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Approaches to osteoporosis in paleopathology: How did methodology shape 
bone loss research? 
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A B S T R A C T   

Objective: This paper will review how different methods employed to study bone loss in the past were used to 
explore different questions and aspects of bone loss, how methodology has changed over time, and how these 
different approaches have informed our understanding of bone loss in the past. 
Materials and methods: A review and discussion is conducted on research protocols and results of 84 paleopa-
thology publications on bone loss in archaeological skeletal collections published between 1969 and 2021. 
Conclusions: The variety in research protocols confounds accurate meta-analysis of previously published research; 
however, more recent publications incorporate a combination of bone mass and bone quality based methods. 
Biased sample selection has resulted in a predominance of European and Medieval publications, limiting more 
general observations on bone loss in the past. Collection of dietary or paleopathological covariables is under-
employed in the effort to interpret bone loss patterns. 
Significance: Paleopathology publications have demonstrated differences in bone loss between distinct archae-
ological populations, between sex and age groups, and have suggested factors underlying observed differences. 
However, a lack of a gold standard has encouraged the use of a wide range of methods. Understanding how this 
array of methods effects results is crucial in contextualizing our knowledge of bone loss in the past. 
Limitations: The development of a research protocol is also influenced by available expertise, available equip-
ment, restrictions imposed by the curator, and site-specific taphonomic aspects. These factors will likely continue 
to cause (minor) biases even if a best practice can be established. 
Suggestions for future research: Greater effort to develop uniform terminology and operational definitions of 
osteoporosis in skeletal remains, as well as the expansion of time scale and geographical areas studied. The Next- 
Generation Sequencing revolution has also opened up the possibility of ancient DNA analyses to study genetic 
predisposition to bone loss in the past.   

1. Introduction 

Osteoporosis is a metabolic and degenerative disease characterized 
by a decrease in bone formation relative to bone resorption, which in 
turn leads to decreased bone quality and increased propensity to fracture 
(Smith and Wordsworth, 2005). Throughout the 20th and 21 st century, 
the condition has become an epidemic in North America, Europe and 
Southeast Asia. In the year 2000, nine million new osteoporotic fractures 
were estimated to have occurred (Johnell and Kanis, 2006), and if only 
demographic changes are taken into account, this number is expected to 
increase to approximately 319 million around the year 2040 (Odén 

et al., 2015). Osteoporotic fractures are associated with considerable 
morbidity and mortality, quantified through disability-adjusted life 
years (DALYs). DALYs are an expression of the years of life lost as a 
direct consequence of a disease, in this case, osteoporotic fracture, as 
well as disability in the individuals that survive (Hernlund et al., 2013). 
In 2000, the total number of DALYs lost to osteoporotic fractures was 5.8 
million, which represents 1.0 % of the non-communicable disease 
burden in Europe, and 0.8 % globally (Hernlund et al., 2013). More 
recent studies have observed 2.7 % healthy life loss (Papadimitriou 
et al., 2017), and up to 7.8 % individual DALY loss (Darbà et al., 2015) in 
their respective study populations. Excluding lung cancer, osteoporotic 
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fractures account for more DALYs than any type of cancer (Hernlund 
et al., 2013). As might be expected, the amount of DALYs is higher when 
calculated for an elderly cohort than for a cohort resembling the entire 
adult population (Papadimitriou et al., 2017). 

The observed recent increase in osteoporotic fractures in modern 
western populations has been attributed to an increased life expectancy 
and a shift to a more sedentary lifestyle (Nordin, 2013). This has led to 
the perception of osteoporosis as a modern lifestyle disease. Neverthe-
less, paleopathological studies of archaeological populations, conducted 
since the 1960s, have demonstrated that the condition is not solely a 
product of our modern life (Agarwal et al., 2004; Agarwal and Grynpas, 
1996; Kneissel et al., 1997; Lynnerup and von Wowern, 1997; Mielke 
et al., 1972; Pfeiffer and King, 1983; Velasco-Vázquez et al., 1999). 
Researchers have observed differences in patterns of bone loss between 
spatially, but also temporally, separated archaeological populations, as 
well as between archaeological and modern populations. However, the 
paleopathological conclusions are somewhat limited when trying to 
synthesize the past of osteoporosis on a larger time scale or when 
studying bone loss patterns over an extended geographical area. The 
lack of a standardised methodology has resulted in a wide range of 
methods currently employed to study bone loss in the past, which ob-
structs meta-analyses. This paper will critically evaluate the current 
methods applied to the study of bone loss on skeletonized archaeological 
remains and review how these different approaches have influenced 
current consensus on bone loss in the past. The paper will also consider 
future applications and best practices, with specific regard for the field 
of ancient DNA. 

2. Methodology and the paleopathology of osteoporosis 

This review paper identified 84 paleopathological articles and book 
chapters, published between 1969 and 2021, with a focus on osteopo-
rosis or bone mineral density patterns within archaeological skeletal 
collections (see Supplementary Table 1). These studies have together 
generated a substantial amount of information on bone loss and its 
subsequent consequences for health in the past. The publications have 
applied 16 different quantitative methods. A concise summary of each 
method is found in Table 1. There are roughly six methodological groups 
that can be distinguished: cortical variables, cortical histomorphometry, 
trabecular histomorphometry, areal bone density, volumetric bone 
density, and a miscellaneous group. The methods vary in the way they 
register bone loss, and subsequently how they define osteoporosis. Bone 
health can be characterised through assessment of bone quantity and 
bone quality. Bone quantity refers to bone mass or density, whereas 
bone quality is expressed through factors like trabecular and cortical 
microstructure, bone geometry, and bone material properties (Agarwal, 
2018). In clinical settings, the focus lies more on bone quantity, whereas 
paleopathological publications target changes in both bone quantity as 
well as bone quality, requiring a broader range in methodology. The 
three most common methods to diagnose osteoporosis and evaluate 
bone loss patterns are dual-energy X-ray absorptiometry (DXA) 
(N = 28), radiogrammetry (N = 20) and fracture patterns (N = 11). 

