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LAY ABSTRACT

Anemia is a condition that has severely affected vulnerable groups in the past, but
diagnosing it using skeletal remains can be challenging. Few studies have used bone
measurements to investigate anemia or integrated data from known cases of anemia into
archaeological analysis. In this thesis, | investigated metric aspects of the sternum and
skull, and found that there were differences associated with anemia. | used these metric
differences to propose a framework for diagnosing anemia in the skeleton, and then
applied this framework to a sample from 18"-19" century Quebec to investigate co-
occurrence of anemia and scurvy/vitamin C deficiency, which is clinically common. |
found that the prevalence of anemia and scurvy were high in this context, which
demonstrates the significant amount of stress that communities in Quebec experienced.
My research has demonstrated that improving skeletal anemia diagnosis leads to greater
confidence in interpretations of how anemia affected past health.
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ABSTRACT

In modern populations, anemia is highly prevalent and can have a significant
effect on health at the individual and population level. The condition is likely to have
been as important for past communities, but research on the subject is challenging due to
the limitations of paleopathological anemia diagnosis, which typically relies on
assessment of porosity. This research explores the utility of quantitative methods for
anemia diagnosis in skeletal remains, and uses these novel methods to investigate the co-
occurrence of anemia and scurvy in three communities from 18-19" century Quebec.

To investigate metric changes associated with anemia, hematological and sternal
imaging data from a modern cohort of individuals was assessed for changes associated
with anemia/marrow hyperplasia. Additionally, sixty-eight orbits from archaeological
individuals underwent micro-CT analysis, and were also evaluated for metric differences
related to marrow hyperplasia. Results demonstrated that there are changes in bone
microarchitecture associated with anemia, and that these changes are identifiable through
visual and metric assessment.

Based on these principles, a framework for anemia diagnosis was developed, and
used to explore how anemia may have interacted with scurvy to affect children in
Colonial Quebec. Prevalence of both conditions was high, and patterns of metabolic
disease at urban and rural sites were similar, suggesting that children across different sites
were at risk for developing scurvy and anemia.

This research highlights the importance of looking beyond porosity for anemia
assessment in skeletal remains. It demonstrates the utility of visualizing and assessing the
internal marrow space for anemia assessment, and demonstrates that metric data has a
place in analyses of anemia in archaeological contexts. It also shows that investigating co-
occurrence and clustering can be a valuable source of information on past health, and
demonstrates the utility of methods that allow us to do so.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

Anemia is a condition characterized by deficiency in red blood cells (RBCs) or hemoglobin
that impedes the delivery of oxygen throughout the body (WHO, 2011). Globally, it currently
affects approximately 1.8 billion people, the majority of whom are women and children (WHO,
2023). The risk factors that contribute to high anemia prevalence, such as micronutrient
deficiencies, social exclusion and poverty, and poor maternal health (WHO, 2023) would have
also significantly affected vulnerable groups in the past. Consequently, anemia has been studied
in past populations across a wide variety of archaeological contexts and communities (e.g.
Angel, 1966; Scaffidi, 2020; Sullivan, 2005; Wapler et al., 2004). External visualization of
porotic lesions in the cranial vault and orbital roof, known as porotic hyperostosis and cribra
orbitalia respectively, has typically been the most common method of evaluating anemia in
skeletal remains (Brickley, 2024; Grauer, 2019), but as understanding of the varied etiologies of
porous lesions has grown, this approach has fallen under criticism (Anderson, 2023; Brickley,
2024; Grauer, 2019). The lack of consensus on diagnosis in skeletal remains has likely limited
research on other aspects of anemia in archaeological contexts, such as its co-occurrence with
other conditions. New approaches to this old problem are needed.

My doctoral research seeks to address this issue by exploring new aspects of anemia in
skeletal remains. | seek to investigate and test novel methods of anemia diagnosis, and to apply
these techniques using archaeological skeletal collections from 181-19" century Quebec. This
research is centered around two core questions:

1. How can metric changes in bone be leveraged for anemia diagnosis, and how does this
change how we study anemia in archaeological contexts?

2. How prevalent are scurvy, anemia, and scurvy/anemia co-occurrence within this context,
and what factors influence their development and clustering?

Each of the three papers included in this thesis contribute to answering these questions.
Chapter 2 (“Evaluating skeletal manifestations of anemia in the sternum using a modern clinical
sample”) presents a novel method of anemia diagnosis using relative cortical bone ratios in the
sternum. This research used imaging data from individuals clinically diagnosed with anemia
using World Health Organization standards (WHO, 2011), and then applies these metric
parameters to archaeological individuals. This paper has been published in the Journal of
Archaeological Sciences. Chapter 3 (“A framework for anemia diagnosis in paleopathology
using metric methods”) has been submitted to the American Journal of Biological Anthropology,
and explores cranial changes related to anemia in nonadults, and presents a general framework
for how these data can be used as part of diagnosis. Chapter 4 (“Co-occurrence of anemia and
scurvy in nonadults from 18"-19" century Quebec™) uses these diagnoses and previously
published standards for scurvy diagnosis to understand the prevalence and pathways of
anemia/scurvy co-occurrence and clustering in historic Quebec. Age-at-death data were used to
understand the effects of co-occurrence on mortality. This paper is prepared for submission to
PLOS ONE.
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My contribution to these papers involved a senior role in recording osteological data from
the Montreal collections, accessed with permission from Dr. Isabelle Ribot. Julie Nguyen also
contributed to this data collection process. I conducted micro-CT scanning of the archaeological
samples, with training from Dr. Andrew Nelson. | analyzed the Montreal micro-CT
reconstructions and developed rubrics and methods for this analysis. | trained Meghan Langlois
in the use of these protocols, and she did the visual analysis of the orbits from the Dutch
collections (access with permission from Dr. Rachel Schats, Dr. Alie van der Merwe, and Dr.
Andrea Waters-Rist) using these methods. I did the micro-CT measurements from the Montreal
manubria, Montreal and Dutch orbits, and measured frontal ratios from the Montreal collections,
while Meghan Langlois collected the Dutch frontal ratios. | performed all statistical tests and
analysis myself. For the clinical data, | obtained ethics approval in conjunction with Dr. Michelle
Zeller, Kayla Lucier and Maryam Akbari-Moghaddam, who also provided guidance on clinical
data collection. I collected sternal measurements and haematological data from this sample, and
did the data analysis, with input on methods from Maryam Akbari-Moghaddam. | wrote all first
drafts, and revisions were made based on feedback from co-authors.

This thesis includes the three articles described above, as well as this introductory chapter
and a concluding chapter. The introduction provides background information on the relationship
between anemia and bone, and the history of anemia diagnosis in paleopathology to situate the
reader in the broader context of anemia diagnosis in skeletal remains. It also discusses the
individual and population-level burden of anemia, to illustrate why the study of anemia is
important for understanding overall health and well-being. These topics are broadly covered in
all three papers (Chapters 2-4), but this general information provides a more detailed overview.
The biocultural aspects of anemia and scurvy co-occurrence and clustering are also discussed, to
provide a background to the work presented in Chapter 4. The final chapter describes how the
three papers contribute to meeting the overall objectives of the thesis, and suggests ways in
which this work can be used in the future for continued study of anemia in the past.

1.1 Anemia Development and Global Burden

There are three main pathways that anemia develops: excessive blood loss, increased
destruction of RBCs (hemolysis), or impaired RBC production or formation. These mechanisms
can overlap, and determining the exact cause is often challenging or impossible, even in clinical
settings (WHO, 2023). Anemia can be inherited/genetic, such as sickle cell anemia or
thalassemia, or can be acquired through nutritional deficiencies, trauma and injury, or chronic
health conditions like kidney disease or gastrointestinal conditions (Kassebaum, 2016).

In clinical settings, anemia diagnosis is done through a complete blood count, which
measures parameters such as hemoglobin level, hematocrit value, and RBC count (Cascio &
DeLoughery, 2017). Other diagnostic tests may be performed to investigate blood cell shape and
size, or marrow health. Moderate anemia is typically diagnosed when hemoglobin concentrations
are below 110 g/L (WHO, 2011), and severe anemia is classified as concentrations below 80 g/L.
These values can vary based on age, sex, and pregnancy status. For example, the non-anemia
hemoglobin value for pregnant people is a hemoglobin concentration over 110 g/L, but this value

2
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is over 130 g/L for men over age 15 years (WHO, 2011). To establish the clinical cohort in
Chapter 2, individuals in the non-anemic sample needed to have a hemoglobin level of over 130
g/L, and the anemic sample used a maximum hemoglobin level of 110 g/L. Pregnancy was not
used as an exclusion criterion, but due to the cutoff values used for both groups, differences in
diagnostic parameters for different demographics should not have affected the cohort
composition. Individuals diagnosed with genetic anemias were excluded; currently, non-genetic
forms of anemia are most common globally (WHO, 2023), and this is expected to be the same
for past contexts. While genetic anemias do produce marked skeletal changes, and these lesions
can assist in a diagnosis, genetic anemias are unlikely to represent the majority of cases in most
paleopathological research contexts. Individuals diagnosed with osteoporosis or with an
osteoporotic fracture were also excluded, to eliminate any issues differentiating between the
source of observed changes. Both osteoporosis and skeletal manifestations of anemia can result
in changes to bone quantity (see section 1.2) and so differentiating between these two potential
causes of skeletal changes was important. Additionally, only individuals 45 years old or younger
were included in the sample, as osteoporosis and age-related bone loss tends to affect individuals
over 50 years (Clynes et al., 2020).

Individual consequences of anemia are related to oxygen deficiency, which leads to
generalized fatigue, and has a significant impact on an individual’s ability to exert themselves
and perform physical activities (Kassebaum, 2016; Ludwig & Strasser, 2001). Cognition may
also be affected, and these effects in combination can have a negative effect on quality of life
(Lucca et al., 2008; WHO, 2023). Children and women of reproductive age are most vulnerable
to anemia and its associated negative consequences; in part, this is due to high physiological
demand for micronutrients during pregnancy, growth, and development (Sifakis & Pharmakides,
2000). Anemia is associated with increased mortality and fragility within vulnerable groups, and
can exacerbate the risk of complications during pregnancy, contracting an infectious disease, and
of heart failure (Kassebaum, 2016; Sifakis & Pharmakides, 2000; WHO, 2023). However,
anemia risk is not only a result of biological and physiological mechanisms. Determinants of
anemia can also include environmental (e.g. proximity to malaria hotspots), structural (e.g.
access to health services), and cultural (e.g. birth spacing practices) variables that operate on
individual and community-based scales, and can vary from context to context, even within
individual households (Balarajan et al., 2011; Kassebaum, 2016; Piperata et al., 2014; WHO,
2023) (Figure 1-1). At the population level, anemia is associated with risk factors such as higher
infectious disease burden, food insecurity and reduced micronutrient availability, poor maternal
healthcare, conflict, poverty, and poor sanitary infrastructure (Balarajan et al., 2011; Fischer et
al., 2014; Kassebaum, 2016; WHO, 2023). High anemia prevalence can have significant
economic consequences due to lowered productivity and diminished work capacity, often leading
to economic disadvantage and resulting in a negative feedback loop that further exacerbates
anemia risk (Balarajan et al., 2011; WHO, 2023).
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Environmental

Biological

Figure 1-1: Examples of anemia risk factors on biological, social, structural, and environmental levels. Data from
Balarajan et al., 2011; Hoffbrand & Steensma, 2019; Kassebaum, 2016; WHO, 2023. Figure design adapted from Perry
& Gowland, 2022. Some factors can be classified under more than one broad category, and are included in multiple
sections to reflect this.

1.2 Anemia and Bone

Skeletal changes caused by anemia are due to the process of marrow hyperplasia, where
bone marrow expands past its usual boundaries in response to an increased demand for RBC
production (erythropoiesis) (Hoffbrand & Steensma, 2019). Red blood cell formation is
stimulated by the protein erythropoietin, which is upregulated during periods of anemia (Erslev,
1991). In conjunction with increasing RBC production, erythropoietin also stimulates osteoclast
(bone-resorbing cells) development, thereby promoting bone resorption (Hiram-Bab et al., 2015;
Shiozawa et al., 2010;). Ultimately, the pressure of expanded bone marrow and increased
osteoclast activity can lead to thinning of the cortical bone, which causes porosity in locations
where the bone is already thin (Wapler et al., 2004). This enhanced pressure may result in
trabeculae that are oriented perpendicularly to the cranial vault and can perforate the outer table,
leading to “hair-on-end” radiographic appearance of the cranium (Hollar, 2001). Resorption of
the cortical bone also causes a relative increase in trabecular space thickness (Reynolds, 1962,
1965). Other aspects of bone microarchitecture can also be affected by marrow hyperplasia;
increased intertrabecular separation and trabecular thinning are also expected (Agarwal et al.,
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1970; Hoffbrand & Steensma, 2019; Jaffe, 1972). These aspects of how skeletal manifestations
of anemia develop are further explored in Chapters 2 and 3.

Skeletal manifestations of marrow hyperplasia can only develop in locations where bone
marrow is active, and capable of producing more RBCs (Brickley, 2018). Distribution of active
bone marrow throughout the body is highly age-dependant. In those under one year old, active
marrow is found throughout the entire skeleton, but with age, marrow converts to an inactive
stage, and its hematopoietic potential decreases (Brickley, 2018; Burkhardt et al., 1987). After 25
years of age, the vertebrae, sacrum, pelvis, thorax, and long bone metaphyses contain the highest
percentage of active marrow (Brickley, 2018; Burkhardt et al., 1987; Guillerman, 2013). Over
the age of 40 years, the hematopoietic potential of the marrow further decreases, which
subsequently affects the likelihood of developing skeletal manifestations of anemia initiated after
this age. For context, red marrow typically contains a minimum of 60% hematopoietic cells by
volume (Blebea et al., 2007), and only the lumbar vertebrae maintain a volume of over 50% by
age 40 years (Burkhardt et al., 1987). Additionally, marrow has the capacity to reconvert to the
active state, as long as it has not fully transitioned to inactivity (Brickley, 2018; Guillerman,
2013). If reconversion meets the demand for erythropoiesis during anemia, skeletal
manifestations of marrow hyperplasia would not develop, as the bone marrow does not need to
expand (Brickley, 2018; Yildirim et al., 2005).

Differentiating between skeletal manifestations of marrow hyperplasia and other lesion
etiologies is a key issue when associating porous lesions with anemia, but few studies have
attempted to do so by visualizing the internal marrow space (exceptions include Morgan, 2014;
Naveed et al., 2012; Saint-Martin et al., 2015; Wapler et al., 2004). Other etiologies of skeletal
porosity include taphonomy, scurvy, rickets, infection/inflammation, and normal growth and
development (Brickley & Morgan, 2022) (see Section 1.4). Differentiating between lesion
etiologies requires assessing the underlying biological mechanisms that could have contributed
to observed skeletal changes (Klaus, 2017; Mays, 2018). This approach, termed the biological
approach, requires consideration of anatomy and physiology, in conjunction with clinical
observations (Mays, 2018). In cases of anemia, it is expected that porous lesions will be
accompanied by underlying signs of marrow hyperplasia, which are difficult to assess through
external examination alone.

1.3 Anemia Diagnosis in Paleopathology

The link between porous cranial lesions and anemia was established using radiographic
and macroscopic observations of skeletal changes that occurred in genetic anemia (Angel 1966;
Hooten, 1930; Williams, 1929). Early researchers, such as Moseley (1965) and Angel (1966),
emphasize widening of the diploic space in conjunction with porous lesions as a key feature
linking these skeletal changes to anemia. Angel also highlighted the importance of considering
other possible lesion etiologies, and evaluating postcranial skeletal elements for ensuring that
differential diagnosis could be as thorough as possible (Buikstra & Prevedorou, 2012). Initial
research on porous lesions and anemia focused on genetic anemias, but the relationship between
skeletal changes and anemia was also documented in other forms of anemia, notably iron
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deficiency anemia (Britton et al., 1960; Moseley, 1965; Shahidi et al., 1960). Researchers used
this information to expand their studies of anemia in archaeological contexts to include other
forms of anemia as well.

Porous cranial lesions were used as evidence for anemia, especially iron deficiency
anemia, in archaeological contexts. Lesions helped to identify contexts where malnutrition and
dietary deficiencies may have affected past communities, and explore dietary differences
between groups (e.g. El-Najjar et al., 1976; Von Endt & Ortner, 1982). Other studies
hypothesized that infections and early childhood stress were a potential cause of iron deficiency
anemia (e.g. Mensforth et al., 1978), and some proposed multiple interacting pathways that led to
the development of anemia and subsequent lesions (e.g. Palkovich, 1987). Consequently, the
terms porotic hyperostosis (PH) and cribra orbitalia (CO), used to describe these lesions, became
a regular part of the paleopathological lexicon.

Although initial work emphasized importance of observing evidence of marrow
hyperplasia, the terms PH and CO became synonymous with anemia over time (Brickley, 2024;
Grauer, 2019). Grauer (2019) hypothesizes that this shift occurred inadvertently due to the
extensive use of Buikstra and Ubelaker’s Standards for Data Collection from Human Skeletal
Remains (1994), which used PH and CO as descriptive terms for the purposes of recording
pathology, and led to “researchers conflating description with diagnosis” (Grauer, 2019: 515).
This shift meant that diagnosis of anemia did not always consider whether lesions were related to
skeletal manifestations of marrow hyperplasia, and that Angel’s early recommendations on
evaluating lesions were not necessarily followed (Brickley, 2024). Many studies calculated
anemia prevalence using only the presence of PH and CO, without full consideration of the
underlying processes that may have caused the lesions. By the early 2000s, researchers began to
articulate the limitations of this method of anemia diagnosis (e.g. Wapler et al., 2004), and
recognized the wide variety of underlying etiologies that could contribute to PH and CO, leading
to greater caution in paleopathological anemia research overall (Brickley, 2024). Interpretation
of porous lesions as non-specific stress indicators tied to poor population health, instead of
anemia specifically, became more common (e.g. Yaussy et al., 2016). Currently, researchers tend
to be much more cautious in ascribing porous lesions directly to anemia.

Beyond diagnosis, other challenges and debates on anemia in past contexts have
developed throughout time. Walker and colleagues (2009) suggested that porous cranial lesions
were more likely linked to megaloblastic anemia (due to B12 and/or folate deficiency) rather
than iron deficiency anemia, although Mcllvaine (2015) and Oxenham and Cavill (2010) have
disputed this idea. This debate highlights the complexity of anemia as a condition; in clinical
settings, multiple forms of anemia can develop in the same person, and it is not always possible
to determine one specific etiology (Chapparro & Suchdev, 2019). This means that when
evaluating anemia in bone, it may be challenging or even impossible to determine an exact
etiology, especially as a range of anemias, beyond just iron deficiency or megaloblastic anemia,
can result in marrow hyperplasia and potential skeletal changes (Oxenham & Cavill, 2010).
Other questions have centered on the etiological relationship between CO and PH (Rivera &
Lahr, 2017; Stuart-Macadam, 1989), interobserver error when scoring lesions (Anderson, 2023;
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Santos et al., 2023), and timing of lesion development (Brickley, 2018; Stuart-Macadam, 1985).
These questions and debates highlight many of the issues with overreliance on lesions for anemia
diagnosis.

As awareness of the issues surrounding anemia diagnosis in paleopathology rises,
solutions to these challenges have been proposed. Radiography has a long history of being used
to visualize the internal marrow space (e.g. Moseley, 1965; Reynolds, 1962, 1965), but improved
skeletal imaging methods, such as computed tomography (CT) and micro-CT analysis, are
gaining prominence (e.g. O’Donnell et al., 2023; Panzer et al., 2023), and provide improved
resolution that allows for visualization of bone microarchitecture (e.g. Naveed et al., 2012; Saint-
Martin et al., 2015). In their pivotal study of porous lesion etiology, Wapler and colleagues
(2004) used destructive sampling to expose a single sagittal plane of the eye orbit, but non-
destructive imaging can now achieve visualization of the entire orbit, and the changes that
develop throughout (e.g. Morgan, 2014). Visualization of the internal marrow space also allows
for quantitative analysis, and Brickley (2024) suggests reframing how we think about anemia
diagnosis in the skeleton using metric analysis, which can be thought of as “direct measure[s] of
a diagnostic parameter” (Mays, 2018: 13). Skeletal manifestations of marrow hyperplasia can
affect the relative amount of bone present (Reynolds, 1962, 1965; Sebes & Diggs, 1979), and
developing baselines for bone measurements in individuals without anemia can be used to
identify variation that may be indicative of changes related to marrow hyperplasia. My research
is situated within this paradigm shift, and seeks to explore how such quantitative methods can be
used to improve anemia diagnosis using non-destructive imaging methods.

