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ABSTRACT

Background: Like many other chronic conditions, osteoporosis has been proposed to follow a social gradient
where socio-economic disadvantage is associated with a higher diagnosis and fracture risk. While evidence for
this association has come from biomedical research, and independent observations from studies on ancient
human remains, the relationship between measured socioeconomic status (SES) and various parameters of ‘bone
health’ appears inconsistent across different populations, methods, and timeframes. In this review article, we
apply a comprehensive social and evolutionary framework to assess the spatial and temporal variation of SES on
bone health.

Methods: A systematic review of the current biomedical and archaeological literature examined the association
between SES and bone health. Peer reviewed articles were obtained through Google Scholar and PubMed. Four
quantitative indicators of bone health were considered: bone mineral density (BMD), cortical index, osteoporotic
fractures, and histomorphometry.

Results: Forty articles were identified, of which 30 reported a significant association between low SES and low
BMD and/or high fracture risk. The earliest evidence for socially patterned osteoporosis was possibly in Ancient
Egypt (2687-2191 BCE).

Conclusion: The examined literature generally supported the association between social disadvantage and poor
bone health outcomes, following the social gradient. However, we found that research on both modern and
archaeological skeletal samples does not always account for intraskeletal variability or use comparable methods
when assigning SES, creating between-study inconsistencies. We highlight the contributions of archaeological
studies on social conditions and bone fragility, emphasising that socially patterned osteoporosis is not a solely
modern-day occurrence.

1. Introduction

lifestyle and structural factors outside of our control influence health
through inequal access to essential resources such as education,

Osteoporosis is often considered a modern disease based on the
extended life expectancy of people today, although cases of increased
fragility and bone loss extend back to prehistoric populations (Perzigian,
1973; Zaki et al., 2009). Osteoporotic fractures due to the loss of bone
and structural deterioration have become a social and economic burden
in recent years (Burge et al., 2007; Hernlund et al., 2013; Shen et al.,
2022). A Social Determinants of Health (SDoH) (World Health Organi-
zation, 2008, 2025) lens applied to skeletal conditions recognises the
role that socioeconomic inequality plays in health outcomes (Brennan-
Olsen et al., 2019). The SDoH framework engages with the idea that
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healthcare, nutrition, housing and occupational opportunities, and
predisposes those in disadvantaged socioeconomic positions to poorer
bone health outcomes, especially when social marginalisation is expe-
rienced during key skeletal formation phases such as peak bone mass
accrual in the first three life decades (Brennan-Olsen et al., 2019). A
social gradient of osteoporosis has been recognised with lower socio-
economic groups often demonstrating higher rates of fractures when
compared to groups of higher status (Brennan et al., 2015; Brennan-
Olsen et al.,, 2016). Despite this gradient, biomedical studies have
either continued to report mixed conclusions on the association between
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bone loss and socioeconomic status (SES) or, as has been identified in
previous systematic reviews, have had limited engagement with SES as a
factor in understanding ‘bone health’ (Brennan et al., 2015; Brennan-
Olsen et al., 2016). Bone ‘health’ is a general term used to describe
the various properties of bone tissues, including but not limited to
strength, density, and structural integrity (Office of the Surgeon, 2004).
Here, we are using this term to encompass both bone quality - strength
and resistance as a result of the composition of collagen and bone
mineral matrix (Compston, 2006), and quantity — bone mass and/or
mineral density as a measure of the amount of bone tissue in the skeleton
(Docaj and Carriero, 2024).

In those biomedical studies where social factors have been accounted
for when researching osteoporosis, one of the most prevalent sources of
between-study heterogeneity and incomparability is the methods used
in determining SES. This is not a strictly biomedical problem as sociol-
ogists and epidemiologists have discussed issues with measuring SES for
decades (Brennan et al., 2009b, 2011; Valentin et al., 2021). Across
biomedical literature, SES has been assigned at multiple levels,
including individual, household, suburb, and regional, using a range of
lifestyle and systemic/structural non-standardised factors such as edu-
cation, employment, income, housing, and marital status, which are
sometimes independent and can relate to each other in indirect ways (e.
g., Beauchesne and Agarwal, 2014; Martin and Armelagos, 1979; Mays
et al., 1998). Past reviews in this area have highlighted these in-
consistencies, but there is no readily available alternative (e.g., Kneissel
et al., 1994; Mays, 1996, 2000), although sociologists have proposed
alternative paths, such as reconceptualisation of SES as a set of socio-
economic conditions rather than compressing it into abstract indices
that still require validation in clinical contexts (e.g., Antonoplis, 2023).
This issue is also present in examinations of SES and bone health in
archaeological populations where SES designations are often under-
taken through funerary characteristics, such as burial location or grave
goods interpreted to indicate one's status during life.

While earlier studies have attempted to map general bone loss in the
past to investigate its origins and patterns, inconsistent results were
noted due to issues with bone mineral density (BMD) and fracture
analysis in archaeological human remains (Agarwal, 2021; Mays, 1999;
Waldron, 2020). These measures can be confounded by post-mortem
chemical and structural bone alteration, environmental damage,
misapplication of clinical standards, and a lack of methodological
standardisation (Brickley and Agarwal, 2003; Kranioti et al., 2019).
Studies employing metacarpal cortical index (MCI), femoral cortical
index (FCI), fragility fractures, and histomorphometric measures in
samples from prehistoric Nubia (350-550 CE), 3rd—4th century England,
and Imperial Rome have reported increased bone loss than seen in
modern populations (Beauchesne and Agarwal, 2014; Martin and
Armelagos, 1979; Mays, 2006). However, MCI and dual-energy X-ray
absorptiometry (DXA) at the proximal femur both showed bone loss in a
sample from rural medieval England sample to follow age- and sex-
related patterns of bone loss in modern populations (Mays, 1996;
Mays et al., 1998), and trabecular bone and DXA studies at the lumbar
spine showed the same in 4000-year-old skeletal remains from Austria
(Kneissel et al., 1994). While femoral DXA studies from 11 to 19th
century Poland and 14-15th century Sweden showed higher BMD than
modern populations (Bajon et al., 2006; Ekenman et al., 1995). These
inconsistencies may arise from applying a predominantly biological
framework in BMD analyses, such as examining its variation through an
age and sex lens only (see Agarwal (2021) for discussion), and imple-
menting an additional SDoH perspective may provide more information
on patterns of BMD variation in the past.

Prior research shone an inter-disciplinary light on the SDoH
perspective on bone health by highlighting that SES compromised
cortical bone microstructure in medieval populations ruled by feudalism
(Miszkiewicz and Cooke, 2019; Miszkiewicz and Mahoney, 2016;
Miszkiewicz et al.,, 2019). This research used static bone histo-
morphometry in femoral bone from a medieval cemetery showing that
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historical socioeconomic hierarchies were reflected in physically
demanding labour and poor nutrition as cumulative stressors for
disadvantaged populations leading to long term issues with bone
remodelling. As this research focused on medieval contexts, it raises the
question as to whether populations from other time periods with SES
structures might have experienced similar bone problems. Since there is
yet to be a systematic review of the associations of social status and bone
health in both archaeological and modern populations, this paper con-
solidates this evidence to evaluate the temporal and spatial variations of
different bone health measures and their relationship to SES.

2. Materials and methods
2.1. Eligibility criteria

This systematic review complies with the Preferred Reporting Items
for Systematic Review and Meta-Analysis (PRISMA) statement (Page
et al., 2021) (Supplemental Table 1), but was not registered in the In-
ternational Prospective Register of Systematic Reviews (PROSPERO) as
our study includes archaeological papers that do not meet all the
reporting criteria related to health-related outcomes. The applied
eligibility criteria are listed in Table 1.

We only included peer-reviewed journal articles reporting new data,
therefore review articles and grey literature resources were excluded.
Given some of the analytical issues with BMD and fractures in archae-
ological samples outlined above, we aimed for our review to scope a
wider range of ‘bone health’ measures that include cortical bone histo-
morphometry and cross-sectional geometry characterising bone tissue
distribution. This excluded pure trabecular bone research so that the
biomedical and archaeological papers can be meaningfully compared, as
trabecular bone structures in archaeological samples can undergo soil
infiltration and preservation issues (Brickley and Agarwal, 2003; Mays,
1999). We do, however, acknowledge that BMD scans typically give a
reading from combined cortical and trabecular bone regions, which
means the BMD measures considered in our review do still partially
represent trabecular bone. We also aimed to capture research on adults
rather than adolescents or children so that bone modelling that occurs
with growth during early ontogeny does not conflate bone quantity and
quality that arises predominantly from remodelling in adulthood. Our
review also excluded research that assessed jaw bone health in dental
studies (e.g. alveolar bone research).

The inclusion criteria were narrowed down to studies that examined
quantitative indicators of cortical bone quantity and/or quality
(Table 2): cortical index, BMD, osteoporotic fractures, and cortical bone
histomorphometry (including measures such as secondary osteon pop-
ulation density (OPD), and geometric properties of secondary osteons,
such as size of Haversian canals or area of secondary osteons). These
bone parameters were assessed alongside the term ‘socioeconomic sta-
tus’ or its abbreviation of ‘SES’ (Table 3, including iterations such as
‘disadvantage’, ‘poverty’, and ‘affluent’). For data synthesis the eligible
articles were grouped into biomedical and archaeological studies and

Table 1
Eligibility criteria applied to the search strategy used in this review.

Inclusion criteria: Exclusion criteria:

.

Peer-reviewed, published journal
articles with an archaeological or
biomedical focus

Any study designs

Measures of cortical bone health:
histomorphometry, cortical index, BMD,
osteoporotic fracture incidence
(described in Table 2).

Studies on adult populations
Populations divided into socioeconomic
groups.

Grey literature (including
conference abstracts, preprint
articles, theses/dissertations
government documents).

e Review articles

Articles in languages other than
English

Studies on trabecular bone and jaw
bone in dental health studies (e.g.
alveolar bone).

Studies on adolescents or children.
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Table 2

Summary of terms, their definition and justification for our systematic review.

Keywords

Definition and justification for inclusion
in systematic review

Cortical index

Cortical bone histology/
histomorphometry (secondary osteon
population density, secondary osteon
and Haversian canal geometric
properties, osteocyte lacunar densities)

Unitless value calculated by measuring
cortical bone width minus medullary
width/total bone width (Mays, 1996).
In biomedical studies, cortical index has
been previously used to assess bone
fragility and predict fractures in the
elderly population.