Each method presents unique advantages and challenges. Therefore, 
the choice of method should be informed by these constraints. In the first 
place, there is considerable variation in bone mass between different 
skeletal elements (Peck and Stout, 2007). This heterogeneity in bone 
density is predominantly linked to differences in biomechanical loading 
on the skeletal elements (Peck and Stout, 2007; Ruff, 2018), as well as 
relative ratios of trabecular versus cortical bone (Parfitt, 2002; Riggs 
et al., 2008). This is an important factor to consider during the devel-
opment of the research protocol. The choice of skeletal element might 
also be informed by preservation of the remains, the equipment avail-
able to analyse the remains, or the possibility of destructive sampling; 
however, not every skeletal element will correlate as strongly with 
age-related changes in bone density or quality. Selection of the skeletal 
element(s) should therefore be the determining factor in the 

development of the research questions, as well as the choice of meth-
odology. The tibia and femur are weight-bearing elements, as such their 
microscopic and macroscopic shape and structure are also influenced by 
long-term and general forms of activity and mobility (Gocha et al., 2018; 
Ruff, 2018). Activity induced changes in bone mass and shape of the 
humerus, radius, and ulna have been observed, as well (Macintosh et al., 
2017; Ruff et al., 2015; Scherf et al., 2016), and should therefore not be 
completely overlooked; however, these elements are in general not 
weight bearing. Extreme biomechanically induced alteration of bone 
density and quality of these elements is therefore less common and 
context specific. Ives and Brickley (2005) found that the cortical index of 
the second metacarpal correlates well with bone mineral density in 
other elements of the skeleton, in particular with the vertebra and the 
distal radius (Ives and Brickley, 2005). Therefore, in publications 
focusing on cortical indices, the second metacarpal is slightly more 
commonly used (n = 13; Beauchesne and Agarwal, 2014, 2017; Curate 
et al., 2019; Ekenman et al., 1995; Glencross and Agarwal, 2011; Ives 
and Brickley, 2004, 2005; Mays, 1996, 2000, 2001, 2006; Pfeiffer and 
King, 1983; Umbelino et al., 2019), than the femur (n = 10; Bridges, 
1989; Borrè et al., 2015; Cho and Stout, 2011; Dewey et al., 1969; Dewey 
and Bartley, 1969; Drusini et al., 2000; Ericksen, 1976; Ekenman, 
Eriksson et al. 1995; Mays et al., 1998; Ruff and Hayes, 1983; Van 
Gerven and Armelagos, 1970). Research protocols employing trabecular 
histomorphometry, photon absorptiometry, DXA, and most CT-based 
methods generate data on trabecular bone, or a combination of trabec-
ular and cortical bone. An important consideration for these methods is 
the metabolic activity of the trabecular component versus the cortical 
component of bone. A study by Riggs and colleagues (2008), has 
demonstrated that patterns of bone loss differed between trabecular and 
cortical components of bone, as well as between skeletal elements. The 
authors observed a relative early onset of bone loss in the trabecular 
structures compared to cortical bone. Furthermore, trabecular bone loss 
of appendicular skeletal elements occurred at a lower rate than at the 
lumbar spine (Riggs et al., 2008). A number of paleopathological pub-
lications employing these methods have collected data on more than one 
skeletal element (Beauchesne and Agarwal, 2017; Chirchir et al., 2017; 
Farquharson et al., 1997; Gonzalez-Reimers et al., 2004, 2007; Kneissel 
et al., 1994, 1997; Macho et al., 2005), thereby negating some of these 
issues. In addition to biomechanical loading and cortical to trabecular 
bone ratios, stature can influence bone density results as well. Areal 
bone density scanning techniques are 2D of nature, meaning they do not 
measure true volumetric density, and therefore cannot accurately adjust 
the areal bone density to the size of the scanned element. In adult in-
dividuals of above or below average stature, or in subadults, this can 
lead to an over- or underestimation of bone density (Kröger et al., 1995; 
Lu et al., 1996; Crabtree et al., 2013). Another important concern in the 
development of a research protocol is the possibility to conduct 
destructive analysis. Most histomorphometric methods, as well as some 
cortical index methods employ some level of destruction of the sample. 
Furthermore, detection of diagenetic interference with the sample prior 
to the application of any bone loss method, is hard to distinguish without 
further destruction of the sample (Kendall et al., 2018; Sutlovic et al., 
2016; Turner-Walker, 2008). Destructive analysis of skeletal material is 
not always allowed; skeletal samples are finite and represent a unique 
ethically, culturally, and religiously charged category of study objects. 
Non-destructive analysis is therefore often preferred by curators. 
Finally, the choice of methodology can be dictated by the research 
budget, the equipment and expertise available, and the possibility of 
transportation of the samples between depots and laboratories. These 
and other considerations more specific to the particular method, can 
help guide a researcher to the appropriate method for their collection 
and research questions. The most common ones are visualised in Fig. 1. 

2.1. Initial implications 

Issues associated with this considerable variation in application of 
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Table 1 
Summary of methods used to report changes in bone quantity and quality in paleopathology publications.  

Category Method Description Elements analysed Variables applied Paleopathology references 

Cortical Variables 

Radiogrammetry 
Measurements of the cortical component of 
long bones from anterior-posterior 
radiographs 

Second metacarpal, 
Femur, Tibia 

Medullary width, total element width, 
cortical thickness, cortical index, percent 
cortical area 

Agarwal et al., 2004; Beauchesne and Agarwal, 2014, 2017,  
Borrè et al., 2015, Curate et al., 2019; Ekenman et al., 1995;  
Ericksen, 1976; Glencross and Agarwal, 2011,  
González-Reimers et al., 2002, Gonzalez-Reimers et al., 2004;  
Ives and Brickley, 2004, 2005; Kneissel et al., 1994; Mays, 
1996, 2000; Mays, 2001, 2006; Mays et al., 1998; Pfeiffer and 
King, 1983; Umbelino et al., 2019 

Cross-section Measurements of the cortical component of 
sectioned long bone at midshaft 

Femur 
Medullary width, total element width, 
cortical thickness, cortical index, percent 
cortical area 

Dewey et al., 1969; Drusini et al., 2000; van Gerven and 
Armelagos, 1970; Pfeiffer and King, 1983; Ruff and Hayes, 
1983; White and Armelagos, 1997 

3D-Modelling 
Analysis of cross-sectional geometric 
properties through recreation of 3D-model of 
a long bone 

Tibia, humerus 
Polar second moment of area, cross- 
sectional shape, interlimb strength 
proportions 

Macintosh et al., 2017 

CT Cross sectional CT measurements of the 
cortical component of a long bone at midshaft 

Femur, humerus 
Medullary width, total element width, 
cortical index, cross-sectional area, polar 
moment of inertia 

Bridges, 1989, Borrè et al., 2015 

Trabecular 
histomorphometry 

Photogrammetry 

Digital or manual quantification of trabecular 
structures and changes from (3D) 
photographs, microscope images, or x-rays of 
thin slices 

