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A B S T R A C T   

Paleoproteomics and the study of ancient proteins has become an important consideration in bioarchaeological 
research as we seek to understand the relationship between the physical skeleton and its underlying biochem-
istry. Osteocalcin is an abundant, non-collagenous protein that is accessible archaeologically due to its affinity 
for hydroxyapatite in bone. Manufactured by the osteoblast cells during normal bone metabolism, osteocalcin is 
inherently linked to the process of bone remodelling. Clinical studies have consistently shown the impact of 
biological (i.e., sex and age) and pathological (i.e., disease) factors on osteocalcin concentrations within the 
body; however, this connection has yet to be fully explored bioarchaeologically. For this study, 46 individuals 
from the Danish Sct. Albert’s cemetery (CE 1250–1536) were analyzed with cortical bone samples harvested 
from the femur. Each sample was demineralized and quantified using established paleoproteomic methods 
(ELISA) and tested for diagenesis using FTIR-ATR. No significant differences were found in the osteocalcin 
concentrations between adult males and females. However, males had a wider range of osteocalcin variability 
perhaps explained in part by their increased prevalence of pathological conditions characterized by bone re-
modelling. Similarly, non-adults had a wide range of osteocalcin variability but there were no significant dif-
ferences when compared to the adult mean. No correlations were found between osteocalcin concentrations and 
diagenesis suggesting that the protein can survive across a range of temporal periods and variable burial en-
vironments. While no clear pattern emerged between osteocalcin concentrations and biological and/or patho-
logical factors, this study is significant in that it further explores the use of paleoproteomics in bioarchaeological 
contexts and how we may unite our macroscopic and biochemical assessments of human skeletal remains.   

1. Introduction 

The extraction and analysis of non-collagenous proteins (NCPs) 
from skeletal remains in archaeological research has most commonly 
been used in paleodietary reconstructions and radiocarbon dating (e.g.  
Ajie et al., 1991), but NCPs have also been used in explorations of bone 
diagenesis and species identification (Collins et al., 2002; Elster, 1991; 
Grupe and Turban-Just, 1996; Nielsen-Marsh et al., 2005; Roberts et al., 
2002; Smith et al., 2005; Trueman et al., 2004). Additionally, the im-
munological detection of these proteins in bone have been used in 
paleopathological contexts to explore archaeological health patterns 

(Cattaneo et al., 1994; Scott et al., 2016; Tuross, 1991). 
Osteocalcin is the most abundant non-collagenous protein found in 

the human skeleton and is often recovered from archaeological bone 
(Calvo et al., 1996; Child, 1995; Collins et al., 1998, 2000; Coulson- 
Thomas et al., 2015; Delmas, 1995; Huq et al., 1990; Neve and Corrado, 
2011; Neve et al., 2013; Smith et al., 2005). Synthesized by osteoblast 
cells (Al-Qtaitat and Aldalaen, 2014; Booth et al., 2015; Christenson, 
1997; O’Connor and Durack, 2017; Rauch, 2008) osteocalcin is a sen-
sitive indicator of bone mineralization created through normal bone 
growth and/or remodelling or as a result of pathological conditions 
characterized by new bone formation (Hauschka et al., 1989). This is 
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supported by its strong affinity for both bioapatite 
(Kassoc ≈ 107 mol–1; Prigodich and Vesely, 1997) through the Gla- 
rich calcium binding epitope (Hauschka and Carr, 1982), and collagen 
through its N-terminus (Kassoc ≈ 105 mol−1; Prigodich and Vesely, 
1997). However, past studies have provided contradictory evidence on 
the relationship between bioapatite and collagen preservation to os-
teocalcin survival in archaeological bone (e.g., Ajie et al., 1991, Ajie 
et al., 1990; Collins et al., 2000; Smith et al., 2005). 

To assess the potential use of osteocalcin in bioarchaeological con-
texts the objectives of this study were to: a) to successfully extract os-
teocalcin from archaeological human remains; b) to assess osteocalcin 
levels as they relate to biological and/or pathological factors; and c) to 
assess bone diagenetic change and the preservation of osteocalcin in 
archaeological human remains. 