The World Health Organization defines anemia prevalence of 40% or higher as severely
significant to public health in a given context (WHO, 2011). Reported prevalences of porotic
lesions in archaeological contexts can vary widely, but can reach this level in certain contexts
and age groups (e.g. Pechenkina & Delgado, 2006). Studies have attributed high prevalence of
CO and/or PH to factors such as diet and micronutrient availability (e.g. Fairgrieve, & Molto,
2000), parasitic infection (e.g. Godde & Hens, 2021), lower socioeconomic status and presence
of chronic disease (e.g. Sullivan, 2005). However, it is important to note that crude prevalence of
porous lesions, including PH and CO, cannot be directly correlated to the prevalence of anemia,
due to the varied etiologies of porous cranial lesions, as discussed above. Instead, my research
aims to specifically diagnose and evaluate anemia, and develop improved approaches to
diagnosis, so that the documented burden that anemia can have on population and individual
health (see Section 1.1) can be better assessed. Determinants of anemia will not operate in the
same way across different contexts, and to understand how the intersection of local risk factors
contributes to anemia in specific communities and samples, we must first be able to have greater
certainty and consistency in anemia diagnosis in skeletal remains.

1.4 Anemia and Scurvy Co-Occurrence

Greater confidence in anemia diagnosis allows us to investigate different aspects of the
condition in archaeological contexts. Anemia commonly co-occurs with other conditions
(Chaparro & Suchdev, 2019; Trapani et al., 2022; WHO, 2023), and while co-occurrence of
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porotic lesions with other skeletal indicators of disease are common (e.g. Yaussy et al., 2016),
studies in paleopathology that specifically examine the clustering of anemia and other conditions
are limited. My research focuses specifically on co-occurrence with scurvy (caused by vitamin C
deficiency), which often co-occur in clinical settings (Trapani et al., 2022). To date, however,
work on anemia and scurvy co-occurrence in archaeological collections has identified individual
cases of co-occurrence (e.g. Lovasz et al., 2013; Ortner et al., 2001), rather than examining these
conditions on a wider scale, or has focused on methods of differentiating between the conditions
skeletally (e.g. Zuckerman et al., 2014), rather than considering how co-occurrence may have
affected skeletal manifestations of either condition.

Scurvy and anemia share a biological/physiological relationship that makes them likely to co-
occur. Vitamin C facilitates iron absorption and maintains folate levels, meaning that either iron
deficiency anemia or megaloblastic anemia can occur during scurvy (Golding, 2018; Trapani et
al., 2022). It also plays a role in tissue repair through collagen production, and the significant
haemorrhaging and blood loss during scurvy, especially in later stages, can also lead to a form of
acquired anemia (Schlueter & Johnston, 2011; Trapani et al., 2022). Scurvy and anemia also
share structural, environmental, and social risk factors, such as access to micronutrients, food
insecurity, displacement, and poverty, further enhancing the likelihood that they will co-occur,
particularly in vulnerable populations (Rowe & Carr, 2008; WHO, 1999). Figure 2-2 shows the
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Figure 1-2: Repeated version of Figure 1-1 to highlight the similarities in risk factors between anemia and scurvy.
Examples of scurvy and anemia risk factors are bolded. Data from; Balarajan et al., 2011; Hoffbrand & Steensma,
2019; Kassebaum, 2016; Schlueter & Johnston, 2011; Trapani et al., 2022; WHO, 1999; WHO, 2023.
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same examples of anemia risk factors as Figure 1, but risk factors common to both anemia and
scurvy are bolded, demonstrating the wide degree of overlap between the risk factors for both
conditions. Factors such as exposure to pathogens and sanitation were not bolded, but are still
tangentially related to scurvy, as vitamin C requirements tend to increase due to infectious
disease (WHO, 1999).

Scurvy and anemia both have a negative effect on the immune system, and exploring
multimorbidity with other diseases helps to further evaluate the factors that contributed to
mortality risk and susceptibility to disease. Understanding the co-occurrence of various health
conditions is vital for recognizing patterns and identifying potential adverse health outcomes
stemming from their interaction. This approach falls under the umbrella of syndemics, a theory
first proposed by Singer (1994) to describe the phenomenon of two or more diseases or
conditions that synergistically interact to negatively affect health within a given sociocultural
context (Singer et al., 2017). Syndemic theory helps to explore the pathways that affect disease
clustering, and explains why these pathways can differ depending on local factors (Mendenhall
et al., 2017). Syndemic theory explicitly emphasizes that biological interaction and synergism is
essential for recognizing a syndemic, not just co-occurrence of multiple conditions (Mendenhall,
2017; Tsai, 2018). Using mortality data is one way to study syndemic interaction in
archaeological contexts; disproportionate mortality rates amongst certain groups, or younger age-
at-death can be a proxy for worse health outcomes (Perry & Gowland, 2022). This is the
approach used in Chapter 4 to investigate scurvy and anemia in 18-19™" century Quebec.

Co-occurrence can cause complications for assessing skeletal changes related to anemia
as other conditions may also affect bone quantity or quality. For example, other metabolic bone
diseases, such as scurvy and rickets, can result in generalized osteopenia and loss of bone mass
(Brickley & Morgan, 2023), similar to the reduction in cortical/trabecular thickness expected for
skeletal manifestations of marrow hyperplasia. Changes to bone microarchitecture, particularly
cortical thinning, may enhance the porosity that develops in scurvy. Differentiating between
skeletal changes caused by different metabolic conditions, therefore, requires thorough
consideration of the entire skeleton, including factors such as age, lesion appearance, and lesion
distribution. Changes that can be attributed to multiple conditions (i.e. those that fall under the
‘consistent with’ category of diagnostic certainty as described by Appleby et al. (2015)) will
mean that high levels of diagnostic certainty may not be achievable for that case. Chapter 3
briefly explores how co-occurrence may affect anemia diagnosis, and Chapter 4 elaborates on
how co-occurrence with scurvy is expected to affect the diagnostic guidelines presented in
Chapter 3.
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Abstract

Anemia is a globally significant condition, both today and throughout history. Studying how it
affected past communities contributes to understanding its impact on vulnerable groups.
However, anemia diagnosis in skeletal remains is challenging, and improving methods for
diagnosis is necessary for moving forward. In current clinical practice, sternal bone marrow
undergoes anemia-related changes, which could affect underlying bone structure, but the sternum
has never been investigated as a skeletal marker of anemia. We used a cohort of individuals with
known hematological data (N=23) to investigate whether there are quantitative bone changes in
the sternum of individuals clinically diagnosed with anemia. Sternal bone features were
measured using CT imaging to calculate a ratio of the relative cortical bone to trabecular space.
The sample was separated into non-anemic and anemic cohorts based on World Health
Organization diagnostic parameters. We found significant differences in ratios between those
with and without anemia, suggesting that sternal bone ratio measurements could be used as a
diagnostic parameter. In individuals without clinically-diagnosed anemia, ratios never exceeded
3.6 in the manubrium and 2.3 in the sternal body. We repeated these ratio measurements using
micro-CT analysis on a sample of archaeological sternums and found that the ratio diagnostic
parameter could also be used in this sample to identify those who could have experienced
anemia. These results demonstrate the utility of quantitative methods for diagnosing anemia in
skeletal remains and suggest that sternal ratio measurements can be used as part of anemia
diagnosis in past contexts.

Keywords: marrow hyperplasia, porous lesions, micro-CT, hemoglobin, hematopoiesis
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1.0 Introduction

Anemia is a condition characterized by a reduction of the body's ability to transport and
supply oxygen to its tissues, generally due to a deficiency in the oxygen-carrying capacity of red
blood cells (RBCs) (Lopez, 2016; WHO, 2011). Bioarchaeologists have long been interested in
studying anemia (e.g. Angel, 1966; El Najjar et al., 1976), both on a diagnostic level (e.g. Stuart-
Macadam, 1987; Anderson et al., 2021) and as an indicator of overall poor health and nutrition
amongst vulnerable groups (e.g. Sullivan, 2005). However, diagnosing anemia in human remains
is challenging, partly due to the disconnect between typical clinical methods of anemia diagnosis
and the types of data available to those diagnosing disease in bone (Brickley, 2024).

Assessments of anemia in bone tend to rely on evaluating porosity, which has a variety of
causes (Brickley, 2024). There is a lack of current research that investigates the skeletal
manifestations of anemia using known clinical cases, although researchers have recognized the
necessity of this work. Specifically, Grauer (2019) suggests investigating the potential
correlations between clinical measures of anemia (e.g., hemoglobin concentration, serum ferritin
level, transferrin saturation, etc.), length of illness, and skeletal lesions to understand better the
factors contributing to lesion manifestation/appearance. To improve the diagnosis of anemia in
archaeological settings, there is a broader need to work collaboratively with clinicians to develop
new methods, and investigate and understand the marrow space changes that occur in individuals
clinically diagnosed with anemia. This research builds on these suggestions, and is the first study
to incorporate both paleopathological and hematological data into its research design.

Skeletal manifestations of anemia are due to the interaction of red blood cells (RBCs),
bone marrow, and bone microarchitecture. Red blood cells are produced in the bone marrow, and
increased RBC production to address the oxygen deficiency can result in expansion of bone
marrow -a process called marrow erythroid hyperplasia (Hoffbrand & Steensma, 2019). When
the marrow exceeds its regularly occupied space, marrow hyperplasia can cause skeletal changes
such as thinning of the trabecular bone and widening of intertrabecular separation, as well as
resorption/thinning of the cortical bone that can lead to porous lesions (Agarwal et al., 1970;
Jaffe, 1972). In the cranium, porous lesions such as cribra orbitalia, and/or porotic hyperostosis
are typically used as part of anemia diagnosis in archaeological skeletal remains (Brickley,
2024), and anemia has been proposed as a potential etiology of post-cranial lesions such as cribra
femora or cribra humeri (e.g. Smith-Guzman, 2015). However, since other processes can also
cause cortical porosity (e.g. taphonomy, incomplete mineralization, vascularization), a biological
approach is necessary for evaluating the etiology of porous lesions (Wapler et al., 2004; Mays,
2018; Brickley et al., 2020). Alternative methods of evaluating these lesions and any underlying
evidence of marrow hyperplasia, such as imaging and/or metrics, have been proposed or used,
and may be a way to improve the accuracy of anemia diagnosis in archaeological remains
(Morgan, 2014; Rivera & Lahr, 2017; Anderson et al., 2020; O'Donnell et al., 2020; O'Donnell et
al., 2023; Panzer et al., 2023; Brickley, 2024).

The clinical data on skeletal changes associated with marrow hyperplasia and anemia
comes from physicians using radiographs (e.g. Reynolds, 1962,1965; Moseley, 1965; Agarwal et
al., 1970). These publications focus on cranial manifestations of anemia, likely because these
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changes are more extreme (e.g. the hair-on-end appearance of the cranial vault), although the
involvement of long bones has also been considered in some cases (e.g. Agarwal et al., 1970).
Many of these studies involve observational data; however, Reynolds (1962, 1965) and Sebes &
Diggs (1979) also incorporate quantitative approaches to evaluating marrow space changes.
Using radiographs, Reynolds (1962) measured the parietal bones of 12 patients with known
sickle cell anemia and calculated the ratio of diploic thickness to total cortical bone. A
"comparable group of normal subjects” was also measured. Their ratios never exceeded 2.3
(Reynolds, 1965: 72). Based on this finding, Sebes & Diggs (1979) also measured frontal ratios,
and considered the diploe of their clinical subjects to be abnormally expanded when diploic
thickness was at least 2.5 times greater than cortical thickness (measurements shown in Panzer et
al., 2023, Figure 1).

These early clinical studies (e.g. Reynolds, 1962, 1965) demonstrate the utility of
quantitative methods for assessing marrow hyperplasia. However, current literature on metric
assessment and anemia is limited to the cranium, and postcranial elements have not been
investigated to the same extent, meaning that archaeological individuals with poorly preserved or
absent crania cannot be evaluated. The location of marrow space changes is important for
anemia, and is age-dependent, as only active "red" bone marrow or mixed marrow that contains
some active marrow can produce RBCs (Brickley, 2018). With age, hematopoietic cells in red
marrow are replaced with fatty/yellow cells, and its capacity for producing RBCs significantly
decreases (Brickley, 2018). When demand for RBCs is especially high, reconversion of mixed
marrow can also occur, which increases the proportion of red marrow, meaning that more RBCs
can be produced without the possibility of marrow expansion. The red-yellow marrow
conversion process happens at different times in different skeletal elements; in children, active
marrow is found in high concentrations in the cranium (see Brickley, 2018, Figure 1). Cranial
manifestations of marrow hyperplasia that are used for anemia diagnosis in skeletal remains can
therefore be linked to episodes of anemia initiated in childhood (McFadden & Oxenham, 2020;
O'Donnell et al., 2023). Alternative locations of skeletal changes related to marrow hyperplasia
are much less understood, and the potential for postcranial changes that represent episodes of
anemia occurring at older ages has not been investigated.

The sternum is one potential area where active marrow persists at older ages, and could
show skeletal manifestations of marrow hyperplasia (Chirsty, 1981; Burkhardt et al., 1987;
Brickley, 2018). Burkhardt et al. (1987) found that the sternum, on average, contains a higher
volume percentage of hematopoietic tissue compared to other common sites of RBC production
in individuals aged 20-39 years (e.g. the iliac crest and the lumbar vertebrae). Although the iliac
crest is the most-used site for taking marrow samples in anemic patients, aspiration of the
sternum is also used for adults if the iliac crest is inaccessible (Riley et al., 2004). Porous
"lattice™ lesions on the posterior manubrium are common in archaeological material, and it has
been suggested that they could be related to various forms of anemia (Mann & Tuamsuk, 2005;
Lagia et al., 2007; Sanchez, 2014). Based on these factors, we hypothesize that there is potential
for relative changes in cortical thickness and trabecular space in the sternum to be a marker of
anemia.
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This exploratory study aims to investigate this hypothesis by using imaging data from
modern individuals clinically diagnosed with anemia. The study aims to determine if there are
quantitative differences in cortical thickness and trabecular space in the sternums of these
individuals and establish whether such differences can also be observed in archeological bone.
Furthermore, we seek to evaluate whether manubrium porosity and other visual skeletal changes
are associated with any observed metric differences.

2.0 Materials
2.1 Clinical sample

The Hamilton Integrated Research Ethics Board approved data collection and study
methods. The clinical cohort was comprised of 23 individuals from Hamilton Health Sciences'
Transfusion Research Utilization, Surveillance, and Tracking (TRUST) database who met the
selection criteria listed in Table 2-1. Anemia diagnosis in this study was based on established
hemoglobin thresholds for anemia (WHO, 2011) and supplemented by specific ICD-10 code
diagnoses (see Supplemental Table 2-S1). From the total cohort, 15 manubria and 22 sternal
bodies were measured, and both the manubrium and sternal body were measured from 14
individuals. The non-anemic sample consisted of individuals with a complete blood count
performed but who were not clinically diagnosed with anemia in the three years before
undergoing CT imaging (n=11 for the manubrium; n=16 for the sternal body). The anemic
sample consisted of individuals who had experienced a form of non-genetic anemia in the three
years before their CT imaging (n=4 for the manubrium; n=6 for the sternal body) (Table 2-2).
Length of anemia before imaging ranged from one month to 2.5 years. To mitigate the effects of
age-related bone loss on ratio measurements, individuals < age 45 years at the time of imaging
were prioritized, as risk of osteoporosis increases past age 50 (Clynes et al., 2020). Individuals
diagnosed with osteoporosis or an osteoporosis-related fracture were excluded (Supplemental
Table 2-S1).

Table 2-1: General clinical sample selection criteria.

Criteria Anemic Sample Non-Anemic Sample
Age (years) 18-45 years 18-45 years
Hemoglobin Level (g/L) | <110 >130
CT Imaging ] Sternum visible Sternum visible
Other Criteria Includes: Excludes:
e Acquired anemias e Any form of anemia
Excludes: e  Osteoporosis
e  Genetic anemias
e  Osteoporosis

* Exact criteria for data extraction are presented in Sujiplementa! Table 2-34

Number of individuals 23 12 11 7 16
N Mean age at time of 33 33 33 36 33
Clinical imaging (years)
Age range at time of 2045 2245 2242 2245 22-40
imaging (years)
Number of individuals 18 7 9 2
Number of individuals with
. . 8 3 5 0
manubrium porosity 14
Archaeological Number_ of |nd|V|(_1uaIs without 10 4 4 2
manubrium porosity
Mean midpoint age-at-death 29 32 27 28

estimate (years)
Ranage of midpoint age-at- I I P R
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2.2 Archaeological sample

Individuals from three 18"-19" century Quebec collections were included in the
archaeological sample and originated from the following cemeteries: Saint-Antoine (1799-1855)
(Ethnoscop, 2016a), Sainte-Marie (1709-1843) (Ethnoscop, 2006), and Pointe-aux-Trembles
(1748-1878) (Ethnoscop, 2016b). Age-at-death was estimated by assessing the auricular surface,
pubic symphysis, sternal rib ends, vertebral annular rings, and epiphyseal fusion (Lovejoy et al.,
1985; Brooks & Suchey, 1990; Schmitt, 2005; Schaefer et al., 2009; Hartnett, 2010), while sex
was estimated using standard morphological features of the skull and pelvis (Buikstra &
Ubelaker, 1994). From these collections, 18 adults (over 18 years) with midpoint age estimates <
45 years and with well-preserved manubria were chosen for the micro-CT sample (Table 2). The
presence/absence of porosity on the posterior manubrium for these individuals was also recorded
based on criteria described by Sanchez (2014).

Table 2-9: Demographic composition of archaeological and clinical samples.

All W E Female Anemic Non-anemic

Number of individuals 23 12 11 7 16
Mean age at time of

Clinical imaging (years) 33 33 33 36 33
Age range at time of 2045 20-45  20-42 2245 22-40
imaging (years

All Male Female Unknown

Number of individuals 18 7 9 2
Number of individuals with 8 3 5 0

manubrium porosity
Number of individuals without

Archaeological . . 10 4 4 2
manubrium porosity
Me_an midpoint age-at-death 29 32 27 28
estimate (years)
Range of midpoint age-at- 18-45 18-45 18-40 25.30

death estimates (years)

3.0 Methods
3.1 Clinical metric data

CT images were evaluated in the Centricity Enterprise Viewer (v 3.0), and measurements
were taken with the ruler tool. Window levelling was set to the automatic "Bone Window"
settings (C570, W3077) for all individuals. On the coronal view, the sagittal axis was placed at
the centre of the sternum, such that it passed through the most inferior portion of the jugular
notch on the manubrium. After placement of this axis, the total length of the manubrium (from
the most superior to most inferior point) was measured on the sagittal view. This measurement
was divided by three to establish where the upper-third of the manubrium began, as recording of
porosity on the archaeological manubria found that it tended to originate in the upper-third of the
bone. At this point, the anterior cortical thickness, posterior cortical thickness, and trabecular
space thickness were measured. A ratio of trabecular space thickness to total cortical thickness
was calculated for the final manubrium ratio.
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The same ratio measurement of trabecular space to cortical thickness was calculated for
the sternal body. The length of the sternal body was measured on the sagittal view after
placement of the sagittal axis. This measurement was divided in half, and the same procedure for
measuring and then calculating the ratio of trabecular space thickness to total cortical thickness
was used at this midway point (Figure 2-1). Sternal and manubrium measurements were taken at
two different times, and an average was used for final ratio calculations. Technical error of
measurement (TEM) was calculated for all measurements (Perini et al., 2005).

