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Abstract 

In Forensic Anthropology, the application of traditional methods for estimating the biological profile of 

human skeletal remains is often hampered by poor preservation and skeletal representativeness, 

compromising their reliability. Thus, the development of alternative methods to the morphometric analysis 

of bones to estimate the biological profile of human remains is paramount. 

The age of an individual can cause changes in bone morphology, mass and size, as well as in its chemical 

composition. In this sense, the main objective of this research was to evaluate if the contents of bone 

collagen (Am/P), carbonate type A (API), carbonate type B (BPI), the relation between the carbonate 

content (types A and B) to type B carbonate (C/C), carbonate-phosphate ratio (C/P) and crystallinity index 

(CI), spectroscopic indices obtained from relationships between infrared absorption band intensities (FTIR-

ATR), can be used as age-at-death predictors. A sample of femora and humeri from the 21st Century 

Identified Skeleton Collection (N=80, 44 females and 36 males) was employed. 

Results show that, with advancing age, women's femora have lower CI values, but BPI and C/P indices 

increase, and that the deformation and disorder of the crystal lattice are probably affected by the integration 

of type B carbonate content of the femur. 

The ratios analysed, especially the CI and the BPI, show potential to estimate age-at-death in human skeletal 

remains, when sex is already known, thus helping to assess the biological profile when conventional 

methods cannot be applied. 
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Introduction 

The main goals of forensic anthropology include the identification of anonymous human remains. 

The assessment of the biological profile (i.e. ancestry, sex, age-at-death, and stature) comprises an essential 

step in the reconstructive identification procedure, with the identification of individualization factors, 

pathologies and/or anatomical variations, contributing to the positive identification of the individual, the 

exclusion of a suspect or the reduction in the number of missing people [1, 2]. The application of traditional 

anthropological methods for estimating the biological profile is often hampered by poor preservation and 

skeletal representativeness [1–3]. Other methods, such as DNA testing, involve costly and time-consuming 

destructive techniques [3,4]. Thus, the development of new methods for estimating the biological profile 

parameters from human skeletal remains is warranted in forensic contexts. 

Bone is a heterogeneous material: of the total mass of bone, 60% is attributed to the inorganic phase 

(increasing to 70% in dry bone), 25% to the organic components, and about 10% to water [5, 6]. The organic 

fraction comprises proteins (mainly type I collagen) lipids, and a remaining 2% representing varied cellular 

constituents [7, 8]. The inorganic component, bioapatite, has a composition and structure similar to the 

apatite minerals, a low crystalline carbonated calcium phosphate mineral with the general formula 

Ca10(PO4)6-x(OH)2-y(CO3)x + y, being similar to hydroxyapatite when x=y=0 [9]. Although bone mineral is 

often referred to as hydroxyapatite in the literature, it is a misconception as it is a non-stoichiometric apatite 

and can be replaced by a wide variety of ions [9, 10]. The predominant substituent is carbonate ion (2 – 8% 

by weight), depending on the species, age and type of tissue (bone, enamel, dentin or pathological 

calcification), at two anionic sites of the hydroxyapatite structure: hydroxyl groups (type A) and phosphate 

(type B) in the hydroxyapatite matrix, the latter being the major type of substitution [10–14]. In addition, 

charge balancing is required [15]. Since carbonate groups (CO3
2–) have a different phosphate charge and 

geometry (PO4
3–) and are much larger than hydroxyl groups (OH–), their presence in the crystal lattice 

generates distortions that lead to a decrease in the crystallinity of bioapatite [13, 16]. In addition to these 

substitutions, varying amounts of other ions such as fluorine (F–), chloride (Cl–), bromine (Br–) and 

magnesium (Mg2+) may also be incorporated into the crystal lattice depending on the chemical environment 

of the tissue [5, 17]. The relative quantities of bone tissue constituents, as well as their geometric and spatial 

arrangement, vary depending on several factors: age of the individual; age and type of tissue; diet; 

metabolism; pathological conditions; post-mortem interval; and body deposition conditions [18, 19]. 