2. Background 

As osteocalcin is synthesized, a portion is taken up into the blood-
stream (serum osteocalcin), whereas the majority is taken up into the 
newly mineralized bone (matrix osteocalcin) (Hauschka et al., 1989). 
Despite these different pathways however, serum and matrix con-
centrations are generally considered equivalent (Vanderschueren et al., 
1990), allowing for biomolecular comparisons between clinical osteo-
calcin research on serum and archaeological osteocalcin pulled from 
bone matrix. Clinical fluctuations in osteocalcin concentrations are 
closely linked with biological factors such as age and sex 
(Vanderschueren et al., 1990). During infancy and childhood (birth to 
6 years) osteocalcin concentrations are elevated due to rapid skeletal 
growth (Hauschka et al., 1989; Szulc et al., 2000). From the juvenile 
period into early adolescence (7 to 12 years) osteocalcin concentrations 
decline and stabilize until the onset of the adolescent growth spurt 
where osteocalcin levels peak during rapid skeletal growth (Magnusson 
et al., 1995; Mora et al., 1997; Szulc et al., 2000). At the end of ado-
lescence and the beginning of adulthood (18+ years) both male and 
female osteocalcin concentrations diminish and remain fairly stable 
until the sixth decade of life where bone turnover begins to slow and 
osteocalcin production is curtailed (DeSilva, 1999; Vanderschueren 
et al., 1990). Male osteocalcin concentrations are generally higher than 
females (Cremers et al., 2008; Price et al., 1980); however, females may 
experience greater osteocalcin fluctuations in early adulthood related to 
pregnancy (Cole et al., 1987; Martinez et al., 1985) and later in 
adulthood due to menopause (Ingram et al., 1994; Vanderschueren 
et al., 1990). 

Osteocalcin binds strongly to bone apatite (Neve and Corrado, 2011; 
Smith et al., 2005), and in a 1:1 ratio with collagen (Prigodich and 
Vesely, 1997), suggesting a role in the organization of the bone mineral 
composite. Consequently, osteocalcin concentrations in bone may re-
flect the extent of collagen/mineral diagenesis. However, the picture is 
probably more complex as the endocrine function of bone is increas-
ingly being recognized (Han et al., 2018). Osteocalcin fluctuations have 
also been associated with the activation of the stress response system 
and the release of glucocorticoids into the body to support the fight or 
flight response (Tsigos and Chrousos, 2002). The release of these en-
dogenous steroids fulfils two functions: 1) to alert the organism of the 
stress and 2) to mitigate the stressor and return the organism to 
homeostasis (Herman and Cullinan, 1997). However, excessive con-
centrations of these steroids can negatively impact skeletal tissues 
(Charmandari et al., 2005; Dennison et al., 1999; Henneicke et al., 
2011; Miller et al., 2007) where increased circulating glucocorticoids 
have been clinically linked to decreases in osteocalcin through the 
disruption of bone remodelling. For example, malnourished individuals 
generally see lower osteocalcin levels as bone mineralization slows and 
osteocalcin production is attenuated (Calvo et al., 1996). Conversely, 
individuals participating in higher-stress activities that create addi-
tional skeletal strain see an increase in osteocalcin production (Bell 
et al., 1988). If these stressors are reflected in skeletal remains, 

variation in osteocalcin concentration could be bioarchaeologically 
significant when assessing pathological conditions such a metabolic 
disease, traumas, infection, degenerative disease, and/or activity mar-
kers where their intimate association with bone remodelling is likely to 
be reflected in the bone biochemistry (see Slovik et al. (1984)). 

3. Materials and methods 

Forty-six individuals (30 adults, 16 non-adults) from the Danish Sct. 
Albert’s cemetery (CE 1250–1536) were used for this study (Skaarup, 
1997). Sct. Albert’s church and cemetery were located south of Funen 
on the small island of Ærø in Denmark. While the Sct. Albert’s church 
was built in CE 1300, the site was previously in use from the middle of 
the 13th century (Skaarup, 1997). The individuals from the cemetery 
date from this earlier period up until the Reformation in CE 1536 when 
the church was destroyed, and the cemetery closed. During excavation 
of the site between 1995 and 1996, it was discovered that this site was 
fortified with high ramparts and a deep moat as it was likely a military 
outpost which at times saw fierce fighting (Skaarup, 1997). 