Coronal View
I

Sagittal View

ML/3

Manubrium ratio measurement

Total manubrium length (ML)

Cortical bone

BL/2 Trabecular
space
- AR
'
'
s
-
YL X z
Body ratio measurement | -—7 | [ [ T
~
~

Ratio= x/(y+7)

Total body length (BL)

Sagittal Axis

Figure 2-1: Diagram showing process of taking sternal body and manubrium measurements. Measurements for the final
ratio calculation should be taken on the sagittal view at the bolded transverse lines corresponding to the bold text:
Manubrium ratio measurement and Body ratio measurement.
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3.2 Archaeological micro-CT analysis

Manubria underwent micro-CT imaging using a Nikon XTH-225ST micro-CT scanner at
the Ancient Images Lab of the Museum of Ontario Archaeology. They were mounted within a
Styrofoam cup and secured with green floral foam. Settings used were 115kV, 105pA, and 12.1
watts at a voxel size of 36.00 um and panel gain of 18.0. A molybdenum target was used, and
each scan used 3141 frames at a rate of 1 projection per second and took 53 minutes. The 3D
volume was reconstructed in CT Pro 3D (v. 4.4.4) using an FDK-filtered back projection
reconstruction algorithm. Dragonfly (v. 2021.3) was used to visualize and measure the manubria.

Micro-CT analysis allows for visualization of
small-scale bone microarchitecture features, which was
valuable for visually evaluating changes related to
marrow hyperplasia in this study. However, due to the
differences in resolution between the archaeological
manubria's micro-CT imaging and the clinical sample's
CT imaging, the initial ratios derived from the micro-
CT analysis could not be directly compared to the CT-
derived measurements. The micro-CT analysis allowed
for more precise definition of the cortical bone borders,
resulting in consistently larger ratios overall, as the total
cortical thickness was smaller compared to the
measured values from the CT images. To directly
compare the ratios derived from the archaeological
manubria to the clinical manubria, the resolution of the
micro-CT reconstructions was downgraded to match the
CT images (Figure 2-2). A set of adjusted
measurements using the equivalent resolution to the Figure 2-5: Original micro-CT
clinical CT images were then taken, following the same ~ resolution(a) versus adjusted resolution for

. ) comparison to CT images(b) for the same
protocol as above (Figure 2-1). individual. Sagittal micro-CT (a) and CT

(b) reconstructions.

3.3 Ratio analysis

The range of sternal and manubrium ratios was tested for normality using Shapiro-Wilk
tests since they are appropriate for small sample sizes; both were normally distributed, so
independent sample t-tests (two-tailed, 0=0.05) were used for further analysis. In the clinical
sample, average ratios between the anemic and non-anemic groups and the overall manubrium
and sternal body ratios were compared. Ratio values in males and females were also compared,
and Pearson correlation tests were used to test the relationship between age and ratios. Minimum
and maximum values were recorded to capture the range of variation.

In the archaeological sample, midpoint age estimates were used to assess if there was a
difference in age between those with and without porosity. The adjusted ratios from the
archaeological sample were compared to the anemic/non-anemic ratios from the clinical sample
to determine if any individuals exceeded the clinical non-anemic values. A t-test (two-tailed,
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0=0.05) was also used to assess whether there were significant differences in adjusted ratios
between archaeological individuals with and without porosity. Statistical analysis was carried out
using SPSS Statistics v29.0 and Microsoft Excel v16.0.

3.4 Visual microarchitecture analysis

To explore further skeletal manifestations of marrow hyperplasia, the original, high-
resolution micro-CT reconstructions were used to assess if visually-observable microarchitecture
changes correlated with the quantitative ratios. A scoring rubric for evaluating visual
microstructure changes related to marrow hyperplasia (Table 2-3) was developed by reviewing
literature that discussed the skeletal features associated with marrow hyperplasia.

The features associated with marrow hyperplasia were cortical thinning, trabecular
thinning, and increased trabecular separation (Reynolds, 1962, 1965; Jaffe, 1972; Agarwal et al.,
1970; Hoffbrand & Steensma, 2019). For the scoring rubric, these features were evaluated on a
scale of 0-3, with scores of 3 representing the most significant expression of changes. Odds
ratios were used to assess if individuals with ratios over the threshold identified from the clinical
sample or individuals with posterior manubrium porosity were more likely to score higher. Odds
ratios were calculated using logistic regression, with microarchitecture scores of over 2 as the
dependant variable. Age and sex were also included as covariates. Odds ratios indicate the

Table 2-13: Full description of each score for the microstructure visual assessment of the manubrium. Scored
across entire manubrium.

Cortical Thinning

0-Absent No cortical thinning is present.

1-Mild Some patches of thinned cortex are present, but occur on less than 50% of the manubrium
cortex.

2-Moderate Mild cortical thinning is consistent across more than 50% of the manubrium, OR, marked

cortical thinning (as seen in scores of 3) is present in less than 50% of the manubrium.
3- Significant | Marked cortical thinning is consistently present across more than 50% of the manubrium.
Increased Trabecular Separation

0-Absent No abnormally large trabecular spacing is present throughout the marrow space.

1-Mild Abnormally large trabecular spacing is seen throughout less than 50% of the marrow
space.

2-Moderate Mildly abnormally large trabecular spacing is seen throughout more than 50% of the

trabeculae in the marrow space OR marked abnormally large trabecular spaces (score of 3)
are present throughout less than 50% of the marrow space.

3- Significant | Marked trabecular space enlargement is seen consistently throughout more than 50% of
the marrow space.

Trabecular Thinning

0-Absent No trabecular thinning is present throughout the marrow space.

1-Mild Trabecular thinning is seen throughout less than 50% of the trabeculae in the marrow
space.

2-Moderate Mild trabecular thinning is seen throughout more than 50% of the trabeculae in the

marrow space OR marked trabecular thinning (score of 3) is present throughout less than
50% of the marrow space.

3- Significant | Marked trabecular thinning is seen consistently throughout more than 50% trabeculae in
the marrow space.
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likelihood of a particular outcome in the dependant variable given a set of independent variables;
in this case, they represent the likelihood of scoring above a 2 in a microarchitecture category
based on age, sex, and presence of a ratio over 3.6/presence of porosity. Significance was set at
0.05.

4.0 Results
4.1 Ratio comparisons

Table 2-4 reports the range of trabecular space to cortical thickness ratios for the clinical
and archaeological cohorts, while Table 2-5 shows results of independent sample t-tests
comparing average ratios between groups. TEM was found to be 0.596 mm. Average
measurements are presented in Supplemental Table S2. When all clinical patients were grouped,
a significant difference was also observed between the ratios measured in the manubrium
compared to the sternal body; the sternal body tended to have a smaller ratio overall (range of
1.1-3.8) compared to the manubrium (range of 1.7-4.6). No significant differences were observed
between males and females in the clinical sample, although the female ratios were smaller on
average, particularly for the manubrium. In the sternal body, age was not found to be
significantly associated with ratios (R=0.11, p-value=0.632). In the manubrium, there was a
slightly stronger relationship between an elevated ratio and age, but it was also not significant
(R=0.24. p-value= 0.387). In the clinical sample, there is a significant difference between the
mean ratio for anemic versus non-anemic individuals in the manubrium and sternal body. In both
cases, the ratio for anemic individuals is significantly higher, indicating wider trabecular space
compared to cortical bone thickness.

Table 2-22: Range of measured cortical thickness to trabecular space thickness ratios for clinical and
archaeological cohorts.

Minimum Ratio Maximum Ratio
Clinical Manubrium  All (N=15) 1.7 4.6
Anemic (n=4) 3.6 4.6
Non-Anemic (n=11) 1.7 3.6
Clinical Sternal Body All (N=22) 1.1 3.8
Anemic (n=6) 24 3.8
Non-Anemic (n=16) 1.1 2.3
Archaeological All (N=18) 2.0 5.0
Manubrium Porotic (n=8) 2.4 5.0
Non-Porotic (n=10) 2.0 4.5
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Table 2-30: Average ratio of cortical thickness to trabecular space thickness for all cohorts, and results of t-tests
comparing average ratios between various sample groups. Bold p-values are significant.

Mean Standard  p-value
Ratio Deviation
All Clinical Manubrium (N=15) 3.2 0.86
All Clinical Sternal Body (N=22) 21 0.69 <0.001
Clinical Female Manubrium (n=5) 2.3 15 0.165
Clinical Male Manubrium (n=10) 3.4 0.70
Clinical Female Sternal Body (n=11) 1.9 0.78 0.308
Clinical Male Sternal Body (n=11) 2.2 0.59
All Clinical Manubrium (N=15) 3.2 0.86
All Archaeological Manubrium (N=18) 34 0.83 0.515
Anemic Clinical Manubrium (n=4) 4.1 0.43
Non-Anemic Clinical Manubrium (n=11) 28 0.74 0.008
Anemic Clinical Sternal Body (n=6) 29 0.66
Non-Anemic Clinical Sternal Body (n=16) 1.8 0.38 <0.001
Porotic Archaeological Manubrium (n=8) 3.7 0.88
Non- Porotic Archaeological Manubrium (n=10) 3.2 0.76 0.260

No significant differences were found between the adjusted ratios measured from the
archaeological and clinical manubria. These results suggest that the adjusted archaeological
ratios and clinical ratios are viable comparisons. Within the archaeological sample, the average
age-at-death of those with posterior manubrium porosity was 27 years and 30 years for those
without, but this difference was not significant (p-value=0.361). No significant ratio difference
was found between individuals with and without porosity on the posterior manubrium.

4.2 Assessment of marrow hyperplasia ratio measures

In the clinical sample, the minimum manubrium ratio for anemic patients was 3.6, which
is equal to the maximum manubrium ratio for non-anemic patients (Figure 2-3). In the sternal
body, the minimum ratio for anemic patients was 2.4, while the maximum for non-anemic
individuals was 2.3. As non-anemic patients did not exceed 2.3 or 3.6 in their sternal body or
manubrium ratios respectively, these values were then used as an approximate threshold value to
differentiate between individuals with/without changes related to marrow hyperplasia in the
archaeological manubria. The ratios are conservative estimates due to the challenges in
accounting for all aspects of patient anemia history (see Section 5.1). In the archaeological
sample, 38.9% (7/18) of individuals displayed ratios greater than 3.6. The mean ratio of those
with ratios greater than 3.6 was 4.2 (standard deviation=0.46), and was 2.8 (standard
deviation=0.48) for those with ratios less than 3.6.
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Figure 2-11: All measured ratios in this study. The proposed values used to differentiate between individuals with/without skeletal
manifestations of marrow hyperplasia in the manubrium (3.6) and sternal body (2.3) are indicated by the vertical dashed lines.

4.3 Visual microarchitecture assessment

The archaeological individuals who were identified as having ratios >3.6 in the
manubrium displayed higher scores when assessed visually using the rubric (Supplemental Table
2-S3). Individuals with a ratio of over 3.6 were nearly 20 times more likely to score over 2 in the
trabecular separation category; this was the only significant relationship between microstructure
scoring and elevated ratios (Table 2-6). Only 14.3% (1/7) of individuals with a ratio over 3.6 did
not score 2 or a 3 for increased trabecular separation, while 72.7% (8/11) of individuals with a
ratio under 3.6 did not score a 2 or 3. All (7/7) of the individuals with ratios >3.6 showed some
evidence of cortical thinning (scores of 1-3), while only 27.3% (3/11) of individuals with ratios
under the threshold scored above 0. All individuals (7/7) with ratios >3.6 showed some evidence
of trabecular thinning (scores of 1-3), but 72.7% (8/11) of the individuals with ratios <3.6 also
scored above 0.

During the visual scoring, sparse trabeculae and thinned cortical bone were identified in
individuals with and without posterior porosity (Figure 2-4, Supplemental Data Table 2-S3).
Odds ratios indicate that individuals with porosity were not significantly more likely to score
over 2 for increased trabecular separation or cortical thinning categories. Those with porosity
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were 33 times more likely to score above 2 for trabecular thinning; this is approaching
significance. For increased trabecular separation scoring, 40% (4/10) of individuals without
porosity and 63% (5/8) of individuals with porosity scored either 2 or 3. For cortical thinning,
20% (2/10) of those without porosity scored 2 or 3, which was a similar result for those with
porosity (25%, 2/8). For trabecular thinning, 20% (2/10) of those without porosity scored a 2 or 3
compared to 63% (5/8) of those with porosity. Logistic regression models are presented in
Supplemental Data Table 2-S4.

Table 2-38: Odds ratios showing the association between the presence of a pathological manubrium ratio (>3.6)
or posterior porosity and microstructure changes scoring. Bold ratios are significant.

Odds Ratio  Confidence Interval  P-Value

Ratio Indicative of Increased Trabecular 19.62 1.21-317.20 0.036
Marrow Hyperplasia  Separation (scores of 2-3)
Ratio Indicative of Trabecular Thinning 3.25 0.40-26.32 0.270
Marrow Hyperplasia (scores of 2-3)
Ratio Indicative of Cortical Thinning 1.9E+009 0- +Infinite 0.998
Marrow Hyperplasia (scores of 2-3)
. . Increased Trabecular 3.76 0.42-34.01 0.238
Posterior Porosity -
Separation (scores of 2-3)
Posterior Porosity Trabecular Thinning 33.01 0.88-1235.2 0.058
(scores of 2-3)
Cortical Thinning 1.45 0.09-22.87 0.791

Posterior Porosity

(scores of 2-3)
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Figure 2-12: Comparison of two macroscopic archaeological manubria and micro-CT reconstruction of the same
bone. The dashed lines in a) and c) indicate the approximate location of the micro-CT slice in b) and d). In the
micro-CT images, anterior is towards the top of the image, while posterior is towards the bottom. a) Posterior view
of manubrium with porosity present. b) Axial micro-CT reconstruction of the manubrium displaying sparse
trabecular structure and cortical thinning. c) Posterior view of manubrium with porosity present. d) Axial micro-
CT reconstruction of a manubrium with no visual evidence of changes related to marrow hyperplasia. The
trabeculae and cortical bone are thicker, and there is little visible widening of intertrabecular spacing.
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5.0 Discussion
5.1 Use of sternal metric data for evaluation of anemia

This study adds to the existing literature demonstrating that there are metric differences
in cortical thickness and trabecular space that can develop in individuals with anemia. Previous
methods of quantifying skeletal changes associated with anemia have focused on the cranium
(e.g. Panzer et al., 2023; Stuart-Macadam, 1987), and this study shows the feasibility of further
metric studies of marrow hyperplasia across the skeleton.

The quantitative study by Reynolds (1962) illustrates some of the difficulties of utilizing
a clinical population to research anemia and bone; many included individuals were adults and
were assessed for cranial changes, which would have been initiated during childhood. Although
details on the control population are limited, they are described as being "comparable™
(Reynolds, 1965: 72), and if they were also adults, it would be important to establish that they
did not experience any form of anemia as children, not just at the time they underwent imaging.
As anemia is a condition that can present non-specific symptoms that may not cause someone to
seek immediate treatment (Maakaron, 2021), it is possible for individuals to experience anemia
for longer than initially documented in their patient records or to be affected by it without ever
undergoing a blood test that would confirm this in their clinical history. Reynolds (1962) also
measured individuals with sickle-cell anemia to establish a cranial ratio threshold of 2.3, which
may have resulted in more elevated ratios. These limitations mean that the proposed threshold
ratio that differentiates anemic and non-anemic individuals in the research by Reynolds (1962,
1965) and later by Sebes & Digges (1979) are conservative values compared to those from a
sample in which all aspects of patient history were known.

The estimates proposed in this study are similarly conservative. Although care was taken
to select a non-anemic sample with no specific anemia diagnoses in the three years prior to their
CT imaging, it is still possible that some of these individuals could have been anemic at some
point and were never tested. As measurements were obtained from a modern sample, they may
also be specific to modern populations, and should be interpreted conservatively in
archaeological contexts. In their study of frontal ratio measurements in Egyptian mummies,
Panzer and colleagues (2023) also highlight the issue of comparing ratios across contexts. They
state that their identification of ratios over threshold values are also conservative estimates due to
size differences between the archaeological mummies and the 20th-century samples from which
the comparison ratios were derived. The above limitations mean that ratios for the manubrium
and sternal body found in this research (>2.3 and 3.6, respectively) provide a starting point, not a
definitive cutoff, for differentiating between individuals with and without skeletal manifestations
of marrow hyperplasia in archaeological contexts. The sample size was small overall, and one
non-anemic individual did have a manubrium ratio of 3.6. Although this value was exceeded
only in anemic patients, this demonstrates that there is variation in ratio values, and that other
factors beyond anemia may also affect measurements.

Despite limitations, quantitative measurements have the added benefit of being highly
reproducible and are less prone to individual interpretation compared to visual analysis
(Anderson et al., 2021), which is more typically used for anemia diagnosis in skeletal remains.
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Although the results of the visual analysis scoring in this study were generally good, the wide
odds ratio confidence intervals and the few individuals whose visual microstructure scores did
not correlate as expected to their ratio result suggest that visual scoring alone should not be given
as much diagnostic weight as the quantitative assessment. The ratio values proposed in this study
are measurable diagnostic parameters that can be directly tied to known cases of anemia and
should, therefore, be valued more strongly when assigning diagnostic certainty. However, it is
also important to be considerate of imaging source and quality when comparing metric data; as
evidenced in this study, the original micro-CT analysis and resolution resulted in measured ratios
that could not be compared to the known clinical data without manipulation of the images.
Micro-CT can offer greater precision in measurements and allows for visualization of
microarchitecture (Saers et al., 2021), but clinical imaging is typically done using CT-analysis,
which can complicate comparisons.

Considering contextual information and whole-skeleton pathology will be necessary for
ruling out other possible causes of skeletal changes (Klaus, 2017; Mays, 2020), even when using
metric methods of anemia diagnosis. Other variables that can affect ratios or bone
microarchitecture should be evaluated as part of assigning individuals to categories of diagnostic
certainty (Brickley & Morgan, 2023). In this study, no significant associations were found
between age and sex and ratio measurements in the clinical sample, but average ratios were
smaller for females, and it is possible that different ratio thresholds may need to be considered
for males and females. As discussed by Brickley (2024), factors that affect bone quantity should
also be considered when interpreting metric data, including taphonomy, environmentally-
dependant activity levels, and diet/nutrition (Van Spelde et al., 2021; Cowgill et al., 2023; Swan
etal., 2023).

Pathology is also an important variable to consider; for example, age-related bone loss
and osteoporosis could skew cortical thickness measurements or evaluation of trabecular
separation, meaning that multivariate statistical approaches will be required to allow the effects
of age-related bone changes to be considered (Brickley, 2024). Neoplastic conditions can lead to
marrow hyperplasia (Chan et al., 2016), and were not used as part of the exclusion criteria in this
study, but should be considered as part of differential diagnosis in archaeological contexts.
Infectious disease, trauma, and metabolic bone diseases can also cause changes in the marrow
space (Chan et al., 2016), and would also need to be incorporated into differential diagnosis
when evaluating changes related to marrow erythroid hyperplasia that could be potentially linked
to anemia.

5.2 Posterior manubrium porosity

One hypothesis investigated in this study was whether posterior manubrium porosity was
associated with anemia and could result from marrow hyperplasia. Porous lesions are commonly
used for anemia diagnosis in skeletal remains, and investigating whether such lesions in the
manubrium could be associated with anemia was an objective of this study. Although the
average ratio in individuals with porosity was higher, no significant difference in ratios was
found between those with and without porosity (Table 2-5). Only trabecular thinning approached
significance when evaluating odds ratios, meaning that those with porosity were not more likely
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to show other common signs of marrow hyperplasia, such as cortical thinning and increased
trabecular spacing, and that the link between posterior porosity and marrow hyperplasia is not
straightforward. Due to the resolution of the clinical CT images and the diameter/depth of
manubrium porosity, visualization of porosity in the clinical sample could not be achieved
confidently; porosity initially identifiable in the original micro-CT analysis often disappeared in
the downgraded reconstructions. Similarly, CT quality has also been recognized as a limitation in
identifying orbital porosity on CT images (Anderson et al., 2021; Panzer et al., 2023).

