemical imbal-
ance can be associated with: (1) a deficient nutrition or 
an inappropriate intestinal absorption; (2) the influence of 
certain medication or supplementation; and (3) the uncou-
pling between osteoblasts/osteoclasts activity triggered by 
hormonal and physicochemical factors, which leads to an 
excess and faster resorption over bone formation [10]. In 
non-osteoporotic individuals, calcium (Ca) varies from 
82,000 μg/g [15] to 336,000 μg/g, whereas phosphorous (P) 
ranges from 50,700 μg/g [16] to 140,000 μg/g [17] according 
to the bone and region under study. It has been reported that 
women with a lower consumption of both Ca and P exhibit 
an increased bone mass loss [18]. In addition to nutritional 
deficiencies, impaired bone resorption or deposition could 
be attributed to genetic conditions, hormonal disorders and 
aging. For example, in the glucocorticoid-induced osteopo-
rosis, calcium homeostasis is adversely affected by parathor-
mone stimulation or through a deficient intestinal absorption 
of the element [19]. Likewise, estrogen has an effect on renal 
phosphorus excretion, being its deficiency linked to a lower 
excretion [20]. The reduction in phosphorus content may be 
the result of osteomalacia, an adult genetic or non-genetic 
vitamin D deficiency with inadequate bone mineralization 
[21].

Furthermore, many studies have shown that the levels of 
trace and ultra-trace elements also suffer a great variation in 
their concentrations when osteoporotic and non-osteoporotic 
individuals are compared: zinc (Zn) and strontium (Sr) tend 
to decrease, whereas lead (Pb), sulphur (S) and nickel (Ni) 
increase in osteoporosis [7, 12–14]. However, the evidence 
about chemical elements interaction either with the bone 

matrix or the effect of these elements by excess or defect is 
still controversial because it has been mainly obtained from 
animal experimentation, whose concentrations differ from 
humans; and in those publications specifically focused on 
humans, the sample size is considerably small.

In order to better understand the changes in mineral con-
tent derived from the process of bone mass loss, this study 
presents a compositional analysis carried out with a portable 
X-ray Fluorescence (pXRF) device in the neck and mid-
shaft of the femoral bone of adult female individuals from 
the Coimbra Identified Skeletal Collection. The aims are 
to assess potential differences in the elemental composition 
between these two bone regions, and to evaluate variations 
conditional to the age at death of the individuals, and the 
occurrence of osteoporosis as previously diagnosed by Dual-
energy X-ray absorptiometry (DXA).

Material and Methods

The Coimbra Identified Skeletal Collection (CISC) com-
prises 505 skeletons recovered from the Municipal Cem-
etery of Conchada (Coimbra, Portugal). Biographical data 
for the skeletal individuals are available, e.g., sex, age at 
death, cause of death and occupation. Most of the individu-
als in the collection were Portuguese nationals with low 
socioeconomic status and employed in non-qualified manual 
labor [22]. Ninety-seven left femora from adult women of 
the CISC were randomly selected and used to implement this 
research. Only individuals with at least one femur showing 
no macroscopical signs of post-depositional modifications 
were included. The individuals studied show no signs of 
osteomalacia or other pathological conditions, as diagnosed 
by paleopathological criteria.

Ages at death ranged from 21 to 95 years old (mean: 
54.04 ± 20.45 years; Table 1). All individuals died during 
the twentieth century and were buried in wooden coffins in 
earth-cut shallow graves for at least five years. The absence 
of diagenetic biases was previously verified through macro-
scopical and imaging evaluation of the trabecular and endo-
cortical integrity of the bone. Conventional radiography 

Table 1   Age distribution of 
the adult female skeletons 
under analysis (N = 97) from 
the Coimbra Identified Skeletal 
Collection (CSIC)

Age group N

21–30 16
31–40 14
41–50 14
51–50 13
61–70 14
71–80 15
81–90 9
91–100 2
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suggested that soil erosion was insignificant or null, and 
microradiographs of the dry cortex obtained in the anterior 
midshaft of the femur showed normal mineralization [23, 
24]. Once bone preservation was established, BMD at the 
femoral neck was evaluated with DXA. For this purpose, a 
Hologic QDR 4500C Elite densitometer was used and fem-
ora were placed on a low-density container and positioned 
in parallel to the X-ray emission source [25]. BMD was 
then classified according to the World Health Organization 
standards [26] in three groups: normal (N = 33), osteopenic 
(N = 35) and osteoporotic (N = 29) individuals.