Fourier Transform Infrared Spectroscopy (FTIR) is one of the most widely used techniques for 

analysing the structure and composition of bone material, since it is inexpensive and very effective and 

sensitive in the analysis of both bone mineral and organic components [9, 11, 14, 19–23]. The Attenuated 

Total Reflection (ATR) mode consists in a beam of radiation that enters a crystal with a high refractive 

index (usually zinc selenide (ZnSe) or diamond) and is reflected internally if the angle of incidence in the 

sample-crystal interface is greater than the critical angle [14, 24–27]. The interaction between radiation and 

the sample occurs on this surface and depends on the characteristics of the sample and the environment 

[14]. The advantage of FTIR-ATR not be a destructive technique is that intact bone samples can be analysed 

[24–27]. 

In recent years, infrared spectroscopy has become one of the most important tools for molecular 

characterization and identification and has been shown to be useful for biological anthropology [6, 9, 16, 
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20, 28, 29]. Nevertheless, research about changes in the chemical structure of bones in a forensic context 

are still scarce. 

The inorganic fraction of the bone matrix has been extensively studied by infrared spectroscopy [9, 

11, 14, 19–23]. The chemical structure of bone mineral is not static, containing a variety of inclusions and 

substitutions that evolve with age: both the carbonate content [29–33] and the crystallinity index (CI) 

increase [12, 32, 34, 35], but the amount of phosphate ions present in bioapatite is inversely proportional 

to age [32, 34, 36]. In a study of human osteons [12] and male baboons aged between birth and 32 years 

[37], the mean C/P ratio, also referred to as the ratio carbonate-mineral, increased with chronological age 

and crystallinity increased with age until it reached a plateau. However, Turunen et al. [38] stated that 

crystallinity is independent of the age of the animal. Moreover, Sillen and Morris [39] showed that all bones 

in the study had a relatively high crystallinity index, which was observed to increase irregularly with age. 

Age-related changes in crystallinity during growth and maturity are generally interpreted as an equilibrium 

resulting from the constant remodelling process [32]. Decreased protein production with age has been 

reported by Grynpas et al. [40]: trabecular bone in the human femoral neck of younger individuals (18-37 

years) had more extracellular bone matrix proteins than those of individuals aged 51-79 years. This has also 

been demonstrated in undifferentiated osteoblast cultures obtained from human trabecular bone from 

embryo to 60 years old [41]. 

The aim of the present study was to evaluate whether spectroscopic indices (obtained through FTIR-

ATR), namely bone collagen (Am/P); type A carbonate (API); type B carbonate (BPI), and the relationship 

between carbonate contents (A and B) and type B carbonate (C/C); and carbonate-phosphate ratio (C/P) 

and crystallinity index (CI), are associated with age and can be used as age-at-death predictors in human 

skeletal remains, particularly femora and humeri recovered from Santarém cemetery.  

 

Materials and Methods 

Sample 

Eighty individuals from the 21st Century Identified Skeleton Collection (CEI/XXI) of the Laboratory 

of Forensic Anthropology of the University of Coimbra [42] were analysed. Individual ages-at-death ranged 

between 33 and 97 years old (𝑥̅ = 76.3; SD = 15.4), with the 43 females (55%) aged between 50 and 97 

years (𝑥̅ = 82.0; SD = 10.9) and 37 males (45%) between 33 and 92 years (𝑥̅ = 69.3; SD = 17.2). Table 1 

shows the distribution of the total sample by age groups and sex. The age-at-death distribution of the sample 

reflects the demographic profile of the CEI/XXI, a collection skewed towards older individuals.  

The present study focused on two long bones from the same skeleton – the femur and the humerus 

– as they are more resistant to diagenetic effects [43]. The femora and humeri were mostly evaluated on the 

left side - except when they were subjected to surgical treatment (e.g., prosthesis), were burned or were 

exceedingly fragmented. 