3.1. Osteocalcin 

Cortical bone samples were collected from the proximal posterior 
shaft of the femur adjacent to linea aspera. Sample preparation fol-
lowed the demineralization and filtering method outlined in Scott et al. 
(2016) with slight alterations to minimize the total sample needed to 
complete the analysis and to reduce the demineralization timeline. The 
outer cortical bone on each sampling site was first removed using a 
Dremel® (300). Approximately 20 mg of bone powder from the cleaned 
sampling site was harvested from each individual. The Dremel® tip was 
sterilized using 70% ethanol and an ethanol flame between the cleaning 
and harvesting stages to reduce contamination. All 46 bone samples 
were demineralized with 10% wt/vol ethylenediaminetetraacetic acid 
(EDTA) and continuously oscillated in a fridge at 4 °C for a 24-hour 
period. The supernatant was collected from each sample and filtered 
three times using 3 kDa MWCO filters (Vivaspin® 500 Centrifugal 
Concentrators), EDTA was reduced 1000-fold with buffer exchange to 
phosphate buffered saline (PBS). Samples were eluted in 50 μl and di-
luted to the original input volume. Samples were subsequently stored at 
−20 °C prior to analysis. 

Protein quantification was determined using BCA assay (Thermo 
Scientific 23235) following the manufacturer’s instructions. 
Absorbance was measured at 560 nm on a MultiscanTM FC Microplate 
reader (Thermo Fischer Scientific). Osteocalcin was quantified using a 
sandwich Enzyme-Linked Immunosorbent Assay (ELISA) (R&D Systems 
Quantikine® ELISA kit DSTCN0) performed according to the manu-
facturer’s instructions. Because ELISA kits are precise and have high 
sensitivity, they are commonly used to extract osteocalcin from modern 
and archaeological skeletal material (Ferron et al, 2010; Cattaneo et al, 
1992, 1994; Collins et al, 2000; Bhadricha et al, 2019; Ritz et al, 1996; 
Scott et al., 2016; Singh et al, 2015; Strapazzon, 2013). All samples 
were measured in duplicate against triplicate standard curves. Samples 
were assayed at 1:10–1:100 dilution of extract and were re-assayed at a 
higher or lower dilution factor to ensure the osteocalcin quantification 
was within the range of the standard curve. Forty-two of the samples 
were analyzed at a 1:10 dilution, whereas four samples (AØ, AÅ, BB, 
BF) were analyzed at a 1:100 dilution. Absorbance was measured at 
450 nm and wavelength correction was performed at 560 nm. Curve 
fitting and interpolation utilized a 4-parameter logistic equation using 
the Gen5 1.06 software. 

3.2. Skeletal data collection 

To assess the relationship between biological and/or pathological 
factors and osteocalcin, macroscopic skeletal data was collected for 
each individual. These assessments included sex determination, age 
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estimation, and the assessment of pathological conditions, specifically 
dental disease (i.e., caries, antemortem tooth loss, abscesses), childhood 
stress indicators (i.e., cribra orbitalia, porotic hyperostosis, enamel 
hypoplastic lesions), non-specific inflammation/infection (i.e., perios-
titis, osteomyelitis), trauma, degenerative joint disease, and infectious 
disease (i.e., tuberculosis, leprosy). 

Sex was primarily determined from the morphology of the pelvic 
bones, cranium, and mandible (Walker, 1994). Long bone lengths, joint 
sizes, and muscle attachment robusticity were also secondarily as-
sessed. Sex was determined only for those over the age of 15 years when 
os coxae fusion was complete. 