Elemental measurements were performed at the mid-
point of femoral neck and at the midshaft, without any prior 
knowledge of the biographical data or BMD status, using a 
pXRF Thermo Scientific Niton™ XL3t Goldd + XRF ana-
lyzer (Fig. 1). The pXRF is a surface to near‐surface tech-
nique in which the X‐ray penetration depth depends on the 
energy of the X‐ray and the density of the material. This 
device gauges the chemical elements on a circular flat sur-
face (8 mm diameter) in a non-invasive and non-destructive 
way. According to its technical specifications, the Thermo 
Scientific Niton XL3t 900 with GOLDD + works at voltages 
from 6 to 50 kV while the built-in silver anode operates at a 
maximum of 50 kV and 200 µA, using four different energy 
settings over 30 s each for light, low, main and high Z ele-
ments, and allowing plus light element analysis (Mg, Al, 
Si, P, S) without helium or vacuum purging. The software 
NITON Data Transfer version NDT_REL_8.2 was used to 
convert spectral data to composition analysis in parts per 
million, or μg/g, whereas calibration was performed through 
the “Test All mode” in order to identify a maximum of 43 

elements from magnesium to uranium. The Ca/P ratio is also 
included in this mode, yet elements with an atomic number 
lower than magnesium are provided together in a percent-
age called “Balance”. To obtain the most accurate measure-
ments, the source of emission should be held as perpendicu-
lar and close to the cortical bone as possible (no periosteum 
remains on dry bone) to reduce air pollution. Thus, the femur 
is stabilized in a V-structure with a flexible and adaptable 
coating, which allows an adapted and optimized measure-
ment to the natural curvature of the bone (Fig. 1).

In order to test the reliability and reproducibility of the 
method, the accuracy and intra-observer error were deter-
mined using the relative Technical Measurement Error 
(rTEM) as previously described [25]. The first 20 measure-
ments (ten in each femoral regions aforementioned) were 
obtained twice in an alternate order. Only those elements 
with a rTEM ≤ 5% were considered for study. With these 
compositional values three different comparisons were per-
formed: (1) femoral regions (femoral neck [Fem.N] vs. femo-
ral diaphysis [Fem.D]), (2) age (< 50 vs. ≥ 50 years), and 
(3) BMD status (normal [NOR] vs. osteoporosis [OP]). To 
simplify the comparison between different bone mass condi-
tions—and considering that the classification between BMD 
categories has been defined by artificial cut-off points—the 
osteopenia category will not be considered in the compar-
ative analyses (although it will be included in the Lineal 
Discriminant Analysis, giving a global vision of the data 
distribution).

Statistical and multivariate analyses were carried out 
using SPSS v.20.0 and Excel XLSTAT-Base v.2018 soft-
ware, respectively. The sample was characterized using 

Fig. 1   Graphic representation of 
the handling of portable X-Ray 
Fluorescence used for chemi-
cal measurement on dry bone. 
The  source of emission should 
be perpendicular, fitting the 
distance between the device and 
the bone as minimal to reduce 
air pollution
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descriptive statistics, and normality was verified using the 
Kolmogorov–Smirnov test. To study the differences among 
groups, the parametric Student’s t-test for normally distrib-
uted elements, and the Mann–Whitney U nonparametric test 
for those which did not follow a normal distribution, were 
used. The correlation between the different elements and the 
BMD was estimated with Pearson’s and Spearman’s corre-
lation coefficients. Finally, a Lineal Discriminant Analysis 
(LDA) was performed in order to identify potential relation-
ships between the group of elements and the BMD.