For chemical analysis, compact bone tissue was given preference in sample selection, as it is less 

susceptible to diagenesis [44]. All samples were collected from the long bones’ midshaft (in the femur it 

was collected from the posterior portion and in the humerus from the anterior portion). The outer layer was 

removed by gentle sandpapering to prevent sample contamination. All samples were scraped, producing a 

powder suitable for FTIR-ATR, and stored in identified Eppendorf tubes. 
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Fourier-Transform Infrared Spectroscopy - Attenuated Total Reflection (FITR-ATR) 

The FTIR-ATR spectra were acquired on a Bruker Optics Vertex 70 FTIR spectrometer purged by 

CO2-free dry air in the mid-infrared range (400 - 4000 cm-1) using a Platinum ATR single reflection 

diamond accessory, with a KBr beamsplitter and a liquid nitrogen cooled wide band Mercury Cadmium 

Telluride (MCT) detector in the QFM-UC laboratory. The spectra for each sample correspond to the sum 

of 128 scans, with a resolution of 2 cm-1 and apodized with a three-term Blackman-Harris function. The 

error in wavenumbers was estimated to be less than 1cm−1. The spectra were corrected for the frequency 

dependence of the penetration depth of the electric field in ATR (considering a mean refection index of 

1.25) using the Opus Spectroscopy Software, Version 7.2. The intensity of the bands was measured by 

absorbance through calculation of the maximum value (peak height) after baseline correction and spectra 

normalization (relative to the phosphate band, ν3(PO4
3-), at about 1035 cm-1). This resulted in a comparable 

baseline between spectra and different powder consistency [9]. To verify the spectral differences of bone 

samples, due to the variables under study, several mathematical relationships were applied, which are 

defined in Table 2. 

 

Data Analysis 

Subsequent statistical analysis of the spectroscopic data was performed with RStudio software that 

uses the R programming language for statistical computing and graphics [49]. A nonparametric test for 

independent variables, Mann-Whitney, was applied to evaluate the null hypothesis that the above indices 

are not different in the femur and the humerus. Relationships between the chemometric indices calculated 

for the femur and humerus and age-at-death (for the total sample and as a function of sex) were assessed 

using two correlation coefficients: Pearson and Spearman. For the test and each correlation coefficient 

performed, a significance level of 95% was adopted. 

Whenever outliers were confirmed, they were not excluded from the database. Since the main 

objective of this work was to study how chemometrics vary with age-at-death, removing outliers would 

have been counterproductive and would bias the analyses. 

 

Results 

Differences between femur and humerus 

Representative FTIR-ATR spectra (400–2000 cm-1) from femur and humerus samples of the same 

individual are presented in Fig. 1. Signals corresponding to the main functional groups within the samples 

are observed: in the 450–650 cm−1 spectral region, bands corresponding to the out-of-plane bending 

vibrations of bioapatite´s  phosphate; in the 900–1200 cm−1 interval, signals due to the stretching vibrational 

modes of PO4
3−; in the 1450–1550 cm−1 range, bands assigned to the stretching modes of the carbonate ions 

(CO3
2−), from its substitution by hydroxyl and phosphate groups in the biological apatite; lastly, bands 

assigned to the amide groups of bone´s protein constituents (mainly type I collagen), in the 1200–1800 cm−1 

spectral region – amide I (1650 cm-1), amide II (1500-1550 cm-1) and amide III (1200-1300 cm-1).  

Descriptive statistics, including sample means and standard deviations, applied to the spectroscopic 

parameters measured for the bone samples are summarized in Table 3. In addition, the Mann-Whitney test 
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showed that there were statistically significant differences (p <0.05) between the humerus and femur for all 

chemometric indices except API and protein content in females (Table 4), with femur and humerus type A 

carbonate content and Am/P values showing a similar distribution. Thus, for CI, the values are higher for 

the humerus, in females. In contrast, C/C has higher values for the male femurs, while both BPI and C/P 

are lower in male humeri.  

 

Chemometric analysis and age-at-death 

Overall, for the total sample, the CI, API and Am/P indices did not change significantly with age-

at-death for both the femur and humerus samples (Tables 5 and 6). However, the femoral type B carbonate 

content is related to age-at-death (Pearson p <0.05, r = 0.2563; Spearman p <0.05, ρ = 0.2397), as well as 

the femoral carbonate to phosphate ratio (Pearson p <0.05, r = 0.2612, Spearman p <0.05, ρ = 0.2434) and 

the total carbonate (types A and B) to type B carbonate index (Pearson p <0.05, r = -0.2361).  