Femur, tibia, lumbar 
vertebra, pelvis 

BV/TV, Tb.N, Tb.Th, Tb.Sp, N.Nd, N.Tm, 
Tm.Tm, Nd.Nd, Nd.Tm, TBPf, DA, strut 
lengths, distribution of trabecular length, 
percentage trabecular bone 

Agarwal et al., 2004; Brickley and Howell, 1999; Brickley and 
Waldron, 1998; Foldes et al., 1995; González-Reimers et al., 
2002, Gonzalez-Reimers et al., 2004, 2007; Kneissel et al., 
1994, 1997; Mielke et al., 1972; Velasco-Vázquez et al., 1999 

SEM 
Quantification of trabecular structures and 
changes from scanning electron microscopy 
images 

Lumbar vertebra BV/TV, TBPf, Tb.N, Tb.Th, Tb.Sp Kneissel et al., 1994, 1997; Zaki et al., 2009 

micro-CT 
Quantification of trabecular structures and 
changes from micro-CT images 

Humerus, ulna, 
radius, metacarpal, 
femur, tibia 

BV/TV, BS/BV, Tb.N, Tb.Th, Tb.Sp, DA 
Macho et al., 2005; Chirchir et al., 2015; Chirchir, 2019; Ryan 
and Shaw, 2015 

Cortical 
histomorphometry 

Cortical 
histomorphometry 

Quantification of cortical structures and 
changes from thin sections 

(Sixth) Rib, femur, 
pelvis 

OPD, On.Ar, Ac.f, BFR, FO, RS, HcA, AOC 

Beauchesne and Agarwal, 2017; Cho and Stout, 2011; Foldes 
et al., 1995; Mulhern and van Gerven, 1997; Mulhern, 2000;  
Richman et al., 1979; Weinstein et al., 1981; White and 
Armelagos, 1997 

Areal Bone Density 

Photon absorptiometry 

Calculation of bone density, through 
attenuation of radioactive isotopes using 
single- or dual photon absorptiometry or low 
angle X-ray scattering 

Humerus, radius, 
femur, tibia, lumbar 
vertebra 

BMC, BMD, T-score, Z-score, CSMI 
Burr et al., 1983; Ekenman et al., 1995; Farquharson et al., 
1997; Foldes et al., 1995; Lynnerup and Von Wowern, 1997;  
Martin et al., 1985 

Dual X-ray 
Absorptiometry 

Calculation of bone density through 
attenuation of two x-rays beams 

Radius, femur, tibia, 
lumbar vertebra 

BMC, BMD, BMDWA, BMAD, T-score, Z- 
score 

Agarwal and Grynpas, 2009; Bajon et al., 2006; Borrè et al., 
2015, Curate et al. 2014, Curate and Tavares, 2018;  
Farquharson et al., 1997; Foldes et al., 1995; Fulpin et al., 2001, 
González-Reimers et al., 2002, Gonzalez-Reimers et al., 2004;  
Holck, 2007; Hongslo Vala, 2009; Kneissel et al., 1994; Lees 
et al., 1993; Lorkiewicz et al., 2019; Luxton, 2015; Mafart et al., 
2002, 2008; Mays et al., 1998, 2006; McEwan et al., 2004, 
2005; Mnich et al., 2018; Poulsen et al., 2001; Spinek et al., 
2016; Turner-Walker et al., 2001; Zaki et al., 2009 

Volumetric Bone 
Density 

quantitative CT 
Calculation of volumetric bone density and 
geometric properties through CT scanning Tibia TBM Gonzalez-Reimers et al., 2007 

Peripheral quantitative 
CT 

Calculation of volumetric bone density and 
geometric bone properties through CT 
scanning on peripheral skeletal elements 

Humerus, ulna, 
radius, metacarpal, 
femur, tibia, 
metatarsal 

BVF, TBF, BMD, polar second moments of 
area, cross-sectional shape 

Chirchir et al., 2015, 2017; Chirchir, 2019; Macintosh et al., 
2017; Mountain, 2013 

High resolution - 
peripheral quantitative 
CT 

Analysis of trabecular microstructure and 
volumetric bone density through CT scanning 
on peripheral skeletal elements 

Lumbar vertebra BV/TV, Tb.N, Tb.Th, Tb.Sp Beauchesne and Agarwal, 2017 

Miscellaneous Fracture pattern 
Humerus, radius, 
femur, tibia, fibula, 

Impaction, rotation, displacement, non- 
union, avascular necrosis, and stage of 

Curate et al., 2010, 2011; Curate et al., 2013, 2016; Curate 
et al., 2019; Glencross and Agarwal, 2011; Hongslo Vala, 2009;  

(continued on next page) 
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Table 1 (continued ) 

Category Method Description Elements analysed Variables applied Paleopathology references 

Quantification of fragility fractures in a 
skeletal collection as an indicator of 
osteoporosis prevalence rates 

ribs, vertebrae, 
sacrum 

healing of the fractured element. Posterior, 
anterior, and middle height of T4-L4. 

Ives et al., 2016; Lorkiewicz et al., 2019; Mensforth and 
Latimer, 1989; Roberts and Wakely, 1992 

Estimated density Estimation of bone density through 
placement of the skeletal element in a box 
filled with sand. The volume of the displaced 
sand correlates with the bone density 

T12, L1, L2 BD Gonzalez-Reimers et al., 2004 

Quantitative 
ultrasonometry 

Interpretation of the characteristics of the 
ultrasound signal passed through peripheral 
skeletal elements 

Proximal phalanx AD-SoS, BTT, UBPI Natascia et al., 2018 

BV/TV: Bone volume fraction. 
Tb.N: Trabecular number. 
Tb.Th: Trabecular thickness. 
Tb.Sp: Trabecular spacing. 
N.Nd: Number of nodes. 
N.Tm: Number of termini. 
Tm.Tm: Terminus to terminus. 
Nd.Nd: Node to node. 
Nd.Tm: Node to terminus. 
TBPf: Trabecular bone pattern factor. 
DA: Degree of anisotropy. 
OPD: Osteon population density. 
On.Ar/OA: osteon area/mean osteon size. 
Ac.f: mean annual activation frequency. 
BFR: mean annual bone formation rate. 
FO: forming osteon density. 
RS: resorption space density. 
HcA: Haversian canal area. 
AOC: accumulated osteon creations. 
CSMI: cross-sectional moment of inertia. 
BMC: bone mineral content, grams of bone mineral in the scanned area. 
BMD: bone mineral density in g/cm2. 
BD: bone density in g/cm3, specific to estimated density. 
T-score: bone mineral density score relative to a young adult cohort. 
Z-score: bone mineral density score relative to an age-matched cohort. 
BMDWA: bone mineral density whole area (González-Reimers et al., 2002). 
BMAD: bone mineral apparent density (Poulsen). 
TBM: Trabecular bone mass (Gonzalez-Reimers et al., 2007). 
BVF: Bone volume fraction (Chirchir). 
TBF: Trabecular bone fraction. 
AD-SoS: amplitude-dependent speed of sound. 
BTT: Bone transmission time. 
UBPI: Ultrasound bone profile index. 
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methods to analyze bone loss have been raised in paleopathology re-
views before (Agarwal, 2018; Beauchesne and Agarwal, 2017; Brickley 
and Agarwal, 2003; Brickley et al., 2020; Curate, 2014; Mays, 1999). 
However, limited consideration is given to how this might influence our 
conclusions, or whether it is desirable to develop a best practice for the 
methodology of osteoporosis in the field of paleopathology. 