Results

Of the 43 potentially detected chemical elements, 26 (60%) 
were quantified in the femora. Of these, seven (35%) had a 
rTEM ≤ 5% (Table 2): Phosphorus (P), Sulfur (S), Calcium 

(Ca), Iron (Fe), Zinc (Zn), Strontium (Sr), and Lead (Pb). 
According to the Kolmogorov–Smirnov’s test, P, S, Ca and 
Sr were normally distributed.

Bone Region, Age, BMD Status and Bone 
Composition

Tables 3, 4 and 5 summarize the statistical results (mean, 
standard deviation (s.d.) and 95% confidence interval) for 
each element according to bone region (femoral neck and 
diaphysis), age at death and BMD status, respectively. In 
any case, no significant differences were found for Fe or Sr.

Comparing the concentrations at the midpoint of femo-
ral neck and the midshaft, statistically significant differ-
ences were observed in the concentration of P, S, Ca and Zn 
(Table 3), being these elements in greater abundance in the 
femoral diaphysis. In contrast, the Ca/P ratio was signifi-
cantly higher in the femoral neck.

Regarding age-related changes (Table  4), P lev-
els were significantly higher in women under 50 years 
of age, both in the neck (124,797.90 ± 14,094.58 vs. 
116,628.50 ± 15,061.37 μg/g) and in the femoral diaphysis 
(137,725.15 ± 11,448.10 vs. 132,268.60 ± 9701.31 μg/g), 
while S appears in greater concentration in women 
over  50  years  (neck:  5216.74 ± 2041.63 vs . 
6318.19 ± 2148.41 μg/g; midshaft: 6110.92 ± 2222.30 vs. 
7093.37 ± 1990.95 μg/g). The Ca/P ratio was significantly 
higher in women over 50 years of age (neck: 2.05 ± 0.18 vs. 
2.19 ± 0.23; midshaft: 1.89 ± 0.14 vs. 1.96 ± 0.13).

Table 2   Relative technical error measurement (rTEM) in each 43 
chemical elements detected by X-ray fluorescence

LOD limit of detection

rTEM Elements (N = 43)

 ≤ 5% (N = 7) P, S, Ca, Fe, Zn, Sr, Pb
5–10% (N = 3) Sc, Mn, As

 ≥ 10% (N = 16) Al, Si, Cl, K, Ti, Cr, 
Ni, Cu, Ag, Cd, Sn, 
Sb, Te, Cs, Ba, Hg

LOD (N = 17) Mg, V, Co, Se, Rb, Zr, 
Nb, Mo, Pd, Hf, Ta, 
W, Re, Au, Bi, Th, U

Table 3   Elemental 
concentration (μg/g) in the 
midpoint of femoral neck 
(N = 97) and the midshaft 
(N = 97) in female dry cortical 
bone

p values and concentrations of elements with significantly different values between comparisons are high-
lighed in bold
Elements sorted by atomic number
Fem N femoral neck, Fem D femoral diaphysis
*Level of significance: 95%