Number of secondary osteons or
osteocyte lacunae per square millimetre
quantified from 2D ground histology
samples (Gocha and Agnew, 2016).
Dimensions of secondary osteons and

Haversian canals (e.g., area, perimeter)
are measured directly from 2D images
of cortical bone histology (Miszkiewicz
etal., 2026). These provide insights into
bone remodelling dynamics and have
been previously associated with SES in
archaeological populations.

BMD Reported in g/cm? from DXA scans,

commonly at the femoral neck, lumbar

vertebrae, and radius. Direct measure of
bone mineral content allowing to
evaluate bone strength and loss. BMD
values have been previously associated
with SES in biomedical studies.

Bone fractures due to increased

fragility, which are commonly used in

biomedical research as an indicator of
bone health issues and have been
previously examined in relation to SES.

Prevalence has also been estimated

through macroscopic observation at

individual and population level in past
populations. For population level
studies, incidence rates are reported in
epidemiological studies (Waldron,

2020).

SES Measure of an individual and group's
standing on a social and economic scale
within the broader population,
estimated from indicators of education,
occupation, income. SES is the key
measure used in the social gradient of
osteoporosis studies.

Osteoporotic fractures

assessed by cortical bone indicator and exposure (e.g. DXA scan for
BMD, fracture incidence for osteoporotic fractures), country and year of
examination, SES designation, and study design (see Supplemental
Table 4).

2.2. Search strategy

Keyword searches were undertaken separately for each of the bone
health indicators and SES combination in PubMed and Google Scholar
(Jin et al., 2024; Winn et al., 2026) covering studies published until
April 2026. The reference lists of all the studies that matched the in-
clusion criteria were later also searched for any additional articles that
did not appear in the original database searches

Table 3
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2.3. Quality assessment and analysis

As is standard for systematic reviews, each of the studies was subject
to a quality assessment that aimed to measure the bias and validity of the
findings within the relevant field (Shaheen et al., 2023). As we included
both biomedical and archaeological papers, they underwent separate
quality assessments due to their inherent differences in study design, use
of statistics and relevant bias influences, such as the use of sex and age
estimation methods to obtain demographic information from skeletal
remains in archaeology, versus having documented age and sex for pa-
tients or cohorts in biomedicine. For the articles we reviewed that were
categorised as biomedical, we applied modified quality assessment
criteria from Brennan et al. (2009b), Brennan et al. (2011), and Dufault
and Klar (2011) (Supplemental Table 2). These articles were divided by
study design and subject to criteria on study population, risk factors,
outcomes, and analysis and data presentation — gaining one point for
each criterion. The resulting scores ranged from out of 10 for cross-
sectional studies, out of 12 for cohorts, 13 for case-controls, and 15
for ecological cohorts. For all other articles that were of archaeological
nature, we adapted the quality assessment items created by Rajbhoj
et al. (2022) specifically for investigating archaeological human re-
mains (Supplemental Table 3). This assessment held sixteen criteria,
examining aims and outcomes, sample preservation, methods, statistical
tests, and comparative reporting. Each criterion was worth one point,
articles achieving half a point if the requirement was reported but
inadequate. Therefore, archaeological studies were scored out of 16.
Following the quality assessment, we quantified how many articles
found positive associations between bone health measures and SES and
mapped the studies to generate a temporal and spatial overview of the
studies.

3. Results

Through the key word searches we initially obtained over 24,000
results from Google Scholar and PubMed combined. Following title/
abstract screening, 40 studies fit the inclusion criteria, 35 biomedical
and five bioarchaeological (Fig. 1, Table 3). All of the identified studies
are cited in the text throughout the results and discussion, however, a
complete and compiled list of the references to these studies including
their characteristics, study design and bias assessment, can be found in
Supplemental Table 4.

Only one study (Miszkiewicz and Mahoney, 2016) investigated bone
microstructural measures as an indicator of bone health in relation to
SES, two (Borre et al., 2015; Johnson et al., 2019) used cortical index
measurements combined with another indicator (hip BMD and radius
fractures respectively), while 19 examined DXA-derived BMD alone
(Alver et al., 2007; Amiri et al., 2008; Brennan et al., 2010, 2009a;
Crandall et al., 2012; del Rio Barquero et al., 1992; Du et al., 2017; Elliot
et al., 1996; Ersoy et al., 2018; Myong et al., 2012; Tajik et al., 2014;
Tsai, 2019; Wang and Dixon, 2006; Xiao et al., 2022b; Yasein et al.,
2016; Zhang et al., 2023), nine assessed fracture incidences (Brennan
et al., 2015), and nine considered both BMD and fractures (Amin
et al.,, 2026; Brennan et al., 2013; Garcia-Quintana et al., 2024;
Mahmud et al., 2024; Navarro et al., 2009, 2013; Park et al., 2016;
Pearson et al., 2004; Syddall et al., 2012). Each of the biomedical studies
used a different combination of SES indicators to assess their cohort: SES

The searched terms and results returned for the systematic review investigating various bone health measures (see Table 1) and socio-economic status (SES).

Search terms “Cortical “bone mineral density” OR “osteon population density” OR Fragility OR osteoporotic AND
index” + SES BMD + SES OPD + SES; fracture + SES
Microstructure + SES
Results from PubMed 0 32 17;1 14
Results from Google 123 19,700 85; 429 4290

Scholar
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Articles identified from searches
Google Scholar (n=24,627)
PubMed (n=64)

Articles included in review
(n=40)
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Fig. 1. Flow diagram summarising systematic review search results and screening (also see Table 3 for more detailed results).

was measured by education level (13 studies), income (11), marital
status (5), occupation (7), housing type (3), two were self-reported, one
used car availability, and one used medical beneficiary and medical aid
records. Lifestyle and health variables (such as smoking and alcohol
intake, and physical activity and body mass respectively) were included
in 68.5% of biomedical studies (24/35), therefore 11 did not account for
any lifestyle or behavioural factors (Brennan et al., 2015; del Rio
Barquero et al., 1992; Guilley et al., 2011; Icks et al., 2009; Johnson
et al., 2019; Myong et al., 2012; Park et al., 2016; Petit et al., 2017;
Quah et al., 2011; Tsai, 2019; Zingmond et al., 2006). Twenty-one pa-
pers used poverty indices (most often in conjunction with other in-
dicators) that calculated SES based on residential address or census area
data. In contrast, all five of the archaeological studies used burial
location as the status indicator for their assemblages (Borre et al., 2015;
Brgdholt et al., 2023, 2022; Miszkiewicz and Mahoney, 2016), and one
also used grave goods in combination with location (Zaki et al., 2009).
Six (Elliot et al., 1996; Garcia-Quintana et al., 2024; Navarro et al.,
2009, 2013; Park et al., 2016; Zingmond et al., 2006) biomedical studies
used one indicator to determine SES, meaning 83% of the biomedical
studies accounted for multiple factors (counting poverty indices as
measuring more than one).

The biomedical studies consisted of 24 cross-sectional studies, two
case-cohort studies, six cohort studies, and three ecological cohort
studies. The bias and consequent quality of the biomedical studies
ranged from 50% to 92%, with a mean of 64% and median score of
61.5% (Supplemental Table 4). The bioarchaeological studies scored
between 84% and 94%, with a mean of 88.8% (Supplemental Table 4).

Over half of the studies (25/40) revealed positive linear associations
between lower BMD, higher fracture risk and lower SES in disadvan-
taged groups, concluding that higher education, income, and health

literacy are factors that influence better outcomes for bone health
(Supplemental Table 4). A further five studies reported significant pos-
itive associations between low BMD/higher fracture risk and SES, but
only in females (Alver et al., 2007; Brennan et al., 2013; Brgdholt et al.,
2022; Guilley et al., 2011; Zaki et al., 2009). Of the studies that resulted
in negative associations—where people in higher socioeconomic posi-
tions had lower BMD or higher fracture risk—or where there were ab-
sent associations, some biases in methods or samples examined caused
unexpected results. The two studies (Borre et al., 2015; Johnson et al.,
2019) that employed cortical index measures had no significant re-
sults using that method but found associations with SES between their
other measures of bone health, femoral neck BMD and distal radius
fracture incidence.

3.1. Temporal and spatial variation

The biomedical studies examined cohorts between 1939 and 2025,
with 68.5% of the studies extracting data from post 2000. Whereas the
archaeological studies examined skeletal remains representing in-
dividuals from various time periods, spanning approximately 2687 BCE
(4713 years ago) to 1567 CE (459 years ago), predictably focusing on
populations from the medieval period (980 to 1567 CE) ruled by
feudalism. Together these studies leave a gap of around 1500 years
between the end of the Old Kingdom and the beginning of the medieval
period, and ~ 370 years between the late sixteenth and mid-twentieth
centuries. There are few studies of populations from the southern
hemisphere, with marked gaps in South America, Africa and Oceania
(Fig. 2).
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Fig. 2. Map marked with locations of the countries and time period examined in studies of bone health and socio-economic status, bioarchaeological studies in blue
and biomedical studies in orange. Only one marker was placed for each country even if multiple studies were undertaken there.

4. Discussion

The biomedical and archaeological papers reviewed here generally
indicate, with some exceptions, that there is a significant association
between various measures of poor bone health (e.g., low BMD, high
fracture risk) and a disadvantaged socioeconomic position inferred from
SES. Although not all these studies examined osteoporosis diagnosis
outcomes specifically, the overall investigation of bone quality and
quantity characteristics increasing osteoporosis risk align with the social
gradient for osteoporosis framework predictions. However, aside from
the conceptual findings, evaluating these studies has highlighted
methodological and interpretive issues that seem to impact both
biomedical and archaeological contexts, such as sample representa-
tiveness, not accounting for intraskeletal variability, and between study
variation in SES designation based on limited or varied social and eco-
nomic variables/data. Despite these limitations, our review stresses that
contemporary and archaeological perspectives on a condition
commonly thought to be a modern-day disease reveals that the
connectedness of social conditions and bone health has historical roots.