The variation in methodology can be explained by a number of 
factors. First, the popularity as well as the decline of methods in a bio-
archaeological context mimics the development, implementation, and 
abandonment of those methods in clinical settings. Second, the costs and 
accessibility of equipment forms a determining factor. This is most 
clearly demonstrated in the case of DXA, which is available in almost 
every hospital, whereas some of the more specialised CT scanners are 
harder to access. Last, different methods are suitable for different 
research questions. The demand to answer different research questions 
stimulates the supply of new and different methods. 

While each of these methods generate a wealth of information on the 
different mechanisms and drivers of bone loss, there are also some 
concerns associated with this variation in methodology: most impor-
tantly, there is no one clear operational definition of osteoporosis in a 
paleopathological context; second, it complicates meta-analyses of the 
studies published so far, which is confounded further by the fact that 
diagenesis is addressed in an inconsistent manner. As Curate (2014) 
stated in his review, the operational definition of osteoporosis in a 
clinical application has changed with the development of methods to 
diagnose the disease. Since DXA is currently the most frequently used 
clinical method, the WHO T-, and Z-scores have become the gold 

standard (World Health Organization, 1994). However, with the intro-
duction of more advanced CT scanning methods, T- and Z-scores 
developed specifically for these methods have been applied, as well 
(Khoo et al., 2009). The paleopathological literature seems to mirror this 
trend, a shift in the use of methods can be detected from photon ab-
sorptiometry methods in the 1980s to DXA and radiogrammetric 
methods in the 1990s and early 2000s, to CT-based scanning methods in 
the 2010s (Fig. 2). 

However, none of these scanning-based methods can reliably use the 
T-, and Z-scores generated from their study samples to diagnose osteo-
penia or osteoporosis in skeletal populations. It is unclear if the modern 
populations used to calculate the BMD thresholds are compatible with 
ancient archaeological populations. In addition, for many of the studies, 
diagenetic changes to the measured BMD scores cannot be quantified 
and, thus, the respective T-, and Z-scores cannot be corrected for site- 
specific diagenetic processes. Furthermore, in order to grasp whether 
or not bone loss patterns are normal or deviating, accurate and precise 
sex and age-at-death estimation of the individuals included in the study 
sample is crucial. Age-at-death for younger individuals can be estimated 
within reasonable accuracy, however age estimation of old adults is 
associated with much larger uncertainty (M. Cox, 2000) and, as such, 
most old adults are commonly grouped into one age category of 50 + . 
Considering that osteoporosis is most commonly diagnosed in old adults, 
further refinement of this age category is desired to get a better under-
standing of the true prevalence of osteoporosis. Therefore, paleopatho-
logical studies rarely attempt to directly classify individuals in their 
collections as osteopenic or osteoporotic, and thus they study changes in 

Fig. 1. Decision making tree for bone density methods in archaeological bone.  
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bone loss patterns rather than osteoporosis prevalence rates. As a result, 
not every publication uses the same terminology. Certain studies refer to 
generalised bone loss, or a loss in bone density or structure (Borrè et al., 
2015; Brickley and Howell, 1999; Glencross and Agarwal, 2011; Ives 
and Brickley, 2005; Mays, 2006; Poulsen et al., 2001), whereas other 
studies specifically address osteoporosis (Curate et al., 2013; Foldes 
et al., 1995; Lorkiewicz et al., 2019; Mnich et al., 2018; Spinek et al., 
2016; Zaki et al., 2009). 

The paleopathology of osteoporosis will benefit from direct com-
parisons between populations and time periods to create a deeper time 
perspective of the disease and to help distinguish between more general 
and more unique drivers of bone loss specific to the past. Waldron has 
suggested only diagnosing osteoporosis if an individual has sustained a 
fragility fracture (Waldron, 2009). Fragility fractures are the most 
drastic consequence of osteoporosis, and present as fractures of the 
vertebra, the femoral neck, distal radius, and proximal humerus. Due to 
the decrease in bone quantity and quality, these fractures are low-impact 
in nature, and as mentioned above, are associated with considerable 
morbidity and mortality (Johnell and Kanis, 2006; Kanis et al., 2012). 
Fragility fractures are not as frequently encountered in archaeological 
contexts (Brickley, 2002; Curate et al., 2010; Hongslo Vala, 2009; Ives 
et al., 2016). This has been interpreted as a result of differences in de-
mographic composition between past and present populations. The use 
of presence or absence of fragility fractures as the pathognomonic 
feature of osteoporosis is complicated. After a fracture is healed, it is not 
always possible to assess when the fracture was sustained, nor if it was a 
true fragility fracture. Methods to score these fractures can vary, as well 
(Curate et al., 2016; Roberts and Wakely, 1992). In addition, as Waldron 
has noted, this would significantly (falsely) reduce the prevalence of 
osteoporosis in the past, and the possibility of being osteoporotic 
without presenting with a fracture. The recent advancements in CT 
scanning can perhaps shift the focus to the development of an opera-
tional definition unique to skeletonized remains, based on changes to 
both cortical and trabecular bone structure, rather than solely empha-
sizing bone mass; hence, including both bone quantity and quality. A 
movement in this direction is already witnessed in a few recent papers 
(Beauchesne and Agarwal, 2017; Chirchir et al., 2015; Chirchir, 2019; 
Macho et al., 2005), and the development of a method that facilitates 
direct comparison of in vivo and dry trabecular CT-scanned bone (Saers 
et al., 2020). So far, however, these have not led to consensus. Bone mass 
is still an informative marker of bone loss patterns within populations 
and should not be abandoned altogether, but rather combined with 

other bone loss methods and quantifiable variables, such as comorbid-
ities, diet, and site information in order to increase resolution. 