Other possible hypotheses for posterior manubrium porosity that have been proposed
include lytic lesions related to tuberculosis (Sanchez, 2014; Khudaverdyan & Hobossyan, 2017),
vascularization (Tayles & Buckley, 2004), neoplastic conditions (Mann & Tuamsuk, 2005),
aortal aneurysm (Kelley, 1979) and growth/development (Sanchez, 2014). The relationship
between posterior manubrium porosity and lytic lesions caused by tuberculosis was investigated
using archaeological collections by Sanchez (2014), and no significant association between
porosity and disease was found. Both Tayles & Buckley (2004) and Sanchez (2014) note that the
general anatomy/development of the manubrium could also affect development of porosity;
blood vessels enter the manubrium through the posterior surface, which could result in porosity,
and its ossification centers during growth/development are typically located close to where
porosity develops (see O'Neal et al., 1998: Figure 1), meaning that porosity could be an artifact
of the ossification process. In the current study, no significant difference in age was found
between those with and without porosity, but Sanchez (2014) noted that it was most common in
adolescents, which could indicate a relationship between sternal porosity and growth and
development.

Cortical thinning due to marrow hyperplasia may exacerbate pre-existing vascular
foramina/growth-related porosity, but this would need to be evaluated on a case-by-case basis.
For example, in Figure 2-4a-b, which displays cortical thinning and increased trabecular
separation, thinning and trabecularization of the cortical bone may have resulted in new porosity
and enhanced pre-existing pores. In contrast, Figure 2-4c-d displays macroscopically-different
porosity that is not accompanied by microarchitecture changes, and is unlikely to be related to
marrow hyperplasia. Carefully evaluating the appearance and skeletal manifestation of
manubrium porosity will be necessary for suggesting possible etiologies. As with porous orbital
lesions, which can be caused by processes other than marrow hyperplasia, the development and
overall appearance of posterior manubrium porosity is likely affected by a wide variety of
contributing factors, and evaluating internal features is an effective way of identifying changes
related to marrow hyperplasia.

5.3 Future directions

The current study demonstrates the utility of using available clinical data to investigate
skeletal features suggestive of anemia. In this way, it is similar to many of the original studies on
skeletal manifestations of anemia, from which original criteria for diagnosing anemia in
archaeological remains was developed (e.g. Angel, 1966). Future research that builds on this
paper and seeks to identify other skeletal manifestations of anemia, or clarify which factors
affect these skeletal changes will necessitate interdisciplinary research with clinical
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collaborators. The challenges of working with anemia specifically will mean that future clinical
sample cohorts should include detailed, longitudinal imaging and medical history data acquired
over the course of an individual's lifetime as part of the study design.

Skeletal manifestations of marrow hyperplasia are highly dependant on age, and further
investigation of the relationship between age and development of skeletal changes will help to
establish when changes were initiated. In the current study, expanded ratios were seen in
individuals aged 22-45 years; however, none of the individuals were under 18 years old, meaning
it is impossible to establish a minimum age based on this data. There is also likely to be a
maximum age at which sternal skeletal changes will develop. The capacity for marrow to
reconvert from yellow to red to correct anemia-related deficiency is a further complication to
establishing a maximum age for skeletal changes during anemia; there may be instances where
marrow reconverts and/or expands, particularly at older ages when more mixed marrow is
present (Blebea et al., 2007; Brickley, 2018).

The effects of bone remodelling and development on lesion appearance should also be
investigated to establish a timeline for sternal skeletal changes during anemia. The sternum can
have high bone resorption and remodelling rates, as it is constantly engaged in respiration (Klein
et al., 1990). Therefore, skeletal manifestations of marrow hyperplasia in an adult sternum may
represent episodes of anemia that have occurred closer to the current age of the individual,
instead of those that have persisted from a childhood episode. Other areas of the skeleton that
have the potential to be used for establishing episodes of anemia initiated in adulthood could
include the vertebrae and iliac crest, as both areas maintain active marrow into adulthood
(Burkhardt et al., 1987). Understanding how long changes persist in different bones will be
important for estimating the age an archaeological individual experienced anemia.

6.0 Conclusion

Anemia diagnosis in archaeological skeletal remains is complex, and continued
exploration of cranial and postcranial manifestations of the condition is still necessary. The
current study demonstrated the difficulties of associating skeletal porosity with other skeletal
evidence of marrow hyperplasia, which further emphasizes the need to consider evidence outside
of porotic lesions when assessing anemia in the skeleton. Using metric data, this research
demonstrates a novel approach of assessing anemia in the skeleton and the feasibility of using
guantitative methods to evaluate anemia in archeological human remains. Although the sample
size is small, it shows significant differences reflective of marrow hyperplasia in the measured
ratios of trabecular space to cortical thickness in individuals diagnosed with anemia in modern
clinical settings. Individuals without anemia did not display ratios of over 3.6 in the manubrium,
or over 2.3 in the sternal body. This principle can be used to build future studies with larger
sample sizes to establish more definitive parameters for ratio measurements and improve
diagnostic methods for evaluating anemia in archaeological remains.
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Supplemental Data

Table 2-S1: Exact clinical sample selection criteria, used for data search and extraction.

Criteria Anemic Sample Non-Anemic Control Sample
Age (years) | Over 18, under 45 Over 18, under 45
Date of CT - | January 1%, 2010-December 31%, 2017. January 1%, 2010-December 31%, 2017.
Imaging
Hemoglobin | Either: <90, or 90-110 >130
Level (g/L)
CT At least one of: At least one of:
Available CT CHE W/CONT ABD W/WOUT CONT CT CHE W/CONT ABD W/WOUT CONT
(Specific CT CHE/PEL W/CONT ABD W/WO CT CHE/PEL W/CONT ABD W/WO
Codes) CT CHEST CT CHEST
CT CHEST + ABD W/WOUT CONTRAST CT CHEST + ABD W/WOUT CONTRAST
CT CHEST AND ABD CT CHEST AND ABD
CT CHEST AND ABD W/CONTRAST CT CHEST AND ABD W/CONTRAST
CT CHEST W/WO CONTRAST W/3D CT CHEST W/WO CONTRAST W/3D
CT CHEST W/WOUT CONTRAST CT CHEST W/WOUT CONTRAST
CT CHEST WITH CONTRAST CT CHEST WITH CONTRAST
CT CHEST/ABD/PEL W/CONTRAST CT CHEST/ABD/PEL W/CONTRAST
CT CHEST/ABD/PEL W/WOUT CONT CT CHEST/ABD/PEL W/WOUT CONT
CT CHEST/ABD/PELVIS CT CHEST/ABD/PELVIS
CT ABD + PELVIS W/WO CONT W/3D CT ABD + PELVIS W/WO CONT W/3D
CT ABD AND PELVIS CT ABD AND PELVIS
CT ABD AND PELVIS W/CONTRAST CT ABD AND PELVIS W/CONTRAST
CT ABD AND PELVIS W/WOUT CONT CT ABD AND PELVIS W/WOUT CONT
CT ABD W/WITHOUT AND PEL WCONT CT ABD W/WITHOUT AND PEL WCONT
CT ABDOMEN CT ABDOMEN
CT ABDOMEN W/WOUT CONTRAST CT ABDOMEN W/WOUT CONTRAST
CT ABDOMEN WITH CONTRAST CT ABDOMEN WITH CONTRAST
CT EXTREMITY + ABD/PEL W/CONT CT EXTREMITY + ABD/PEL W/CONT
ICD-10 Include: Must Exclude:
Code e D50.0-D53 (Nutritional anemias) e D50.0-D69.9 (Nutritional anemias;
Criteria e  Or D64.9 (Anemia, unspecified) Hemolytic anemias; Anemia, unspecified)
Must Exclude: e MB80.0/M81.0 (Osteoporosis with/without
e D55.0-D59.9 (Hemolytic anemias) current pathological fractures)
e MB80.0/M81.0 (Osteoporosis with/without
current pathological fractures)
CHE: Chest
ABD: Abdomen
PEL: Pelvis
W/3D: With 3D

W/CONT or W/: With contrast
WOUT CONT or WO CONT: Without contrast
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Table 2-S2: Raw data of metric and demographic information from archaeological and clinical individuals included in this study.

Individual Age Known ' Manubrium Sternal Body
D (years)* Sex Anemia Porosity ~ PCT ACT  TbSpT = TbSpT:CT | PCT ACT  TbSpT  TbSpT:CT
Diagnosis (P/A) (mm) (mm) (mm) Ratio (mm) (mm) (mm) Ratio
PaT-7A2S2 25 F A 0.8 0.7 6.7 45
PaT-
7A9S38 18 F A 1.1 1.2 8.11 35
SA-21SS4 275 F A 1 1.7 5.5 2.0
SA-23CS11 30 U A 1.2 2.4 8.6 2.4
SA-24ES12 25 U A 1.2 1.3 8.2 3.3
SA-25CS18 40 F A 1.7 11 7.9 2.8
SM-2B7 25 M A 2 1.3 8 2.4
SM-2B8 30 M A 14 1.3 10 3.7
PaT-7A2S7 45 M A 14 11 9.4 3.8
SA-11FS1 375 M A 14 14 8.9 3.2
PaT-

TA9S27 375 F P 0.8 1 8 4.4
SA-17ZS1 18 M P 1.2 11 11.6 5.0
SA-20FS35 25 F P 14 1.1 8.3 3.3
SM-2B14 25 F P 15 1.2 8.2 3.0
SM-2B15 36 M P 1.3 1.3 10.3 4.0
PaT-7A2S5 30 M P 14 1.2 10.5 4.0
SA-23BS2 25 F P 11 1.7 7.9 2.8
SA-11AS2 18 F P 1.2 1.8 7.1 2.4
Clinical-1 38 F Non-anemic -—-- 2.1 2.5 8.2 1.8 2.0 2.3 4.6 1.1
Clinical-2 40 F Non-anemic - 15 15 9.9 3.4 1.9 1.9 5.7 15
Clinical-3 37 M Non-anemic - 2.0 1.6 11.0 3.1 2.1 2.1 8.8 2.1
Clinical-4 25 M Anemic 1.4 15 7.8 2.8
Clinical-5 22 F Anemic 1.6 14 7.1 2.4
Clinical-6 42 F Anemic 1.3 1.3 6.0 2.4
Clinical-7 40 F Non-anemic -—-- 2.3 1.8 10.1 2.5 2.3 2.0 7.9 1.8
Clinical-8 25 F Non-anemic -—-- - -—-- - -—-- 2.1 2.2 9.2 2.1
Clinical-9 35 F Non-anemic 2.3 2.2 5.0 11
Clinical-10 22 M Non-anemic - 1.6 1.7 11.8 3.6 1.4 1.9 7.5 2.3
Clinical-11 26 M Non-anemic -—-- 2.2 35 14.3 2.5 2.5 2.1 7.4 1.6
Clinical-12 26 F Non-anemic - 2.4 1.8 7.0 1.7 2.2 1.8 4.6 1.2
Clinical-13 36 M Non-anemic - 2.1 3.2 10.9 2.1 1.9 15 6.4 1.9
Clinical-14 33 F Anemic 14 15 11.8 4.2 1.3 1.2 9.2 3.8
Clinical-15 39 M Non-anemic -—-- 1.6 1.8 11.6 35 15 1.8 7.5 2.3
Clinical-16 39 M Anemic ---- 1.4 1.6 10.9 3.6 1.4 1.4 6.7 2.4
Clinical-17 42 M Anemic ---- 1.6 1.4 11.6 3.9 -—-- -
Clinical-18 28 F Non-anemic -—-- - -—-- - -—-- 15 1.8 5.9 1.8
Clinical-19 45 M Anemic ---- 1.3 1.8 14.4 4.6 1.2 1.1 8.5 3.7
Clinical-20 23 M Non-anemic ---- 1.7 15 11.1 3.5 1.9 2.2 8.3 2.0
Clinical-21 38 F Non-anemic -—-- - -—-- - -—-- 1.1 14 5.0 2.0
Clinical-22 35 M Non-anemic -—-- - -—-- - -—-- 2.2 1.7 7.3 1.9
Clinical-23 32 M Non-anemic - 2.0 2.2 145 3.5 1.8 1.9 8.0 2.2

PaT= Pointe-aux-Trembles

SA=Saint-Antoine

SM=Sainte-Marie-de-Beauce

P=Present A=Absent

*For archaeological individuals, age is reported as the midpoint age estimate. For clinical cohort, age is at time of imaging.
PCT=Posterior cortical thickness

ACT=Anterior cortical thickness

CT=Total cortical thickness (anterior + posterior cortical thickness)

TbSpT= Trabecular space thickness
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Table 2-S3: Visual microstructure scoring for all archaeological individuals. Scores of 3 represent the most

significant expression of each trait, and 0 represents no change.

Individual
ID

Increased Trabecular
Separation Score

Trabecular
Thinning Score

Cortical
Thinning Score

Posterior
Porosity

Individuals with a
ratio indicative of
marrow hyperplasia

PaT-7A2S2
PaT-
7A9S27
SA-17Z51
SM-2B8
SM-2B15
PaT-7A2S5
PaT-7A2S7

2
3

1
3

2
2

A
P

Individuals without a
ratio indicative of
marrow hyperplasia

PaT-
7A9S38
SA-11FS1
SA-20FS35
SA-21SS4
SA-
23Cs11*
SA-24ES12
SA-25CS18
SM-2B7
SA-23BS2*
SA-11AS2
SM-2B14

wWoRr Pk olwnNnpOoO NN

NP WR R

N OB owNEFEEFEPN

NONEFE PP -

o OB o OINRF P P -

NOORFr OoOOo

TOToO>»>»>»r PPTUP> PP>TUVTUP>TO

PaT= Pointe-aux-Trembles
SA=Saint-Antoine
SM=Sainte-Marie-de-Beauce
P=Present A=Absent

* Although these individuals display increased trabecular separation, they also have some evidence of taphonomy affecting
internal structures (i.e. dirt on the inside of the manubrium), and the destruction of trabeculae is thought to be related to this

process. They have no evidence of cortical thinning, suggesting that their ratio measurements were unaffected by

taphonomy.
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Table 2-S4: Output of logistic regression models.

Upper
Dependant . - Odds p- Lower o
Variable Predictors Coefficient SE Ratio value 95% CI 9?:?
Increased Constant -0.05 2.34 0.95 0.982
Trabecular Ratio Indicative of 2.98 1.42 1962 0036 121  317.20
Separation Marrow Hyperplasia
(sc%res of 2-3) Age -0.04 0.09 0.96 0.669 0.81 1.14
Sex 0.11 0.82 1.12 0.890 0.22 5.59
Constant -1.48 2.04 0.23 0.469
Trabecular Ratio Indicative of 1.18 1.07 325 0270 040  26.32
Thinning Marrow Hyperplasia
(scores of 2-3)  Age 0.01 0.07 1.01 0.716 0.88 1.16
Sex 0.28 0.75 1.32 0.716 .30 5.78
Constant -5.39 3.48 0.00 0.121
Cortical Ratio Indicative of 2137 814565 1.9E+009 0998  0.00 Infinity
Thinning Marrow Hyperplasia
(scores of 2-3)  Age 0.13 0.11 1.14 0.240 0.92 1.42
Sex -21.86 8145.65 3.22E-010 0.998 0.00 Infinity
Increased Constant -2.11 0.84 0.12 0.359
Trabecular ﬁgizcsft”;e of Posterior 1.33 1.12 376 0238 042 3401
(Ssi%?;as“:f”z_g) Age 0.04 0.07 104 0538 091 119
Sex 0.50 0.78 *.64 0.522 0.36 7.54
Constant -6.12 3.70 0.00 0.098
Trabecular  Prescence of Posterior 3.50 185 3301 0058 088 123520
Thinning Porosity
(scores of 2-3)  Age 0.10 0.09 1.11 0.250 0.93 1.32
Sex 1.39 1.10 4.02 0.207 0.46 34.94
Constant -5.13 1.61 0.12 0.181 0.00 2.72
Cortm_al Prescgnce of Posterior 0.37 141 1.45 0.791 0.09 29 87
Thinning Porosity
(scores of 2-3)  Age 0.15 0.10 1.17 0.126 0.96 1.42
Sex -2.16 1.61 0.12 0.181 0.00 2.72
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Abstract

Objectives: This paper explores metric manifestations of anemia in crania undergoing growth
and development using micro-CT imaging. It presents a framework for assigning diagnostic
certainty for anemia, based on evaluating the diagnostic parameters proposed in this study.

Materials and Methods: Sixty-eight orbits/frontal bones of individuals aged birth to 15 years
from Quebecois and Dutch archaeological collections dating to the 18th and 19th century
underwent micro-CT analysis. Individuals were visually assessed for skeletal manifestations of
marrow hyperplasia within the internal marrow space using a scoring rubric. Bone
microarchitecture measurements were used to calculate T-scores and identify individuals who
displayed potential manifestations of marrow hyperplasia. Relative cortical thickness ratios of
the frontal bone were calculated for 16 individuals. Error testing was performed for all
evaluations.

Results: Anemia was inferred in 16 percent (10/61) of the assessable sample based on our
diagnostic framework and the micro-CT analysis. Trabecular separation T-scores were
considered the most significant metric for assigning a diagnosis. Frontal ratios were regarded as
less strong due to the imaging technique used. Observer agreement for visual assessments was
substantial between observers with more experience, and high repeatability was seen for metric
methods.

Discussion: The recommendations for assigning diagnostic certainty in this study prioritize
evaluating metric features strongly related to anemia through a biological approach that
considers the etiology of marrow hyperplasia. Including a combination of metric and internal
visual evaluation criteria in the diagnostic process provides clearer lines of evidence for
assessment of bone structures associated with anemia beyond the macroscopic evaluation of
porous lesions.

Keywords: cribra orbitalia, porotic hyperostosis, porotic lesions, marrow hyperplasia, micro-
CT
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1.0 Introduction

Although anemia in skeletal remains has been studied by anthropologists since the 1960s
(e.g. Angel, 1966), its diagnosis is still contentious, emphasizing the need to standardize and
improve the diagnostic criteria. Paleopathologists are increasingly highlighting the complexity of
recognizing anemia (Brickley, 2024; Grauer, 2019; O’Donnell, Hill, Anderson, & Edgar, 2020;
Panzer et al., 2023). Issues such as reliance on porotic lesions, which can have many potential
and overlapping etiologies (Wapler et al., 2004), minimal clinical data on skeletal manifestations
of anemia (Grauer, 2019), a lack of clear diagnostic guidelines (Brickley, 2024), and high rates
of interobserver error when evaluating lesions (Anderson, 2023; Buckberry et al., 2023; Santos et
al., 2023) have hindered diagnosis of anemia in paleopathological research.

As an alternative to observation of porous lesions, quantitative methods have
occasionally been used to assess anemia in skeletal remains (Galea, 2013; Morgan, 2014;
Morgan, Zeller, Ribot, & Brickley, 2024; Panzer et al., 2023; Stuart-Macadam, 1987a, 1987b;
Zuckerman et al., 2014). However, there is currently a limited amount of comparative metric
data available, and establishment of metric standards is still in the initial stages (Anderson et al.,
2021; Brickley, 2024) and will require the use of imaging techniques to develop. No
standardized frameworks have yet been presented for incorporating metric methods and visual
evaluation for anemia diagnosis in skeletal remains. Establishing a systematic framework with
consistent terminology based on an understanding of the underlying biological mechanisms that
affect the expression of skeletal changes (Klaus & Lynnerup, 2019) enables comparisons across
diverse contexts, and ensures that anemia diagnosis based on identifying marrow hyperplasia has
a formal basis moving forward. Therefore, this study aims to explore metric and visual methods
of assessing marrow hyperplasia in the cranium using micro-CT images. Initial quantitative data
that can be used to establish measurement baselines are proposed, and recommendations on
assigning diagnostic certainty for anemia in skeletal remains are presented. This study focuses on
a single skeletal area, the cranium, in individuals aged birth-15 years, as skeletal manifestations
of marrow hyperplasia are known to develop in the cranium and are better understood in human
skeletons undergoing growth and development.

