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ABSTRACT 

 

One major question that arises when we talk about the elements in bones 

is whether all bones contain the same elements. This study was implemented to 

answer this question and determine what the elemental levels are in the femur 

bones of pigs using the handheld X-ray fluorescence technique. Ten dry femur 

bones taken from adult domestic pigs (Sus scrofa domesticus) were scanned 

using a handheld XRF analyzer. We compared three different groups in this 

study. First, comparisons were made between six locations of the whole femur 

bones as follows; compact bone at diaphysis (CD), compact bone at epiphysis 

(CE), spongy bone at diaphysis (SD), spongy bone at femoral head (SFH), 

spongy bone at femoral trochlea (SFT) and spongy bone at metaphysis (SM). 

Second, the different parts of the compact bones at the diaphysis were 

compared (proximal, middle and distal), Third, comparisons were made among 

four directions at the diaphysis (cranial, caudal, lateral and median). 

Differences in the elemental percentages and Ca/P ratio among all locations 

were determined by one-way ANOVA. The presence of most of the detected 
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elements (19 from 25) in all specimens, and that the Ca/P ratio differed 

significantly (P<0.05) when all six parts were compared. The highest 

percentage in all elements was observed in CD. Notably, this data is important 

in terms of the elements studied. We have proven that the elements were not 

equally distributed throughout the bones; however, there may not be any clear 

effects on species classification using the elemental composition in bones. 
 

Keywords: Distribution, Long bone, Element, XRF 

 

INTRODUCTION 

 

 Species identification is an important issue in forensic science. Species 

identification can be effectively achieved when complete organ samples or bone 

samples are used (Schotsmans et al., 2017). On the contrary, incomplete 

specimens of the remains of bones contribute to some of the difficulties that are 

associated with species identification. Currently, there are many approaches used 

for species identification that can deliver a high degree of accuracy. Species 

identification can be successfully established through the use of many of these 

approaches using incomplete bone samples. More specifically, molecular 

identification (Holland and Parsons, 1999; Moore and Frazier, 2019; Pereira et 

al., 2019), macroscopic identification (Corrieri and Márquez-Grant, 2019), 

microscopic identification (Nganvongpanit et al., 2015; Cummaudo et al., 2018; 

Cortellini et al., 2019;  Cummaudo et al., 2019) and/or elemental composition 

(Nganvongpanit et al., 2016c; Nganvongpanit et al., 2017b) can all be achieved 

with incomplete specimens. However, each approach is associated with its own 

set of advantages and disadvantages. For example, the molecular technique is 

associated with a very high rate of accuracy. However, it requires sophisticated 

equipment and the expertise of knowledgeable technicians, either of which can 

result in increased expenses with regard to their installation and implementation. 

Importantly, this technique cannot be done at the scene, while the use of this 

method may not be appropriate in some cases or situations.  

However, the specific disadvantages mentioned above could be overcome 

by using a number of other techniques. These alternative methods can serve as 

screening tools that can be employed prior to the results being confirmed with a 

proper molecular technique. Our previous studies demonstrated that the use of 

elemental composition in dense connective tissues, such as the bones or teeth of 

humans and/or the bones, teeth or horns of animals, could effectively be used in 

species classification with a satisfactory degree of accuracy and a positive 

precision rate (Castro et al., 2010; Buddhachat et al., 2016a; Nganvongpanit et 

al., 2016a; Buddhachat et al., 2016b; Nganvongpanit et al., 2016b; 

Nganvongpanit et al., 2016c; Buddhachat et al., 2017; Nganvongpanit et al., 

2017a; Nganvongpanit et al., 2017b). However, many other studies must be 

undertaken before it can be established that this method could be effectively used 
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in the field. This is because of the limitations that are associated with this 

technique. Previously, it was found that different types of bones possess different 

elemental profiles, even in terms of major elements such as Ca and P, and the 

Ca/P ratio. This is indicative of the differences that can be found among different 

bone types (Nganvongpanit et al., 2016d). Furthermore, a previous study has 

addressed the limitations of the XRF technique by indicating that bones coated 

with lacquer could interfere with the elemental detection process when using a 

handheld XRF machine. Consequently, this can lead to potential alterations in the 

proportions of various elements on the surface of that bone (Buddhachat et al., 

2019). Herein, we have attempted to prove our hypothesis that all elements might 

be unevenly distributed through a single piece of bone via an assessment of the 

elemental content. Ultimately, this assessment could then be employed as a tool 

for species identification.  
 