In the female samples, there was no statistically significant relationship between femoral and 

humeral API with age-at-death. However, the crystallinity index of the femur is significantly reduced with 

increasing age-at-death (Pearson p <0.01, r = -0.4337; Spearman p <0.05, ρ = -0.3097), as well as BPI 

(Pearson p <0.05, r = 0.3255), C/P (Pearson p <0.05, r = 0.3492; Spearman p <0.05, ρ = 0.3114) and C/C 

(Pearson p <0.05; r = -0.3720). 

Regarding the male samples, there was no statistically significant association between age-at-death 

and any of the studied chemometric indices. 

 

Discussion 

Human bones are quite variable in structure, shape, and size, and these variables can somehow 

interfere with bone chemical parameters, especially with crystallinity [50]. The chemical composition of 

bone is very specific, regardless of bone type, although specificity varies with each index [9]. The noted 

dissimilarities between the femur and the humerus may be related to differences in bone structure and 

remodelling [51]. In addition, diagenetic changes and/or localized differences in the burial geochemical 

environment may motivate intra-individual variability [52]. 

The crystallinity index (CI) reflects a combination of the relative sizes of crystals and the extent to 

which atoms are ordered in the crystal lattice [53, 54]. CIs presently calculated are in accordance with the 

values obtained in previous studies [26, 28, 45, 46, 54, 55]. Unlike most studies reported in the literature 

[12, 31, 32, 34, 35, 56], the current results evidenced that not only there was no statistically significant 

relationship between CI and age-at-death in the overall sample [56], as it also decreased progressively with 

age-at-death in females. This suggests that with advancing age the crystal structure of bone becomes more 

disorganized and/or containing smaller crystals, leading to crystalline disorder [6, 57]. 

The smaller the size of the bone apatite nanocrystals, the larger the surface area compared to the 

same mass of larger size crystals. Physiologically, bioapatite crystals act as an ionic reservoir (e.g. Ca2+). 

A larger surface area of the crystals results in a much larger percentage of constituent ions that can react 

with other ions and/or other organic constituents of extracellular fluids, rendering bioapatite relatively 

reactive [58, 59] and providing crystals with an ideal organization for exchanging these ions with 

extracellular (environmental) fluids. 
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According to Handschin and Stern [35], bone crystallinity increases substantially from birth until 

the age of 30. In turn, from the age of 30 to 80 the variation in bioapatite crystallinity seems negligible. 

These authors also noticed a slight decrease in crystallinity over the age of 80, which can be triggered by 

bone atrophy (osteoporosis) affecting the mature compact bone. In the present study, there were no 

individuals under 30 years of age, with only eight aged 30-60 years and 43 (>50% of the sample) with a 

chronological age-at-death of 80 years or older. In addition, in the female sample, 31 of the 44 women 

(71%) were very old (80 years of age or older) and none was under 30 years old, with no equitable 

distribution of age groups. The unbalanced age-at-death profile of the studied sample certainly influenced 

the comparative potential with previous works. 

Besides the unequal age distribution, several factors may have contributed to the discrepancy 

between the CI values obtained in the present investigation and the results reported in the literature: 

(i) the method applied to calculate the crystallinity index is distinct and/or not employing the same 

FTIR technique [60], as well as not performing ATR correction or carrying it out with a different average 

reflection index; 

(ii) tissue heterogeneity. For example, according to Boskey et al. [56], in a sample of 22 patients (16 

of them women), there is an increased crystallinity in the trabecular bone with age-at-death. However, 

Trueman and co-authors [47] state that there are no significant differences between cortical and trabecular 

bone crystallinity; 

(iii) the duration of the swelling period may also affect the CI value in the most superficial layer of 

cortical bone, since crystallinity increases with the period of inhumation [47, 54]. Also, differences in the 

anatomical location of the sampling [9] or the statistical treatment of data (e.g., clustering of decades vs 

linear regression) can lead to disparities in the results [47]. Likewise, studies in bones with very small 

sample sizes potentially provide fewer representative results, as measurement error can easily change the 

variability in the resulting CI [9, 61]. 