4.1. Historical evidence for the social patterning of osteoporosis

Osteoporosis is often thought to be an issue of the modern world,
rooted in our broadly sedentary lifestyle conditions, extended life ex-
pectancy, and some argue our higher evolutionary risk i.e. adaptations
to digest milk, loss of skin pigment outside Africa for vitamin D ab-
sorption (Bortz, 1989; Grob, 2014; Karasik, 2008; Walsh, 2015). The
medical diagnosis of osteoporosis as we understand it today is relatively
new, with diagnostic standards and agreed definitions not developed
until 1994 and 2001 respectively (Lorentzon and Cummings, 2015;
National Institutes of Health, 2001; World Health Organization, 1994),
leading to an increase in diagnoses and the recognition of osteoporosis
as a major medical problem (Grob, 2014). This ‘recent’ understanding of
the condition may contribute to its labelling as a modern phenomenon,
although previous archaeological reviews have highlighted that osteo-
porosis was present in past populations (Agarwal, 2021; Mays, 1999;
Tabor et al., 2023). Therefore, in addition to evolutionary changes,

longevity, lifestyle and other factors (Karasik, 2008; Madimenos, 2015),
the SDoH approach and archaeological perspectives have identified
social and economic patterning of bone health quantity and quality
present since at least 5000 years ago in Old Kingdom Egypt, and
prominence in the medieval period (Agarwal, 2021; Mays, 1999; Tabor
etal., 2023; Zaki et al., 2009). Intact skeletal remains from this long ago
are rare, especially when considering preservation rates and applying
the necessary exclusionary criteria for absorptiometry (Brickley and
Agarwal, 2003; Mays, 1999), making this a significant point for our
understanding of bone health outcomes related to social standing in
humans.

4.2. A life course approach to osteoporosis

Studies that examine both indicators of bone health and SES are
currently lacking a longitudinal approach, although this is a recom-
mended practice (Hanson et al., 2018; Harvey et al., 2014). Alongside
the SDoH, the Developmental Origins of Health and Disease (DOHaD)
and life course approaches are essential epidemiological frameworks for
unpacking the long-term effects of unequal social conditions on skeletal
health, as they both focus on how poor environments (whether that be
intrauterine or postnatal) during development, even for short periods,
can become biologically embedded and have long-term consequences
(Agarwal, 2016; Barker, 2007; Gowland, 2015). While a DOHaD
perspective has been applied to osteoporosis in both biomedical and
archaeological contexts, highlighting how adverse early life conditions
could increase risk of lower BMD and osteoporotic fractures (Backstrom
et al., 2005; Bowers et al., 2024; Riancho and Brennan-Olsen, 2017;
Shere et al., 2019; Wood et al., 2015; Zheng et al., 2018), an interdis-
ciplinary life course approach integrating SES and indicators of cortical
bone health is yet to be undertaken. We single out cortical bone here as it
facilitates the examination of secondary osteons as products of Basic
Multicellular Units and thus allows to capture potential variation in
compact bone remodelling with SES (Miszkiewicz and Mahoney, 2016;
Miszkiewicz et al., 2026). In archaeological contexts, we are aware of
one study (not identified in our review), where higher frequencies of
dental markers of childhood developmental stress (linear enamel



P. Meyrick et al.

hypoplasia, LEH) showed preliminarily statistical associations with
higher OPD data in high SES medieval English individuals, potentially
hinting that early life illness experiences are compensated for through
higher cortical bone density in later adulthood (Walker et al., 2019).
This implies that high SES might provide a health buffer in line with the
social gradient framework. However, such archaeological studies
probably should not be labelled as life-course approaches in an epide-
miological sense since the individuals are not truly studied over the
course of their lifespan. There is also the issue of using LEH alone as a
proxy for experiences of illness, since it is a non-specific marker indi-
cating more than assumed experiences of poor health (Towle and Irish,
2020). Nevertheless, since social status was potentially more rigid in the
past than today, especially under the feudal law, exemplified by studies
of medieval bone health and society (Borre et al., 2015; Bradholt et al.,
2023, 2022; Miszkiewicz and Mahoney, 2016), archaeological pop-
ulations may provide a springboard for examining socioeconomic in-
fluences across the life course on the pathogenesis of osteoporosis in
present day.

4.3. Spatial and temporal variation in investigating bone health and socio-
economic status

Our review has identified spatial and temporal gaps in our under-
standing of the association between bone health and SES. There are two
clear gaps between 2191 BCE and 980 CE, and between 1567 and 1939
(Fig. 2). These missing periods encompass influential socioeconomic
change in human history, with the latter including some of the most
important and polarising changes, colonialisation and industrialisation.
Previous bioarchaeological studies have shown that industrialism had
major health impacts, embodied in the skeleton through increased
childhood stress and mortality (Lewis, 2002, 2013; Newman and
Gowland, 2017). Major economic change and inequality was also
driven by colonialism redistributing power relationships, starting from
1402 and culminating in the 19th century, with health implications
lasting until the present day (Aldrich and Johnson, 2018; Robinson and
Acemoglu, 2017; Yuni et al., 2025). Gathering analyses on archaeolog-
ical populations from these eras, especially from between the medieval
and recent historical periods, may provide vital information on how
socioeconomic change and inequality is embodied in the skeleton.
Additionally, there are only five bioarchaeological papers on SES and
various measures of bone health, with four of them from Europe. This
geographical pattern is also reflected in the biomedical studies as they
are mostly grouped in North America and Europe, with no studies
identified in our review from South America, Africa, Southeast Asia or
the Pacific. Historically, the nature of studies performed have skewed
the epidemiology of osteoporosis and perspective of risk towards North
American and European populations (Grob, 2014), but recent in-
vestigations have shown that the distribution of risk is more varied and
possibly even more prevalent in developing countries (Handa et al.,
2008; Kruger and Wolber, 2016; Xiao et al., 2022a). While the re-
pository of osteoporosis studies in some of these regions is limited but
growing (Chandran et al., 2023; Liu et al., 2025; Mohd-Tahir and Li,
2017), there remains a paucity of primary studies and census data
from Africa and South America (Paruk et al., 2021; Ward et al., 2023).
These papers call this sparsity to attention and urge for improved access
to care and greater awareness at the institutional level, for example, by
including osteoporosis in medical school curriculum and having wider
access to diagnostic equipment (Paruk et al., 2021; Ward et al., 2023).
While a historical focus on North America and Europe may explain lack
of data for other regions, there remains a need for increased osteoporosis
awareness and healthcare infrastructure in these populations from
which to build a foundation of care and implement an SDoH approach.

Across the geographical distribution of studies that we have identi-
fied, modern data are more widespread than archaeological data and
have shown influences in lifestyle that alter bone health aside from SES.
For instance, diet and nutrient availability varies with culture, this has
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been exemplified in studies of Iranian women wearing head coverings
having less vitamin D than other groups and experiencing lower BMD
not solely as an effect of SES (Tajik et al., 2014; Amiri et al., 2008); or
farmers being exposed to agricultural pesticides that negatively impact
BMD as a consequence of their occupation rather than wealth (Singh
et al., 2021). This emphasises the importance of accounting for cul-
tural variations as well as economic status to fully understand the
interaction between biology and society in the skeleton. In bio-
archaeological studies, this variation may be harder to grasp and can be
controlled for by assessing socioeconomic groups that would have likely
experienced the same environment, proximity to resources, and infec-
tion regardless of status i.e., examine groups from within the same
community, burial location, or region as opposed to across countries or
geographical barriers. The SDoH approach provides a framework that
acknowledges that chronic stressors and lifestyle factors affect different
individuals and groups differently, and also impact these individuals'
ability to respond to these stressors. In bone health, there is an inter-
action between social and biological factors, the nature of which is
context specific, which is relevant in both modern and archaeological
populations.

4.4. Limitations and biases in the current literature

We have identified several areas of bias that are inherent in the
current studies of the association between bone health and SES that
could be contributing to inconsistencies between studies and negative
associations. The main complication is not accounting for intraskeletal
variability. Where bone health measures are typically captured from
skeletal region or bone, they do not account for the remainder of the
skeleton, and that is problematic as different bones have variable
remodelling rates e.g. peripheral areas remodel at a higher rate than
larger long bones such as the femur (Parfitt, 2021; Stewart et al., 2015).
The bone region selected for measurement has a considerable impact on
the study outcomes since there will be intra-skeletal variation in
remodelling even with one individual. Both biomedical and bio-
archaeological studies have shown more significant associations be-
tween SES and BMD when assessing BMD at the lumbar spine compared
with other locations, namely the proximal femur (Borre et al., 2015;
Crandall et al., 2012; Navarro et al., 2009; Wang and Dixon, 2006; Zaki
et al., 2009). Crandall et al. (2012) and Borre et al. (2015) discuss this
difference and posit that it may be due to the ratio of cortical to
trabecular bone at the two anatomical sites, the proximal femur having a
higher amount of cortical bone, subject to weight bearing and suscep-
tible to physical activity, whereas the lumbar spine is mostly composed
of trabecular bone and more sensitive to metabolic and hormonal
changes. This may suggest that data on BMD from the femoral neck
alone are insufficient and should be supplemented with other skeletal
regions, and the lumbar vertebrae may be a reliable addition. However,
this may limit studies on archaeological human remains since they are
often predisposed to examining the femur given its robusticity and
preservation compared to the vertebrae, and add additional sampling
burden for modern studies as diagnostic standards are based on the BMD
at the femoral neck.

Issues with sample representativeness also permeates both the
biomedical and archaeological disciplines, and is especially pertinent
when establishing differences between different social groups.
Biomedical studies are shown to be liable to overrepresenting more
affluent groups, especially when recruiting participants via their general
practictioner or hospital databases which introduces bias towards those
with access to healthcare (e.g., del Rio Barquero et al., 1992; Guilley
et al., 2011; Pearson et al., 2004; Syddall et al., 2012). In archaeolog-
ical studies that examine social status, the proximity of each of the
representative groups must be taken into account, comparing assem-
blages from across countries or regions possibly introducing fluctuations
in diet and physical labour within social groups (Brgdholt et al., 2023,
2022; Zaki et al., 2009). Bioarchaeologists must also recognise that
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archaeological human remains only represent a highly selected sample
of a wider population (Wood et al., 1992) and consider how burial
practices and preservation biases may influence this sample. For
example, segregated burials and grave goods commonly, but do not al-
ways, differ by social status and relevant historical investigation is
necessary, as misidentification of social groups can bias outcomes
(Creighton Avery, 2015).