MATERIALS AND METHODS 

 

Bone samples 

Dry right femur bones of ten different adult domestic pigs (Sus scrofa 

domesticus) were obtained from the Veterinary Anatomy and Pathology 

Museum, Department of Veterinary Biosciences and Public Health, Faculty of 

Veterinary Medicine, Chiang Mai University. 

X-Ray fluorescence (XRF) measurement 

 Sample elemental analyses were conducted using a handheld XRF analyzer 

(DELTA Premium, Olympus, USA) with a silicon drift detector that allowed 

researchers to detect elements from magnesium (12 Mg) through to bismuth  

(83 Bi) on the periodic table. The elements below Mg were designated as light 

elements (LE). The collimator size was set at 0.3 mm for the analysis-area 

diameter, while operating voltages of 10 and 40 kV with 2 min scans were used 

as a source of incident radiation. X-Ray Fluorescence measurement using a 

handheld XRF analyzer has been used for species identification by measuring the 

elemental composition in bones (Buddhachat et al., 2016a; Nganvongpanit et al., 

2016b; Nganvongpanit et al., 2016c), teeth (Buddhachat et al., 2016a; 

Buddhachat et al., 2016b; Nganvongpanit et al., 2017a; Nganvongpanit et al., 

2017b) and horns (Buddhachat et al., 2016a).  

Scanning location of HHXRF 

Each bone was scanned (Figure 1) at six regions including; 1-compact bone 

at diaphysis (CD), 2-compact bone at epiphysis (CE), 3-spongy bone at diaphysis 

(SD), 4-spongy bone at femoral head (SFH), 5-spongy bone at femoral trochlea 

(SFT) and 6-spongy bone at metaphysis (SM). All parts, with the exception of 

the compact bone at diaphysis, were scanned at least three times at different 

scanning points of each bone. The compact bone at diaphysis was scanned at 12 

different points including; 1-proximal anterior, 2-proximal posterior, 3-proximal 
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lateral, 4-proximal median, 5-middle-anterior, 6- middle posterior, 7-middle 

lateral, 8- middle median, 9- distal anterior, 10- distal posterior, 11- distal lateral 

and 12- distal middle. Each point was then scanned in triplicate.  

 

 
 

Figure 1.  Landmark of scanning on femur bone samples at 6 different locations 

(A), 3 different parts (B) and 4 different directions (C). CD = Compact 

bone at diaphysis, CE = Compact bone at epiphysis, SM = Spongy 

bone at metaphysis, SD = Spongy bone at diaphysis, SFT = Spongy 

bone at femoral trochlea, SFH = spongy bone at metaphysis 
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Data and statistical analysis 

The percentages of the individual elements in each sample are presented as 

mean ± SD values. Moreover, Ca and P were used to calculate the Ca/P ratio. 

Differences in the elemental percentages and the Ca/P ratios for the different 

locations were assessed by one-way ANOVA with Duncan test at a P-value  

< 0.05. Firstly, comparisons were made among six locations of the whole femur: 

compact bone at diaphysis (CD), compact bone at epiphysis (CE), spongy bone 

at diaphysis (SD), spongy bone at femoral head (SFH), spongy bone at femoral 

trochlea (SFT) and spongy bone at metaphysis (SM). Secondly, comparisons 

were made between two different locations on the compact bone at diaphysis. 

This was accomplished by making comparisons between the proximal, middle 

and distal parts, and by making comparisons between the 4 directions including 

the cranial, caudal, lateral and median parts at the diaphysis.   

Additionally, the accuracy rate of classification amongst different parts of 

the bone were analyzed using stepwise discriminant analysis with Wilks’ Lamda 

(F-level between 2.71-3.84) in order to identify the suitable elements that could 

be used to create an effective model. Accuracy rates were obtained from the 

appropriate model. In order to study the similarity of the elements in each 

category, heat maps (which involve a combination of dendrograms and heatmaps) 

were generated from the mean values of the detected elements (Engle et al., 2017; 

Nganvongpanit et al., 2020; Ryan  et al., 2020). 