Non-adult age was estimated from the stage of tooth development 
and eruption, long bone measurements, and epiphyseal fusion (Baker 
et al., 2005). Adult age was estimated according to experience-based 
age assessment as discussed by Milner and Boldsen (2012a: Fig. 14). 
This method has been shown to yield reasonably accurate age estimates 
for adult skeletons where bony structures across the skeleton are ex-
amined (see Milner and Boldsen (2012a), Milner and Boldsen (2012b)) 
along with features commonly used for age estimation, notably the 
pubic symphysis and iliac portion of the sacroiliac joint. Each in-
dividual was given an age range with a mean age calculated. 

All pathological changes were recorded as either non-observable, 
absent, or present. Descriptions in Hillson (1996) were used for the 
assessment of dental pathology (i.e., caries, antemortem tooth loss, 
abscesses). The descriptions and diagnostic criteria outlined by  
Aufderheide and Rodríguez-Martín (1998) and Ortner (2003) were used 
for the assessment of childhood stress indicators (i.e., cribra orbitalia, 
porotic hyperostosis, enamel hypoplastic lesions), non-specific in-
flammation/infection (i.e., periostitis, osteomyelitis), trauma, and de-
generative joint disease. Periostitis and osteomyelitis were assessed on 
the upper and lower extremities as well as trauma. Trauma was also 
recorded as either healed, partially healed, or unhealed, as well as a 
notation of what type of trauma (i.e., sharp force or blunt force). De-
generative joint disease was assessed primarily in the vertebral column 
with any pathological changes recorded as either lipping, porosity, or 
eburnation. Tuberculosis was assessed based on the descriptions and 
criteria outlined by Dangvard Pedersen et al. (2018), Dangvard 
Pedersen et al. (2019) focusing specifically on bony changes on the ribs, 
thoracic and lumbar vertebrae, ilium, acetabulum, iliac auricular sur-
face, and the ulnar olecranon process. Leprosy was assessed based on 
bony changes on the facial skeleton, palate, fibula, and metatarsals 
based on the descriptions and criteria discussed by Boldsen, 2001), 
Boldsen (2005), Boldsen and Freund (2006), Boldsen (2008). 

3.3. FTIR-ATR 

In order to assess the diagenetic state of bone, bioapatite (BAp) and 
organic preservation (i.e., diagenesis) were tested using Fourier trans-
form infrared spectroscopy in attenuated total reflectance mode (FTIR- 
ATR), following the method outlined in Kontopoulos et al. (2018). 
Specifically, 2–3 mg of bone powder between 20 and 50 μm particle 
size were used for each sample measurement using a Bruker Alpha 
Platinum (range: 4000–400 cm−1; no. of scans: 144; zero filling factor: 
4; resolution: 4 cm−1; mode: absorbance) and the OPUS 7.5 software. 
Samples were run in triplicate and a background measurement was run 
before each sample measurement. The following FTIR indices were 
used this study: (a) the infrared splitting factor 
(IRSF = 600 cm−1 + 560 cm−1/590 cm−1) to assess the BAp crystal 
size and structural disorder, as increased IRSF values reflect an increase 
in average crystal size and order (Weiner and Bar-Yosef, 1990); (b) the 
carbonate-to-phosphate (C/P = 1410 cm−1/1010 cm−1) ratio to assess 
any post-mortem modifications in the BAp carbonate environment 
(Wright and Schwarcz, 1996); and (c) the amide-to-phosphate (Am/ 
P = 1640 cm−1/1010 cm−1) ratio to assess the preservation of the 
organic content in bone (Trueman et al., 2004). 

4. Results 

The adult females (n = 8) had osteocalcin levels ranging between 
94.0 ng/μg to 278.0 ng/μg, whereas adult males (n = 22) showed far 
more variation in osteocalcin concentrations fluctuating between 
26.0 ng/μg to 310.0 ng/μg (Fig. 4). When comparing the male and 
female mean osteocalcin concentrations using an independent samples 
t-test, there were no significant differences (t = -0.814; df = 28; 
p = 0.423). While the adult females showed a general decrease in os-
teocalcin concentration with age, as expected, adult males showed 
more inconsistency throughout adulthood (Fig. 4). The non-adults 
(n = 16) also showed a wide range of osteocalcin variation ranging 
between 57.0 ng/μg to 299.0 ng/μg, but when compared to the adult 
mean concentration levels there were no significant differences 
(t = 1.400; df = 44; p = 0.169) (Fig. 5). 