3. Osteoporosis in the archaeological record 

Most paleopathological studies have focussed on bone loss patterns 
within populations from Europe (n = 55) and North America (n = 15) 
and to a lesser extent Northern Africa (n = 10), the Levant (n = 4) and 
South America (n = 1) (Fig. 3). 

Since there are significant differences in susceptibility to osteopo-
rosis between modern populations (Cheng et al., 2011; Johnell and 
Kanis, 2006; Lunt et al., 1997), it is likely that population-based dif-
ferences would have been present in the past as well and might have 
contributed to observed differences in bone density patterns between 
publications. Furthermore, not every time period is represented equally. 
The samples used in paleopathological studies date between the Plio-
cene (5.33− 2.58 Mya) and the Late Modern period (1800 CE-present), 
with the majority dating to the European High and Late Medieval 
period (1000–1500 CE), and the Early Modern period (1500–1800 CE). 
The most frequently studied skeletal collection is that from Wharram 
Percy, England (n = 8) followed by the Coimbra Identified Skeletal 
Collection, Portugal (n = 7), both from Europe. This overrepresentation 
of Medieval and Modern collections is most likely a direct result of 
sample size and differences in taphonomy. The more recent collections 
tend to be better preserved, and the treatment of the dead in the Euro-
pean Medieval period, centralized Christian cemeteries, lends itself to 
population-based analysis compared to prehistoric ossuaries, single elite 
burials, or urnfield burials. 

Uneven access to equipment or expertise, or travel restrictions 
imposed on archaeological samples also factor into the observed skewed 
sample distribution. In addition to methodological challenges, this bias 
in material, geographical distribution, and time periods also contributes 
to the mosaic of varying observations of bone density in the past. 
However, there is a small selection of papers that undertook direct 
comparisons between different regions (Mays et al., 2006), time periods 
(Bajon et al., 2006; Holck, 2007; Natascia et al., 2018; Perzigian, 1973; 
Spinek et al., 2016), or both (Chirchir et al., 2015, 2017; Chirchir, 2019; 
Curate et al., 2011; Ryan and Shaw, 2015). These studies are more 
informative when it comes to the interpretation of bone loss in a broader 
time scale or regional context because of the continuity in methodology 
and sample selection process. Having control over the preservation and 
data collection will reduce the noise associated with bone density 

Fig. 2. Frequency of most common bone loss estimation methods by decade.  
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studies and improve the reliability of direct comparisons between two or 
more skeletal assemblages. This does not mean that single assemblage 
studies are uninformative, rather they inform us of processes relating to 
bone loss within a population. The field of paleopathology derives its 
relevance from its ability to place current conditions in a deeper time 
perspective, to demonstrate how the prevalence, manifestation, etiol-
ogy, and attitudes towards the condition, have changed throughout 
time, and even how this can affect current trends. In order to do this for 
osteoporosis and bone density trends in general, a robust and reliable 
comparison of data between regions and time periods is essential. 

3.1. Detangling temporal trends from cultural and technological 
revolutions 

Diachronic studies all observe some decline in general bone density 
or acceleration of age-related bone loss through time. The differences in 
bone loss patterns are generally associated with differences in mobility 
relating to changes in subsistence strategies. The largest shift in bone 
density loss patterns is commonly observed between hunter-gatherer 
and early farming communities (Chirchir et al., 2017; Ryan and Shaw, 
2015; Perzigian, 1973), as well as between early farming communities 
and (Medieval) urban populations (Holck, 2007; Spinek et al., 2016). 
This is due to the relationship between bone density and activity. The 
levels of loading associated with a more mobile hunter-gatherer lifestyle 
are assumed to be higher than in a sedentary farming lifestyle (Ruff, 
2018), which in turn are assumed to be higher than those associated 
with an urbanized environment. This is used to explain why generalized 
loss in bone density does not occur uniformly at the same moment in 
time globally, but at different times during similar technological revo-
lutions. These studies seem to underline the dominant role of lifestyle in 
the etiology of bone loss and osteoporosis. However, not all papers 
observe a simple decline in BMD (Brødholt et al., 2021). When recent 
modern humans are compared to extinct and extant hominids they 
appear to have developed a more gracile body plan, and it would be 
relevant to establish whether or not these recent changes are an 

expression of predominantly cultural and technological or also evolu-
tionary events. The papers covering the longest timespan (Chirchir et al., 
2015; Chirchir, 2019) observed general high bone density in extinct 
hominin and extant hominid species compared to early modern humans. 
The bone density seemed to decline slightly from australopithecines to 
early modern humans, after which bone density declined dramatically in 
recent modern humans some time during the transition from the Pleis-
tocene to the Holocene. The authors believe that the relative recent 
onset of our low bone mass is not just a result of our modern human body 
plan, but likely caused by a mix of changes in mobility and evolutionary 
processes. 

The question of whether evolution or technical and cultural revolu-
tions are the main driver of this relative recent loss in bone density is the 
most important research theme when assessing osteoporosis on a deep 
timescale, and one that is receiving more attention recently (Cox et al., 
2019; Ruff, 2017). Still, more data should be gathered, in a uniform 
matter, to be able to start to answer this question. To start with, bone 
density patterns also need to be more commonly compared between 
populations with similar, rather than contrasting subsistence strategies. 
If subsistence strategy is expected to have the largest impact on bone 
density, a hunter-gatherer population from, for instance, the Scandina-
vian Pitted Ware culture (3200− 2300 BCE), would be expected to plot 
closer to a mainland European Mesolithic hunter-gatherer population 
than a Scandinavian Bronze Age farming population. These comparisons 
are rare (Turner-Walker et al., 2001). This would require quantification 
of lifestyle and its associated activity, which is challenging when 
working with archaeological assemblages. 