 

RESULTS 

 

Comparison of elements at different parts of femoral bones 

 Our results exhibited that most of the detected elements (19 from 25), as 

well as the Ca/P ratio, differed significantly (P<0.05) when comparisons were 

made among the six parts. It was revealed that the highest percentage in all 

elements was observed in CD. Three elements, namely Al, Mo and W, could be 

found in only specific individual parts identified as CE, CD and SM, respectively 

(Table 1). Furthermore, the Ca/P ratio of CE was found to be significantly higher 

(P<0.05) than the other parts (Table 1). When comparing the elements at different 

locations of the diaphysis at the proximal, middle and distal, it was noted that 

there were only six elements of all 23 elements that exhibited a considerable 

difference (P<0.05) (Table 2). Mo was the single element that was detectable in 

only the middle part, while Mg, Ni and Zr were detected in two of the three other 

parts. The Ca/P ratio in the meddle part was significantly lower (P<0.05) than in 

the proximal and distal parts (Table 2). Across four directions of diaphysis, we 

found that five of the 23 elements were significantly different (P<0.05). However, 

the Ca/P ratio was similar in all four directions. As is depicted in Figure 2,  

the mean values of the percentages of all elements were presented with the use of 

a clustered heat map. Based on the elemental profile of six locations, the results 

could be separated into two groups as SM and the other remaining locations
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Table 1. Mean and standard derivation (SD) values of each element detected in six locations of femurs. 
 

Note: Superscripts (a, b, c, d, e) indicate significant differences (P<0.05) between bone parts for the same element. 

  

Element 

Compact bone at 

diaphysis (CD) 

Compact bone at 

epiphysis (CE) 

Spongy bone at 

metaphysis (SM) 

Spongy bone at 

diaphysis (SD) 

Spongy bone at 

femoral trochlea 

(SFT) 

spongy bone at 

metaphysis (SFH) 
P value* 

 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Mg 2.2567 0.5378 1.1740 0.1001 1.5100 1.5100 2.3400 2.3400 1.5150 0.2475 - - 0.823 

Al - - 0.1374 0.1374 - - - - - - - - - 

Si 0.1832b 0.1010 0.1536b 0.0648 0.1159a 0.0423 0.1073a 0.0608 0.0919a 0.0342 0.1020a 0.0429 0.000 

P 4.3028c 1.5377 1.6167a 1.2578 5.5716d 1.2768 3.0166b 0.8258 3.1220b 0.7867 4.3220c 0.6743 0.000 

S 0.4351b 0.2273 1.2435c 0.5363 0.0983a 0.0470 0.1259a 0.0516 0.1394a 0.0420 0.1075a 0.0162 0.000 

Cl 7.6267a,b 6.9327 3.4624b 1.0385 11.4671c 8.3864 2.5129a,b 2.0686 1.7060a,b 0.5852 - - 0.000 

K 0.4041a,b 0.3065 2.4469c 1.5382 0.1782a 0.1782 0.3819a,b 0.3170 0.4052b 0.3381 0.1163a,b 0.0468 0.000 

Ca 15.7292d 3.2238 6.6944a 4.3724 18.9378e 1.7520 10.9517b 2.1571 11.2986b 2.0900 13.8017c 1.0669 0.000 

Ti 0.0350d 0.0247 0.0213b,c 0.0203 0.0230c 0.0058 0.0151a 0.0031 0.0159a 0.0043 0.0138a,b 0.0027 0.000 

V 0.0139d 0.0030 0.0093a,b 0.0018 0.0117c,d 0.0013 0.0102a,b 0.0022 0.0101a 0.0040 0.0097b,c 0.0025 0.000 

Cr 0.0072b 0.0015 0.0055a 0.0010 0.0069b 0.0011 0.0053a 0.0006 0.0062a 0.0020 0.0049a 0.0010 0.000 

Mn 0.0072b 0.0015 0.0044a 0.0012 0.0059b 0.0011 0.0048a 0.0011 0.0046a 0.0003 0.0045a 0.0003 0.000 

Fe 0.0589 0.0966 0.0325 0.0311 0.0380 0.0270 0.0353 0.0166 0.0356 0.0225 0.0372 0.0140 0.067 

Ni 0.0026 0.0013 0.0013 0.0004 - - 0.0024 0.0024 - - - - 0.492 

Cu 0.0018a 0.0005 0.0014a 0.0002 0.0020b 0.0006 - - - - - - 0.000 

Zn 0.0159b 0.0138 0.0075a 0.0020 0.0150b 0.0059 0.0075a 0.0020 0.0079a 0.0020 0.0100a 0.0017 0.000 