Element Region Mean Standard deviation 95% Confidence interval p value

P Fem.N
Fem.D

120,249.99
134,687.48

15,125.86
10,803.80

117,201.45–123,298.52
132,510.04–136,864.93

 < 0.001*

S Fem.N
Fem.D

5828.59
6657.85

2162.41
2142.36

5392.77–6264.41
6226.07–7089.63

0.008*

Ca Fem.N
Fem.D

253,146.06
258,677.61

14,342.89
9083.73

250,255.33–256,036.79
256,846.83–260,508.39

0.002*

Fe Fem.N
Fem.D

2542.06
2616.33

4069.13
3884.06

1721.95–3362.17
1833.51–3399.14

0.897

Zn Fem.N
Fem.D

1127.69
1779.00

2070.12
1598.90

708.65–1546.73
1456.75–2101.25

0.015*

Sr Fem.N
Fem.D

99.81
103.49

24.51
26.71

94.87–104.75
98.10–108.87

0.319

Pb Fem.N
Fem.D

69.67
67.69

64.91
57.79

56.59–82.75
56.05–79.32

0.822

Ca/P
ratio

Fem.N
Fem.D

2.12
1.94

0.21
0.14

2.09–2.17
1.90–1.96

 < 0.001*
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When comparing subjects with normal BMD and with 
osteoporosis (Table 5), the concentration of P was lower 
in the midshaft of the individuals with osteoporosis 

(130,508.50 ± 8774.47 μg/g) than in those with normal 
BMD (137,976.53 ± 12,392.90 μg/g), while S increases 
significantly in osteoporotic women in both regions of the 

Table 4   Elemental concentration (μg/g) in the midpoint of femoral neck and the midshaft in cortical dry bone from females with < 50 years old 
(N = 43) and ≥ 50 (N = 54)

p values and concentrations of elements with significantly different values between comparisons are highlighed in bold
Elements sorted by atomic number
*Level of significance: 95%

Femoral neck Femoral diaphysis

Element Age at death
(years)

Mean Standard deviation p value Mean Standard deviation p value

P  < 50
 ≥ 50

124,797.90
116,628.50

14,094.58
15,061.37

0.008* 137,725.15
132,268.60

11,448.10
9701.31

0.013*

S  < 50
 ≥ 50

5216.74
6318.19

2041.63
2148.41

0.012* 6110.92
7093.37

2222.30
1990.95

0.024*

Ca  < 50
 ≥ 50

253,680.87
252,720.20

13,156.59
15,330.84

0.745 259,182.03
258,275.94

9091.57
9142.61

0.628

Fe  < 50
 ≥ 50

2353.53
2692.19

3837.11
4274.58

0.686 2754.18
2506.55

4198.10
3651.24

0.757

Zn  < 50
 ≥ 50

1633.97
724.54

2974.05
668.65

0.055 2022.09
1585.43

1776.67
1429.35

0.183

Sr  < 50
 ≥ 50

98.01
101.24

21.83
26.57

0.522 102.63
104.17

25.27
28.01

0.779

Pb  < 50
 ≥ 50

62.67
75.25

69.54
61.05

0.346 65.04
69.80

64.72
52.07

0.689

Ca/P ratio  < 50
 ≥ 50

2.05
2.19

0.18
0.23

0.001* 1.89
1.96

0.14
0.13

0.012*

Table 5   Elemental 
concentration (μg/g) in the 
midpoint of femoral neck and 
the midshaft in normal (N = 32) 
and osteoporotic (N = 29) dry 
cortical bone

p values and concentrations of elements with significantly different values between comparisons are high-
lighed in bold
BMD cat bone mineral density category, NOR normal, OP osteoporosis
Elements sorted by atomic number
*Level of significance: 95%