3.2. Osteoporosis in the past: differences in lifestyle or differences in study 
design? 

Bone biology is intricately linked to general health, which is why the 
study of pathological changes in bones can be so informative on past 
health. Due to the nature of the bone metabolic pathway, bone density 
can be influenced by a number of factors (Bolanowski et al., 2015; 

Fig. 3. Geographic distribution of bone loss pattern publications.  
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Bonjour et al., 2015; Madimenos, 2015; Pearson and Lieberman, 2004; 
Singh, 2015). Because of this connection, bone density patterns in 
archaeological skeletal collections have the potential to act as an archive 
for the recording of population specific lifestyle patterns or individual 
life events. In these instances, bone density patterns have been studied to 
reveal information on past activity, parity, and lactation (Agarwal and 
Grynpas, 2009; Mays et al., 1998, 2006; Mulhern, 2000; Poulsen et al., 
2001), menopause (Cho and Stout, 2011; Mays, 2000; Lees et al., 1993; 
Zaki et al., 2009), diet (Nelson et al., 2015), and even childhood stress 
(McEwan et al., 2005). Female bone loss patterns have been especially 
variable within and between archaeological populations. In some cases, 
this was attributed to gender-based activity patterns (Macintosh et al., 
2017; Mafart et al., 2002; Mulhern and Van Gerven, 1997; Spinek et al., 
2016); however, more commonly, these variations were explained 
through female reproductive dynamics. Papers signaling a more pro-
nounced early onset of bone loss in the female adult population inter-
preted these outcomes as the result of an increased physical demand 
placed on females through higher parity rates and extended breast-
feeding and weaning times, combined with suboptimal access to dietary 
calcium sources (Agarwal and Grynpas, 2009; Mays, 1996; Poulsen 
et al., 2001). Interestingly, the few publications that had access to 
archival information to inform on parity rates of the females included in 
their samples, found no significant correlation between parity and bone 
loss in young adulthood (Curate and Tavares, 2018; Mays, 2000). Pat-
terns of bone loss in old-adult females are often related to timing of 
menopause (Cho and Stout, 2011; Curate et al., 2019; Fulpin et al., 2001; 
Glencross and Agarwal, 2011; Lees et al., 1993; McEwan et al., 2004; 
Mafart et al., 2008; Mensforth and Latimer, 1989; Umbelino et al., 2019; 
Zaki et al., 2009). Onset and degree of bone loss in females also differed 
within the same study population depending on the method used to 
assess bone loss patterns; reflecting the complicated metabolic processes 
underlying bone loss in the female skeleton, as well as the influence of 
skeletal element selection on the outcome of the study. For example, in 
the Late Modern Spitalfields collection, Lees and colleagues (1993), 
using a DXA scanner on the proximal femur, detected no significant 
decrease in BMD after menopause, whereas Mays (2000), using meta-
carpal radiogrammetry, found an increase of medullary width from 45 
to 50 years and older. Similarly, for the Wharram Percy collection, 
Agarwal and Grynpas (2009), using a DXA scanner on lumbar vertebrae, 
registered bone loss at an earlier age than in modern populations. 
Whereas Mays and colleagues (1998), using a DXA scanner and radio-
graphs for BMD and CI of the femur, noticed BMD bone loss occurring at 
an earlier age, as well, but CI loss more similar to modern populations. 
However, without inclusion of other covariables during data collection, 
hypotheses surrounding female reproductive dynamics cannot be 
accurately tested. Currently, using osteoarchaeological methods, it is not 
possible to assess age of onset of menopause. There are skeletal markers 
to indicate presence and frequency of parturition; however, these are not 
yet precise (Igarashi et al., 2020). Through the application of stable 
isotope analysis, breastfeeding and weaning patterns experienced dur-
ing childhood can be reconstructed and can be extrapolated to inform on 
maternal lactation patterns. Methods to detect skeletal indicators of 
pubertal timing, which could be used as a proxy for the age of onset of 
menarche, have also been developed (Arthur et al., 2016; Henderson 
and Padez, 2017; Lewis et al., 2016; Shapland and Lewis, 2014). Neither 
of these osteological and isotopic methods have been applied to bone 
density research as of yet. When focusing on maternal health to form 
hypotheses, it is also important to consider the osteological paradox 
(Wood et al., 1992). If suboptimal maternal health might have 
contributed to the early death of these women, it would be a logical 
consequence that these women experienced a greater loss in BMD 
compared to the women who lived past this life phase. This is an 
observation also made by Poulsen and colleagues (2001) from their 
Danish Medieval data, but not commonly made elsewhere. 

Sex-related differences in bone density were not observed in every 
collection. Females and males from rural Wharram Percy displayed no 

significant differences in mean BMD, whereas their urban counterparts 
of Royal Mint did (Agarwal, 2012). The individuals excavated at a Me-
dieval North-Italian cemetery in Trino showed no significant differences 
in cortical index nor in bone density of the proximal femur and the 
lumbar vertebra between males and females (Borrè et al., 2015), as was 
the case for the Point of Pines Pueblo individuals studied by Mountain 
(2013) and the foragers, farmers and early modern individuals from the 
study by Chirchir and colleagues (2017). Given that these results are 
exceptions rather than the rule, and that there are no similarities be-
tween the studied samples of the different research groups, these ob-
servations are more likely the result of population- or site-specific 
processes. 

The next most commonly explored lifestyle factor is diet. Insufficient 
and homogenous diets can cause a decrease in bone density (Bonjour 
et al., 2015; Garnero et al., 2000; Nelson et al., 2015; Sugimoto et al., 
1997). Paleopathological studies taking into account diet have mostly 
focussed on the availability of adequate sources of calcium (Mays et al., 
1998; Mays, 2006; Weinstein et al., 1981) and the reliance on grains or 
animal protein in diet (González-Reimers et al., 2002; Martin et al., 
1985; Perzigian, 1973; Pfeiffer and King, 1983; Pfeiffer and Lazenby, 
1994; Richman et al., 1979; Velasco-Vázquez et al., 1999). The explo-
ration of bone density through the lens of diet occurred more frequently 
in early publications. However, these studies seemed to produce 
ambiguous results and it was hard to establish a direct relationship be-
tween diet and observed bone density patterns and, thus, mobility and 
life history replaced diet as a popular theme to study bone density in 
later publications. Recently, isotopic methods have been applied to bone 
density studies on archaeological populations to revisit the discussion on 
bone loss and diet, with particular focus on the protein component of the 
diet (Luxton, 2015) and the effect of long term dietary stress on bone 
density (Robertson et al., 2017). This recent revival again brings to the 
forefront the importance of covariables beyond bone density or bone 
structure to build hypotheses. Most paleopathological papers tend to use 
only contextual, demographic, and bone density data as a starting point 
for the formation of hypotheses surrounding bone loss in the past. This 
means that any observed relation between bone density and parity or 
activity are deduced from the distribution of bone density between 
males and females, different age categories, or archaeological contexts. 
It is less common that other lines of evidence, such as isotopic or 
paleopathological data, are drawn in to support these hypotheses. The 
paper by McEwan and colleagues (2005) studying the correlation be-
tween stress indicators and juvenile bone density, the publications by 
Brickley and Waldron (1998) and Burr and colleagues (1983) assessing 
the relationship between bone density and osteoarthritis (Brickley and 
Waldron, 1998; Burr et al., 1983), the few isotope papers (Luxton, 2015; 
Robertson et al., 2017; White and Armelagos, 1997), the papers drawing 
on archival information (Curate and Tavares, 2018; Mays, 2000), and a 
paper by Mnich and colleagues studying the relation between bone 
density and the mutation associated with lactase persistence in a Polish 
population (Mnich et al., 2018) are rare occurrences. 