Zr 0.0008a 0.0003 0.0004a 0.0004 0.0006b 0.0001 - - - - - - 0.000 

Mo 0.0013 0.0013 - - 0.0011 0.0011 - - - - - - 0.741 

Ag 0.0148d 0.0018 0.0105b 0.0018 0.0123c 0.0018 0.0108a,b 0.0014 - - 0.0107a,b 0.0107 0.000 

Cd 0.0191d 0.0027 0.0096b 0.0031 0.0158c 0.0026 0.0084a 0.0032 0.0070a 0.0027 0.0081b 0.0026 0.000 

Sn 0.0221e 0.0030 0.0114c 0.0034 0.0170d 0.0032 0.0096a,b 0.0033 0.0076a,b 0.0025 0.0097b,c 0.0028 0.000 

Sb 0.0296e 0.0044 0.0150c 0.0044 0.0226d 0.0042 0.0126a,b 0.0048 0.0099a,b 0.0034 0.0120b,c 0.0043 0.000 

W - - - - 0.0035 0.0035 - - - - - - - 

Pb 0.0012a 0.0007 - - 0.0012b 0.0008 - - - - - - 1.000 

LE 77.8656b 4.7694 85.3450d 2.3406 71.0303a 6.6555 84.7701d 2.7744 84.4469d 2.7633 81.4967c 1.6742 0.000 

Ca/P 3.9586b 1.0008 4.7116c 1.5987 3.6295a,b 1.1445 3.7809a,b 0.7439 3.7110a,b 0.5409 3.2358a 0.3367 0.000 
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(CD SFH, CE, SD and SFT). Notably, CD revealed the highest percentage in 

most of the elements. When clustering was achieved using three parts, the clusters 

consisted of two groups; the middle and the other part (proximal and distal). 

Lastly, when using the elemental profiles obtained from the different directions, 

we noted that there were two distinct groups identified as cranial & median and 

caudal & lateral. 

 

Table 2. Mean and standard derivation (SD) values of each element detected in 

compact bones a three locations of femurs.  
 

Element Proximal Middle Distal P value* 

Mean SD Mean SD Mean SD 

tMg 2.0050 0.4455 - - 2.7600 2.7600 0.263 

Si 0.1983 0.1139 0.1665 0.0681 0.1888 0.1146 0.560 

P 3.9423a 1.5518 5.3020b 1.1990 3.5990a 1.2933 0.000 

S 0.4857b 0.2585 0.3334a 0.1785 0.4916b 0.2097 0.004 

Cl 8.3260 7.1186 7.8400 0.0794 6.5925 10.3136 0.786 

K 0.5582b 0.3948 0.1828a 0.0429 0.3483b 0.2223 0.003 

Ca 15.0983a 3.4131 17.8639b 2.0187 14.1391a 2.9189 0.000 

Ti 0.0430 0.0405 0.0326 0.0095 0.0302 0.0124 0.199 

V 0.0144 0.0040 0.0141 0.0026 0.0134 0.0027 0.592 

Cr 0.0068 0.0009 0.0075 0.0017 0.0074 0.0017 0.416 

Mn 0.0069 0.0014 0.0077 0.0017 0.0071 0.0015 0.241 

Fe 0.0429a 0.0181 0.0919b 0.1608 0.0424a 0.0261 0.042 

Ni 0.0028 0.0014 - - 0.0019 0.0019 0.067 

Cu 0.0021 0.0005 0.0016 0.0002 0.0019 0.0006 0.897 

Zn 0.0146 0.0067 0.0196 0.0225 0.0135 0.0033 0.136 

Zr 0.0010 0.0005 0.0007 0.0001 - - 0.372 

Mo - - 0.0013 0.0013 - - - 

Ag 0.0148 0.0020 0.0142 0.0016 0.0153 0.0017 0.694 

Cd 0.0194 0.0027 0.0185 0.0021 0.0194 0.0031 0.257 

Sn 0.0224 0.0030 0.0217 0.0025 0.0221 0.0035 0.572 

Sb 0.0301 0.0040 0.0290 0.0035 0.0296 0.0055 0.567 

Pb 0.0015 0.0008 0.0008 0.0003 0.0017 0.0017 0.356 

LE 78.3674b 4.8804 75.2156a 3.0976 80.1086b 4.8906 0.000 

Ca/P 4.2028b 1.1331 3.4897a 0.6114 4.2197b 1.0261 0.002 

Note:  Superscripts (a, b, c, d, e) indicate significant differences (P<0.05) between bone parts of the same 