One other aspect of bone health and SES analyses that should be
noted in terms of potentially explaining any inconsistencies in outcomes
is between study variation in how SES is determined and assigned. The
biomedical studies in this review often rely on self-reported and/or area-
level census data, although there is a multitude of ways to define SES, for
example, using poverty indices, income and unemployment rates, edu-
cation level, marital status, and residential area (e.g., Brennan et al.,
2009a; Elliot et al., 1996; Farahmand et al., 2000; Petit et al., 2017).
To have the most accurate representation of SES, most studies either
used a predetermined index or combine several factors. Although,
studies have used single factors as a proxy for SES, such as education
level, and found significant associations between low SES and low BMD/
high fracture risk level (Gur et al., 2004; Ho et al., 2005; Holvik et al.,
2024; Varenna et al., 1999). SES variables can also differ by individ-
ual, family, area level distinctions, and number of SES divisions, with a
difference observable between those who used a binary versus more
stratified divisions. Two recent BMD studies from the United Kingdom
used existing deprivation indices that measure house crowding and
unemployment rates, average car and home ownership, income, edu-
cation, and living environments for a post-code area, and designated
patients into either lower or higher SES groups (Amin et al., 2026;
Mahmud et al., 2024). Both found positive associations between SES and
BMD, and higher fracture risk for more deprived areas, however, by
segregating SES into only two groups they potentially obscure nuances
in the spectrum of social groups potentially present. In contrast, Brennan
et al. (2010) and Brennan et al. (2009a) also examined SES from
residential-based poverty indices using very similar factors, yet, they
divided SES into quintiles. Due to this, their results showed the highest
BMD was in the middle SES quintile. This interesting relationship was
attributed to sedentary behaviours in both the unemployed of the lowest
SES group, and retirement or easy living of the highest SES group.
Should these studies have been evaluated using a binary distribution of
SES groups, this pattern may not have been identified. The review un-
dertaken here is also limited by how SES is determined and assigned, as
we did not subdivide our analysis by different measures of SES desig-
nation due to the high variability of methods used and sample size of our
identified papers.

Comparing the influence of SES across time is complicated by the fact
that indicators of status differ between archaeological and modern
groups. In archaeological papers, SES is often determined by one of a
range of status indicators, most often grave goods, burial location and/
or burial positioning. In the five papers we identified, all relied on the
burial location and its association with a symbol of either high or low
status. For example, burial in a church implied a higher degree of
wealth, while pauper burials were located separately outside; these
papers were supplemented by contextual and historical information
such as feudalism in the Middle Ages (Borre et al., 2015; Brgdholt et al.,
2023, 2022; Miszkiewicz and Mahoney, 2016). In contrast, as demon-
strated in Section 3.1, modern forms of SES are designated by factors
such as income, marital status, education level, and occupation, which
often cannot be determined for archaeological individuals. Additionally,
83% of the identified biomedical papers used more than one indicator to
determine SES in their studies, whereas, due to the nature of assigning
social groups in the past, four of five of the archaeological studies only
used burial location as their indicator of status. This adds a further
difficulty in making direct comparisons between modern biomedical
and archaeological samples, but forms a foundation from which to
explore patterns in bone quantity and quality with SES across time.

There are several areas that future studies could examine to fill in the
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spatial and temporal gaps identified in this review. The overall quality of
the papers, especially from the biomedical field, was average (64%),
likely due to the widespread use of retrospective studies and non-
blinded designs with low participation from large cohorts. A focus on
prospective study designs moving forward could correct some of this
inherent bias. When comparing archaeological and biomedical research,
the biomedical literature focuses on BMD and osteoporotic fractures as
measures of bone health, while cortical index and cortical bone histo-
morphometry are used minimally. This is likely due to the diagnostic
standards used in clinical settings and the limited use of autopsy spec-
imens to investigate this topic, however, there is clearly an opportunity
for histomorphometry and cortical index methods to be employed in
further bioarchaeological and in biomedical contexts (Miszkiewicz
et al., 2026). There is a paucity of bioarchaeological papers in general
that examine both SES and indicators of bone loss, which represents an
avenue for future studies, any archaeological burial sites with evidence
for social stratification can investigate bone health through a socioeco-
nomic perspective. To fill in the temporal gap identified here, we would
recommend a life course approach to identify embedded responses to
social inequality, studies on archaeological populations from outside
Europe, and from between the late 16th and early 20th centuries that
may capture the skeletal response to the development of industrial so-
ciety and wide economic change. Spatial variation in modern pop-
ulations also requires further study, with extension to populations in the
southern hemisphere and historically marginalised groups from these
regions — South America, Africa, the Pacific, and Southeast Asia.

5. Conclusion

Consolidating both archaeological and modern perspectives of bone
health and SES has shown that social patterning may stretch back to Old
Kingdom Egypt - highlighting that disadvantaged groups show impaired
bone health throughout human history. This confirms that osteoporosis
is not a modern-day issue and that there may be a social gradient. The
spatial variation in the current literature investigating the association
between bone health and SES showed large gaps appearing across most
of the Southern Hemisphere, notably in what can be considered devel-
oping countries. This variation is a symptom of a larger issue: a lack of
primary osteoporosis studies and health structures that can support
diagnosis and awareness in these regions, especially Africa and South
America. The lack of institutional structures and census data that could
provide the template for retrospective study designs, which make up the
majority of bone health studies in this review, limit an SDoH approach at
this time. However, more studies using an archaeological perspective,
especially employing a life course approach and between 1600 and
1900 CE, present the opportunity for deeper understanding of how poor
social conditions become embodied as impaired bone quality. Future
studies applying standard study designs should be aware of intraskeletal
variability and representative biases that may impact the relationship
uncovered between SES and bone health. This, and applying underused
methods, such as cortical index and histomorphology, may expand our
understanding of how socioeconomic inequalities affect the skeleton.

CRediT authorship contribution statement

Phoebe Meyrick: Writing — original draft, Investigation, Formal
analysis, Conceptualization. Laura A.B. Wilson: Writing — review &
editing, Validation. Justyna J. Miszkiewicz: Writing — review & edit-
ing, Supervision, Methodology, Conceptualization.

Funding
This work was supported by a University of Queensland Graduate

Research School Scholarship; and the Australian Research Council
[FT240100030].



P. Meyrick et al.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors extend thanks to Dr. Caiti D'Gluyas for helpful discus-
sions about SES in archaeology.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bonr.2026.101964.

Data availability
No data was used for the research described in the article.

References

Agarwal, S.C., 2016. Bone morphologies and histories: life course approaches in
bioarchaeology. Am. J. Phys. Anthropol. 159 (S61), 130-149. https://doi.org/
10.1002/ajpa.22905.

Agarwal, S.C., 2021. What is normal bone health? A bioarchaeological perspective on
meaningful measures and interpretations of bone strength, loss, and aging. Am. J.
Hum. Biol. 33 (5), e23647. https://doi.org/10.1002/ajhb.23647.

Aldrich, R., Johnson, M., 2018. History and colonisation. In: Baldacchino, G. (Ed.), The
Routledge International Handbook of Island Studies. Routledge, p. 20.

Alver, K., Sggaard, A.J., Falch, J.A., Meyer, H.E., 2007. The Oslo Health Study: is bone
mineral density higher in affluent areas? Int. J. Equity Health 6 (1), 19. https://doi.
org/10.1186/1475-9276-6-19.

Amin, H., Khan, M.A., Bukhari, M., 2026. Deprivation indices and their association with
fragility fractures and bone density: evidence from a large observational cohort.
Rheumatology 65 (1), keaf550. https://doi.org/10.1093/rheumatology/keaf550.

Amiri, M., Nabipour, 1., Larijani, B., Beigi, S., Assadi, M., Amiri, Z., Mosadeghzadeh, S.,
2008. The relationship of absolute poverty and bone mineral density in
postmenopausal Iranian women. Int. J. Public Health 53 (6), 290-296. https://doi.
org/10.1007/s00038-008-8033-x.

Antonoplis, S., 2023. Studying socioeconomic status: conceptual problems and an
alternative path forward. Perspect. Psychol. Sci. 18 (2), 275-292. https://doi.org/
10.1177/17456916221093615.

Backstrém, M.C., Kuusela, A.L., Koivisto, A.M., Sievdnen, H., 2005. Bone structure and
volumetric density in young adults born prematurely: a peripheral quantitative
computed tomography study. Bone 36 (4), 688-693. https://doi.org/10.1016/j.
bone.2005.02.004.

Bajon, K., Smiszkiewicz-Skwarska, A., Stolarczyk, H., Zygmunt, A., Rutkowski, M.,
Sewerynek, E., 2006. Evaluation of bone mineral density on the basis of the results of
studies of selected skeleton populations from the microregion of Brzes¢ Kujawski.
Endokrynol. Pol. 57 (5), 494-500.

Barker, D.J.P., 2007. The origins of the developmental origins theory. J. Intern. Med. 261
(5), 412-417. https://doi.org/10.1111/j.1365-2796.2007.01809.x.

Beauchesne, P., Agarwal, S.C., 2014. Age-related cortical bone maintenance and loss in
an Imperial Roman population. Int. J. Osteoarchaeol. 24 (1), 15-30. https://doi.org/
10.1002/0a.1303.

Borre, A., Boano, R., Di Stefano, M., Castiglione, A., Ciccone, G., Isaia, G.C., Panattoni, G.
L., Faletti, C., 2015. X-ray, CT and DXA study of bone loss on medieval remains from
North-West Italy. Radiol. Med. 120 (7), 674-682. https://doi.org/10.1007/s11547-
015-0507-3.

Bortz, W.M., 1989. Redefining human aging. J. Am. Geriatr. Soc. 37 (11), 1092-1096.
https://doi.org/10.1111/j.1532-5415.1989.tb06926.x.

Bowers, A., Gowland, R., Hind, K., 2024. Rickets, resorption and revolution: an
investigation into the relationship between vitamin D deficiency in childhood and
osteoporosis in adulthood in an 18th-19th century population. Int. J. Paleopathol.
47, 27-42. https://doi.org/10.1016/j.ijpp.2024.09.002.

Brennan, S.L., Henry, M.J., Wluka, A.E., Nicholson, G.C., Kotowicz, M.A., Pasco, J.A.,
2010. Socioeconomic status and bone mineral density in a population-based sample
of men. Bone 46 (4), 993-999. https://doi.org/10.1016/j.bone.2009.12.029.

Brennan, S.L., Henry, M.J., Wluka, A.E., Nicholson, G.C., Kotowicz, M.A., Williams, J.W.,
Pasco, J.A., 2009a. BMD in population-based adult women is associated with
socioeconomic status. J. Bone Miner. Res. 24 (5), 809-815. https://doi.org/
10.1359/jbmr.081243.

Brennan, S.L., Holloway, K.L., Williams, L.J., Kotowicz, M.A., Bucki-Smith, G.,
Moloney, D.J., Dobbins, A.G., Timney, E.N., Pasco, J.A., 2015. The social gradient of
fractures at any skeletal site in men and women: data from the Geelong Osteoporosis
Study Fracture Grid. Osteoporos. Int. 26 (4), 1351-1359. https://doi.org/10.1007/
$00198-014-3004-y.