Femoral neck Femoral diaphysis

Element BMD
cat

Mean Standard deviation p value Mean Standard deviation p value

P NOR
OP

124,147.10
118,540.47

15,125.36
14,781.25

0.235 137,976.53
130,508.50

12,392.90
8774.47

0.009*

S NOR
OP

5225.66
6644.87

2246.07
2113.87

0.014* 6050.28
7496.51

2351.46
1969.98

0.012*

Ca NOR
OP

250,791.26
256,246.92

14,197.23
16,580.38

0.172 260,655.71
257,120.76

8499.10
10,379.82

0.149

Fe NOR
OP

3454.89
2416.95

5270.46
4009.74

0.934 3348.18
2243.52

5164.96
2660.63

0.306

Zn NOR
OP

1929.80
730.76

3419.05
646.95

0.060 1910.38
1675.70

1520.38
1641.03

0.564

Sr NOR
OP

100.28
100.35

23.68
31.00

0.991 105.30
102.55

25.94
33.67

0.720

Pb NOR
OP

53.77
84.65

61.30
78.12

0.087 49.05
90.17

35.43
71.90

0.008*

Ca/P ratio NOR
OP

2.06
2.18

0.21
0.20

0.022* 1.90
1.98

0.15
0.12

0.035*
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femur (neck: 5225.66 ± 2246.07 vs. 6644.87 ± 2113.87 μg/g; 
midshaft: 6050.28 ± 2351.46 vs. 7496.51 ± 1969.98 μg/g). 
This results in a higher Ca/P ratio in osteoporotic individu-
als in both bone regions. Besides, Pb shows significant dif-
ferences according to BMD to the extent that in the osteo-
porotic midshaft its concentration almost doubles that found 
in individuals with normal BMD (90.17 ± 71.90 μg/g vs. 
49.05 ± 35.43 μg/g).

Association Between Chemical Concentration 
and BMD

The linear correlations between the concentration of dif-
ferent chemical elements and the BMD values for each 
femoral region are presented in Table 6. In both regions, 
S and Pb are negative and significantly correlated with 
BMD, increasing their concentration as BMD declines. 
Phosphorus and Fe are positive and significantly corre-
lated in the midshaft, therefore, as the BMD increases, 
the concentration of these elements is greater. Finally, the 
Ca/P ratio displays a negative correlation in both regions.

Figure 2a displays the LDA with the values obtained 
at the midshaft, as this is the region where differences 
between women with osteoporosis, osteopenia and nor-
mal BMD are best appreciated. There is a clear sepa-
ration between the centroids corresponding to each of 
the three groups in the different quadrants. Factor 1 (F1) 
account for 88.36% of the variance, separating mainly 
the normal BMD group from the osteoporotic one, and 
positioning the osteopenic individuals in an intermediate 

position. Factor 2 (F2) accounts for 11.64% of the vari-
ance. Considering the highest correlation (Fig. 2b,c) val-
ues between the variables and the linear discriminants, it 
can be observed that for the X axis (F1), P presents the 
highest positive correlation values. In the negative side, 
Pb appears more highly correlated, followed closely by S. 
In the Y axis (F2), the elements register lower correlation 
values than F1. Nevertheless, Fe is the most correlated 
element in the positive side, while P correlates in the 
negative side. These results can be appreciated better in 
the correlation circle.

Discussion

The last decade has witnessed a remarkable increase in 
knowledge about osteoporosis, although this condition is 
still a growing public health problem. For such a reason, 
understanding the role of elemental composition in bone tis-
sue may be fundamental both to prevent its morbimortality 

Table 6   Pearson and Spearman’s rank correlations of concentrations 
of chemical elements (μg/g) in femoral neck and diaphysis with BMD 
in woman dry bone

p values and concentrations of elements with significantly different 
values between comparisons are highlighed in bold
BMDn bone mineral density at midpoint of femoral neck, BMDd 
bone mineral density at femoral diaphysis
Elements sorted by atomic number
*Level of significance: 95%

Element BMDn BMDd

P 0.140 0.241*
S − 0.304* − 0.307*
Ca − 0.173 − 0.001
Fe 0.129 0.248*
Zn 0.175 0.172
Sr − 0.053 0.008
Pb − 0.220* − 0.208*
Ca/P ratio − 0.255* − 0.263*

Fig. 2   a Graphic representation of Linear Discriminant Analysis car-
ried out with elemental concentration registered at midshaft of femo-
ral diaphysis. Centroids for each BMD group are represented with tri-
angles. b Factor loadings of Factor 1 (F1) and Factor 2 (F2) for each 
element. In bold, the highest values of factor loading. c Correlation 
circle. Elements sorted by atomic number
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and to improve further treatments. In this work, using the 
valuable source of an identified skeletal collection, we have 
reported changes in certain chemical elements associated not 
only with age, but also with the loss of bone mass.