element. 
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Figure 2. Clustered heat maps from mean values of the elements at 6 different 

locations (A), 3 different parts (B) and 4 different directions (C). The 

cell colors represent the percentage of elements, the highest 

percentage of element is blue color, while the lowest is red. CD = 

Compact bone at diaphysis, CE = Compact bone at epiphysis, SM = 

Spongy bone at metaphysis, SD = Spongy bone at diaphysis, SFT = 

Spongy bone at femoral trochlea, SFH = spongy bone at metaphysis. 

 

 

Stepwise discriminant analysis  

 According to the stepwise discriminant analysis of different six locations 

in bones, it was found that the compact bone (CD and CE) had a very high 

accuracy rate (94.4%) (Table 4, Figure 3). Additionally, the prediction rate 

obtained by the spongy bone was 0%. Meanwhile, the prediction rate of the 

spongy bone (SM and SD) to be a compact bone (CD) was very low (5.0 and 

1.8%). However, in two other category tests (Table 4, Figure 3); differences in 3 

parts and 4 directions of the femoral diaphysis revealed very low accuracy rates 

at 63.6% and 37.0%, respectively. The numbers of the elements were 7, 4 and 1 

for 6 locations, 3 parts and 4 directions, respectively (Table 5, Table 6). 
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Figure 3.  Location classification achieved based on the percentage of elements 

using stepwise discriminant analysis. The group centroids of each 

species are shown in the plot. The scatter plot of the discriminant 

values was derived from the suitable functions of 6 different locations 

(A), 3 different parts (B), and 4 different directions (C). The functions 

1 and 2 of each plot are indicated in Table 6. The data from 4 different 

directions generated one function and are present as a bar graph rather 

than a scatter plot. CD = Compact bone at diaphysis, CE = Compact 

bone at epiphysis, SM = Spongy bone at metaphysis, SD = Spongy 

bone at diaphysis, SFT = Spongy bone at femoral trochlea, SFH = 

spongy bone at metaphysis. 
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Table 3. Mean and Standard Derivation (SD) values of each element detected in 

compact bones at four directions of femoral diaphysis. 

 