Bone Reports 31 (2026) 101964

Brennan, S.L., Pasco, J.A., Urquhart, D.M., Oldenburg, B., Hanna, F., Wluka, A.E., 2009b.
The association between socioeconomic status and osteoporotic fracture in
population-based adults: a systematic review. Osteoporos. Int. 20 (9), 1487-1497.
https://doi.org/10.1007/500198-008-0822-9.

Brennan, S.L., Pasco, J.A., Urquhart, D.M., Oldenburg, B., Wang, Y., Wluka, A.E., 2011.
Association between socioeconomic status and bone mineral density in adults: a
systematic review. Osteoporos. Int. 22 (2), 517-527. https://doi.org/10.1007/
s00198-010-1261-y.

Brennan, S.L., Winzenberg, T.M., Pasco, J.A., Wluka, A.E., Dobbins, A.G., Jones, G.,
2013. Social disadvantage, bone mineral density and vertebral wedge deformities in
the Tasmanian Older Adult Cohort. Osteoporos. Int. 24 (6), 1909-1916. https://doi.
org/10.1007/s00198-012-2211-7.

Brennan-Olsen, S.L., Hyde, N.K., Duckham, R.L., Zengin, A., Talevski, J., Green, D.,
Hosking, S.M., 2019. Bone quality in socially and ethnically diverse groups:
downstream and upstream determinants across the life course. In: Miszkiewicz, J.J.,
Brennan-Olsen, S.L., Riancho, J.A. (Eds.), Bone Health: A Reflection of the Social
Mosaic. Springer Singapore, pp. 55-69. https://doi.org/10.1007/978-981-13-7256-
8 4.

Brennan-Olsen, S.L., Page, R.S., Berk, M., Riancho, J.A., Leslie, W.D., Wilson, S.G.,
Saban, K.L., Janusek, L., Pasco, J.A., Hodge, J.M., Quirk, S.E., Hyde, N.K.,
Hosking, S.M., Williams, L.J., 2016. DNA methylation and the social gradient of
osteoporotic fracture: a conceptual model. Bone 84, 204-212. https://doi.org/
10.1016/j.bone.2015.12.015.

Brickley, M.B., Agarwal, S.C., 2003. Techniques for the investigation of age-related bone
loss and osteoporosis in archaeological bone. In: Agarwal, S.C., Stout, S.D. (Eds.),
Bone Loss and Osteoporosis: An Anthropological Perspective. Springer US,
pp. 157-172. https://doi.org/10.1007/978-1-4419-8891-1_10.

Brgdholt, E.T., Gautvik, K.M., Benedictow, O.J., Giinther, C.-C., Sjgvold, T., Holck, P.,
2023. Female skeletal health and socioeconomic status in medieval Norway
(11th-16th centuries AD): analysis of bone mineral density and stature. Int. J.
Osteoarchaeol. 33 (1), 83-93. https://doi.org/10.1002/0a.3178.

Brgdholt, E.T., Gautvik, K.M., Giinther, C.-C., Sjgvold, T., Holck, P., 2022. Social
stratification reflected in bone mineral density and stature: spectral imaging and
osteoarchaeological findings from medieval Norway. PloS One 17 (10), e0275448.
https://doi.org/10.1371/journal.pone.0275448.

Burge, R., Dawson-Hughes, B., Solomon, D.H., Wong, J.B., King, A., Tosteson, A., 2007.
Incidence and economic burden of osteoporosis-related fractures in the United
States, 2005-2025. J. Bone Miner. Res. 22 (3), 465-475. https://doi.org/10.1359/
jbmr.061113.

Chandran, M., Brind'Amour, K., Fujiwara, S., Ha, Y.-C., Tang, H., Hwang, J.-S., Tinker, J.,
Eisman, J.A., 2023. Prevalence of osteoporosis and incidence of related fractures in
developed economies in the Asia Pacific region: a systematic review. Osteoporos. Int.
34 (6), 1037-1053. https://doi.org/10.1007/500198-022-06657-8.

Compston, J., 2006. Bone quality: what is it and how is it measured? Arq. Bras.
Endocrinol. Metabol. 50 (4), 579-585. https://doi.org/10.1590/s0004-
27302006000400003.

Crandall, C.J., Merkin, S.S., Seeman, T.E., Greendale, G.A., Binkley, N., Karlamangla, A.
S., 2012. Socioeconomic status over the life-course and adult bone mineral density:
the midlife in the U.S. study. Bone 51 (1), 107-113. https://doi.org/10.1016/j.
bone.2012.04.009.

Creighton Avery, L., 2015. The Challenges of Determining Social Status and the Impacts
of Misidentification [Poster Presentation]. The Canadian Association for Physical
Anthropology, Winnipeg, Mannitoba.

del Rio Barquero, L., Baures, M.R., Segura, J.P., Quinquer, J.S., Majem, L.S., Ruiz, P.G.,
Navarro, C.L., Torné, F.M.D., 1992. Bone mineral density in two different socio-
economic population groups. Bone Miner. 18 (2), 159-168. https://doi.org/
10.1016/0169-6009(92)90856-9.

Docaj, A., Carriero, A., 2024. Bone health: quality versus quantity. J. Pediatr. Orthop.
Soc. N. Am. 7, 100054. https://doi.org/10.1016/j.jposna.2024.100054.

Du, Y., Zhao, L.J., Xu, Q., Wu, K.H., Deng, H.W., 2017. Socioeconomic status and bone
mineral density in adults by race/ethnicity and gender: the Louisiana osteoporosis
study. Osteoporos. Int. 28 (5), 1699-1709. https://doi.org/10.1007/s00198-017-
3951-1.

Dufault, B., Klar, N., 2011. The quality of modern cross-sectional ecologic studies: a
bibliometric review. Am. J. Epidemiol. 174 (10), 1101-1107. https://doi.org/
10.1093/aje/kwr241.

Ekenman, I., Eriksson, S.A.V., Lindgren, J.U., 1995. Bone density in medieval skeletons.
Calcif. Tissue Int. 56 (5), 355-358. https://doi.org/10.1007/BF00301601.

Elliot, J.R., Gilchrist, N.L., Wells, J.E., 1996. The effect of socioeconomic status on bone
density in a male Caucasian population. Bone 18 (4), 371-373. https://doi.org/
10.1016/8756-3282(96)00006-3.

Ersoy, B., Kizilay, D.0., Yilmaz, S.K., Taneli, F., Gilimiiser, G., 2018. Bone mineral
density, vitamin D status, and calcium intake in healthy female university students
from different socioeconomic groups in Turkey. Arch. Osteoporos. 13 (1), 135.
https://doi.org/10.1007/511657-018-0482-0.

Farahmand, B.Y., Persson, P.G., Michaélsson, K., Baron, J.A., Parker, M.G., Ljunghall, S.,
for the Swedish hip fracture study, g, 2000. Socioeconomic status, marital status and
hip fracture risk: a population-based case—control study. Osteoporos. Int. 11 (9),
803-808. https://doi.org/10.1007/5001980070060.

Garcia-Quintana, M., Tejada-Romero, M.J.G.D., Quintana-Montesdeoca, P., Hernandez-
Hernandez, D., Sosa-Henriquez, M., 2024. Association of poverty with higher risk of
fragility fractures in postmenopausal Caucasian Spanish women. Curr. Rheumatol.
Res. 4 (1), 33-39. https://doi.org/10.46439/rheumatology.4.026.

Gocha, T.P., Agnew, A.M., 2016. Spatial variation in osteon population density at the
human femoral midshaft: histomorphometric adaptations to habitual load
environment. J. Anat. 228 (5), 733-745. https://doi.org/10.1111/joa.12433.


https://doi.org/10.1016/j.bonr.2026.101964
https://doi.org/10.1016/j.bonr.2026.101964
https://doi.org/10.1002/ajpa.22905
https://doi.org/10.1002/ajpa.22905
https://doi.org/10.1002/ajhb.23647
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0015
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0015
https://doi.org/10.1186/1475-9276-6-19
https://doi.org/10.1186/1475-9276-6-19
https://doi.org/10.1093/rheumatology/keaf550
https://doi.org/10.1007/s00038-008-8033-x
https://doi.org/10.1007/s00038-008-8033-x
https://doi.org/10.1177/17456916221093615
https://doi.org/10.1177/17456916221093615
https://doi.org/10.1016/j.bone.2005.02.004
https://doi.org/10.1016/j.bone.2005.02.004
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0045
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0045
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0045
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0045
https://doi.org/10.1111/j.1365-2796.2007.01809.x
https://doi.org/10.1002/oa.1303
https://doi.org/10.1002/oa.1303
https://doi.org/10.1007/s11547-015-0507-3
https://doi.org/10.1007/s11547-015-0507-3
https://doi.org/10.1111/j.1532-5415.1989.tb06926.x
https://doi.org/10.1016/j.ijpp.2024.09.002
https://doi.org/10.1016/j.bone.2009.12.029
https://doi.org/10.1359/jbmr.081243
https://doi.org/10.1359/jbmr.081243
https://doi.org/10.1007/s00198-014-3004-y
https://doi.org/10.1007/s00198-014-3004-y
https://doi.org/10.1007/s00198-008-0822-9
https://doi.org/10.1007/s00198-010-1261-y
https://doi.org/10.1007/s00198-010-1261-y
https://doi.org/10.1007/s00198-012-2211-7
https://doi.org/10.1007/s00198-012-2211-7
https://doi.org/10.1007/978-981-13-7256-8_4
https://doi.org/10.1007/978-981-13-7256-8_4
https://doi.org/10.1016/j.bone.2015.12.015
https://doi.org/10.1016/j.bone.2015.12.015
https://doi.org/10.1007/978-1-4419-8891-1_10
https://doi.org/10.1002/oa.3178
https://doi.org/10.1371/journal.pone.0275448
https://doi.org/10.1359/jbmr.061113
https://doi.org/10.1359/jbmr.061113
https://doi.org/10.1007/s00198-022-06657-8
https://doi.org/10.1590/s0004-27302006000400003
https://doi.org/10.1590/s0004-27302006000400003
https://doi.org/10.1016/j.bone.2012.04.009
https://doi.org/10.1016/j.bone.2012.04.009
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0150
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0150
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0150
https://doi.org/10.1016/0169-6009(92)90856-9
https://doi.org/10.1016/0169-6009(92)90856-9
https://doi.org/10.1016/j.jposna.2024.100054
https://doi.org/10.1007/s00198-017-3951-1
https://doi.org/10.1007/s00198-017-3951-1
https://doi.org/10.1093/aje/kwr241
https://doi.org/10.1093/aje/kwr241
https://doi.org/10.1007/BF00301601
https://doi.org/10.1016/8756-3282(96)00006-3
https://doi.org/10.1016/8756-3282(96)00006-3
https://doi.org/10.1007/s11657-018-0482-0
https://doi.org/10.1007/s001980070060
https://doi.org/10.46439/rheumatology.4.026
https://doi.org/10.1111/joa.12433

P. Meyrick et al.

Gowland, R.L., 2015. Entangled lives: implications of the developmental origins of health
and disease hypothesis for bioarchaeology and the life course. Am. J. Phys.
Anthropol. 158 (4), 530-540. https://doi.org/10.1002/ajpa.22820.