Accuracy and Reliability of pXRF on Dry Bone

This study is the first to use pXRF in order to quantify the 
concentration of chemical elements in dry bone from a col-
lection of identified human skeletons, preserving the integ-
rity of the sample, being easily transported, simple to use 
and ideal to analyze large samples in a short period of time. 
This technique—and in particular this device—has been 
successfully used in previous studies [27]. However, there 
are some limitations and technical issues that must be clari-
fied. pXRF is ineffective in the detection of elements with 
low atomic mass (“Balance”) and those with rTEM > 5% in 
bone context when compared to other methodologies such 
as Neutron Activation Analysis with High-Resolution Spec-
trometry of Short (or long)-Lived Radionuclides, Particle-
Induced Gamma-Ray Emission, Inductively Coupled Plasma 
Atomic Emission Spectrometry, and Inductively Coupled 
Plasma Mass Spectrometry [16]. On the contrary, these tech-
niques are destructive and, therefore, avoidable for identi-
fied skeletal collections, making pXRF a promising tool for 
the study of OP in bioarchaeological contexts. Zaichick’s 
research [16], focused on the ribs, hampers the comparison 
with other bones such as the femur since the skeletal turno-
ver depends on several factors: the particular shape, size, 
surface to volume ratio, trabecular/ cortical proportion of the 
bones and on palaeobiological, biomechanical, genetic and 
pathological parameters of each individual under analysis. 
In this sense, it has been considered that the constant load 
to which the rib cage is subjected during respiration could 
enhance the costal turnover, although Fahy and collabora-
tors [28] found no significant differences when the rib and 
the femoral cortex were compared histomorphometrically.

Byrnes and Bush [29] mention that the detection of 
lighter elements such as P represents a technical limitation 
in pXRF analysis. However, the Geometrically Optimized 
Large Area Drift Detector (GOLDD+) technology attached 
to the Thermo Scientific Niton XL3t 900 device allows the 
detection of P from 600 μg/g using mining mode for a SiO2 
matrix. Besides, in all the skeletons analyzed in this study, 
values higher than this threshold were found, indicating that 
no technical biases were present in the P measurements in 
this study.

Although usually ignored in this type of study, the high 
values of standard deviations verified in some elements 
needs to be considered. Because measures showed similar 
standard deviations after double testing on each surface 
(technical replicas), the interindividual variability becomes 
a plausible explanation. In fact, Pemmer et al. [30] also 

suggested this after evaluating the concentration of Zn and 
Pb in bone at an ultrastructural level. In this sense, the die-
tary choices, the predisposition to exogenous and endog-
enous stressors or the area of residence, just to name a few, 
could be responsible for the standard deviation dispersion. 
Furthermore, this phenomenon depends on the order of mag-
nitude obtained for each particular elemental concentration, 
as well as on the proximity of each elemental concentration 
to the detection limit of the analyzing device. For elements 
with different orders of magnitude (e.g., 200,000 μg/g ver-
sus 2 μg/g), the fluctuation between two measurements will 
always be lower in the former than in the latter. That is why 
lowest standard deviations were found in the main bone 
components (Ca and P) whose concentrations are expressed 
in hundreds of thousands, while the minerals with lower 
concentrations (trace elements) display the highest.

Chemical Differences Between Femoral Regions

The distribution of chemical elements along the bone varies 
[11, 13, 14], detecting higher concentrations of Ca, P, Zn 
and S in the midpoint of the femoral diaphysis in the current 
sample. However, it is important to consider that the differ-
ences in concentration among both femoral regions, the neck 
and the midshaft, may be influenced by the characteristics of 
the surfaces analyzed [29].