Previous studies have focused on faunal bones (e.g., [31, 34, 38, 62, 63]) and the available data in 

human skeletons is scarce. As faunal bones present differences in microstructure of mineralized tissues, 

differences in CI values can be found [9]. Moreover, there is a great diversity in bone proportion and 

composition between species, mainly due to inorganic groups (e.g., phosphate and carbonate) [63–65]. 

Thus, the results obtained from faunal studies should not be extrapolated to experimental values acquired 

in human bone. 

The carbonate to phosphate ratio indicates the level of carbonate substitution. According to Nielsen-

Marsh and Hedges [66], fresh bone has C/P values of 0.34 ± 0.1. Although the results obtained from the 

carbonate-phosphate ratio are higher (0.370 ± 0.049), they are in agreement with other studies [9, 67], given 

that the analysed dry bones possibly gained carbonate from the burial environment [66]. 

The C/P index has a monotonic and directly proportional association with the age-at-death, as 

observed in several studies [36, 68, 69] having a greater expression in the female sample. However, 

according to Paschalis et al. [12], the CO3
2-/PO4

3- ratio reveals that it is inversely proportional to bone age. 

On the contrary, Rey and co-authors [31] describing the absolute carbonate content through the carbonate-

phosphate ratio, reported that it increases with increasing bone age. Direct comparisons with these two 

studies should not be performed as bone age (biological age) and age-at-death (chronological age) are not 
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equivalent terms [70]. Moreover, there is a discrepancy between the results of the present investigation and 

those described by Paschalis et al. [12], since their study is limited to osteons. In addition, they used data 

obtained from only two patients. 

In the present research it was found that there is a positive correlation between femoral BPI (CO3
2- 

replacing PO4
3- ions present in bioapatite) and age-at-death in the total sample, in females, in line with 

several published studies [12, 30, 31, 69]. 

The presence of type B CO3
2- ions can be associated to the low mineral crystallinity in the cortical 

bone [30]. CO3
2- replacement plays an important role in bone properties [31]. In addition, the amount of 

carbonate in biological apatite is known to affect the CI value, as the process of substitution of PO4
3- by 

CO3
2- produces smaller crystals (carbonate ions inhibit the growth of the bioapatite crystals) with higher 

structural stress (caused by distortions and defects in the crystal lattice). This may stem from the different 

charge and geometry of CO3
2- relative to PO4

3- ions, leading to an increased disorder and to a reduction of 

crystallographic perfection [55, 71, 72]. Additionally, samples with a high content of type B carbonates 

have a low CI value [46, 48, 53], which is  consistent with the data obtained with the association of the two 

indices previously mentioned with age-at-death. Moreover, an increase in crystallinity can still produce a 

constant CI if carbonate compensation occurs [72]. Thus, a decreasing crystallinity and an increasing 

content of type B carbonates suggests that the carbonate ion can be a predominant factor in the biological 

regulation or control of crystallinity of biological apatite crystals. 

The C/C index, in turn, represents the ratio of total (A+B) to type B carbonates. Their linear (weak) 

decrease with age-at-death demonstrates an increase of a disparate ratio of type A to type B carbonates, 

either caused by a decrease in the latter or an increase in the former. As mentioned above, it was found that, 

with increasing age, there is an increase in phosphate substitution by type B carbonates. However, no 

relationship was observed between age-at-death and type A carbonate, although Miller et al. [33] found an 

increase in type A carbonate content with bone crystal maturation. The values obtained for the C/C index 

may be explained by the influence of the band at 1460 cm-1, 𝛿(CH2)collagen + lipid, given its partial overlap 

with the 𝜈3 (CO3
2-)A + B signal at 1450 cm-1 which may lead to misinterpretations [17, 62]. Therefore, the 

use of C/C in relation to age-at-death for forensic purposes should be followed with care. 