2.0 Background

Anemia is a condition where the body cannot supply adequate oxygen to its tissues.
Anemia can be caused by increased red blood cell (RBC) destruction, decreased RBC
production, or excessive RBC loss (Walker, Bathurst, Richman, Gjerdrum, & Andrushko, 2009)
resulting from a variety of etiologies, including micronutrient deficiencies (e.g., iron, folic acid,
vitamin B12, vitamin B9), parasitic infections, infectious disease, chronic illness, and genetic
traits (e.g., sickle cell anemia or thalassemia) (WHO, 2011; WHO, 2023). In response to a
deficiency in RBCs, increased production may occur, triggering the expansion of bone marrow,
where RBCs are produced (Hoffbrand & Steensma, 2019). This process, referred to as marrow
hyperplasia, can potentially lead to skeletal changes as the bone adapts to accommodate the new
volume of bone marrow (Brickley, 2018). Increased trabecular separation to account for the new
marrow is expected and thinned cortical bone and sparser/thinned trabeculae can develop as a
result, leading to increased diploic/trabecular space width (Agarwal, Drar, Shah, & Bhardwaj,
1970; Hoffbrand & Steensma, 2019; Jaffe, 1972; Reynolds, 1962, 1965; Stuart-Macadam,
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1987a). In areas of the skeleton where cortical bone is already thin, such as the orbital lamina,
the cortex may fully resorb in places, resulting in macroscopically visible porous lesions
(Brickley, 2018; Hengen, 1971; Hoffbrand & Steensma, 2019; Jaffe, 1972).

Not all forms of anemia lead to marrow hyperplasia, and the forms that cause it are
debated. Walker et al. (2009) argue that iron deficiency anemia cannot result in the excessive
marrow proliferation that causes skeletal manifestations of marrow hyperplasia, a position
contrasted by Oxenham and Cavill (2010). Additionally, Mcllvaine (2015) and Schats (2023)
point out the possibility for different forms of anemia to co-occur, meaning that associating one
form of anemia with skeletal changes is further complicated. In the current study, the term
‘anemia’ will be used as a general descriptor encompassing any type of anemia that can result in
skeletal manifestations of marrow hyperplasia.

To recognize marrow hyperplasia when it does occur, identifying bone microarchitecture
or trabecular width changes within the marrow space is necessary (Angel, 1966; Brickley, 2024;
Wapler et al., 2004). The application of different visualization techniques, such as radiography
(e.g., Stuart Macadam 1987a, 1987b), CT imaging (e.g., Anderson et al., 2021; Durdin, 2020;
Naveed, Abed, Davagnanam, Uddin, & Adds, 2012; O'Donnell et al., 2020; Panzer et al., 2023;
Rivera & Lahr, 2017; Saint-Martin et al., 2015; Zuckerman, Garofalo, Frohlich, & Ortner, 2014)
or micro-CT imaging (e.g., Galea, 2013; Morgan, 2014; Morgan et al., 2024) allows for the
marrow space to be evaluated non-destructively, and for researchers to investigate the potential
causes of cranial porosity.

As part of using imaging technology and visualization methods, quantitative methods of
identifying skeletal changes associated with marrow hyperplasia have also been proposed and
sometimes used (e.g., Durdin, 2020; Galea, 2013; Morgan, 2014; Morgan et al., 2024; Panzer et
al., 2023; Stuart-Macadam, 1987a; Zuckerman et al., 2014). Stuart-Macadam (1987a) sets out
protocols for measuring the cranial vault and identifying pathological measurements, and various
studies have used cranial vault thickness to investigate porous cranial lesions and anemia (e.g.,
Durdin, 2020; Hengen, 1971; Zuckerman et al., 2014). Specific microstructure measurements,
such as trabecular separation or trabecular number, are also likely to be affected by marrow
hyperplasia, and have been linked to presence of porous orbital lesions in skeletal remains (e.g.,
Galea, 2013; Morgan, 2014).

Quantitative approaches often involve defining a range of non-pathological ‘baseline’
measurements against which abnormal patterns can be identified, potentially signalling the
presence of pathology. For example, in the clinical assessment of osteoporosis, a patient’s bone
densitometry results from certain skeletal sites are compared to those from a standard group of
individuals without osteoporosis who have been measured on the same instrument using T-scores
to evaluate the significance of observed patterns (Binkley, Adler, & Bilezikian, 2014; Karaguzel
& Holick, 2010). When using quantitative methods for assessing marrow hyperplasia related to
anemia in skeletal remains, identifying a baseline group of individuals without anemia is
challenging due to the lack of accompanying hematological data. However, absence of any
skeletal manifestations of marrow hyperplasia could be used as a conservative method to identify
a baseline group.
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Following the approaches to paleopathological diagnosis proposed by Mays (2018),
quantitative analysis of archaeological bone can yield a “direct measurement of a diagnostic
parameter” (Mays, 2018; p. 13), which is fundamentally different from traditional lesion-based
methods used for anemia diagnosis (Brickley, 2024). Although metric approaches require the
application of skeletal imaging techniques which may be challenging or prohibited in certain
contexts due to cost and the accessibility of equipment, employing quantitative methods can help
reduce discrepancies among observers and diminish overreliance on the assessment of porous
lesions as the sole basis for anemia diagnosis (Brickley, 2024).

3.0 Materials

Individuals from seven archaeological skeletal collections were evaluated: three were
from 18th-19th century Quebec, Canada, and four were from 18th-19th century Netherlands
(Table 3-1). Although there are socioeconomic differences between sites, which could cause
differences in bone quality, individuals were grouped into age categories (see Table 3-1)
regardless of burial type so that metric analysis could be done with the largest sample size
possible. For the purpose of differential diagnosis, all individuals underwent a full
paleopathological macroscopic assessment with special focus on the identification of porotic
orbital lesions. Age estimation was done by assessing dental development (Gustafson & Koch,
1974), and all individuals under 15 years of age at the time of death with an orbit were included
in the initial micro-CT sample (N=68, Table 3-1).

Table 3-1: Summary of orbits that underwent micro-CT imaging, by site and by age category.

ORBIT MICRO-CT SAMPLE-SITE COMPOSITION

SITE CONTEXT NUMBER OF INDIVIDUALS
Saint-Antoine Quebec, CA, 1799-1855 19

Pointe-aux-Trembles | Quebec, CA, 1748-1878 17

Sainte-Marie Quebec, CA, 1709-1843 8

Alkmaar (GRK) Netherlands, 1716-1830 8

Arnhem (ARJB) Netherlands, 1650-1829 12

Eindhoven (EHV- Netherlands, 1650-1850 3

CK)

Zwolle (ZW87) Netherlands, 1675-1828 1

ORBIT MICRO-CT SAMPLE-AGE COMPOSITION
AGE CATERGORY ' NUMBER OF INDIVIDUALS

0-1.9 years | 38
2-5.9 years 19
6-15 years 11

Table complied from Arts & Altena, 2013; Baetsen, 2001; Baetsen & Zielman, 2020; Bitter, 2002; Clevis & Constandse-Westermann, 1992;
Ethnoscop, 2006; Ethnoscop, 2016a; Ethnoscop, 2016b.

4.0 Methods
4.1 Micro-CT imaging and sample preparation

Orbits were analyzed using the Nikon XTH-225ST micro-CT scanner at the Ancient
Images Lab of the Museum of Ontario Archaeology. Smaller single orbits were mounted inside
Styrofoam cups and secured with low-density green florist foam to minimize movement. For
complete frontal bones that could not fit inside the Styrofoam cup, a block of green florist foam
was carved to secure each bone. Samples were scanned using 95 kV, 165 A, a molybdenum
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target, at 24.00 um voxels. Each scan used 3141 frames, at a rate of 1 projection per second, and
took 53 minutes. The 3D volume reconstruction was done in CT Pro 3D (v. 4.4.4), using a FDK
filtered back projection reconstruction algorithm. Visualization, orbit microarchitecture
measurements, and frontal ratio measurements were performed using Dragonfly (v. 2021.3)
(https://www.theobjects.com/dragonfly/index.html).

Figure 3-1: Method of taking measurements for the frontal ratio calculation. a) Arrow indicates
location of frontal ratio measurement on 3D model. b) Trabecular space measurement, which is a
2D linear measurement. Arrows indicate the length of the measurement. c) Ectocranial cortical
measurement, indicated by arrows. d) Endocranial cortical measurement, indicated by arrows.
Final ratio is calculated by dividing the measurement from b) by the sum of the measurements
from c) and d).

4.2 Frontal ratio measurements

Frontal ratios of trabecular space thickness to cortical thickness were calculated
following Panzer et al. (2023). Measurements were taken on a mid-sagittal view of the frontal
bone, just above the nasal bones and the orbital roof (Figure 3-1). This area was only accessible
in 16 of the scanned samples. Although the frontal sinus may interfere with these measurements
in older juveniles, this was not encountered in the current study. To assess the repeatability of the
ratio measurements, six frontal bones (~40% of the sample) were assessed by two observers (BM
and ML), and the final ratio outcomes for each observer were compared. To evaluate if there was
a relationship between ratio and age, a two-tailed Pearson correlation test (a=0.05) was
performed using all 16 individuals who could be measured. The original research by Reynolds
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(1962, 1965) and Sebes and Diggs (1979) considered a ratio over 2.5 to be indicative of diploic
expansion based on measurements from radiographs.

4.3 Visual microstructure assessment

Visual microstructure assessment of each orbit reconstruction was done with the criteria
used in Table 3-2. Examples are provided in Figures 3-2 to 3-4. Cortical thinning of the orbital
roof, increased trabecular separation, and trabecular thinning were all evaluated on a scale of 0 to
3, with 3 representing the most significant expression of each trait. Based on initial observation,
changes were most evident in the lower third of the orbit, just above the orbital lamina.
Accordingly, features were scored in this location throughout the 3D orbit (see Figures 3-3,3-4).

In addition to the three microarchitecture features, the possible sources of observable
porous lesions were evaluated. Lesions could be assigned to any number of etiologies listed in
Table 3-3 (examples provided in Figure S3-1). All features were evaluated for a final visual
assessment of whether there was evidence of skeletal manifestations of marrow hyperplasia
(Table 3-4). Individuals (n=7) with internal evidence of post-mortem damage (e.g., sediment
within intertrabecular spaces) were excluded from visual analysis and further measurements, as
taphonomic damage would have affected measurements and scoring.

Table 3-2: Description of microarchitecture features for visual scoring.

CORTICAL THINNING OF ORBITAL LAMINA
Score across entire orbital lamina.

0-Absent No cortical thinning is present throughout the orbital lamina.

1-Mild Some patches of thinned cortex are present, but occur on less than 50% of the orbital lamina.

2-Moderate Mild cortical thinning is consistent across more than 50% of the orbital lamina, OR marked
cortical thinning (as seen in scores of 3) is present in less than 50% of the orbital lamina.

3-Marked Marked cortical thinning is consistently present across more than 50% of the orbital lamina.

INCREASED TRABECULAR SEPARATION
Score in lower third of marrow space above orbital lamina.

0-Absent No abnormally large trabecular spacing is present throughout the marrow space.
1-Mild Abnormally large trabecular spacing is seen throughout less than 50% of the marrow space.
2-Moderate Mildly abnormally large trabecular spacing is seen throughout more than 50% of the

trabeculae in the marrow space OR marked abnormally large trabecular spaces (score of 3) are
present throughout less than 50% of the marrow space.

3-Marked Marked trabecular space enlargement is seen consistently throughout more than 50% of the
marrow space.

TRABECULAR THINNING

Score in lower third of marrow space above orbital lamina.

0-Absent No trabecular thinning is present throughout the marrow space.

1-Mild Trabecular thinning is seen throughout less than 50% of the trabeculae in the marrow space.

2-Moderate Mild trabecular thinning is seen throughout more than 50% of the trabeculae in the marrow
space OR marked trabecular thinning (score of 3) is present throughout less than 50% of the
marrow space.

3-Marked Marked trabecular thinning is seen consistently throughout more than 50% trabeculae in the
marrow space.
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Figure 3-2: Examples and description of cortical thinning for each scoring category. a) Cortical thinning score of 0.
b) Cortical thinning score of 1. Arrow indicates a patch of mild thinning, which was present throughout this orbit. c)
Cortical thinning score of 2, where mild thinning is present over more than 50% of the visible cortex. d) Cortical
thinning score of 2, where marked thinning on is present on less than 50% of the visible cortex. e) Cortical thinning
score of 3, where marked thinning on is present on more than 50% of the visible cortex. In this case, the cortex is so

thin that it has worn away in patches.
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Figure 3-3: Examples of increased trabecular separation for each scoring category, and location of scoring. a)
Location where orbit should be scored (lower third) is highlighted by the box. b) Increased trabecular separation
score of 0. ¢) Increased trabecular separation score of 1. d) Increased trabecular separation score of 2, where mildly
abnormally large trabecular separation is seen throughout more than 50% of the marrow space. ) Increased
trabecular separation score of 2, where marked abnormally large trabecular separation (score of 3) is present
throughout less than 50% of the marrow space. f) Increased trabecular separation score of 3.
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Figure 3-4: Examples of trabecular thinning for each scoring category. a) Location where orbit should be scored
(lower third) is highlighted by the box. b) Thinned trabeculae score of 0. ¢) Trabecular thinning score of 1. The
cortical bone is thin in general, and the trabeculae do not look markedly thin in comparison. d) Trabecular thinning
score of 2 where mild trabecular thinning is seen throughout more than 50% of the trabeculae in the marrow space.
e) Trabecular thinning score of 2 where marked trabecular thinning (score of 3) is present throughout less than 50%
of the marrow space. f) Trabecular thinning score of 3.
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The visual assessment serves as a conservative method of identifying baseline
individuals, as those with no evidence of skeletal manifestations of marrow hyperplasia were
assigned to the ‘no evidence’ category. Visual assessment using this rubric is meant to be a
simple, binary assessment that can contribute to a final diagnosis, but should be combined with
other methods when assigning diagnostic certainty.

To test for interobserver reliability, and to evaluate the scoring rubric’s ease of use, seven
(~10%) of the orbit reconstructions were evaluated by three additional observers with experience
in evaluating porous lesions and/or micro-CT images, and four who had some experience in
evaluating skeletal remains, but not necessarily in metabolic bone disease or porous lesions.
Cohen’s Kappa coefficient was used to evaluate average interobserver agreement for the final
visual assessments.

Table 3-11: Description of porous lesion etiologies, and what they look like on micro-CT images. Note that orbits can
be scored with more than one lesion source.

POROUS LESION POSSIBLE SOURCE

1-Marrow hyperplasia Porosity will originate from inside the orbital roof. The cortex may appear thin,
and porosity may look as though the trabecular structure has penetrated through
the cortex. Trabeculae may also extend through the cortex. Porosity may be
irregular in shape and size.

2-Vascular response Signs of an inflammatory response are present. Individual pores, or channels,
will be circular and less than 1 mm in diameter. Channels will generally
originate on the outer surface of the cortex, and may or may not penetrate
through to the trabecular space.

3-Impaired mineralization Impaired mineralization causes bone to look spiculated and porous. Pores may
be relatively fine, but irregular in shape.

4- Porous subperiosteal new | Layers of new bone may appear as highly porous. Observing new bone

bone formation formation is key for this score.

5- Post-mortem damage Porosity due to post-mortem damage may be the result of corrosion, root
damage, cracks, or weathering. Pores may have sharp, discoloured edges with
obvious soil inside.

6- Normal growth and Porosity will be uniform and fine. Will be more common in those undergoing

development growth and development. In the orbit, this may be accompanied by lamination
of bone, as the bone develops through mesenchymal ossification (Tawfik &
Dutton, 2018).

Table 3-15: Orbit visual assessment categories and features.

EXPECTED FEATURES

EVIDENCE OF e Porotic lesions linked to marrow hyperplasia (i.e. source score of 1) are
Skeletal Manifestations present.
of Marrow Hyperplasia e Increased trabecular separation is present to at least some extent, and is

accompanied by some level of cortical/trabecular thinning (scores >1).

NO EVIDENCE OF e  Multiple key features expected in marrow hyperplasia (cortical/trabecular
Skeletal Manifestations thinning, increased trabecular separation, porous lesions caused by cortical
of Marrow Hyperplasia thinning) are all absent or mild.

e Increased trabecular separation is mild or absent (scores of 0-1).
e  Cortical thinning or trabecular thinning may be present, but are milder
(scores of 1-2) and not accompanied by increased trabecular separation.
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4.4 Orbit microarchitecture measurements

During macroscopic observation of orbits, the location of porous lesions was recorded on
orbit diagrams. A 10x10x15 mm sample placed on the lateral 2/3s of the orbital roof was used
for microarchitecture measurements, as this was the most common lesion location from the
diagrams, and because active marrow is present in only this section of the orbit for individuals
over 8 years (O’Donnell et al., 2023). Instructions on placing this sample box are provided in
Figure 3-5. Orbit measurements were taken using Dragonfly’s Bone Analysis Wizard tool using
Buie segmentation (Buie, Campbell, Klinck, MacNeil, & Boyd, 2007). These measurements are
done using 3D volume reconstruction, so measurements are an average from across the entire
bone, which differs from the 2D point measurement used for ratio assessments (e.g., Figure 3-1).
Measurements taken included average cortical thickness of the orbital lamina (CtThOL, mm),
average trabecular separation (ThSp, mm), and average trabecular thickness (TbTh, mm). To test
intraobserver reliability in this method, the entire process of obtaining measurements was
repeated on a random selection of seven (~10% of the sample) orbit reconstructions one week
later, and differences between the two sets of measurements were calculated. Two-tailed Pearson
correlation tests at 0.05 significance level were used to assess the relationship between an
individual’s midpoint age estimate and orbit microarchitecture measurements for the entire
sample.

'JI\'O‘“

1al lamin

~ Orbi

Figure 3-11: Placement for the measurement sample box, where microarchitecture measurements were taken.
The sample box measures 10x10x15mm. The longest edge of the rectangular box was aligned parallel to the orbital
lamina, and the lateral edge of the rectangle was aligned with the zygomatic process of the frontal bone, just
before where the supraorbital margin begins to curve inferiorly (Figure 3-5a, inferior view of right orbital lamina).
On the medial-lateral 2D view, the centre of the box was aligned with the orbital lamina, and oriented such that
the most inferior edge was parallel to the centre of the orbital roof (Figure 3-5b).

The method used to evaluate the relationship between microstructure measurements and
marrow hyperplasia related to anemia used in this study was derived from the T-score method

used in osteoporosis diagnosis. T-scores are calculated as follows: T-score = (patient bone
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mineral density —normal mean bone mineral density)/standard deviation of the normal
population, and scores of -1 to -2.5 standard deviations (SD) at particular sites are considered
osteopenic, while scores of <-2.5 SD are considered osteoporotic (Binkley et al., 2014; Kanis et
al., 1994). To carry out the same procedure in this study, the average and standard deviation of
all measurements for each age category were calculated using only the visually-identified
baseline group. T-scores for all individuals not included in that group were calculated, and scores
of <-1 for average cortical thickness of the orbital lamina (CtThOL) and average trabecular
thickness (TbTh) were considered evidence of cortical/trabecular thinning and scores of >1 for
average trabecular separation (TbSP) were considered evidence of increased trabecular spacing.
In osteoporosis assessment, different T-score thresholds are used for different skeletal sites
(Binkley et al., 2014), and more metric data will help to refine these thresholds for the orbit in
the future.