Grob, G.N., 2014. Aging Bones: A Short History of Osteoporosis. Johns Hopkins
University Press.

Guilley, E., Herrmann, F., Rapin, C.H., Hoffmeyer, P., Rizzoli, R., Chevalley, T., 2011.
Socioeconomic and living conditions are determinants of hip fracture incidence and
age occurrence among community-dwelling elderly. Osteoporos. Int. 22 (2),
647-653. https://doi.org/10.1007/s00198-010-1287-1.

Gur, A., Sarac, A.J., Nas, K., Cevik, R., 2004. The relationship between educational level
and bone mineral density in postmenopausal women. BMC Fam. Pract. 5 (1), 18.
https://doi.org/10.1186/1471-2296-5-18.

Handa, R., Ali Kalla, A., Maalouf, G., 2008. Osteoporosis in developing countries. Best
Pract. Res. Clin. Rheumatol. 22 (4), 693-708. https://doi.org/10.1016/j.
berh.2008.04.002.

Hanson, M., Miiller, R., Penkler, M., 2018. A lifecourse perspective on bone health and
disease: scientific and social implications. In: Harvey, N.C., Cooper, C. (Eds.),
Osteoporosis: A Lifecourse Epidemiology Approach to Skeletal Health. CRC Press,
Pp. 193-204. https://doi.org/10.1201/9781351234627-14.

Harvey, N., Dennison, E., Cooper, C., 2014. Osteoporosis: a lifecourse approach. J. Bone
Miner. Res. 29 (9), 1917-1925. https://doi.org/10.1002/jbmr.2286.

Hernlund, E., Svedbom, A., Ivergérd, M., Compston, J., Cooper, C., Stenmark, J.,
McCloskey, E.V., Jonsson, B., Kanis, J.A., 2013. Osteoporosis in the European Union:
medical management, epidemiology and economic burden. Arch. Osteoporos. 8 (1),
136. https://doi.org/10.1007/511657-013-0136-1.

Ho, S.C., Chen, Y.-m, Woo, J.L.F., 2005. Educational level and osteoporosis risk in
postmenopausal Chinese women. Am. J. Epidemiol. 161 (7), 680-690. https://doi.
org/10.1093/aje/kwi047.

Holvik, K., Dahl, C., Samuelsen, S.O., Sggaard, A.-J., Solbakken, S.M., Tell, G.S., Hoff, M.,
Schei, B., Kjeldgaard, H.K., Apalset, E.M., Morseth, B., Grimnes, G., Meyer, H.E.,
Omsland, T.K., 2024. Educational gradient in hip fracture incidence in Norway. The
Norwegian Epidemiologic Osteoporosis Studies (NOREPOS). Osteoporos. Int. 35
(11), 2047-2053. https://doi.org/10.1007/500198-024-07133-1.

Icks, A., Haastert, B., Wildner, M., Becker, C., Rapp, K., Dragano, N., Meyer, G.,
Rosenbauer, J., 2009. Hip fractures and area level socioeconomic conditions: a
population-based study. BMC Public Health 9 (1), 114. https://doi.org/10.1186/
1471-2458-9-114.

Jin, Q., Leaman, R., Lu, Z., 2024. PubMed and beyond: biomedical literature search in
the age of artificial intelligence. eBioMedicine 100. https://doi.org/10.1016/].
ebiom.2024.104988.

Johnson, N.A., Jeffery, J., Stirling, E., Thompson, J., Dias, J.J., 2019. Effects of
deprivation, ethnicity, gender and age on distal radius fracture incidence and
surgical intervention rate. Bone 121, 1-8. https://doi.org/10.1016/j.
bone.2018.12.018.

Karasik, D., 2008. Osteoporosis: an evolutionary perspective. Hum. Genet. 124 (4),
349-356. https://doi.org/10.1007/s00439-008-0559-8.

Kneissel, M., Boyde, A., Hahn, M., Teschler-Nicola, M., Kalchhauser, G., Plenk, H., 1994.
Age- and sex-dependent cancellous bone changes in a 4000y BP population. Bone 15
(5), 539-545. https://doi.org/10.1016/8756-3282(94)90278-X.

Kranioti, E.F., Bonicelli, A., Garcfa-Donas, J.G., 2019. Bone-mineral density: clinical
significance, methods of quantification and forensic applications. Res. Rep. Forensic
Med. Sci. 9, 9-21. https://doi.org/10.2147/RRFMS.S164933.

Kruger, M.C., Wolber, F.M., 2016. Osteoporosis: modern paradigms for last century's
bones. Nutrients 8 (6), 376.

Lewis, M.E., 2002. Impact of industrialization: comparative study of child health in four
sites from medieval and postmedieval England (A.D. 850-1859). Am. J. Phys.
Anthropol. 119 (3), 211-223. https://doi.org/10.1002/ajpa.10126.

Lewis, M.E., 2013. Children of the Golden Minster: St. Oswald's priory and the impact of
industrialisation on child health. J. Anthropol. 2013 (1), 959472. https://doi.org/
10.1155/2013/959472.

Liu, Y., Huang, X., Tang, K., Wu, J., Zhou, J., Bai, H., Zhou, L., Shan, S., Luo, Z., Cao, J.,
Song, P., Rudan, I., 2025. Prevalence of osteoporosis and associated factors among
Chinese adults: a systematic review and modelling study. J. Glob. Health 15, 04009.
https://doi.org/10.7189/jogh.15.04009.

Lorentzon, M., Cummings, S.R., 2015. Osteoporosis: the evolution of a diagnosis.

J. Intern. Med. 277 (6), 650-661. https://doi.org/10.1111/joim.12369.

Madimenos, F.C., 2015. An evolutionary and life-history perspective on osteoporosis.
Annu. Rev. Anthropol. 44 (1), 189-206. https://doi.org/10.1146/annurev-anthro-
102214-013954.

Mahmud, M., Muscatello, D.J., Rahman, M.B., Osborne, N.J., 2024. Association between
socioeconomic deprivation and bone health status in the UK Biobank cohort
participants. Osteoporos. Int. 35 (9), 1573-1584. https://doi.org/10.1007/s00198-
024-07115-3.

Martin, D.L., Armelagos, G.J., 1979. Morphometrics of compact bone: an example from
Sudanese Nubia. Am. J. Phys. Anthropol. 51 (4), 571-577. https://doi.org/10.1002/
ajpa.1330510409.

Mays, S.A., 1996. Age-dependent cortical bone loss in a medieval population. Int. J.
Osteoarchaeol. 6 (2), 144-154. https://doi.org/10.1002/(SICI)1099-1212(199603)
6:2<144::AID-OA261>3.0.CO;2-G.

Mays, S.A., 1999. Osteoporosis in earlier human populations. J. Clin. Densitom. 2 (1),
71-78. https://doi.org/10.1385/JCD:2:1:71.

Mays, S.A., 2000. Age-dependent cortical bone loss in women from 18th and early 19th
century London. Am. J. Phys. Anthropol. 112 (3), 349-361. https://doi.org/
10.1002/1096-8644(200007)112:3<349::AID-AJPA6>3.0.CO;2-0.

Bone Reports 31 (2026) 101964

Mays, S.A., 2006. Age-related cortical bone loss in women from a 3rd-4th century AD
population from England. Am. J. Phys. Anthropol. 129 (4), 518-528. https://doi.
org/10.1002/ajpa.20365.

Mays, S.A., Lees, B., Stevenson, J.C., 1998. Age-dependent bone loss in the femur in a
medieval population. Int. J. Osteoarchaeol. 8 (2), 97-106. https://doi.org/10.1002/
(SIC1)1099-1212(199803/04)8:2<97::AID-OA412>3.0.CO;2-U.

Miszkiewicz, J.J., Cooke, K.M., 2019. Socio-economic determinants of bone health from
past to present. Clin. Rev. Bone Miner. Metab. 17 (3), 109-122. https://doi.org/
10.1007/512018-019-09263-1.

Miszkiewicz, J.J., Cooke, K.M., Reid, H.E., Louys, J., 2026. Interdisciplinarity of
secondary osteons: relevance of bioarchaeological and palaeontological research in
biomedical cortical bone histology studies. Bone Rep. 28, 101893. https://doi.org/
10.1016/j.bonr.2025.101893.

Miszkiewicz, J.J., Mahoney, P., 2016. Ancient human bone microstructure in Medieval
England: comparisons between two socio-economic groups. Anat. Rec. 299 (1),
42-59. https://doi.org/10.1002/ar.23285.

Miszkiewicz, J.J., Stewart, T.J., Deter, C.A., Fahy, G.E., Mahoney, P., 2019. Skeletal
health in medieval societies: insights from ancient bone collagen stable isotopes and
dental histology. In: Miszkiewicz, J.J., Brennan-Olsen, S.L., Riancho, J.A. (Eds.),
Bone Health: A Reflection of the Social Mosaic. Springer Singapore, pp. 17-34.
https://doi.org/10.1007/978-981-13-7256-8 2.

Mohd-Tahir, N.A., Li, S.C., 2017. Economic burden of osteoporosis-related hip fracture in
Asia: a systematic review. Osteoporos. Int. 28 (7), 2035-2044. https://doi.org/
10.1007/s00198-017-3985-4.

Myong, J.-P., Kim, H.-R., Choi, S.E., Koo, J.-W., 2012. The effect of socioeconomic
position on bone health among Koreans by gender and menopausal status. Calcif.
Tissue Int. 90 (6), 488-495. https://doi.org/10.1007/500223-012-9597-2.

National Institutes of Health, 2001. Osteoporosis prevention, diagnosis, and therapy.
JAMA 285 (6), 785-795. https://doi.org/10.1001/jama.285.6.785.

Navarro, M.C., Sosa, M., Saavedra, P., Lainez, P., Marrero, M., Torres, M., Medina, C.D.,
2009. Poverty is a risk factor for osteoporotic fractures. Osteoporos. Int. 20 (3),
393-398. https://doi.org/10.1007/s00198-008-0697-9.