To ensure its biomechanical suitability, the femoral neck 
is structurally made up of abundant trabecular tissue adapted 
to respond to body load, covered by a thin cortical layer, in 
reverse of what occurs in the midshaft [31]. Trabeculae have 
a higher mineral content, an increased metabolic activity, 
and a faster turnover rate compared to the cortical bone [6, 
14], although the latter is less susceptible to diagenesis. For 
these reasons, the femoral neck has a greater predisposition 
to fragility fractures than the midshaft [25]. Since the meas-
urements were made only on the external cortical of both 
regions, the differential concentration of Ca, P, Zn and S 
may be attributed to the disparity in cortical bone thickness 
[29], a parameter that is lower in osteoporosis. However, 
P levels are significantly lower in osteoporosis whereas S 
levels are higher. Therefore, despite the differences caused 
by cortical thickness, it is feasible to establish a relationship 
between BMD and these elements.

Major Elements in Bone and the Ca/P Ratio 
as a Possible Biomarker of Bone Disease

The values obtained in this study for the major elements, Ca 
and P, are within the range reported from other studies per-
formed in human bone samples [11, 15]. Calcium represents 
the core element of the musculoskeletal system, from which 
it is released when calcium homeostasis is disturbed [32]. In 
a short-term, bone compensates these deficiencies without 
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any corporal visible effects [33], but can be harmful for the 
bone quality if persists over time [34]. Meanwhile, phos-
phorus has a structural, energetic, homeostatic and a cellu-
lar signalization role in the body [35]. Even though it is an 
essential and ubiquitous element, its bioavailability depends 
on its physical and chemical properties. In an inorganic 
state—food additives, carbonated drinks or ultraprocessed 
foods—it is more available than in an organic state—meat, 
fish, nuts, vegetables, etc.—[36]. The maintenance of 
mean serum phosphorus homeostasis entails an interaction 
between intestinal absorption, renal reabsorption and excre-
tion, and redistribution between the extracellular phosphate, 
intracellular spaces, and the bone phosphate storage pool. 
Diet, aging, and chronic disease impact the control of serum 
P [37]. Animal studies have shown that an excess of P in 
the diet reduces BMD [38], suggesting that P may play a 
particularly important role in bone health, maintaining it at 
in appropriate concentrations to prevent bone alterations.

Taking together, Ca/P ratio in humans fluctuates between 
1.74 and 4.78, with an average value in the femur of 2.14 
[39], similar to both the stoichiometric ratio of hydroxyapa-
tite (2.16) and that obtained in the present work (neck: 
2.12 ± 0.21, midshaft: 1.94 ± 0.14). According to the results, 
calcium and phosphorus are associated in different propor-
tions in femoral bone, so the latter is more concentrated in 
the midshaft than in the neck (see Table 3). Also, in Tables 4 
and 5 it is possible to observe how the concentration of P 
element in bone decreases with age, as stated by [9], and 
with OP, as according to Santos et al. [12]. This reflects 
in the Ca/P ratio, whose values are higher in women over 
50 years of age and in osteoporosis, not due to fluctuations in 
calcium levels, which remain stable, but in phosphorus. This 
is in contrast to the results obtained in osteoporotic rabbits 
where this ratio usually decrease [39], as well as regarding 
the lack of consensus about its age-related changes [40]. The 
metabolism of Ca and P is coregulated through an integrated 
hormonal system that regulates transport in the gut, kidney, 
and bone, and operate in cohort with osteoblasts, osteocytes, 
and extracellular matrix proteins in order to mineralize oste-
oid as it is being deposited in the skeleton. Therefore, since 
the increased bone resorption that characterizes the patho-
genesis of osteoporosis should similarly affect the values 
of calcium and phosphorus, factors other than disease and 
cellular processes must be considered.

The decrease in the concentration of phosphorus is 
inversely related to the increase in the concentration of the 
element S, both of which are anions with the possibility of 
inter-exchange in the hydroxyapatite molecule. This hypoth-
esis supports previous studies that referred to the Ca/P ratio 
as a sensitive indicator of bone mineral health [41] and a 
useful tool when studying major bone elements and bone 
quality, prompting its inclusion in future clinical research. 
Nevertheless, this study warns that perhaps calcium is not 

the main target in the loss of bone mass experienced in oste-
oporosis. On the contrary, phosphorus takes on a much more 
variable role in anatomical, age and disease terms, being 
susceptible to changes experienced by less abundant mineral 
elements such as sulfur.