When comparing mean adult osteocalcin concentrations divided by 
sex to the presence or absence of each pathological condition, there 
were no significant differences except for males in the “other trauma” 
category (Table 1). However, the osteocalcin mean concentration only 
represents one adult male with the highest osteocalcin concentration 
value in the sample, likely skewing this significant result. For adult 

Table 1 
Paired samples t-test results when comparing osteocalcin (OC) concentrations in adult males between those with different pathological conditions present or absent.             

Pathology present Pathology absent t df p-value 

n OC mean (ng/μg) Std. Deviation (+/−) n OC mean (ng/μg) Std. Deviation (+/−)  

Enamel hypoplastic lesions 8  156.63  73.061 4  212.25  68.188  12.68 10  0.234 
Cribra orbitalia 2  177.50  36.062 13  148.08  62.337  −0.638 13  0.535 
Porotic hyperostosis 5  185.60  73.436 15  133.33  66.872  −1.480 18  0.156 
Caries 7  165.00  36.551 11  153.00  82.623  −0.359 16  0.724 
Antemortem tooth loss 8  134.13  42.820 12  166.92  74.830  1.117 18  0.279 
Dental abscesses 8  121.38  40.813 12  175.42  70.008  1.962 18  0.065 
Vertebral lipping 4  152.00  53.647 6  125.33  46.663  −0.836 8  0.427 
Leprosy 6  150.50  90.290 8  150.75  42.904  0.007 12  0.995 
Tuberculosis 7  153.57  71.391 12  169.33  69.925  0.470 17  0.644 
Upper limb periostitis 1  152.00  21  153.62  74.449  0.021 20  0.983 
Lower limb periostitis 10  145.40  88.760 12  160.33  59.341  0.471 20  0.643 
Upper limb osteomyelitis 2  210.50  82.731 19  151.89  70.969  −1.100 19  0.285 
Lower limb osteomyelitis 6  128.00  46.703 15  169.27  78.154  1.199 19  0.245 
Upper limb trauma 4  95.00  26.621 18  166.56  73.554  1.887 20  0.074 
Lower limb trauma 4  123.75  41.748 18  160.17  77.188  0.903 20  0.377 
Cranial trauma 6  140.50  41.770 16  158.44  81.946  0.507 20  0.618 
Other trauma 1  310.00  21  146.10  65.273  −2.453 20  0.023* 

* p-value significant at the 95% confidence interval.  
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women, there was a significant difference between osteocalcin levels 
for those with dental abscesses and leprosy; however, similar to the 
adult males, the one female with both pathological conditions present 
had the second highest osteocalcin concentration in the female group, 
no doubt influencing this result (Table 2). There were no significant 
differences when comparing the presence or absence of each patholo-
gical condition in the non-adult group (Table 3). 

To test the reliability of the ELISA for detecting osteocalcin in ar-
chaeological bone, four samples (AY, Ø, AR, and N), representing the 
highest and lowest osteocalcin concentrations were further analyzed 
using liquid chromatography with tandem mass spectrometry (LC-MS/ 
MS) and quantified using MaxQuant label free quantification (LFQ) 
(Cox et al., 2014, see Supplementary Materials). The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE (Perez-Riverol et al., 2019) partner repository 
with the dataset identifier PXD018051. Osteocalcin was robustly de-
tected in samples AR and N (the samples with the highest concentration 
as measured by ELISA) (Supplementary Table 1 and Supplementary 
Fig. 1). In contrast, we were unable to detect osteocalcin peptides in the 
samples Ø and AY; these samples had the lowest concentration as 
measured by ELISA. The inability to detect osteocalcin in samples Ø and 
AY is most likely due to ‘masking’ of low abundance proteins by those 
that are highly abundant, such as collagen type I (Wu et al., 2016). 
‘Masking’ is a considerable problem within the field and highlights the 
ELISA as a viable alternative for this kind of analysis. 