Navarro, M.d.C., Saavedra, P., Jodar, E., Gomez de Tejada, M.J., Mirallave, A., Sosa, M.,
2013. Osteoporosis and metabolic syndrome according to socio-economic status,
contribution of PTH, vitamin D and body weight: the Canarian Osteoporosis Poverty
Study (COPS). Clin. Endocrinol. (Oxf) 78 (5), 681-686. https://doi.org/10.1111/
cen.12051.

Newman, S.L., Gowland, R.L., 2017. Dedicated followers of fashion? Bioarchaeological
perspectives on socio-economic status, inequality, and health in urban children from
the industrial revolution (18th-19th C), England. Int. J. Osteoarchaeol. 27 (2),
217-229. https://doi.org/10.1002/0a.2531.

Office of the Surgeon, G, 2004. Reports of the surgeon general. In: Bone Health and
Osteoporosis: A Report of the Surgeon General. Office of the Surgeon General (US).

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D.,
Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J.,
Grimshaw, J.M., Hrébjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E.,
McDonald, S., McGuinness, L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A.,
Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. BMJ 372, n71. https://doi.org/10.1136/bmj.n71.

Parfitt, A.M., 2021. Skeletal heterogeneity and the purposes of bone remodeling:
implications for the understanding of osteoporosis. In: Dempster, D.W., Cauley, J.A.,
Bouxsein, M.L., Cosman, F. (Eds.), Marcus and Feldman's Osteoporosis, Fifth edition.
Academic Press, pp. 707-725. https://doi.org/10.1016/B978-0-12-813073-
5.00030-7.

Park, S.B., Kim, J., Jeong, J.H., Lee, J.-K., Chin, D.K., Chung, C.K., Lee, S.H., Lee, J.Y.,
2016. Prevalence and incidence of osteoporosis and osteoporotic vertebral fracture
in Korea. Spine 41 (4), 328-336. https://doi.org/10.1097/brs.0000000000001291.

Paruk, F., Tsabasvi, M., Kalla, A.A., 2021. Osteoporosis in Africa—where are we now.
Clin. Rheumatol. 40 (9), 3419-3428. https://doi.org/10.1007/s10067-020-05335-6.

Pearson, D., Taylor, R., Masud, T., 2004. The relationship between social deprivation,
osteoporosis, and falls. Osteoporos. Int. 15 (2), 132-138. https://doi.org/10.1007/
s00198-003-1499-8.

Perzigian, A.J., 1973. Osteoporotic bone loss in two prehistoric Indian populations. Am.
J. Phys. Anthropol. 39 (1), 87-95. https://doi.org/10.1002/ajpa.1330390110.
Petit, M.P., Bryere, J., Maravic, M., Pallaro, F., Marcelli, C., 2017. Hip fracture incidence
and social deprivation: results from a French ecological study. Osteoporos. Int. 28

(7), 2045-2051. https://doi.org/10.1007/500198-017-3998-z.

Quah, C., Boulton, C., Moran, C., 2011. The influence of socioeconomic status on the
incidence, outcome and mortality of fractures of the hip. J. Bone Joint Surg. (Br.) 93-
B (6), 801-805. https://doi.org/10.1302/0301-620X.93B6.24936.

Rajbhoj, A.A., Speyer, R., Crevecoeur, 1., Begnoni, G., Willems, G., Cadenas de Llano-
Pérula, M., 2022. Development of a tool to assess the methodological quality of
studies reporting on archaeologically excavated human skeletons: an international
Delphi study. Archaeometry 64 (6), 1499-1513. https://doi.org/10.1111/
arcm.12786.

Riancho, J.A., Brennan-Olsen, S.L., 2017. The epigenome at the crossroad between social
factors, inflammation, and osteoporosis risk. Clin. Rev. Bone Miner. Metab. 15 (2),
59-68. https://doi.org/10.1007/s12018-017-9229-5.

Robinson, J.A., Acemoglu, D., 2017. The economic impact of colonialism. In:
Michalopoulos, S., Papaioannou, E. (Eds.), The Long Economic and Political Shadow
of History, vol. 1. CEPR Press.

Shaheen, N., Shaheen, A., Ramadan, A., Hefnawy, M.T., Ramadan, A., Ibrahim, L.A.,
Hassanein, M.E., Ashour, M.E., Flouty, O., 2023. Appraising systematic reviews: a
comprehensive guide to ensuring validity and reliability. Front. Res. Metrics Anal. 8.
https://doi.org/10.3389/frma.2023.1268045.


https://doi.org/10.1002/ajpa.22820
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0210
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0210
https://doi.org/10.1007/s00198-010-1287-1
https://doi.org/10.1186/1471-2296-5-18
https://doi.org/10.1016/j.berh.2008.04.002
https://doi.org/10.1016/j.berh.2008.04.002
https://doi.org/10.1201/9781351234627-14
https://doi.org/10.1002/jbmr.2286
https://doi.org/10.1007/s11657-013-0136-1
https://doi.org/10.1093/aje/kwi047
https://doi.org/10.1093/aje/kwi047
https://doi.org/10.1007/s00198-024-07133-1
https://doi.org/10.1186/1471-2458-9-114
https://doi.org/10.1186/1471-2458-9-114
https://doi.org/10.1016/j.ebiom.2024.104988
https://doi.org/10.1016/j.ebiom.2024.104988
https://doi.org/10.1016/j.bone.2018.12.018
https://doi.org/10.1016/j.bone.2018.12.018
https://doi.org/10.1007/s00439-008-0559-8
https://doi.org/10.1016/8756-3282(94)90278-X
https://doi.org/10.2147/RRFMS.S164933
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0285
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0285
https://doi.org/10.1002/ajpa.10126
https://doi.org/10.1155/2013/959472
https://doi.org/10.1155/2013/959472
https://doi.org/10.7189/jogh.15.04009
https://doi.org/10.1111/joim.12369
https://doi.org/10.1146/annurev-anthro-102214-013954
https://doi.org/10.1146/annurev-anthro-102214-013954
https://doi.org/10.1007/s00198-024-07115-3
https://doi.org/10.1007/s00198-024-07115-3
https://doi.org/10.1002/ajpa.1330510409
https://doi.org/10.1002/ajpa.1330510409
https://doi.org/10.1002/(SICI)1099-1212(199603)6:2<144::AID-OA261>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1099-1212(199603)6:2<144::AID-OA261>3.0.CO;2-G
https://doi.org/10.1385/JCD:2:1:71
https://doi.org/10.1002/1096-8644(200007)112:3<349::AID-AJPA6>3.0.CO;2-0
https://doi.org/10.1002/1096-8644(200007)112:3<349::AID-AJPA6>3.0.CO;2-0
https://doi.org/10.1002/ajpa.20365
https://doi.org/10.1002/ajpa.20365
https://doi.org/10.1002/(SICI)1099-1212(199803/04)8:2<97::AID-OA412>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1099-1212(199803/04)8:2<97::AID-OA412>3.0.CO;2-U
https://doi.org/10.1007/s12018-019-09263-1
https://doi.org/10.1007/s12018-019-09263-1
https://doi.org/10.1016/j.bonr.2025.101893
https://doi.org/10.1016/j.bonr.2025.101893
https://doi.org/10.1002/ar.23285
https://doi.org/10.1007/978-981-13-7256-8_2
https://doi.org/10.1007/s00198-017-3985-4
https://doi.org/10.1007/s00198-017-3985-4
https://doi.org/10.1007/s00223-012-9597-2
https://doi.org/10.1001/jama.285.6.785
https://doi.org/10.1007/s00198-008-0697-9
https://doi.org/10.1111/cen.12051
https://doi.org/10.1111/cen.12051
https://doi.org/10.1002/oa.2531
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0400
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0400
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/B978-0-12-813073-5.00030-7
https://doi.org/10.1016/B978-0-12-813073-5.00030-7
https://doi.org/10.1097/brs.0000000000001291
https://doi.org/10.1007/s10067-020-05335-6
https://doi.org/10.1007/s00198-003-1499-8
https://doi.org/10.1007/s00198-003-1499-8
https://doi.org/10.1002/ajpa.1330390110
https://doi.org/10.1007/s00198-017-3998-z
https://doi.org/10.1302/0301-620X.93B6.24936
https://doi.org/10.1111/arcm.12786
https://doi.org/10.1111/arcm.12786
https://doi.org/10.1007/s12018-017-9229-5
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0455
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0455
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0455
https://doi.org/10.3389/frma.2023.1268045

P. Meyrick et al.

Shen, Y., Huang, X., Wu, J., Lin, X., Zhou, X., Zhu, Z., Pan, X., Xu, J., Qiao, J., Zhang, T.,
Ye, L., Jiang, H., Ren, Y., Shan, P.-F., 2022. The global burden of osteoporosis, low
bone mass, and its related fracture in 204 countries and territories, 1990-2019
[original research]. Front. Endocrinol. 13. https://doi.org/10.3389/
fendo.2022.882241.

Shere, C., Cooper, C., Dennison, E.M., 2019. The developmental origins of osteoporosis.
In: Vaiserman, A. (Ed.), Early Life Origins of Ageing and Longevity. Springer
International Publishing, pp. 141-165. https://doi.org/10.1007/978-3-030-24958-
8.8.

Singh, Vaibhav, Kisor Pal, Ananda, Biswas, Dibyendu, Ghosh, Alakendu, P Singh, Brijesh,
2021. Evaluation of environmental and socioeconomic factors contri-buting to
fragility fractures in Indians. J. Environ. Sci. Public Health 05 (03). https://doi.org/
10.26502/jesph.96120139. https://www.fortunejournals.com/articles/evaluation-o
f-environmental-and-socioeconomic-factors-contributing-to-fragility-fractu
res-in-indians.html.

Stewart, M.C., Goliath, J.R., Stout, S.D., Hubbe, M., 2015. Intraskeletal variability of
relative cortical area in humans. Anat. Rec. 298 (9), 1635-1643. https://doi.org/
10.1002/ar.23181.

Syddall, H.E., Evandrou, M., Dennison, E.M., Cooper, C., Sayer, A.A., 2012. Social
inequalities in osteoporosis and fracture among community-dwelling older men and
women: findings from the Hertfordshire cohort study. Arch. Osteoporos. 7 (1),
37-48. https://doi.org/10.1007/5s11657-012-0069-0.

Tabor, E., Tabor, K., Pluskiewicz, W., 2023. Osteoporosis from yesterday to today - a
narrative review. Acta Med. Hist. Adriat. 21 (1), 157-170. https://doi.org/
10.31952/amha.21.1.7.