Element 
Cranial Caudal Median Lateral 

P value* 
Mean SD Mean SD Mean SD Mean SD 

Mg 2.3200 2.3200 - - 1.6900 1.6900 2.7600 2.7600 0.596 

Si 0.1877 0.0994 0.1849 0.1131 0.1987 0.1201 0.1617 0.0650 0.596 

P 4.7711b 1.4162 3.5981a 1.5043 4.4364a,b 1.6213 4.4058a,b 1.4355 0.034 

S 0.3288a 0.1604 0.5656b 0.2522 0.4061a 0.1934 0.4399a 0.2356 0.001 

Cl 16.2150 8.2519 4.6133 3.5766 9.7033 8.7554 2.3000 2.3000 0.581 

K 0.2407a 0.1295 0.4830b 0.3828 0.4339a 0.2770 0.3469a 0.2442 0.014 

Ca 17.1469b 2.5378 14.3631a 3.4254 15.7156a,b 3.4206 15.6913a,b 2.9784 0.016 

Ti 0.0320 0.0100 0.0294 0.0110 0.0453 0.0350 0.0338 0.0302 0.189 

V 0.0153 0.0040 0.0137 0.0024 0.0133 0.0028 0.0132 0.0022 0.304 

Cr 0.0077 0.0019 0.0066 0.0011 0.0075 0.0013 0.0073 0.0016 0.202 

Mn 0.0075 0.0016 0.0066 0.0017 0.0077 0.0011 0.0070 0.0017 0.448 

Fe 0.0490 0.0338 0.0513 0.0505 0.0621 0.0715 0.0733 0.1709 0.785 

Ni - - 0.0018 0.0018 0.0021 0.0003 0.0049 0.0049 0.480 

Cu 0.0029 0.0002 0.0018 0.0004 0.0016 0.0001 0.0019 0.0003 0.797 

Zn 0.0141 0.0036 0.0152 0.0078 0.0161 0.0060 0.0183 0.0258 0.726 

Zr 0.0010 0.0005 0.0006 0.0006 0.0007 0.0007 - - 0.448 

Mo - - - - - - 0.0013 0.0013 - 

Ag 0.0156 0.0020 0.0144 0.0015 0.0145 0.0020 0.0146 0.0014 0.433 

Cd 0.0199 0.0028 0.0182 0.0029 0.0188 0.0027 0.0194 0.0018 0.105 

Sn 0.0224 0.0039 0.0219 0.0026 0.0217 0.0034 0.0222 0.0018 0.530 

Sb 0.0305 0.0050 0.0284 0.0045 0.0292 0.0048 0.0302 0.0028 0.278 

Pb 0.0014 0.0003 0.0010 0.0002 0.0017 0.0015 0.0006 0.0006 0.593 

LE 75.8011a 5.1106 79.4263b 4.5648 77.6448a,b 5.0267 78.5904b 3.7201 0.032 

Ca/P 3.8482 1.0372 4.3407 1.0141 3.8556 1.0669 3.7900 0.8215 0.150 

 

Note: Superscripts (a, b) indicate significant differences (P<0.05) between bone parts of the same element. 
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Table 4. Classification results using the function derived from stepwise 

discriminant analysis to assign the parts of femoral bones.  
 

Comparisons between six locations in femur 

 

Position 
Predicted group membership 

CD CE SM SD SFT SFH 

CD 94.4   2.8   2.8     .0     .0   .0 

CE   5.6 94.4     .0     .0     .0   .0 

SM   5.0     .0 85.0     .0 10.0   .0 

SD   1.8     .0   3.6 14.5 76.4 3.6 

SFT     .0     .0     .0   3.3 93.3 3.3 

SFH     .0     .0     .0     .0 16.7   83.3 

77.9% of original grouped cases correctly classified 

Comparisons between three parts of femoral diaphysis 

%     Proximal Middle Distal    

Proximal 42.9 20.0 37.1    

Middle 16.7 80.6   2.8    

Distal 19.4 13.9 66.7    

63.6% of original grouped cases correctly classified 

Comparisons between four directions of femoral diaphysis 

         %      Cranial Caudal Median Lateral   

Cranial 81.5 7.4 11.1 .0   

Caudal 33.3 48.1 18.5 .0   

Median 63.0 18.5 18.5 .0   

Lateral 59.3 29.6 11.1 .0   

37.0% of original grouped cases correctly classified  

 
Note:  CD = Compact bone at diaphysis, CE = Compact bone at epiphysis, SM = Spongy bone at metaphysis, 

SD = Spongy bone at diaphysis, SFT = Spongy bone at femoral trochlea, SFH = spongy bone at 

metaphysis. 

 

Table 5. Canonical discriminant function coefficients. 
 

6 locations in femur 3 parts of femoral diaphysis 4 directions of femoral 

diaphysis 
 Function  Function  Function 

1 2 1 2 1 2 

Si 2.981 1.718 Si 4.985 4.333 S 4.685 - 

S 2.540 3.947 Ca .422 -.078 (Constant) -2.038 - 

K -.654 -.181 Cd -658.255 -429.459    

Ti 16.419 8.129 Sn 326.654 481.322    

Zr -734.923 -625.855 (Constant) -2.092 -1.873    

Ag 238.069 -65.875       

LE -.076 -.007       

(Constant) 3.021 -.972       
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Table 6. Functions at group centroids. 
 

6 locations in femur 3 parts of femoral diaphysis 4 directions of femoral 

diaphysis 

 6 Conditions  3 Conditions  4 Conditions 

1 2 1 2 1 2 

CD   2.603   -.188 Proximal -.230 .218 Cranial -.498 - 

CE   -.823  3.189 Middle 1.166 -.072 Caudal   .611 - 

SM    .903 -1.563 Distal -.943 -.141 Median -.136 - 

SD -2.812  -.947    Lateral   .023 - 

SFT -3.005  -.873       

SFH 2.603 -.188       

 
Note: CD = Compact bone at diaphysis, CE = Compact bone at epiphysis, SM = Spongy bone at metaphysis, 

SD = Spongy bone at diaphysis, SFT = Spongy bone at femoral trochlea, SFH = spongy bone at metaphysis. 