The average IRSF value for this sample was 3.831  ±  0.27 with no 
correlation to osteocalcin concentrations (r2 = 0.0205). When com-
paring IRSF values between adults and non-adults there were no sig-
nificant differences (t = 0.131; df = 44; p = 0.896) and no significant 
differences between adult males and females (t = 0.959; df = 25.761; 
p = 0.346). There was also a lack of correlation between C/P (carbo-
nate to phosphate) and osteocalcin (r2 = 0.0091), as well as, Am/P 
(amide to phosphate) to osteocalcin (r2 = 0.0047) (Figs. 1–3). It has 
been estimated that each collagen triple helix is bound to one 

osteocalcin molecule (see Hauschka and Wians, 1989; Prigodich and 
Vesely, 1997). The relative mass of osteocalcin (5.7 kDa) to a collagen 
triple helix (288.8 kDA) represents a ratio of almost 1:50; therefore, 
assuming that all the osteocalcin was bound 1:1 to collagen, the lowest 
osteocalcin concentration of 5 ng/ml would bind to the equivalent of 
0.25 μg collagen in 20 mg of powder (< 0.001% by weight) and even 
the highest (90.4) would only be 4.5 μg . These values are much lower 
than the estimates of total bone protein collagen based upon FTIR, 
suggesting that variation in extractable collagen is not related to col-
lagen content. 

5. Discussion 

When assessing osteocalcin concentrations, non-adult levels peaked 
around 4 and 8 years of age, corresponding to the childhood and ju-
venile growth spurts (Bogin, 2001), where increased bone production 
sees an increase in osteocalcin synthesis. Because sex determination in 
non-adults is fraught with inconsistencies, assessing these osteocalcin 
levels and any potential patterning related to the differential growth 
rates in males versus females was not possible. Similarly, there is a lack 
of clear patterning in osteocalcin concentrations across the adult group; 
however, it can be noted that the oldest adult female (69 years) and 
second oldest adult male (55 years), both have the lowest osteocalcin 
concentrations in their sex-specific groups (73.0 ng/μg and 26.0 ng/μg, 
respectively), following the expected age-related decrease in osteo-
calcin production in later adulthood (see Hauschka et al. (1989):1018 
Fig.7). The lack of consistency in osteocalcin concentrations during 
adulthood in this sample is likely the result of various factors. As dis-
cussed by Scott et al. (2016), remodelling rates of the femur are slower 
than in other skeletal elements with thinner cortical bone, and as a 
result may introduce bias where osteocalcin harvested from the femur 
may represent longitudinal data rather than a cross-sectional snapshot 
of osteocalcin at the time of death. While Scott et al. (2016), demon-
strated no significant differences between the cortical bone 

Table 2 
Paired samples t-test results when comparing osteocalcin (OC) concentrations in adult females between those with different pathological conditions present or absent.             

Pathology present Pathology absent t df p-value 

n OC mean (ng/μg) Std. Deviation (+/−) n OC mean (ng/μg) Std. Deviation (+/−)  

Enamel hypoplastic lesions 1  128.00  3  159.33  12.055  2.251 2  0.153 
Cribra orbitalia 1  158.00  4  176.00  56.285  0.286 3  0.793 
Antemortem tooth loss 2  175.00  114.551 4  151.50  18.502  −0.288 1.026  0.820 
Dental abscesses 1  256.00  5  140.00  30.299  −3.495 4  0.025* 
Vertebral lipping 2  175.00  114.551 5  157.80  21.335  −0.211 1.028  0.867 
Leprosy 1  256.00  5  140.00  30.299  −3.495 4  0.025* 
Tuberculosis 2  175.00  114.551 3  159.33  12.055  −0.193 1.015  0.878 
Upper limb periostitis 2  155.50  38.891 5  165.60  58.539  0.219 5  0.835 
Lower limb periostitis 5  161.60  60.686 2  165.50  24.749  0.084 5  0.936 
Upper limb trauma 1  94.00  7  189.00  56.418  1.575 6  0.166 

* p-value significant at the 95% confidence interval (porotic hyperostosis, caries, upper limb osteomyelitis, lower limb osteomyelitis, lower limb trauma, cranial 
trauma, and other trauma could not be assessed as at least one of the groups was empty).  