Casuccio [73] found an increasing collagen content in the trabecular bone tissue of human lumbar 

vertebrae, while other authors reported a decrease in the amount of collagen in human femur and iliac bones 

with age [74, 75]. Similarly, Very and colleagues [76] observed a diminishing organic content with age-at-

death (mainly through analysis of the collagen amide I band). Likewise, by analysing hydroxyproline, an 

essential amino acid present in collagen, Bailey and co-authors [77] concluded that the total collagen 

concentration in bone decreased with age, with no differences according to sex. The results obtained by 

Vassalo et al. [23] through the Am/P index (calculated as in the present study) support this hypothesis. 

According to several researchers [78–80], collagen degradation begins early in life and gradually 

increases with age. Contrary to these studies, no effect of age on the collagen content (calculated using the 

Am/P formula described in Table 2) of either femur or humerus was found. This is in accordance with 

Dequeker and Merlevede [81] and Akkus et al. [57], who observed no association between collagen content 

and age for the iliac bone. One possible explanation for the discrepancies detected between different studies 

is the decrease in total bone mass with age, especially significant in women [82]. 
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All correlations obtained with statistical significance in this study are modest, and extrapolation for 

future studies must be cautious, as larger sample sizes are needed, with a more equitable distribution of the 

age groups, in order to validate the observed trend. 

 

Conclusions 

The investigation of skeletal remains of unknown identity is a major goal in forensic anthropology, 

with age-at-death estimation being an important step for identification [2, 83]. 

FTIR-ATR is a highly sensitive and accurate spectroscopic tool for studying the physicochemical 

modifications of inorganic and organic fractions in bone tissue. The small amount of sample required for 

the analysis, its minimally invasive nature, low cost and easy quantification are major advantages when 

compared to other techniques. The development of a fast, direct and reliable technique to estimate the age-

at-death from human skeletal remains, particularly for very incomplete or fragmented ones, is of the utmost 

relevance in forensic anthropology. 

The application of the spectroscopic (infrared) indices Am/P, API, BPI, C/C, C/P and CI in human 

humeri and femora was performed with a view to show the potential relevance of chemometric analysis to 

age-at-death estimation, without resorting to osteometric and/or morphological analysis (which, in some 

instances, may not be possible). 

With advancing age, especially in women, the crystalline structure of bone becomes more 

disordered, having larger deformations and smaller crystals due to a greater incorporation of type B 

carbonates in the crystal lattice, resulting in a decrease of the CI value and an increase in BPI and C/P. 

Some of these parameters (e.g. CI and BPI) have shown a promising potential for estimating age-at-death, 

especially for females. However, for an accurate understanding of the changes in these indices it is 

necessary to analyse a higher number of samples, from different bones and particularly from non-adults 

and young adults.  
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Table 1 Distribution of the total sample by age groups and sex (CEI/XXI) 

Age Group 
Total Male Female 

n % n % n % 

30-39 4 5.0 4 11.1 0 0 

40-49 2 2.5 2 5.6 0 0 

50-59 2 2.5 1 2.8 1 2.3 

60-69 13 16.2 7 19.4 6 13.6 

70-79 16 20.0 11 30.5 5 11.4 

80-89 31 38.8 9 25.0 22 50.0 

90+ 12 15.0 2 5.6 10 22.7 

Total 80 100 36 100 44 100 

Table 1 Distribution of the total sample by age groups and sex (CEI/XXI)



Table 2 Quantitative relationships used to evaluate the chemical composition of bone 

samples and publications relevant to protocol details (adapted from [14]) 

Parameter Spectral relationship  Reference 

Cristallinity Index (CI) Abs(602 cm-1) + Abs(562 cm-1) [45] 
Abs(590 cm-1) 

Carbonate to Phosphate 

(C/P) 

Abs(1415 cm-1) 
[26, 46, 47] 

Abs(1035 cm-1) 

Type A Carbonate (API) 
Abs(1540 cm-1) 

[48] 
Abs(603 cm-1) 

Type B Carbonate (BPI) 
Abs(1415 cm-1) 

[48] 
Abs(603 cm-1) 