 
DISCUSSIONS 

 

Our previous studies have proposed that the elemental profile obtained 

from HHXRF displayed the capability of effective species classification for 

various species (Buddhachat et al., 2016a; Nganvongpanit et al., 2016a; 

Buddhachat et al., 2016b; Nganvongpanit et al., 2016b; Nganvongpanit et al., 

2016c; Nganvongpanit et al., 2017a; Nganvongpanit et al., 2017b). High accuracy 

and precision rates were confirmed with this method. However, we also 

encountered many problems and/or limitations when using this method. We 

primarily presumed that the elemental distribution throughout a bone specimen 

might be heterogenous.  In this study, we needed to prove this presumption. Our 

findings demonstrated that the distribution of elements was considerably different 

between the compact and spongy bones; however, there seemed to be a 

homogenous distribution between the different parts of either the compact or 

spongy bone in the same bone pieces.  

In the compact bone, three elements were found in certain specific parts 

including Mg, Ni and Mo. Approximately 60% of Mg in the body was found in 

the bone. This involved mineral metabolism at it was indirectly identified through 

ATP metabolism and acted as a cofactor of many enzymes (Palacios, 2006). 

Nickel is an important element that serves as an ultra-trace nutrient. It is also 

involved in lipid metabolism and is associated with an increase in hormonal 

activity (Zdrojewicz et al., 2016). Molybdenum is an essential trace element for 

several enzymes (Zdrojewicz et al., 2016). Notably, these elements are present in 

very small quantities. Therefore, it is possible to find an uneven distribution of 

these elements in the bone. Almost all of the elements were significantly different 

in all parts, and the Ca/P ratio in the middle part of the diaphysis was found to be 

significantly lower than of the proximal and distal parts. Increasing calcification 

in bone tissue results in increased stress and decreased strain levels (Ascenzi  

et al., 2020). It is possible that the bone stress at the middle part of the diaphysis 
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might have been lower than at the proximal and distal parts. However, in order to 

verify this, an additional study on the bone strength of the diaphysis parts would 

need to be conducted. Most of the previous studies were done by making 

comparisons between the distal part of the long bone (diaphysis and epiphysis) 

or between the compact and the spongy bones (Gdoutos et al., 1982; Raftopoulos 

and Qassem, 1987). Our results are in accordance with those of previous studies. 

It was found that the Ca/P ratio of the spongy bone was significantly lower than 

that of the compact bone. This indicated that the spongy bone was evidently less 

strong than the compact bone. 

The clustered heat map helped us to visualize the similarity of the 

elemental content in different ways in this study. Among the three different parts, 

it was found that the proximal and distal parts of the diaphysis displayed a similar 

degree of elemental content. It was plausible that the morphology of the bone had 

an effect on the elemental accumulation. The middle part of the femur or mid 

sharp were confirmed as both the smallest and narrowest parts, while the proximal 

and the distal parts of the diaphysis were similar in size but larger in the middle 

part. This finding was in accordance with the results from the clustering of 

direction, wherein the elemental content in the cranial and median parts were 

positioned in the same group, and the caudal and lateral were positioned in the 

same group. According to the anatomical position, in the standing and walking 

positions of four-legged animals such as in pigs, the force down to the hind-limbs 

is sent forward and then indented to the inside (Thorup et al., 2007; Von 

Wachenfelt et al., 2009). Therefore, it is possible that the amount of minerals that 

accumulate in the cranial and median of the femur bone were similar. The cluster 

of six different bone parts revealed that the spongy bone in terms of metaphysics 

was separated from the five other parts with regard to the anatomy. This was 

likely because these parts were composed of cartilage content (Dyce et al., 2009). 

According to the previous study, it was found that the elemental content was 

significantly different among different bone types: bone, cartilage and sesamoid 

bone (Nganvongpanit et al., 2016d). Furthermore, we tested the classification rate 

of each bone location via PCA. The outcome demonstrated remarkable 

differences in the element profile of the compact bone and the spongy bone, 

whereas the classification rate within the compact bone at different locations or 

parts did not differ significantly. Additionally, previous studies have shown that 

all 48 bones in dogs displayed differences in the elements present and differences 

in the numbers of detected elements (Nganvongpanit et al., 2016d).  

 

CONCLUSION 

 

This study has addressed an important knowledge gap in terms of the use 

of XRF for species classification. From the results of this study, it has been 

determined that with each bone piece of the same species, a few elements were 

found to be different between different locations. Consequently, this outcome 
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resulted in a fairly poor classification rate. It can be concluded that the elemental 

distribution in each bone might not have an effect on species classification when 

determining the elemental composition via XRF technique. 
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