4. Ancient DNA and non-communicable disease: osteoporosis as 
a test case? 

4.1. Paleopathology and ancient DNA 

The application of ancient DNA to the study of past disease has been 
quite successful through the sequencing and studying of pathogen DNA 
(Bos et al., 2014; Donoghue et al., 2017; Namouchi et al., 2018; Vågene 
et al., 2018), which has given us unique, relevant and unexpected in-
sights into the burden of infectious disease on past populations. This is 
less so the case for non-communicable disease, which has only been 
limited to papers testing the relation between a small set of SNPs (single 
nucleotide polymorphisms) and bone density patterns (Spinek et al., 
2016; Mnich et al., 2018) and the sporadic observation of the presence of 
mutations associated with cystic fibrosis and hemochromatosis (Cassidy 
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et al., 2016). This lack of studies into non-communicable disease is in 
part caused by the relatively recent technological and computational 
advances allowing the identification of the genetic markers for complex 
non-communicable disease (caused by a large number of mutations, 
most of which have a small effect size), but also because there are only 
very few non-communicable diseases for which a clear phenotype can be 
observed on skeletonized archaeological human remains. However, 
studying genetic predisposition to non-communicable pathologic con-
ditions or traits is extremely relevant. The original publication on the 
osteological paradox raised the issue of hidden heterogeneity in risk 
(Wood et al., 1992). This concept highlights the problem that in an 
average population not every individual will be equally susceptible to a 
disease, which makes it complicated to translate aggregate mortality 
rates to risk of death (Wood et al., 1992). It is one of the themes that has 
proven to be more difficult to address even in more recent paleopatho-
logical research (DeWitte and Stojanowski, 2015; Wright and Yoder, 
2003). The application of ancient DNA data targeted to communicable 
and non-communicable disease might elucidate an individual’s risk for 
contracting a pathologic condition, which will help better contextualize 
morbidity and mortality rates in past populations. Some studies have 
already identified the presence of alleles associated with conditions such 
as lactase persistence (Cassidy et al., 2016) and the major histocom-
patibility complex (involved in immune response), as well as identified 
changes in allele frequencies for more complex traits such as height and 
skin pigmentation (Mathieson et al., 2015; Martiniano et al., 2017; Cox 
et al., 2019). These studies have already demonstrated differences be-
tween populations and time periods in past Europe. Therefore, the 
application of ancient DNA to the paleopathology of non-communicable 
disease, in particular to diseases with an observable phenotype such as 
osteoporosis, is an exciting possibility providing a new temporal, bio-
logical and cultural context to modern diseases. 

4.2. From GWAS to candidate genes 

With the advent of Next-Generation Sequencing techniques and 
more sophisticated bioinformatic tools, larger amounts of genomic data 
could be generated, processed, analysed, and modelled. These advances 
gave way to genome-wide association studies (GWAS), a form of analysis 
that looks for significant associations (P<5 × 10-⁸) between the fre-
quencies of SNPs present in large cohorts of people with and without the 
phenotype. The individuals from the cohort with the studied phenotype 
would be expected to share a number of SNPs that the individuals from 
the cohort without the phenotype do not share (McCarthy et al., 2008). 
Due to the large amounts of data that can be generated and processed, 
large amounts of variants with small effect sizes can be detected. To 
date, 19 GWAS targeting osteoporosis have been performed on cohorts 
ranging between 5275 (Timpson et al., 2009) and 426.824 individuals 
(Morris et al., 2019). Together these studies have identified up to 515 
loci, housing 1103 SNPs, associated with bone mineral density, fracture, 
and bone quality (Duncan et al., 2011; Estrada et al., 2012; Forgetta 
et al., 2018; Guo et al., 2010; Hsu et al., 2010; Kemp et al., 2017; Koller 
et al., 2010; Kung et al., 2010; Medina-Gomez et al., 2012; Medi-
na-Gomez et al., 2016, 2018; Morris et al., 2019; Richards et al., 2008; 
Rivadeneira et al., 2009; Styrkarsdottir et al., 2009, 2008; Timpson 
et al., 2009; Xiong et al., 2009; Zheng et al., 2012), explaining up to 20 % 
of the variance in bone density. 

The SNPs identified in GWASes are not necessarily the variants that 
directly cause the disease, but they are highly associated with the 
phenotype. Through a process of mapping these SNPs to nearby genes, 
comparative genomic models (Cooper and Shendure, 2011), or through 
the application of machine learning (Forgetta et al., 2018), the candi-
date genes and subsequent underlying biological processes can be 
identified. In the case of osteoporosis there are no common genetic 
variants with a large effect, but rather a large number of SNPs with a 
small effect size. There are a few causal pathways that are consistently 
identified in a large share of the GWASes. First is the WNT signaling 

pathway. This pathway is important for embryogenesis and limb 
development and directly interacts with the NOTCH pathway, which in 
turn directly interacts with the endochondral ossification pathway 
(Trajanoska and Rivadeneira, 2019; Velasco et al., 2010). The second 
pathway is the RANK-RANKL-OPG pathway, which is involved in the 
remodeling process of bone. RANK interacts with RANKL to promote 
osteoclastic (resorptive) cell activity, whereas OPG acts as a decoy for 
RANKL to moderate this resorption process. Knockout of OPG leads to 
severe osteoporosis and conditional deletion of RANKL leads to increase 
of femoral cancellous bone (Richards et al., 2012). The third pathway, 
endochondral ossification, is a collective term for a number of pathways 
that are involved in the transition from a cartilaginous precursor to the 
final ossified bone. When disruption of one of these pathways occurs, 
cartilage formation can be disturbed, ossification can be prevented 
completely, it can interfere with differentiation of osteoblasts, or with 
the adhesion of osteoclasts to the bone surface. Loci relating to the 
formation of proteins involved in these pathways have been identified in 
GWASes targeting the osteoporosis phenotype (Trajanoska and Riva-
deneira, 2019; Richards et al., 2012). 