Table 3 
Paired samples t-test results when comparing osteocalcin (OC) concentrations in the non-adults between those with different pathological conditions present or 
absent.a             

Pathology present Pathology absent t df p-value 

n OC mean (ng/μg) Std. Deviation (+/−) n OC mean (ng/μg) Std. Deviation (+/−)  

Cribra orbitalia 7  208.00  64.910 5  160.20  109.461 −0.954 10  0.363 
Porotic hyperostosis 4  237.50  49.359 8  149.63  88.689 −1.817 10  0.099 
Lower limb periostitis 6  159.67  82.284 8  207.13  82.070 1.070 12  0.306 
Cranial trauma 1  192.00  15  191.27  80.663 −0.009 14  0.993 

a * p-value significant at the 95% confidence interval (enamel hypoplastic lesions, caries, antemortem tooth loss, abscesses, vertebral lipping, leprosy, tuberculosis, 
upper limb periostitis, upper limb osteomyelitis, lower limb osteomyelitis, upper limb trauma, lower limb trauma, and other trauma could not be assessed as at least 
one of the groups was empty).  
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concentrations of osteocalcin between the clavicle and the femur, fur-
ther investigation of variability across skeletal elements based on re-
modelling rates is warranted. 

Unexpectedly, males showed more variability in their osteocalcin 
levels throughout adulthood when compared to females; however, the 

female sample size for this study was quite small (n = 8) compared to 
males (n = 22). This variability may, in part, be associated with pa-
thological factors influencing bone mineralization and osteocalcin 
synthesis. In pathological conditions that are characterized by rapid 
bone turnover (e.g., metabolic disease, trauma), clinical studies have 

Fig. 1. . IRSF values compared to osteocalcin concentrations in all adult and non-adult individuals.  

Fig. 2. . C/P values compared to osteocalcin concentrations in all adult and non-adult individuals.  
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shown that osteocalcin concentrations tend to be elevated (Hauschka 
et al., 1989). Interestingly, the Sct. Albert males showed an increased 
prevalence of pathological conditions characterized by high turnover 
rates (i.e., trauma, degenerative joint disease, osteomyelitis), perhaps 
contributing to this increased variability in osteocalcin concentrations. 

Conversely, females have a higher prevalence of childhood stress in-
dicators where any fluctuations in osteocalcin concentrations that may 
have occurred at the time of the stress would no longer be present in the 
adult cortical bone, similar to the findings in Scott et al. (2016). In-
terestingly, osteocalcin concentrations are usually higher in adult 

Fig. 3. . Am/P values compared to osteocalcin concentrations in all adult and non-adult individuals.  

Fig. 4. . Distribution of adult osteocalcin concentrations divided by sex.  
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males, however, the opposite was found in this study (177.0 ng/μg 
average in females versus 154.0 ng/μg average in males). This dis-
tinction, while not significantly different, is important as it may reflect 
the chronic nature of stress that impacted males where individuals had 
on average 4.09 pathological conditions present compared to only 2.88 
pathological conditions present in females. Because some of these pa-
thological conditions are characterized by bone proliferation (increased 
osteocalcin production) and others by bone destruction (decreased os-
teocalcin production), or a combination of both, the potential re-
lationship between osteocalcin and these skeletal changes is difficult to 
characterize, specifically if the timeline of skeletal change associated 
with pathological conditions matches the same timeline of when os-
teocalcin is being captured in bone. 

While osteocalcin can also be affected by activity and body mass, 
these parameters were outside the scope of this project; however, de-
generative joint changes which can be associated with increased phy-
sical activity (see Roberts and Manchester (2005)), were only visible in 
40% of males and 23% of females, and likely did not significantly im-
pact osteocalcin levels. Further, the military function of the Sct. Albert’s 
site (Skaarup, 1997) would have limited the types of occupations and 
activities individuals could have participated in, again suggesting si-
milar behaviours across much of the population and likely not con-
tributing greatly to osteocalcin fluctuation. 