Carbonate (A+B) to 

Carbonate B (C/C) 

Abs(1450 cm-1) 

Abs(1415 cm-1) 
[26, 48] 

Bone Collagen Content 

(Am/P) 

Abs(1650 cm-1) 

Abs(1035 cm-1) 
[26] 

 

 

 

 

Table 2 Quantitative relationships used to evaluate the chemical
composition of bone samples and publications relevant to



Table 3 Descriptive statistics of parameters calculated from FTIR-ATR data 

𝑥̅: mean; σ: standard deviation 

 

  

n 
CI API BPI C/C C/P Am/P 

  𝒙̅ σ 𝒙̅ σ 𝒙̅ σ 𝒙̅ σ 𝒙̅ σ 𝒙̅ σ 

F
em

u
r
 

Female 44 3.176 0.122 1.003 0.112 1.205 0.145 0.983 0.028 0.376 0.046 0.469 0.041 

Male 36 3.184 0.183 0.931 0.078 1.154 0.164 0.984 0.042 0.361 0.052 0.442 0.029 

Total 80 3.179 0.151 0.971 0.104 1.182 0.155 0.983 0.035 0.370 0.049 0.456 0.039 

H
u

m
er

u
s 

Female 44 3.299 0.191 0.999 0.119 1.125 0.193 1.013 0.046 0.350 0.062 0.475 0.045 

Male 36 3.295 0.189 0.968 0.094 1.091 0.149 1.015 0.043 0.339 0.050 0.464 0.043 

Total 80 3.297 0.189 0.985 0.109 1.110 0.174 1.014 0.044 0.345 0.057 0.470 0.044 

Table 3 Descriptive statistics of parameters calculated from FTIR-ATR data



Table 4 Descriptive statistics and Mann-Whitney test results on the differences in the 

median (Md) of the chemical indexes calculated for the total sample, men and women 

Index Sex Bone Md ci95% MW p-value 

CI 
Female 

Femur 3.141 3.139 – 3.213 
620 < 0.01 

Humerus 3.334 3.241 – 3.357 

Male 
Femur 3.115 3.122 – 3.246 

410 < 0.001 
Humerus 3.328 3.231 – 3.359 

Total 
Femur 3.134 3.146 – 3.213 

2021 < 0.001 
Humerus 3.331 3.255 – 3.339 

API 
Female 

Femur 0.993 0.969 – 1.037 
1031 0.342 

Humerus 0.976 0.963 – 1.035 

Male 
Femur 0.917 0.905 – 0.957 

482 0.604 
Humerus 0.964 0.936 – 0.999 

Total 
Femur 0.958 0.948 – 0.994 

2921 0.062 
Humerus 0.975 0.961 – 1.009 

BPI 
Female 

Femur 1.200 1.161 – 1.249 
1213 < 0.05 

Humerus 1.086 1.066 – 1.184 

Male 
Femur 1.197 1.099 – 1.209 

832 < 0.05 
Humerus 1.101 1.040 – 1.141 

Total 
Femur 1.197 1.148 – 1.217 

4035 < 0.01 
Humerus 1.094 1.071 – 1.148 

C/C 
Female 

Femur 0.973 0.974 – 0.991 
611 < 0.01 

Humerus 1.018 0.999 – 1.027 

Male 
Femur 0.966 0.969 – 0.998 

355 <0.001 
Humerus 1.019 1.000 – 1.029 

Total 
Femur 0.972 0.975 – 0.991 

1896 < 0.001 
Humerus 1.018 1.004 – 1.023 

C/P 
Female 

Femur 0.373 0.362 – 0.390 
1220 < 0.05 

Humerus 0.344 0.331 – 0.369 

Male 
Femur 0.374 0.344 – 0.379 

842 < 0.05 
Humerus 0.345 0.322 – 0.356 

Total 
Femur 0.373 0.358 – 0.380 

4080 < 0.01 
Humerus 0.344 0.332 – 0.358 

Am/P 
Female 

Femur 0.472 0.456 – 0.481 
867 0.404 

Humerus 0.477 0.461 – 0.488 

Male 
Femur 0.443 0.432 – 0.451 

464 < 0.05 
Humerus 0.456 0.449 – 0.478 

Total 
Femur 0.454 0.448 – 0.465 

2598 < 0.05 
Humerus 0.472 0.460 – 0.479 

ci95%: 95% confidence level; MW: value of the Mann-Whitney test 

 