4.5 Assessment of possible anemia status

Different levels of diagnostic certainty exist when evaluating pathological lesions present
on skeletal remains, and the framework by Appleby, Thomas, & Buikstra (2015) sets out
terminology that can capture these differences in certainty. To apply this framework to anemia
assessment, we outlined important considerations in Figure 3-6, and defined terminology for
assigning diagnostic certainty for anemia in Table 3-5. The basic steps in Figure 3-6 and the
standardized terminology set out by Appleby, Thomas, & Buikstra (2015) were used to construct
a decision tree (Figure 3-7) to facilitate consistent evaluation and assignment of diagnostic
certainty for the current study, where frontal ratios, visual assessments, and microstructure T-
scores were evaluated. Genetic anemias were not thought to be a factor for any of the individuals
in this study, but in contexts where genetic anemias are considered, skeletal manifestations of
marrow hyperplasia may be more marked, and there may be additional bone features
(Hershkovitz et al., 1997; Lewis, 2012). Assessments on the assigned diagnostic certainty were
made following the decision tree in Figure 3-7, and three observers repeated assessments on 20%
of the sample to evaluate agreement. Although Figure 3-7 is specific to the data used in this
study, it could be used as a model and adapted for future use depending on the data available.

Table 3-23: Categories of diagnostic certainty for anemia.

CERTAINTY CATEGORY DESCRIPTION

Diagnostic of Features and metric changes could only have been caused by anemia. Visual features of the bone (e.g.
hair-on-end appearance of the crania) should be highly indicative of marrow hyperplasia. Metric data
should strongly reflect skeletal manifestations of marrow hyperplasia, and be supported by robust
clinical data.

Highly consistent with Features and metric changes could have been caused by anemia, but a few other possible causes exist.
Internal visual changes expected for skeletal manifestations of marrow hyperplasia (e.g. for the orbit,
this includes cortical thickness, trabecular thickness, and trabecular separation) must be observable,
and metric data supports skeletal manifestations of marrow hyperplasia.

Consistent with Features and metric changes may be caused by anemia, but there are many other possible causes.
Internal visual changes (e.g. for the orbit, this includes cortical thickness, trabecular thickness, and
trabecular separation) are present but may be mild. Metric data does indicate the potential for skeletal
manifestations of marrow hyperplasia, but many other possible causes cannot be excluded as
contributing to the observed features and measurements.

Not consistent with Features and metric changes expected for skeletal manifestations of marrow hyperplasia caused by
anemia are absent, or could not have been caused by anemia.
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Basic factors involved

What evidence do you have?
« Largely complete skeleton
« Partialskeleton

In both instances, elements
available will determine the ability
to assess conditions.

Even if key elements for evaluating
anemia are present, evaluating
other potential pathology is
important for ruling out other
causes of observed changes.

How old was the individual
when they died?

Many diseases are age-linked &
rate of growth affects lesion
development in metabolic
conditions.

Measurements will be affected by
age, and should be compared with
individuals in the same age
category.

What techniques available to
you?

= Macroscopic evaluation
« Conventionalradiography

+ Histology
« CT
s« Micro-CT

* Diagnosis at the HC level or
above will be exceptional using
macroscopic evaluation.

* Genetic anemias may be
an exception.

* Robust data from known cases
is required for D level.

* Technique should allow for
evaluation of internal marrow
space.

With consideration of the factors above, use as many

techniques as possible to increase chances of being able to
clearly identify or rule-out evidence of marrow hyperplasia

Macroscopic

Broken bones can only provide individual data

Conventional radiography

Visual: D level is achievable with clear hair-on-end.
Metric: D level is achievable with ratio measurements.

Histology

certainty.

as above.

Visual: Only able to see one section of bone, may not give full picture of
what is happening within marrow space, so cannot achieve N with

Metric: Can take microarchitecture measurements, but same limitation

CT

Visual: HC level is achievable, could be improved with data from
individuals clinically diagnosed with anemia.
Metric: D level is achievable with ratio measurements.

Micro-CT

Visual: HC level is achievable, but micro-CT data on individuals with
anemia is difficult to obtain and may preclude D level.

Metric: HC level is achievable with microarchitecture measurements,
but same limitation as visual micro-CT data.

* Considerations and levels of evidence could be
reevaluated as more data becomes available.

Figure 3-17: Flow diagram showing the various considerations for assigning diagnostic certainty during anemia
assessment. N=not consistent with, HC= Highly consistent with, D=Diagnostic of.
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Is TbSp T-score

signfigantly positive

(1)

( YES NO \
Is at least one of
Is at least one of
the CtThOL or both CtThOL
TbTh T-scores and TbTh T-
significantly _ scores
negative (£-1)? significantly
negative (<-1)
YES '—/L NO [ YES —
Is the frontal Is the frontal Is
—ge ratio over 2.5?

ratio over 2.5?

(_)

YES —

YES

Is the trabecular
separation visual
score and at
least one other
visual score 22?

YES

NO

—

NO ———— —— YES

Are there many other
possible causes (e.g.
multiple pathologies,

= taphonomy) of
observed changes?

YES

Highly
consistent with
anemia

Figure 3-18: Decision tree demonstrating how anemia assessments were done using the available data from this study.

Consistent with
anemia

)

the frontal

ratio over 2.5?

Is the trabecular
separation visual

score and at
least one other
visual score 22?

NO

NO

=y

Not consistent
with anemia (other
conditions may be
affecting cortical/

trabecular
structure)

Not consistent
with anemia
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Other diseases, conditions, or sources of variation (e.g. scurvy, rickets) that could have
resulted in microarchitecture changes were excluded through the process of differential
diagnosis, based on a paleopathological analysis of the full skeleton (Klaus, 2017; Mays, 2020).
When other conditions could not be excluded as contributing to the observed changes, this was
reflected in the assigned diagnostic certainty. Although the protocol used in this study priorities
micro-CT analysis of the orbit, it is important that the entire skeleton is assessed
macroscopically, so that other possible causes of microarchitecture changes could be evaluated.

4.5.1 ‘Diagnostic of’

At the ‘diagnostic of” level of certainty, only anemia could have caused the features and
metric skeletal changes observed in an individual. The term ‘diagnostic of” should be used in
cases where observed features and measurements can be directly linked to those found in known
cases of anemia. Visual changes that meet this criterion includes hair-on-end trabeculae, and
metric data must be supported by robust clinical data (e.g. ratio measurements derived from
clinically-diagnosed individuals). To use the ‘diagnostic of* certainty category, other
pathological conditions (e.g. osteoporosis, neoplastic conditions) or growth-related features must
be excluded as contributing to observed metric and visual changes.

4.5.2 ‘Highly consistent with’

In cases where observed bone metrics and features could have been caused by anemia,
and few other possible causes for changes exist, the term ‘highly consistent with’ can be used.
The term ‘highly consistent with’ may be appropriate when observed visual features and metric
changes are indicative of marrow hyperplasia, but a few other possible causes cannot be
excluded with available evidence. Strong visual indicators and high-level metric data that reflects
skeletal manifestations of marrow hyperplasia should be present.

4.5.3 ‘Consistent with’

The ‘consistent with’ category can be used when metric and visual changes could have
been caused by anemia, but several other possible causes cannot be excluded. Changes are may
be non-specific, and there are many other possible causes of the observed features. When metric
parameters are contradictory (e.g., the ThSp T-score is over 1, but so is the CtThOL T-score),
higher categories of diagnostic certainty should not be used. The nature of possible confounding
factors, such as age, origin of reference data (i.e., imaging source), and other pathology, which
could be causing the contradictions, should be considered in order to determine if ‘consistent
with’ is still appropriate.

4.5.4 ‘Not consistent with’

When observed features or metric data could not have been caused by anemia, the term
‘not consistent with” should be used. This term may be appropriate in cases where skeletal
manifestations of marrow hyperplasia can be evaluated, but there is no observable visual
evidence, or no metric deviation from baseline data, such as the microarchitecture measurements
in the current study. It may also be appropriate in cases where anemia can be excluded as a
contributing factor to observed skeletal changes based on all available evidence.
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4.5.5 Co-morbidity and co-occurrence

Co-occurrence of anemia and other conditions can contribute to variation in the
expression of skeletal changes and may affect diagnostic certainty. If skeletal indicators of other
conditions are present in addition to metric changes indicative of marrow hyperplasia related to
anemia, then co-occurrence should be considered. Conditions should be individually evaluated
following established guidelines for assigning diagnostic certainty (e.g., Appleby et al., 2015;
Brickey & Morgan, 2023). Expression of metric and visual changes when conditions co-occur
will depend on a variety of factors, such as order of development, severity, and age. Whether co-
occurrence may have affected metric data, or whether skeletal manifestations of marrow
hyperplasia could have affected the expression of skeletal changes for other conditions should be
considered. The final level of diagnostic certainty for anemia and any co-occurring conditions
should be reported.

Skeletal manifestations of marrow hyperplasia can exacerbate the lesions caused by other
diseases. For example, cortical thinning of the orbital roof could enhance porosity caused by
other conditions. Similarly, conditions that also affect bone microarchitecture may exacerbate
any metric microarchitecture or ratio differences. Assessment of diagnostic certainty must
therefore consider the idea that other diseases can no longer be excluded as causing the observed
metric changes.

5.0 Results
5.1 Interobserver error

For the orbit microstructure measurements,
the average difference between the original and the
repeated measurements was < 0.005mm for all
three measurements, indicating a high level of
repeatability in the sampling procedure and
Dragonfly software. For the frontal ratio
measurements, there was agreement on the ratio
assessment (i.e., whether they were over or under
2.5) in five of six cases. A third set of
measurements was taken for the individual who did
not show agreement, and the average was used for
the final frontal ratio.

The Cohen’s Kappa coefficient across all
observers in the visual rubric assessment was 0.34
(fair agreement). Between the experienced
observers only, the average Cohen’s Kappa was

Figure 3-19: Micro-CT reconstruction of orbit
(sagittal view, anterior towards the right) from

calculated to be 0.76 (substantial agreement) individual 7A11-S57, who displays significant
(McHugh, 2012), demonstrating that experience in  trabecular and cortical thinning, and increased
evaluating porous lesions and familiarity with trabecular separation. All observers agreed that

skeletal manifestations of marrow hyperplasia were

micro-CT analysis did help in ensuring consistency resent in this individual.
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when using the visual scoring rubric. Orbits with more extreme changes (e.g., Figure 3-8)
showed the highest level of agreement, while those with more ambiguous changes showed less
agreement. When using the decision tree in Figure 3-7 to assign diagnostic certainty, observers
unanimously agreed on all assessments during the blind testing, indicating high repeatability.

5.2 Age and microarchitecture measurements

The three microarchitecture measurements are significantly associated with age
(CtThOL.: Pearson R=-0.73, P-value= < .001; ThSp: Pearson R=-0.56, P-value= <.001; ThTh:
Pearson R=-0.49, P-value= < .001). For all three measurements, a positive relationship exists
(Figure 3-9), meaning that as age increases, so does average cortical thickness, trabecular
thickness, and trabecular separation. For ThTh, the overall range of measurements was narrow
(0.14-0.26 mm); the range of variation is much wider for both CtThOL (0.11-0.52 mm) and

ThSp (0.22-0.71 mm). In contrast, the frontal ratios are not significantly associated with age
(Pearson R=-0.10, P-value=0.711).
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Figure 3-20: Bone microarchitecture measurements plotted against age estimate midpoints. Trendlines demonstrate
the positive relationship between age and increased measurements.

5.3 Anemia assessment results

In total, 27 individuals were assessed as showing no visual evidence of skeletal
manifestations of marrow hyperplasia and had frontal ratio measurements under 2.5. These
individuals were therefore included in the baseline sample to calculate T-scores.
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Table 3-27: Compiled results of all evaluations, plus assessments for individuals with visual evidence of skeletal manifestations of marrow
hyperplasia, which manifests as cortical/trabecular thinning and widened intertrabecular separation.

CORTICAL TRABECULAR TRABECULAR CTTHOL TBTH
SKELETON AGE THINNING SEPARATION THINNING OVERALL FRONTAL T- T- TBSP T- ANEMIA
ID SITE (YEARS)* SCORE SCORE SCORE VISUAL RATIO! SCORE? SCORE? SCORE® DIAGNOSIS
Pointe-aux- EMH
7A2-56 Trembles, 0.38 2 1 1 46 0.7 0.1 11 N
CA
20F-S39 SeApome. 0.50 2 1 1 EMH 2.0 -0.4 0.6 0.7 N
Pointe-aux- EMH
7A11-S59 Trembles, 0.70 2 2 1 0.3 10 03 c
CA
ARJB-V1625 | Amhem NL  0.75 1 1 1 EMH 4.0 -0.1 0.9 0.7 N
GRK-V807 | Alkmaar,NL  1.00 3 1 2 EMH 15 1.0 16 H
Pointe-aux- EMH
7A11-S57 Trembles, 1.00 3 3 - 0.1 1.8 -0.7 H
CA
21E-S8 SeApomne, 1.40 1 3 1 EMH 0.9 10 17 11 c
GRK-V326 | Alkmaar,NL 150 2 2 2 EMH -0.4 0.6 16 N
GRK-V532 | Alkmaar,NL 150 3 2 1 EMH 15 0.3 16 N
GRK-V63 | Alkmaar,NL 150 1 1 1 EMH 17 0.3 0.8 N
ARJB-V1777 | Amhem,NL 150 3 1 2 EMH 45 1.0 0.3 11 N
Pointe-aux- EMH
7A2-522 Trembles, 1.50 2 2 1 28 01 17 12 c
CA
Pointe-aux- EMH
7A2-524 Trembles, 1.50 2 2 2 0.3 13 0.2 H
CA
17L-54° StALoine, 1.50 2 2 3 EMH 0.4 20 -0.2 c
2E3 Ste-arie, 1.50 1 2 1 EMH 2.2 29 17 N
1G2 Selfaie, 150 2 1 2 EMH 14 23 15 08 N
20As3 | SO 150 2 2 2 Bt 16 30 03 c
Pointe-aux-
7A2-532 Trembles, 1.58 2 1 1 EMH 49 0.1 15 03 H
CA
ARJB-V478 | Amhem NL 200 2 1 0 EMH -1.53 006  -0.73 N
ARJB-V1812 | Amhem,NL 2,50 1 1 0 EMH 34 -1.66 0.64 1.02 N
2G3 Ste-arte 2.50 3 2 2 EMH 6.9 -0.88 073 015 c
ARJB-VE67 | Amhem,NL 3.0 0 2 3 EMH 1.07 064 132 N
21E-S4 StALoine, 3.00 0 2 1 EMH 1.73 0.81 -0.15 N
21F-S5 StATOINe 300 1 2 2 EMH 101 114 102 H
ARJB-V1762 | Amhem,NL  3.50 1 0 1 EMH 05 0.42 081  -0.73 N
ARJB-V1319 | Amhem NL 4.0 1 2 2 EMH 0.81 164 073 Cc
1G6 sedate 400 3 2 3 EMH 010 106 044 -
20F-S2 StALoine, 7.00 2 2 2 EMH 40 -1.42 037 -0.06 c
21E-S14 SLATIOIne 7,00 0 2 1 EMH 112 084  -0.36 N
21R-S5 StALoine, 7.60 2 3 3 EMH 0.6 -1.08 0.84 -1.55 c
30R-S7 StALoine, 76 2 3 3 il 35 0.78 349 125 H
ARJB-V1258 | Amhem NL 9.0 1 2 0 EMH -0.07 115 215 H
ARJBVIT35 | Amhem NL 950 2 2 1 EMH -1.59 255 125 H
21U-56 SeATone. 10,25 2 3 2 EMH 295 177 -0.06 H

* Midpoint age estimate
EMH=Evidence of skeletal manifestations of marrow hyperplasia
!Bolded values are over 2.5, which was considered pathological by Panzer et al.,(2023) and Sebes & Diggs (1979), based on radiographic ratios from
Reynolds (1962, 1965). See Section 5 for further discussion on how frontal ratios were used in this study.
2Bolded values < -1, and are considered evidence of cortical or trabecular thinning.

3Bolded values are > 1, and are considered evidence of increased trabecular separation.

CtThOL= Average cortical thickness of the orbital lamina
ThSp= Average trabecular separation
TbhTh=Average trabecular thickness

D= Diagnostic of H= Highly consistent with

C= Consistent with

N= Not consistent with
4The frontal ratio was not considered for diagnosis, due to poor preservation of the cortical bone.
5This individual was fragmentary, and few skeletal elements beyond the orbit were available for analysis, meaning that although they did show strong
metric and visual changes indicative of marrow hyperplasia, other conditions could not be excluded as contributing to these features.
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Ten individuals were assessed as having evidence of skeletal manifestations of marrow
hyperplasia using the metric and visual data in conjunction with the decision tree in Figure 3-7.
Table 3-6 compiles all metric and visual analyses and presents the level of diagnostic certainty
for each case. Measurements for the baseline group are presented in Supplemental Data Table 3-
S1. All raw measurements and visual scores are presented in Supplemental Data Table 3-S2.

6.0 Discussion

Anemia assessment in the current study used a variety of metric data, and followed a
consistent diagnostic framework that considered the biological mechanisms of microarchitecture
changes, relative bone ratios, and lesion development. The quantitative approach taken here is
rooted in the biological approach (Mays, 2018), and emphasizes consideration of the underlying
process (i.e., marrow hyperplasia) that contributes to metric changes during anemia. In contrast,
evaluation and scoring of porous lesions is not always tied to assessing lesion etiology
(Anderson, 2023; Brickley, 2024), and recent studies have demonstrated the high amount of
interobserver error that exists when recording porotic lesions (Anderson, 2023; Santos et al.,
2023). Additionally, not all porous lesions are caused by skeletal manifestations of marrow
hyperplasia (Wapler et al., 2004); many individuals in the current study, such as individual 7A9-
S21, showed no internal visual evidence of microarchitecture changes related to anemia, but did
have porous orbital lesions consisting of new bone formation and cortical porosity. These issues
demonstrate the importance of understanding skeletal manifestations of marrow hyperplasia and
analyzing internal changes as part of anemia diagnosis in paleopathology (Grauer, 2019;
Brickley, 2024).

Using a standardized framework and terminology for paleopathological diagnosis helps
ensure consistency and rigor in the process (Buikstra, Cook, & Bolhofner, 2017; Klaus &
Lynnerup, 2019). For anemia, the proposed framework can help ensure that the pathogenesis of
lesions and skeletal changes (i.e. skeletal manifestations of marrow hyperplasia) is considered
more consistently, and allows for improved comparisons of anemia across contexts. Metric
methods help to improve reproducibility and reduce subjectivity, further improving consistency.
However, pathological metric measurements should not confer a ‘diagnostic of” diagnosis
without considering the other factors that may have contributed to calculated metric differences.

In the current study, for example, frontal ratios over 2.5 did not necessarily confer a high
level of diagnostic certainty, even though this threshold value is derived from individuals
clinically diagnosed with anemia (Reynolds, 1962, 1965; Sebes & Diggs, 1979), and is therefore
a parameter that could be used to assign the ‘diagnostic of” level of certainty (Table 3-5).
However, this value is derived from measurements taken on radiographs, which have been found
to differ from those performed during micro-CT analysis (Belgin, Serindere, & Orhan, 2019).
The greater resolution of micro-CT allows for more accurate placement of the cortical bone
borders, which can result in smaller cortical thickness measurements, and therefore larger ratios.
For this reason, frontal ratios had to be interpreted conservatively and were not as highly
prioritized in the decision tree (Figure 3-7) created for this study, but could be for future analyses
where imaging modalities are more comparable. Improved consistency and diagnostic certainty
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are achievable using metric data and standardized frameworks, but researchers must still
consider confounding technical and biological factors as part of diagnosis.