Osteocalcin was successfully extracted from all 46 bone samples, 
with the additional benefit of streamlining the established Scott et al. 
(2016) demineralization process and reducing the amount of bone 
sample required for future extractions. Interestingly, neither the pre-
servation of bioapatite crystals nor the amount of organic preservation 
in the bone was correlated with osteocalcin concentrations. Although a 
lack of correlation was observed, samples with IRSF values > 4.0 had 
average osteocalcin content that was significantly lower (i.e., 132.0 ng/ 
μg  ±  63.2 ng/μg) than samples with IRSF ≤ 4.0 (i.e., 181.0 ng/ 
μg  ±  73.2 ng/μg). Additionally, samples showing slightly better or-
ganic preservation (Am/P  >  0.05) had increased osteocalcin content 
with an average of 180.0 ng/μg  ±  76.1 ng/μg, compared with the 
samples displaying lower organic content (Am/P ≤ 0.05) where 
average osteocalcin concentrations dropped to 168.0 ng/μg  ±  

73.5 ng/μg. However, it should be noted that while even some minor 
BAp recrystallization and some loss of the organic content should result 
in an accelerated degradation of osteocalcin (see Smith et al. (2005)), 
this dataset indicates that osteocalcin can be recovered from archae-
ological bone displaying considerable BAp recrystallization and loss of 
the organic content. This observation could be explained by a pre-
ferential survival of specific strongly adsorbed osteocalcin epitopes 
(e.g., the Gla-rich a-helix or the N-terminus) depending on the specific 
conditions of the burial environment. Consequently, complex factors 
related to bone diagenesis and the conditions of the burial micro-
environment (Kendall et al., 2018) make it difficult at the moment to 
predict osteocalcin diagenesis over time and further interpretation of 
this preservation pattern. 

5.1. Limitations and considerations 

The influence of osteocalcin degradation and reaction kinetics 
cannot be underestimated as burial microenvironments have at least 
some part to play in whether we can extract viable osteocalcin and how 
much of it can be quantified. The archaeological analysis of osteocalcin 
will never represent the once living concentrations; however, our goal 
is to highlight that when degradation occurs it does so similarly across 
different individuals where these values may still be meaningfully 
compared and analyzed. Further, our small sample size has impeded 
our ability to make obvious connections with visible pathological 
conditions or biological factors such as age or sex. While it is unlikely 
that pathological conditions alone are responsible for osteocalcin fluc-
tuations, their presence and relationship to this protein may be better 
understood with an increased sample size across each biological divi-
sion (i.e., age and sex), particularly non-adults representing different 
developmental stages of skeletal growth. Additionally, testing osteo-
calcin concentrations directly from pathological lesion sites would help 
identify localized osteocalcin values that may need to be considered 
when trying to link protein abundance with macroscopic skeletal pa-
thology. Finally, recognizing the influence of heterogeneity must play a 
role in future paleoproteomic research where individualized reactions 
to stress may be physiologically unique and can differentially affect 

Fig. 5. . Distribution of all osteocalcin concentrations divided by age.  
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osteocalcin concentrations beyond the known influence of biological 
and pathological factors. 

6. Conclusion 

This preliminary study allowed us to explore osteocalcin variability 
in archaeological material as it relates to biological factors such as age 
and sex. While paleoproteomic research as it relates to skeletal pa-
thology is still in its infancy, the significance of this research is the 
potential to establish a means by which to identify pathological con-
ditions from a biochemical perspective beyond macroscopic observa-
tions alone, specifically those that prompt new bone formation and the 
synthesis of the osteocalcin protein. While no significant differences 
were noted in osteocalcin concentrations between those with and 
without pathological conditions present, except under the influence of 
small sample sizes, clinically this relationship has been identified but 
requires further refinement in archaeological contexts. In better un-
derstanding and identifying the expected biological patterns of osteo-
calcin variation and acknowledging the challenges of individual het-
erogeneity, it may be possible to associate pathological conditions 
affecting bone remodeling to perceptible osteocalcin shifts in archae-
ological skeletal remains. 
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