Table 4 Descriptive statistics and Mann-Whitney test results on
the differences in the median (Md) of the chemical indexes



Table 5 Results of Pearson correlation coefficients (r) between CI, API, BPI, C/C, C/P and Am/P chemometric indices and age-at-death for the 

total sample and according to sex 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* significant for α = 0.05     ** significant for α = 0.01 

 

  Total Female Male 

  n r p-value n r p-value n r p-value 

F
em

u
r 

CI 80 -0.121 0.285 44 -0.4337 0.0033** 36 0.0422 0.8069 

API 80 0.1557 0.1679 44 0.0202 0.8964 36 0.0100 0.9536 

BPI 80 0.2563 0.0217* 44 0.3213 0.0335* 36 0.1366 0.4271 

C/C 80 -0.2361 0.0350* 44 -0.3720 0.0130* 36 -0.1901 0.2668 

C/P 80 0.2612 0.0193* 44 0.3492 0.0201* 36 0.1364 0.4276 

Am/P 80 0.1246 0.2708 44 0.0278 0.8579 36 -0.0845 0.6243 

H
u

m
er

u
s 

CI 80 -0.0186 0.8700 44 -0.1716 0.2655 36 0.0885 0.6078 

API 80 0.0066 0.9539 44 -0.2149 0.1612 36 0.0899 0.6023 

BPI 80 0.0820 0.4698 44 0.0230 0.8820 36 0.0732 0.6715 

C/C 80 -0.1117 0.3238 44 -0.1535 0.3199 36 -0.0864 0.6164 

C/P 80 0.1071 0.3444 44 0.0753 0.6270 36 0.0767 0.6568 

Am/P 80 -0.0338 0.7658 44 -0.2234 0.1449 36 0.0063 0.9711 

Table 5 Results of Pearson correlation coefficients (r) between CI, API, BPI, C/C, C/P and
Am/P chemometric indices and age-at-death for the total sample and according to sex



Table 6 Results of Spearman correlation coefficients (ρ) between CI, API, BPI, C/C, C/P and Am/P chemometric indices and age-at-death for the 

total sample and according to sex 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* significant for α = 0.05 

 

 

  Total Female Male 

  n ρ p-value n ρ p-value n ρ p-value 

F
em

u
r 

CI 80 -0.1047 0.3555 44 -0.3097 0.0408* 36 0.0624 0.7179 

API 80 0.0890 0.4323 44 -0.0027 0.9862 36 -0.0734 0.6704 

BPI 80 0.2397 0.0322* 44 0.2908 0.0555 36 0.1358 0.4297 

C/C 80 -0.1047 0.3552 44 -0.1029 0.5063 36 -0.1908 0.2650 

C/P 80 0.2434 0.0296* 44 0.3114 0.0397* 36 0.1211 0.4817 

Am/P 80 0.0682 0.5476 44 -0.0044 0.9775 36 -0.1989 0.2448 

H
u

m
er

u
s 

CI 80 -0.0764 0.5004 44 -0.1000 0.5184 36 0.0327 0.8497 

API 80 -0.0933 0.4103 44 -0.2845 0.0613 36 0.0478 0.7819 

BPI 80 0.0599 0.5975 44 -0.0392 0.8007 36 0.0778 0.6519 

C/C 80 -0.1111 0.3264 44 -0.1080 0.4851 36 -0.0352 0.8386 

C/P 80 0.0798 0.4814 44 -0.0042 0.9786 36 0.0682 0.6929 

Am/P 80 -0.1123 0.3214 44 -0.2420 0.1135 36 -0.0725 0.6742 

Table 6 Table 6 Results of Spearman correlation coefficients (ρ) between CI, API, BPI, C/C,
C/P and Am/P chemometric indices and age-at-death for the total sample and according to