Tajik, E., Shariff, Z.M., Esfehani, A.J., Mun, C.Y., Ebrahimi, F., 2014. Dietary calcium
intake and socioeconomic status are associated with bone mineral density in
postmenopausal women. World Appl. Sci. J. 31 (2), 244-252. https://doi.org/
10.5829/idosi.wasj.2014.31.02.21.

Towle, 1., Irish, J.D., 2020. Recording and interpreting enamel hypoplasia in samples
from archaeological and palaeoanthropological contexts. J. Archaeol. Sci. 114,
105077. https://doi.org/10.1016/j.jas.2020.105077.

Tsai, A.J., 2019. Disparities in osteoporosis by race/ethnicity, education, work status,
immigrant status, and economic status in the United States. Eur. J. Intern. Med. 64,
85-89. https://doi.org/10.1016/j.€jim.2019.04.011.

Valentin, G., Ravn, M.B., Jensen, E.K., Friis, K., Bhimjiyani, A., Ben-Shlomo, Y.,
Hartley, A., Nielsen, C.P., Langdahl, B., Gregson, C.L., 2021. Socio-economic
inequalities in fragility fracture incidence: a systematic review and meta-analysis of
61 observational studies. Osteoporos. Int. 32 (12), 2433-2448. https://doi.org/
10.1007/500198-021-06038-7.

Varenna, M., Binelli, L., Zucchi, F., Ghiringhelli, D., Gallazzi, M., Sinigaglia, L., 1999.
Prevalence of osteoporosis by educational level in a cohort of postmenopausal
women. Osteoporos. Int. 9 (3), 236-241. https://doi.org/10.1007/s001980050143.

Waldron, T., 2020. Metabolic diseases. In: Waldron, T. (Ed.), Palaeopathology, 2 ed.
Cambridge University Press, pp. 188-207. https://doi.org/10.1017/
9781108583961.012.

Walker, M.M., Street, E.M., Pitfield, R., Miszkiewicz, J.J., Brennan-Olsen, S.L.,
Mahoney, P., 2019. Ancient human bone microstructure case studies from Medieval
England. In: Miszkiewicz, J.J., Brennan-Olsen, S.L., Riancho, J.A. (Eds.), Bone
Health: A Reflection of the Social Mosaic. Springer Singapore, pp. 35-52. https://
doi.org/10.1007/978-981-13-7256-8_3.

Walsh, D., 2015. Osteoporosis: a disease of the modern world? Pharm. J. 294 (7849).
https://doi.org/10.1211/PJ.2015.20067581.

Wang, M.-C., Dixon, L.B., 2006. Socioeconomic influences on bone health in
postmenopausal women: findings from NHANES III, 1988-1994. Osteoporos. Int. 17
(1), 91-98. https://doi.org/10.1007/s00198-005-1917-1.

10

Bone Reports 31 (2026) 101964

Ward, K.A., Pearse, C.M., Madanhire, T., Wade, A.N., Fabian, J., Micklesfield, L.K.,
Gregson, C.L., 2023. Disparities in the prevalence of osteoporosis and osteopenia in
men and women living in sub-Saharan Africa, the UK, and the USA. Curr.
Osteoporos. Rep. 21 (4), 360-371. https://doi.org/10.1007/s11914-023-00801-x.

Winn, J.G., Hao, T., Hardaway, J.W., Oh, H., 2026. Google Scholar in systematic reviews.
J. Librariansh. Inf. Sci. 0 (0), 09610006261445270. https://doi.org/10.1177/
09610006261445270.

Wood, C.L., Stenson, C., Embleton, N., 2015. The developmental origins of osteoporosis.
Curr. Genomics 16 (6), 411-418. https://doi.org/10.2174/
1389202916666150817202217.

Wood, J.W., Milner, G.R., Harpending, H.C., Weiss, K.M., Cohen, M.N., Eisenberg, L.E.,
Hutchinson, D.L., Jankauskas, R., Cesnys, G., Gintautas, C., Katzenberg, M.A.,
Lukacs, J.R., McGrath, J.W., Roth, E.A., Ubelaker, D.H., Wilkinson, R.G., 1992. The
osteological paradox: problems of inferring prehistoric health from skeletal samples
[and comments and reply]. Curr. Anthropol. 33 (4), 343-370. https://doi.org/
10.1086/204084.

World Health Organization, 1994. Assessment of Fracture Risk and Its Application to
Screening for Postmenopausal Osteoporosis: Report of a WHO study Group
Assessment of Fracture Risk and Its Application to Screening for Postmenopausal
Osteoporosis: Report of a WHO study Group [Meeting Held in Rome From 22 to 25
June 1992].

World Health Organization, 2008. Closing the Gap in a Generation: Health Equity
Through Action on the Social Determinants of Health - Final Report of the
Commission on Social Determinants of Health.

World Health Organization, 2025. World Report on Social Determinants of Health
Equity.

Xiao, P.-L., Cui, A.Y., Hsu, C.J., Peng, R., Jiang, N., Xu, X.H., Ma, Y.G., Liu, D., Lu, H.D.,
2022a. Global, regional prevalence, and risk factors of osteoporosis according to the
World Health Organization diagnostic criteria: a systematic review and meta-
analysis. Osteoporos. Int. 33 (10), 2137-2153. https://doi.org/10.1007/s00198-
022-06454-3.

Xiao, P.-L., Fuerwa, C., Hsu, C.-J., Peng, R., Cui, A.-Y., Jiang, N., Ma, Y.-G., Xu, X.-H.,
Lu, H.-D., 2022b. Socioeconomic status influences on bone mineral density in
American men: findings from NHANES 2011-2020. Osteoporos. Int. 33 (11),
2347-2355. https://doi.org/10.1007/s00198-022-06498-5.

Yasein, N., Shroukh, W., Fayoumi, H., Halaseh, L., 2016. The association between
socioeconomic factors and bone mineral density in postmenopausal osteoporotic
women attending family medicine clinics. Int. Med. J. 23 (5), 545-548.

Yuni, D.N., Ngang, C.C., Iloh, E.C., 2025. Overview of the implications of colonisation on
socio-economic development in Africa. In: Yuni, D.N., Iloh, E.C., Ngang, C.C. (Eds.),
Colonial Heritage and the Socio-economic Development of Africa. Springer Nature
Switzerland, pp. 3-22. https://doi.org/10.1007/978-3-031-73695-7_1.

Zaki, M.E., Hussien, F.H., El Banna, R.A.E.-S., 2009. Osteoporosis among ancient
Egyptians. Int. J. Osteoarchaeol. 19 (1), 78-89. https://doi.org/10.1002/0a.978.

Zhang, Y., Tan, C., Tan, W., 2023. BMI, socioeconomic status, and bone mineral density
in U.S. adults: mediation analysis in the NHANES. Front. Nutr. 10. https://doi.org/
10.3389/fnut.2023.1132234.

Zheng, J., Feng, Q., Zheng, S., Xiao, X., 2018. Maternal nutrition and the developmental
origins of osteoporosis in offspring: potential mechanisms and clinical implications.
Exp. Biol. Med. 243 (10), 836-842. https://doi.org/10.1177/1535370218779024.

Zingmond, D.S., Soohoo, N.F., Silverman, S.L., 2006. The role of socioeconomic status on
hip fracture. Osteoporos. Int. 17 (10), 1562-1568. https://doi.org/10.1007/s00198-
006-0161-7.


https://doi.org/10.3389/fendo.2022.882241
https://doi.org/10.3389/fendo.2022.882241
https://doi.org/10.1007/978-3-030-24958-8_8
https://doi.org/10.1007/978-3-030-24958-8_8
https://doi.org/10.26502/jesph.96120139
https://doi.org/10.26502/jesph.96120139
https://www.fortunejournals.com/articles/evaluation-of-environmental-and-socioeconomic-factors-contributing-to-fragility-fractures-in-indians.html
https://www.fortunejournals.com/articles/evaluation-of-environmental-and-socioeconomic-factors-contributing-to-fragility-fractures-in-indians.html
https://www.fortunejournals.com/articles/evaluation-of-environmental-and-socioeconomic-factors-contributing-to-fragility-fractures-in-indians.html
https://doi.org/10.1002/ar.23181
https://doi.org/10.1002/ar.23181
https://doi.org/10.1007/s11657-012-0069-0
https://doi.org/10.31952/amha.21.1.7
https://doi.org/10.31952/amha.21.1.7
https://doi.org/10.5829/idosi.wasj.2014.31.02.21
https://doi.org/10.5829/idosi.wasj.2014.31.02.21
https://doi.org/10.1016/j.jas.2020.105077
https://doi.org/10.1016/j.ejim.2019.04.011
https://doi.org/10.1007/s00198-021-06038-7
https://doi.org/10.1007/s00198-021-06038-7
https://doi.org/10.1007/s001980050143
https://doi.org/10.1017/9781108583961.012
https://doi.org/10.1017/9781108583961.012
https://doi.org/10.1007/978-981-13-7256-8_3
https://doi.org/10.1007/978-981-13-7256-8_3
https://doi.org/10.1211/PJ.2015.20067581
https://doi.org/10.1007/s00198-005-1917-1
https://doi.org/10.1007/s11914-023-00801-x
https://doi.org/10.1177/09610006261445270
https://doi.org/10.1177/09610006261445270
https://doi.org/10.2174/1389202916666150817202217
https://doi.org/10.2174/1389202916666150817202217
https://doi.org/10.1086/204084
https://doi.org/10.1086/204084
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0555
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0555
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0555
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0555
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0555
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0560
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0560
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0560
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0565
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0565
https://doi.org/10.1007/s00198-022-06454-3
https://doi.org/10.1007/s00198-022-06454-3
https://doi.org/10.1007/s00198-022-06498-5
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0580
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0580
http://refhub.elsevier.com/S2352-1872(26)00068-9/rf0580
https://doi.org/10.1007/978-3-031-73695-7_1
https://doi.org/10.1002/oa.978
https://doi.org/10.3389/fnut.2023.1132234
https://doi.org/10.3389/fnut.2023.1132234
https://doi.org/10.1177/1535370218779024
https://doi.org/10.1007/s00198-006-0161-7
https://doi.org/10.1007/s00198-006-0161-7

	Inequality embodied: A systematic review of the spatial and temporal variation of cortical bone health measures and socioec ...
	1 Introduction
	2 Materials and methods
	2.1 Eligibility criteria
	2.2 Search strategy
	2.3 Quality assessment and analysis

	3 Results
	3.1 Temporal and spatial variation

	4 Discussion
	4.1 Historical evidence for the social patterning of osteoporosis
	4.2 A life course approach to osteoporosis
	4.3 Spatial and temporal variation in investigating bone health and socio-economic status
	4.4 Limitations and biases in the current literature

	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