4.3. Complex traits in the past 

As mentioned before, both modern clinical studies and osteo-
archaeological studies have demonstrated population-specific differ-
ences in osteoporosis prevalence rates and bone density patterns. Some 
papers have hypothesized that a difference in genetic predisposition 
underlies these differences in BMD between our current ethnic groups 
(Ballane et al., 2017; Cauley et al., 2014; Lei et al., 2006). However, 
since most of the GWASes have focussed on Caucasian populations, with 
only limited replication in other ethnic groups, these differences have 
not yet been quantified (Richards et al., 2012). There are several 
methods that calculate changes in allele frequencies between pop-
ulations or within one population throughout time, determine if these 
changes are significant, and whether they are the result of drift or se-
lection (Malaspinas et al., 2012; Mathieson and McVean, 2013; Berg and 
Coop, 2014; Foll et al., 2015). The choice of method will be dictated by 
the dataset, the type of targeted variants, and exact research questions 
(Malaspinas, 2016). A small number of papers using these principles on 
archaeological human material have already been published (Cox et al., 
2019; Martiniano et al., 2017; Mathieson et al., 2015). These studies 
have identified population-specific differences in genetic height within 
past Europe, as well as temporal trends of both decreasing and 
increasing stature, often related to episodes of more intense admixture. 
These results are encouraging for the application of ancient genomic 
analysis to bone loss studies. The analysis of BMD-related allele fre-
quencies can be especially valuable in diachronic studies and studies 
with a wide geographic distribution of samples in order to get a better 
understanding of the influence of environment versus genotype on 
observed patterns in bone loss. Reduced sequencing costs, as well as 
streamlined bioinformatic pipelines, make inclusion of ancient genomic 
analyses to future bone loss studies a more realistic option. 

5. Conclusions 

Through the evaluation of bone density estimation methods applied 
in paleopathology papers, this paper has raised several issues concerning 
the paleopathology of osteoporosis. Paleo-osteoporosis research has 
been subject to many different approaches, which has served to test a 
range of hypotheses regarding the relationship between bone loss and 
factors such as activity, diet, and life history. This has generated insights 
into the different causes and mechanisms behind bone loss in the past. 
However, the considerable variation in methodology has also imposed 
some limitations on the conclusions drawn from these publications. 

First, the large variation in methods used to record bone loss impedes 
direct comparison of results between studies. Furthermore, because the 
different methods generate different types of data, the research focus, 
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and subsequent terminology, has varied between studies. While 
designing a research protocol that is best suited to the study material, 
researchers should also try to implement practices that facilitate cross- 
comparison of published research, such as a more uniform terminol-
ogy and the application of an operational definition of osteoporosis 
specific to skeletonized remains. More frequent use of CT-based methods 
to generate both volumetric bone density and bone quality data could 
aid in that effort. Ultimately, conference dedicated to creating a 
consensus amongst paleopathologists working in the field of bone 
quantity and quality will be the best way to establish lasting best 
practices. 

Second, there is a notable bias in samples towards European and 
Medieval samples, which has potentially influenced important hypoth-
eses surrounding bone loss in the past. This complicates meaningful 
synthesis. Expanding the time depth and geographical coverage of 
investigated skeletal collections is necessary to allow researchers to 
more accurately distinguish between geographic or temporal variables, 
and more uniform trends. 

Third, variations in research protocols and sample selection between 
publications adds uncertainty to the conclusions drawn in these studies 
and cannot rule out other impacting factors such as associated changes 
in diet and health, or population-specific propensity to bone loss. In-
clusion of more covariables, aside from bone density and basic de-
mographic data, during the data collection stage will help contextualize 
the relation between life history or lifestyle, and bone density in the past. 

Last, the Next-Generation Sequencing revolution and its application 
to archaeological samples has tremendous promise to inform past 
health. It has the potential to identify individuals or populations more or 
less predisposed to a pathologic condition, and if there are observable 
changes in genetic predisposition between populations or throughout 
time. Despite the methodological challenges outlined in this paper, 
osteoporosis is one of the few non-communicable conditions that has a 
phenotype that can be observed in skeletonized remains, and the genetic 
architecture of the disease is becoming better understood. Therefore, 
ancient genomic analysis would be a valuable addition to the osteopo-
rosis methodological toolkit. 

As the field of bioarchaeology continues to develop and adapt more 
sophisticated methods to study a wide range of topics from health, diet, 
migration and adaptation in the past, it can become challenging for 
bioarchaeologists to determine the best methods to employ to research 
questions in order to propel our (sub)field forward. In the paleopa-
thology of osteoporosis, there are many methods to choose from and 
opportunities to develop and further streamline the toolkit. Discourse 
between researchers should include discussion on the future direction 
that this field is heading. 
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Hum. 20, 181–185. 

Mafart, B., Fulpin, J., Chouc, P.Y., 2008. Postmenopausal bone loss in human skeletal 
remains of a historical population of Southeastern France. Osteoporosis Int. 19 (3), 
381–382. 

Malaspinas, A.S., 2016. Methods to characterize selective sweeps using time serial 
samples: an ancient DNA perspective. Mol. Ecol. 25 (1), 24–41. 

Malaspinas, A.S., Malaspinas, O., Evans, S.N., Slatkin, M., 2012. Estimating allele age and 
selection coefficient from time-serial data. Genetics 192 (2), 599–607. 

Martin, R.B., Burr, D.B., Schaffler, M.B., 1985. Effects of age and sex on the amount and 
distribution of mineral in Eskimo tibiae. Am. J. Phys. Anthropol. 67 (4), 371–380. 
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Mnich, B., Spinek, A.E., Chyleński, M., Sommerfeld, A., Dabert, M., Juras, A., Szostek, K., 
2018. Analysis of LCT-13910 genotypes and bone mineral density in ancient skeletal 
materials. PLoS One 13 (4), e0194966. 

Morris, J.A., Kemp, J.P., Youlten, S.E., Laurent, L., Logan, J.G., Chai, R.C., Vulpescu, N. 
A., et al., 2019. An atlas of genetic influences on osteoporosis in humans and mice. 
Nat. Genet. 51 (2), 258–266. 

Mountain, R.V., 2013. Social Stress and Bone Loss at Point of Pines Pueblo, Arizona: A 
pQCT Study on Archaeological Bone. The University of Arizona. http://hdl.handle. 
net/10150/311471. 

Mulhern, D.M., 2000. Rib remodeling dynamics in a skeletal population from Kulubnarti, 
Nubia. Am. J. Phys. Anthropol. 111 (4), 519–530. 

Mulhern, D.M., Van Gerven, D.P., 1997. Patterns of femoral bone remodeling dynamics 
in a medieval Nubian population. Am. J. Phys. Anthropol. 104 (1), 133–146. 
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