As more metric data become available for comparison, it is expected that some of the
assessments presented in the current study may change, and some cases could be assigned as
‘diagnostic of.” Further adjustments could result from improved frontal ratio comparisons, and
adding more data to baseline measurements may change T-score calculations. Metric evaluation
of anemia in skeletal remains is still in the early stages, and may be difficult to compare across
studies due to variation in instruments, or measurement protocols. In the future, new visual or
metric criteria from a variety of skeletal areas may also be sufficient to propose various levels of
diagnostic certainty. Accumulating measurement data is a key step towards differentiating
between normal variation and possible pathology, and will be a necessary part of adopting these
techniques in the future. Furthermore, while the decision tree in Figure 3-7 is specific to the data
that was available in the current study, it could be adapted for future research depending on the
metric data that is available and the relationship of that data to the recommended terminology in
Table 3-5 and Section 4.5, and the considerations in Figure 3-6. For example, in our decision
tree, trabecular separation T-scores were prioritized, as cortical thinning was thought to be most
sensitive to taphonomic factors, and trabecular thickness was less variable than the other two
scores, but studies in other contexts may produce data that support adoption of different
configurations.

6.1 Interobserver error

The results from interobserver error testing of the visual assessment rubric show high
agreement amongst individuals with experience in evaluating metabolic conditions/porotic
lesions, and less agreement for those with limited experience. Microarchitecture measurements
had strong agreement and were highly repeatable when using the Dragonfly program. Frontal
ratios showed good agreement, but did introduce additional subjectivity, as the users had to
determine where to take the measurements and assess the borders of the cortical bone. For the
one individual in which there was no agreement on the outcome of the ratio, there was
considerable weathering of the cortical bone, resulting in a high degree of variation in cortical
thickness. Diploe measurements were consistent between observers, but differences in cortical
thickness measurements affected the final ratios. The frontal ratio for this individual was not
considered for the final diagnosis, as it may have been skewed by preservation. It is
recommended that researchers repeat frontal ratio measurements and use an average to reduce
error.

6.2 Age and microarchitecture changes

Age was found to be a major factor when considering bone microarchitecture
measurements, which is expected as part of normal bone growth and development. The orbit
undergoes 50% of its expected growth by the age of two years (Berger & Kahn, 2012), meaning
that individuals under this age may show significantly different microarchitecture and increased
variation compared to those who are past this developmental threshold. The significant positive
relationship between age and microstructure measurements means that age must be considered
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when selecting a metric baseline for determining pathological ratios and/or T-scores. It is
expected that possible cases of anemia in individuals under 2 years of age may be less likely to
be classified as ‘diagnostic’, since they are less likely to have straightforward metric results.

Frontal ratios were not significantly associated with age, possibly because ratio
calculations help to standardize values. Non-ratio measurements of cranial vault thickness have
been found to increase with age in those undergoing growth and development (De Boer, Van der
Merwe, & Soerdjbalie-Maikoe, 2016), but Panzer et al., (2023) found that frontal ratio values did
not appear to be associated with age.

6.3 Future directions

Establishing baseline measurements and ratios is crucial for evaluating marrow
hyperplasia and anemia-related changes in the cranium with a greater degree of confidence.
Additional measurements across various age categories are especially needed to further explore
how skeletal manifestations of marrow hyperplasia are affected by growth and development. In
this study, individuals older than two years were underrepresented, so more data on older age
groups will be essential, particularly for calculating more robust T-scores. Evaluating
microstructure measurements in individuals clinically diagnosed with anemia would be ideal and
contribute greatly to establishing baseline measurements.

Specific investigation of measurement differences between micro-CT, CT, and
conventional radiography will be essential for improving the use of frontal ratios. Micro-CT and
CT-derived measurements tend to be more equivalent (Lillie, Urban, Weaver, Powers, & Stitzel,
2015), but data on the amount of error that exists when comparing ratios derived via
conventional radiographs versus micro-CT analysis will help to clarify when certain metric data
can be used, and what limitations researchers should be aware of when making such
comparisons. Previous studies have measured frontal bone thickness at different locations (e.g.,
Stuart-Macadam, 1987a; De Boer et al., 2016; Rivera and Lahr, 2017), and it will also be
important to establish if differences exist between locations.

7.0 Conclusion

This study demonstrates that metric data can provide another line of evidence for anemia
diagnosis in skeletal remains, particularly when assessing crania of growing individuals. The
results presented here reiterate the importance of specifically evaluating changes related to
marrow hyperplasia for anemia assessment and highlight the utility of methods that allow for
analysis of the internal marrow space. Developing a standardized framework for diagnosing and
reporting anemia allows for continued progress by ensuring consistency and repeatability across
studies. Evaluation of porous cranial lesions can play a role in this framework, but is not the
primary feature for assessing anemia. By incorporating metric data into the diagnostic process,
researchers can better understand the relationship between marrow hyperplasia and anemia,
leading to improved diagnostic accuracy and rigor in skeletal remains.
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Supplemental Data

Porous Subperiosteal New Bone Taphonomy

Figure 3-S1: a) Cortical thinning and subsequent porosity due to marrow expansion. b)
Perforations due to vascular response. c) Gaps in the bone due to impaired mineralization. d)
Periosteal new bone formation on the surface of the orbit, indicated by the arrow. €) Dirt and
minerals inside the trabecular space mean that taphonomy cannot be excluded as a possible

source of lesions.
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Table 3-S1: Visual assessment scores for individuals used as part of the baseline group for measurement

comparisons.

CORTICAL TRABECULAR  TRABECULAR
AGE THINNING SEPARATION THINNING OVERALL FRONTAL ANEMIA
SKELETON ID SITE (YEARS)* SCORE SCORE SCORE VISUAL RATIO! ASSESSMENT

Pointe-aux- NE

7A9-544 Trembles, CA 0.25 3 0 1 ---- N

2E5 Ste-Marie, CA 0.25 1 1 1 NE ——-- N
Pointe-aux- NE

7A9-548 Trembles, CA 0.50 3 0 0 - N

GRK-V102 Alkmaar, NL 0.75 3 0 1 NE 2.0 N
Pointe-aux- NE

7A11-S63 Trembles, CA 0.75 1 1 1 - N
Pointe-aux- NE

7A9-S21 Trembles, CA 0.75 1 1 1 ---- N

21N-S12 St-Antoine, CA 0.75 2 0 1 NE J— N

20F-S6 St-Antoine, CA 0.75 1 0 0 NE j— N

ARJB-V1084 Arnhem, NL 1.00 3 0 1 NE — N

20F-S9 St-Antoine, CA 1.00 1 1 1 NE J— N

21N-S11 St-Antoine, CA 1.33 1 1 1 NE j— N

GRK-V181 Alkmaar, NL 1.50 2 0 1 NE —- N
Pointe-aux- NE

7A2-S1 Trembles, CA 1.50 0 0 0 - N

20Z-S5 St-Antoine, CA 1.50 0 1 0 NE - N

8J-54.2 St-Antoine, CA 1.50 1 0 0 NE J— N

GRK-V63 Alkmaar, NL 1.50 1 1 1 NE j— N
Pointe-aux- NE

7A9-S55 Trembles, CA 1.75 1 1 1 ---- N

GRK-V169 Alkmaar, NL 3.50 1 0 0 NE - N

ARJB-V1762 Arnhem, NL 3.50 1 0 1 NE 0.5 N

ARJB-V452 Arnhem, NL 4.50 0 0 0 NE J— N
Pointe-aux- NE

7A9-C6 Trembles, CA 5.00 0 0 1 ---- N

EHVCK-3115 Eindhoven, NL 5.50 1 1 0 NE 2.1 N

GRK-V1 Alkmaar, NL 6.00 1 1 0 NE J— N

EHVCK-3537 Eindhoven, NL 6.00 0 1 0 NE - N

EHVCK-979 Eindhoven, NL 7.00 0 0 0 NE —- N

ZW87-303 Zwolle, NL 7.00 0 1 0 NE j— N

ARJB-V1630 Arnhem, NL 10.00 0 1 0 NE j— N

* Midpoint age estimate
NE= No visual evidence of skeletal manifestations of marrow hyperplasia
Values over 2.5 were considered pathological by Panzer et al.,(2023) and Sebes & Diggs (1979), based on radiographic ratios
from Reynolds (1962, 1965). See Section 5for further discussion on how frontal ratios were used in this study.

D= Diagnostic of

H= Highly consistent with

C= Consistent with

N= Not consistent with
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Table 3-S2: Raw microstructure measurement data.

Skeleton ID Site Age (years)* CtThOL ThSp (mm) | TbTh (mm)
(mm)

7A11-S59 Pointe-aux-Trembles, CA 0.70 0.2 0.45 0.18
ARJB-V1625 Arnhem, NL 0.75 0.21 0.44 0.16
21E-S8 St-Antoine, CA 1.40 0.28 0.5 0.15
GRK-V807 Alkmaar, NL 1.00 0.12 0.45 0.14
2E3 Ste-Marie, CA 1.50 0.36 0.54 0.21
1G2 Ste-Marie, CA 1.50 0.37 0.49 0.19
ARIB-V1777 Arnhem, NL 1.50 0.15 0.35 0.15
GRK-V63 Alkmaar, NL 1.50 0.33 0.4 0.19
TA2-S32 Pointe-aux-Trembles, CA 1.58 0.21 0.49 0.18
ARIJB-V478 Arnhem, NL 2.00 0.27 0.39 0.17
21E-S4 St-Antoine, CA 4.20 0.52 0.48 0.18
ARJB-V667 Arnhem, NL 3.00 0.47 0.46 0.16
ARJB-V1762 Arnhem, NL 3.50 0.42 0.48 0.17
ARJB-V1319 Arnhem, NL 4.00 0.45 0.58 0.17
21E-S14 St-Antoine, CA 7.00 0.52 0.54 0.21
ARJB-V1258 Arnhem, NL 9.00 0.45 0.56 0.15
7A11-S57 Pointe-aux-Trembles, CA 1.00 0.22 0.51 0.16
ARJB-V1812 Arnhem, NL 2.50 0.32 0.47 0.18
1G6 Ste-Marie, CA 4.00 0.38 0.51 0.19
21R-S5 St-Antoine, CA 5.00 0.39 0.54 0.17
21U-S6 St-Antoine, CA 8.00 0.28 0.6 0.22
30R-S7 St-Antoine, CA 10.00 0.5 0.71 0.18
20F-S39 St-Antoine, CA 0.50 0.19 0.42 0.16
17L-54 St-Antoine, CA 1.00 0.24 0.53 0.17
TA2-S22 Pointe-aux-Trembles, CA 1.50 0.22 0.5 0.2
TA2-S24 Pointe-aux-Trembles, CA 1.50 0.2 0.47 0.17
GRK-V326 Alkmaar, NL 1.50 0.19 0.42 0.14
GRK-V532 Alkmaar, NL 1.50 0.12 0.35 0.14
2G3 Ste-Marie, CA 2.50 0.26 0.46 0.2
20A-S3 St-Antoine, CA 4.00 0.32 0.6 0.18
21F-S5 St-Antoine, CA 4.00 0.31 0.52 0.2
20F-S2 St-Antoine, CA 7.00 0.37 0.51 0.22
ARJB-V1735 Arnhem, NL 9.50 0.36 0.65 0.18
7A2-S6 Pointe-aux-Trembles, CA 0.86 0.17 0.38 0.15
2E5 Ste-Marie, CA 0.25 0.17 0.32 0.18
7A2-S10 Pointe-aux-Trembles, CA 0.50 0.2 0.37 0.17
7A9-544 Pointe-aux-Trembles, CA 0.25 0.14 0.32 0.15
7A9-S12 Pointe-aux-Trembles, CA 0.38 0.21 0.31 0.16
7A9-548 Pointe-aux-Trembles, CA 0.50 0.21 0.31 0.19
21N-S11 St-Antoine, CA 1.33 0.27 0.37 0.17
21N-S12 St-Antoine, CA 0.75 0.16 0.33 0.16
7A11-S63 Pointe-aux-Trembles, CA 0.75 0.16 0.38 0.16
7A9-S21 Pointe-aux-Trembles, CA 0.75 0.22 0.46 0.16
GRK-V102 Alkmaar, NL 0.75 0.11 0.22 0.14
ARJB-V1084 Arnhem, NL 1.00 0.13 0.26 0.14
20F-S6 St-Antoine, CA 0.75 0.22 0.37 0.19

* Midpoint age estimate

CtThOL= Average cortical thickness of the orbital lamina
TbSp= Average trabecular separation
TbTh=Average trabecular thickness
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Table 3-S2 Cont’d: Raw microstructure measurement data.

Skeleton ID Site Age (years)* CtThOL TbSp (mm) TbTh (mm)
(mm)

20Z-S5 St-Antoine, CA 1.50 0.35 0.48 0.2
7A2-S1 Pointe-aux-Trembles, CA 1.50 0.31 0.45 0.2
8J-S4.2 St-Antoine, CA 1.50 0.28 0.45 0.2
GRK-V181 Alkmaar, NL 1.50 0.22 0.45 0.17
7A9-S55 Pointe-aux-Trembles, CA 1.75 0.27 0.47 0.18
GRK-V169 Alkmaar, NL 3.50 0.33 0.29 0.16
20F-S9 St-Antoine, CA 1.00 0.27 0.41 0.21
ARIJB-V452 Arnhem, NL 4.50 0.5 0.51 0.18
7A9-C6 Pointe-aux-Trembles, CA 5.00 0.37 0.27 0.19
EHVCK-3115 Eindhoven, NL 5.50 0.35 0.46 0.2
EHVCK-3537 Eindhoven, NL 6.00 0.42 0.51 0.22
GRK-V1 Alkmaar, NL 6.00 0.37 0.45 0.17
EHVCK-979 Eindhoven, NL 7.00 0.48 0.41 0.24
ZW87-303 Zwolle, NL 7.00 0.48 0.58 0.26
ARJB-V1630 Arnhem, NL 10.00 0.52 0.48 0.22

* Midpoint age estimate
CtThOL= Average cortical thickness of the orbital lamina
ThSp= Average trabecular separation
TbTh=Average trabecular thickness
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Abstract

During the 18™-19™ century, Quebec underwent political, environmental, and social transitions.
Many urban and rural communities experienced food insecurity, and are likely to have been
affected by multiple metabolic bone diseases. For vulnerable groups, such as children, clustering
of multiple metabolic conditions may have significantly affected health and mortality. This
research is the first broader-scale study of the specific co-occurrence of scurvy/anemia, and seeks
to assess these conditions across urban and rural sites from 18-19" century Quebec to
understand how metabolic bone disease affected mortality in these contexts. Individuals under 15
years old from three skeletal collections were assessed for scurvy (n=55), anemia (n=37), and co-
occurrence (n=31). Scurvy was evaluated macroscopically, anemia was assessed using micro-CT
analysis, and co-occurrence was considered in those that could be assessed for both conditions.
Prevalence and age-at-death data were compared between contexts and across diagnoses. Scurvy
was associated with younger ages-at-death; this trend was most noticeable in the village site of
Pointe-aux-Trembles, where scurvy prevalence was significantly higher and mean age-at-death
was significantly lower. Co-occurrence was diagnosed in 6.5% of assessed individuals, and
individuals with both conditions had a lower average age-at-death estimate than those with
neither condition. The sample size of those who could be assessed for co-occurrence was small,
making interpretations of trends difficult. Local variation in factors such as weaning practices
contributed to some differences in trends between sites, but disease prevalence overall was high
in comparison to other contexts, demonstrating the challenges that affected individuals in both
urban and rural environments across Quebec at this time.

Keywords: metabolic bone disease, paleopathology, mortality trends, age-at-death, weaning
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1.0 Introduction

Metabolic bone conditions are often related to nutrition and food insecurity, which tend
to cluster in vulnerable groups, and increase the risk of individuals developing more than one
metabolic bone condition (1). Contexts with known nutritional deficiencies or food insecurities
allow for multiple metabolic bone diseases to be studied, and for consideration of the variables
that might have affected disease dynamics. Broadly, Quebec during the 18-19™" century is one
such context; metabolic bone conditions have been documented amongst colonial groups from
this period and earlier as they adapted to new nutritional landscapes and underwent significant
political changes (2,3,4,5,6). On a local level, urban and rural settlements in colonial Quebec
contended with different risk factors that affected mortality, such as differences in subsistence
pathways and variable levels of epidemic disease risk (7,8). Assessing metabolic bone disease
co-occurrence and clustering is crucial for understanding how social, environmental, political,
and biological variables can affect health and contribute to mortality risk (9,10,11).

Scurvy and acquired anemia from nutritional deficiencies are conditions that are
particularly likely to co-occur. Scurvy is a deficiency in vitamin C, while anemia is a reduction
in the body’s capacity to transport oxygen (12,13). Despite the known associations between
anemia and scurvy, there has been little investigation of how co-occurrence of these conditions
might affect past communities. In paleopathology, the term co-occurrence means that multiple
conditions are thought to have “exist[ed] at the same time, and [are] thought likely to be causally
related” (10, p227); the relationship between vitamin C deficiency and anemia means that co-
occurrence, under this definition, is highly likely in archaeological samples. Therefore, the
purpose of this paper is to explore differences in mortality patterns and the prevalence of anemia,
scurvy, and co-occurrence amongst individuals under the age of 15 years from urban (Saint-
Antoine), rural (Sainte-Marie) and suburban (Pointe-aux-Trembles) communities in 18"-19™
century Quebec. Furthermore, this research aims to better understand how these conditions may
have differentially affected health and mortality risk amongst vulnerable individuals.

2.0 Background
2.1 Historical context

Throughout the 1700s and 1800s, Quebec underwent a series of political, cultural, and
environmental shifts. The Conquest of 1760 marked the beginning of British governance of
Quebec, and this event plus the subsequent passing of the Quebec Act in 1774 led to a general
decline in socioeconomic status of Quebec’s French Canadian (Catholic) population (3,15). The
onset of industrialization in urban centres like Montréal and Quebec City led to rapid
urbanization and a drastic increase in population size due to high fertility rates and immigration
starting in the early-mid 19" century (7,16). These changes contributed to higher urban mortality
(16, 17a,18a). Factors such as high population density, poor sanitary infrastructure, and
difficulties in affording adequate housing contributed to large-scale epidemics of cholera,
smallpox, and typhus that significantly increased urban mortality (3,16,19). Previous
archaeological work has identified evidence for metabolic bone diseases in urban French
Canadian (20) and English Protestant (21,22,23) samples.
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In general, both urban and rural Quebecois communities consumed standard agricultural
diets, which included beef, chicken, and pork, along with vegetables like potatoes, peas, and
pumpkins (24, 25). Grain was a major food source, and wheat made up over 65% of the harvest
for many rural agricultural villages (26). While this diet would provide adequate nutrition, access
to these foods varied among different communities. Historical accounts depicting this idealized
diet are primarily from middle- and upper-class individuals, and those from lower social classes
did not likely have access to these same resources (27). Environmental challenges, such as long-
lasting winters and crop failures, often meant that staple foods were not readily available, and
prices subsequently increased (24). Children would also have consumed different foods from
adults; for example, weaning foods typically included porridge or bread soaked in water, which
do not contain any vitamin C or iron, and minimal folate (8,16,21), increasing the risk of
developing scurvy and nutritionally-acquired anemia in the early years of life.

During this period, infant and childhood mortality rates in Quebec were notably higher
compared to similar contexts in Britain and France (8,28). For urban children in particular,
mortality was even higher, and was reported to be about 1.5 times higher than in rural villages
(16,18). Rural villages were thought to be safer and healthier than cities like Montreal or Quebec
City (8,29), and rural people may have had foodways (i.e. subsistence farming versus buying
food) that ultimately decreased the risk of metabolic bone conditions.

2.2 Anemia and scurvy co-occurrence

In clinical settings, anemia is commonly reported in late-stage cases of scurvy (13). The
association between scurvy and anemia is partially due to the various roles that vitamin C plays
within the body. Vitamin C is essential for iron absorption, folate level maintenance, and wound
healing (13,30,31), all of which mean that anemia can result if vitamin C is deficient. When
anemia occurs as a direct result of scurvy, the type of anemia that can develop is highly variable,
and is dependant on the presence of nutritional deficiencies and the length/severity of the vitamin
C deficiency (13,31). For example, megaloblastic anemia in scurvy develops if folate/vitamin
B12 levels are affected, while iron-deficiency anemia (IDA) can manifest due to a lack in dietary
iron, blood loss, or impaired iron absorption, and it is possible for multiple forms of anemia to
develop at the same time (31,32).