Biological Role of Minor Elements in Bone Quality

Calcium and P dynamics do not explain all the discrep-
ancies between the different groups, implying that these 
elements are not the only ones involved in bone health 
maintenance. Focusing on the LDA analysis (Fig. 2a), it is 
possible to appreciate how different elements are clustered 
in the F1 dimension according to their BMD. Although 
there is some overlap among the data, this may be explained 
by the artificial division of the BMD s.d. into cut-off 
points: ≤ 1 s.d., > 1 s.d. and ≥ 2,5 s.d. for normal, osteopenia 
and osteoporosis categories from the World Health Organi-
zation standards [26].

On one hand, Zn also emerges as an element which cor-
relates positively with BMD (Fig. 2c). This element appears 
in greater concentration in the midshaft than in the neck, 
probably due to its relationship with the Haversian canals 
[30]. Its progressive reduction with age and the loss of BMD 
in both regions (Tables 3 and 4), together with its position in 
the correlation circle (Fig. 2c) corroborate its relevance to 
bone health [42]. Zinc deficiencies lead to bone abnormali-
ties, as well as osteopenia, as it has an osteoblast-stimulating 
and osteoclast-inhibiting function [32].

On the other hand, Pb and S concentrations have been 
identified with a clear tendency to cause bone damage. The 
references about Pb are consistent regarding its toxicity, its 
osteolytic nature [32], its ionic competition with Ca and P 
[6], and its increase after menopause [43]. Bone concentra-
tion of Pb usually range between 0.29 μg/g [10] and 93 μg/g 
[44], an interval which enclosed the average value (Tables 2, 
3 and 4) obtained in this study. Sulphur is a component of 
proteoglycans in bones and, in a minor proportion, also of 
collagen. Its concentration has been described from 873 [11] 
to 2760 μg/g [10] and in this study average is considerably 
higher (Tables 3, 4 and 5) than described. Slight oscillations 
by excess have been pointed out as being responsible for 
weak bone quality and osteoporosis [45].

Final Remarks

The interest in the pathophysiology of bone tissue is trans-
versal to several scientific disciplines and the intricate mul-
tifactorial relationship behind mineral oscillations must 
be approached conjointly. In this work, the usefulness of 
pXRF has been demonstrated by the easy and fast applica-
tion for the compositional profiling of cortical dry bone in 
the process of BMD loss. However, a disadvantage of this 
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method for the clinical practice is the fact that its application 
resides in ex vivo samples. Nevertheless, the present study 
has demonstrated that dry bone from an identified skeletal 
collection can be a valuable source of information for the 
epidemiological knowledge and also give new insights to 
the prognosis of the bone mass loss. In parallel, the useful-
ness of pXRF has been demonstrated by the easy and fast 
application for the compositional profiling of cortical dry 
bone in the process of BMD loss.

Based on this investigation, the Ca/P ratio and, specifi-
cally, the changes in P concentrations shown in the cortex of 
the femoral neck and the midshaft appear effective predic-
tors of osteoporosis-related loss of bone mineral density in 
contrast to Ca fluctuations. Other elements such as Zn play a 
role in osteoprotective action, while S and Pb have an oppo-
site effect. Lead (Pb) displays concentrations almost double 
in femora from osteoporotic females.

For future analysis, it will be recommended to expand 
this application to a cohort of male individuals to better 
understand between sex changes in femoral cortical bone 
elemental composition with age and osteoporosis, analyze 
the elemental bone spectrum in other skeletal regions also 
affected by osteoporosis-related bone loss and fracture risk, 
such as lumbar vertebrae, and compare possible divergences 
that may arise in the involvement of calcium turnover.
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