In addition to the physiological link between vitamin C deficiency and anemia, scurvy
and anemia also co-occur due to the risk factors they have in common, such as low
socioeconomic status, limited access to nutritious food, or an individual’s higher nutritional
requirements (33,34,35). When scurvy and anemia co-occur, overall immune function is
worsened, and cardiac complications may result, which can lead to long term difficulties and
heart failure, further heightening mortality risk (13).

2.3 Skeletal manifestations of anemia and scurvy

Skeletal lesions in scurvy are the result of an inflammatory response to haemorrhage and
bleeding (36). Vitamin C is an essential catalyst for collagen formation and deficiency results in
increased risk of blood vessel rupture and hemorrhage (37). When hemorrhage occurs near bone,
abnormal porosity that is less than 1 mm in diameter can form because of new blood vessel
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formation in that area, and a buildup of blood can cause irritation or elevation of the periosteum,
leading to deposition of subperiosteal new bone (SPNB) (38,39,40). Its role in collagen
formation means that vitamin C is essential for new bone formation, and generalized osteopenia
can occur as a result of deficiency (39,41). However, as only small amounts of vitamin C are
necessary for SPNB formation (39), deposition of new bone as an inflammatory response can
occur even during active cases of vitamin C deficiency. Lesions in scurvy are concentrated near
muscle origins/insertions, especially around muscles that are regularly used, and where a blood
vessel is positioned between the muscle and the bone (36,39,40). Individuals in earlier stages of
growth and development are more likely to develop lesions, as the periosteum is more loosely
attached, making it easier to disrupt, and the body’s capacity for capillary growth and new bone
formation are elevated (10,36). Scurvy diagnosis in skeletal remains should consider the
distribution of lesions and the age of the individual, as well as contextual information (42).

Anemia is characterized by a reduction in the body’s ability to supply oxygen to its
organs and tissues, often due to of blood loss, decreased red blood cell (RBC) production, or
increased RBC destruction (42). Active bone marrow, where RBCs are produced, can expand to
correct the RBC deficiency (‘marrow hyperplasia’), and may lead to subsequent skeletal
changes. Cortical thinning, trabecular thinning, loss of trabecular number and increased
intertrabecular spacing are common microstructure manifestations of marrow hyperplasia
(42,43), and these properties of bone can be measured to suggest anemia (44). Skeletal
manifestations of marrow hyperplasia will only occur at sites of active bone marrow, which
changes with age (45). In those under 6 years old, changes tend to develop in the cranium (45).

In the case of rickets and scurvy, co-occurrence can inhibit the formation of characteristic
skeletal lesions for each individual disease (46). For scurvy and anemia, co-occurrence does not
seem to prohibit the typical skeletal manifestations of each condition; medical and animal studies
support the idea that marrow is increasingly hypercellular and therefore capable of undergoing
marrow hyperplasia during periods of scurvy, and many clinical cases of co-occurrence display
radiographic signs of scurvy (e.g. white lines of Fraenkel, Pelkin fractures) and subperiosteal
new bone formation (47,48). In some cases, co-occurrence of anemia and scurvy may exacerbate
the development of skeletal changes. Scurvy can lead to generalized osteopenia and in those with
less bone than might normally be anticipated, reduced bone levels may mimic skeletal
manifestations of marrow hyperplasia. Cortical thinning that occurs due to marrow hyperplasia
can also exacerbate porosity caused by scurvy. Diagnosis of these conditions, therefore, should
consider if the presence of the other condition has changed lesion appearance. Skeletal changes
that could have multiple possible causes should never be attributed to just one condition.

3.0 Materials and Methods
3.1 Age-at-death estimation and sample composition

To investigate the local factors that could have been affecting childhood mortality,
collections from both urban and rural environments were used in this study (Figure 4-1). The
Sainte-Marie-de-Beuce cemetery collection (1748-1864) is from a rural village in southeastern
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Quebec consists of 62 individuals excavated from a cemetery that contains over 600 burials (49).
The site is located on the east bank of the Chaudiere river, and preservation was notably poorer
for some nonadult individuals at this site (49). The Pointe-aux-Trembles collection (1709-1843)
consists of 63 individuals and also represents just part of the cemetery (50). Pointe-aux-Trembles
was a suburban fortified village located just outside of Montréal and the proportion of children in
this collection may be higher than the other collection due to the practice of sending children to
the village to be wet-nursed (50). The Saint-Antoine collection (1799-1854) is from the Saint-
Antoine French-Canadian cemetery within Montréal itself; over 600 burials have been identified
during various archaeological projects from 1993 to 2015 (51). Preservation at Saint-Antoine
was poorer than at the other two sites, which could have affected the proportion of nonadults in
the collection.

Age-at-death estimation was done using dental development (52), and individuals from
birth to the age of 15 years were evaluated. The initial sample size of nonadults included all
individuals within this age range and was composed of 119 individuals (31 from Pointe-aux-
Trembles, 30 from Sainte-Marie, and 58 from Saint-Antoine). However, not all individuals could
be included in the total sample, leaving a final sample size of 61. Figure 4-2 shows the
breakdown of this sample into smaller samples of those who could be evaluated for scurvy
(n=55), anemia (n=37), and co-occurrence (n=31) from each site. To be included in the scurvy
sample, individuals needed to have a combination of assessable skeletal features that included at
least one of the greater wing of the sphenoid, foramen rotundum, and/or posterior scapula, plus at
least one additional key location listed in Table 4-1. Exclusion from the sample was not based on
a certain threshold preservation percentage, as diagnostic certainty can be assigned with
relatively few lesions depending on their range and expression (41). To be included in the
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Figure 4-1: Map of the province of Quebec showing the sites of all samples. The insert in the top left
shows Quebec (shaded) relative to the rest of North America.
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anemia sample, individuals needed to have at least one orbit with no obvious outside taphonomic
damage. The co-occurrence sample comprised individuals who could be evaluated for scurvy
and an orbit that could undergo micro-CT analysis.

An important consideration when interpreting paleodemographic and paleopathological
trends is the representativeness of the excavated samples. For all three collections, samples were
derived from archaeological rescue excavations, and only a portion of the cemeteries were
excavated (18a,49,50,51), meaning there may be missing individuals that affect interpretations.
Duchemin (18a) found that individuals under one year may be underrepresented in the Saint-
Antoine osteological sample based on comparisons to demographic census data, and that
individuals under one year in the Pointe-aux-Trembles collection may be slightly
overrepresented. Therefore, the interpretations of mortality trends and prevalence data derived
from these samples are conservative, and further data may affect conclusions in the future.

Scurvy Sample- # of Individuals (n=55)

22
m Sainte-Marie = Pointe-aux-Trembles m Saint-Antoine

Total Sample- # of Individuals (N=61) Anemia Sample- # of Individuals (n=37)
11155
23
® Sainte-Marie Pointe-aux-Trembles m Sainte-Marie = Pointe-aux-Trembles m Saint-Antoine

® Saint-Antoine

Co-occurrence Sample- # of Individuals
(n=31)
' 14

® Sainte-Marie © Pointe-aux-Trembles ® Saint-Antoine

Figure 4-9: Breakdown of total sample into scurvy sample (those assessable for scurvy), anemia sample (those
assessable for anemia), and co-occurrence sample (those assessable for co-occurrence), showing distribution of
individuals in each sample by site. Number of individuals in each sample is presented.
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3.1 Scurvy diagnosis

Scurvy diagnosis followed the process set out by Brickley and Morgan (41). To do this,
the entire skeleton was evaluated macroscopically, and lesions associated with scurvy, including
SPNB, porosity, and blood vessel impressions, were assessed at locations that are typically
affected in scurvy (Table 4-1). Expression and development of lesions was evaluated, and lesion
location, presence of mixed lesions and bilaterality of lesions was recorded. Microscopic
examination of lesions was done using a Keyence Portable Digital microscope to clarify scoring
of lesions. Porosity is expected as part of growth and development, and the use of microscopic
imaging, in addition to thorough recording, helped to differentiate between etiologies of
observed porosity.

The lesion locations and descriptions presented in Table 4-1 are not all equally associated
with scurvy, for example, porosity on the alveolar process is also seen in dental disease and as a
part of normal tooth development, while bilateral ‘Ortner’ porosity on the greater wing of the
sphenoid is much more specific to scurvy (41). These differences were considered as part of
diagnosis. Final scurvy diagnoses were done following Brickley & Morgan (41), and cases were
classified as “diagnostic of scurvy”, highly consistent with scurvy”, “consistent with scurvy”,
and “not consistent with scurvy” based on the framework for assigning diagnostic certainty
(Supplemental Tables 4-S1-S3). Using this framework, most cases diagnosed as scurvy are
expected to be classified as ‘highly consistent with’, as cases need to meet more specific criteria

(i.e. bilaterality of lesions must be assessable) to fall under the ‘diagnostic of” category.

Table 4-2: List of key locations examined for lesions associated with scurvy.

Bone Location Core Lesions Expected in Scurvy

Sphenoid

Medial zygomatic

Greater wing
Foramen rotundum

Infraspinous fossa

SPNB, porosity, mixed lesions
SPNB, porosity, mixed lesions

Orbit SPNB, porosity, mixed lesions
Maxilla Infraorbital Foramen SPNB, porosity, mixed lesions
Posterior SPNB, porosity, mixed lesions
Palate Porosity
Alveolar Bone SPNB, porosity, mixed lesions
Mandible M - SPNB, porosity, mixed lesions, blood vessel
ylohyoid line : :
impressions
Medial coronoid process  Porosity
Alveolar bone SPNB, porosity, mixed lesions
Scapula Supraspinous fossa SPNB, porosity, mixed lesions

SPNB, porosity, mixed lesions
SPNB, porosity, mixed lesions

Cranial vault Endocranial surface SPNB, porosity, blood vessel impressions
Ectocranial surface SPNB, porosity, mixed lesions
Medial ilium SPNB, porosity, mixed lesions

Long bone metaphyses
Sources for table: 36,38-41,46,53

SPNB, porosity (past cut-back zone)

3.2 Anemia diagnosis

Individuals in this sample had been previously analyzed and assessed for anemia in a
study by Morgan et al. (44) (Supplemental Data Table 4-S4). Those diagnoses were used in the
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current study. In summary, the orbits were analyzed using the Nikon XTH-225ST micro-CT
scanner at the Ancient Images Lab of the Museum of Ontario Archaeology and rreconstruction
of the 3D volume was done in CT Pro 3D (v. 4.4.4). Analysis was done in Dragonfly (v. 2021.3)
(https://www.theobjects.com/dragonfly/index.html). Visual evaluation of bone microstructure,
microstructure measurement T-scores, and relative cortical bone ratios of the frontal bone were
all used for the final anemia diagnoses.

Only the frontal bone (including orbits) was used for anemia diagnoses, as metric
approaches are still in an early stage of development. Future development of approaches may
allow for incorporation of post-cranial elements, and other data that allows for further refinement
of anemia diagnoses. Therefore, the anemia diagnoses used in this study are conservative, and
the highest diagnostic certainty that could be achieved with currently available methods is
‘highly consistent with’.

3.3 Co-occurrence diagnosis and mortality trends

Co-occurrence was diagnosed in individuals who had been assigned to the ‘diagnostic of’
or ‘highly consistent with’ categories of certainty for scurvy, and the ‘highly consistent with’
category for anemia. As part of the diagnostic frameworks for both scurvy and anemia, other
diseases or conditions that could have caused skeletal lesions or changes are considered, and for
this study, interpretations of observed skeletal features and assignment of diagnostic certainty
specifically considered if co-occurrence could have exacerbated skeletal manifestations of either
scurvy or anemia. Comparisons of crude prevalence were made across sites in the scurvy sample
(n=55), anemia sample (n=37), and co-occurrence sample (n=31). Fisher’s Exact tests were used
when total sample sizes were under 30 (two-tailed, a=0.05), and chi-square tests were used for
other cases (two-tailed, 0=0.05). Using midpoint age-at-death estimates, age-at-death
distributions were created for each of the three contexts using the total sample, and for those with
different diagnoses. Welch’s independent two-sample t-tests (a=0.05) were used to assess if
mean-age-at-death differed between sites, and two-sample Kolmogorov—Smirnov tests (¢=0.05)
were used to assess if age-at-death distributions differed between those diagnoses with and
without different conditions. Statistical analysis was done in SPSS Statistics 29.0 and Microsoft
Excel 2016.

4.0 Results
4.1 Scurvy, anemia, and co-occurrence crude prevalence

Table 4-2 shows the crude prevalence of scurvy, anemia, and co-occurrence across the
individuals assessable for each. Supplemental Data Table 4-S1-S3 shows recording of lesions
specific to scurvy, Table 4-S4 shows the data used for the anemia assessments, and Table 4-S5
shows categories of diagnostic certainty assigned for all cases. Anemia prevalence was not
significantly different between any of the three sites. In the scurvy sample, scurvy prevalence
was highest at Pointe-aux Trembles compared to the other two sites; these differences in
prevalence were significant (Table 4-2). See Figure 4-3 for examples of lesions associated with
scurvy that were observed in these samples.
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Across the individuals who could be assessed for co-occurrence, 6.5% (2/31) were

diagnosed with both scurvy and anemia (Figure 4-4). Both individuals were from Pointe-aux-

Trembles. For 35.5% (11/31) of individuals, cases were considered ‘consistent with’ one or both
conditions based on the available evidence, meaning that these cases cannot be completely

excluded from representing co-occurrence or considered as cases where neither condition was

present. For 19.3% (6/31) of cases, both conditions were classified as ‘not consistent with’,
representing true cases of individuals diagnosed with neither condition.

Table 4-3: Comparison of crude prevalence (%) data between sites. Prevalence data above the horizontal line are calculated
using the scurvy (N=55) and anemia (N=37) samples respectively, while data below the line was calculated with the co-

occurrence sample (N=31). Bold p-values are significant.

Pointe-aux- Sainte- Pointe-aux- Saint- Sainte- Saint-
Trembles Marie p-value Trembles Antoine p-value Marie Antoine p-value
All Scurvy (n=17) 59.1% (13/22) 13.3% (2/15) 0.005 59.1% (13/22) 11.1% (2/18) 0.002 13.3% (2/15) 11.1% (2/18) 0.846
All Anemia (n=7) 20.0% (3/15) 20.0% (1/5) 1.000 20.0% (3/15) 17.6% (3/17) 1.000 20.0% (1/5) 17.6% (3/17) 1.000
?:fz”g)er Condition 7.1% (1/14) 20% (1/5) 0.468 7.1% (1/14) 33.3% (4/12) 0.148 20% (1/5) 33.3% (4/12) 1.000
Co-Occurrence (n=2) 14.3% (2/14) 0.0% (0/5) 1.000 14.3% (2/14) 0.0% (0/12) 0.483 0.0% (0/5) 0.0% (0/12) 1.000
Scurvy Only (n=8) 42.9% (6/14) 40% (2/5) 1.000 42.9% (6/14) 0% (0/12) 0.017 40% (2/5) 0% (0/12) 0.074
Anemia Only (n=4) 7.1% (1/14) 20% (1/5) 0.468 7.1% (1/14) 16.7% (2/12) 0.580 20% (1/5) 16.7% (2/12) 1.000

Figure 4-10: Lesions seen in
individuals diagnosed with scurvy in
this sample. Examples include
porosity and SPNB on the greater
wing of the sphenoid of 7A11-S57 (a)
and 20A-S3 (b); new bone formation
and fine porosity surrounding the

foramen rotundum of 7A11-S57 (c),

microscopic image); fine porosity on
the infraspinous fossa of a right
scapula and SPNB on the supraspinous
fossa of 7A11-S57 (d); fine porosity,
SPNB, and blood vessel impressions
on the internal surface of the mandible
pf 20F-S2 (e). Arrows indicate areas
of abnormal porosity, circles indicate

SPNB, and dashed arrows indicate

blood vessel impressions.
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Scurvy, Anemia, and Co-Occurence Prevalence Across Sites

Sainte-Marie Saint-Antoine Pointe-aux-Trembles All Sites
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® Anemia Only mScurvy Only ®Co-Occurrence  ® Neither Condition Could Not Be Classified

Figure 4-11: Prevalence across the three sites and overall sample calculated using the co-occurrence sample
(n=31). Cases in the ‘could not be classified’ category could not be definitively assigned to any category, as they
were considered ‘consistent with’ for scurvy and/or anemia.

4.2 Age-at-death data

Mean age-at-death for the entire sample is 2.9 years (SD=2.9), and mean age-at-death per
site is reported and compared across sites in Table 4-3. Pointe-aux-Trembles had a significantly
lower mean age-at-death compared to both other sites, and there was no significant difference
between Saint-Antoine and Sainte-Marie.

Mean age-at-death for individuals diagnosed with scurvy was 1.3 years (SD=1.5)
compared to 4.1 years (SD=3) for those who showed no indicators of scurvy. The age
distribution of these two groups was found to be significantly different (D-crit=0.5566, p=0.003).
The mean age-at-death for those diagnosed with anemia was 4.1 years (SD=3.5) compared to 1.4
years (SD=1.6) those with no evidence of anemia. No significant difference in the distributions
of these groups was found (D-crit=0.5325, p=0.099). The number of individuals with both
scurvy and anemia was too small (n=2) for meaningful calculations of statistical difference, but
the mean age-at-death for these individuals (1.3 years, SD=0.4) was less than the mean age-at-
death for those with neither condition (n=6, 2.1 years, SD=2.3).

The age-at-death distribution by site (Figure 4-5a) shows a very different pattern for
Pointe-aux-Trembles in particular. Over 50% of the Pointe-aux-Trembles individuals were
estimated to be aged under one year at death, representing the peak mortality for Pointe-aux-
Trembles. Mortality at Sainte-Marie peaks between ages 3-5.9 years, and only 7% of the sample
(1/15) were estimated to be under one year at death. At Saint-Antoine, mortality peaks at ages 1-
2.9, and 17% (4/23) were estimated to be under one year old at death.
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When breaking down the age-at-death data by diagnosis (Figure 4-5b), 94% (16/17) of
individuals diagnosed with scurvy were estimated to be under three years old at death. For
anemia, 43% (3/7) died before age three years. Of the two individuals diagnosed with scurvy and
anemia, both were estimated to be under two years at time of death.

Table 4-8: Comparisons between mean age-at-death across sites. Bold p-values are significant. P-values were not
calculated for co-occurrence comparisons due to the small sample size.

. Mean age-at- . Mean age-at-
Site death SD Site death SD p-value
(Pnoz'gtg) aux-Trembles 13years 15 Saint-Antoine (n=23) 33years 32 0012
Z,O:'gtg)' aux-Trembles 1.3 years 1.5 Sainte-Marie (n=15) 4.6 years 3.0 0.001
Saint-Antoine (n=23) 3.3 years 3.2 Sainte-Marie (n=15) 4.6 years 3.0 0.231

SD=Standard deviation

Age-at-Death by Site
100%

80%
60%

40%

~Hale _k

Under 1 year 1-2.9 years 3-5.9 years 6-8.9 years 9-11.9 years

a m Pointe-aux-Trembles (n=23) Saint-Antoine (n=23)  ® Sainte-Marie (n=15  ®mAll (N=61)

Age-at-Death by Diagnosis

100%
80%
60%
40%
20% I I
o ] ]

Under 1 year 1-2.9 years 3-5.9 years 6-8.9 years 9-11.9 years

b m Co-Occurrence (n=2) Scurvy (n=17) = Anemia (n=7)

Figure 4-12: a) Age-at-death prevalence by site, using the total sample (N=61). b) Age-at-death prevalence
by diagnosis (co-occurrence, scurvy, anemia).
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5.0 Discussion
5.1 Mortality trends and metabolic bone disease

Infant and childhood mortality in 181-19" century Quebec was high. By the middle of
the 1700s, mortality rates were approximately 309 deaths per 1000 births in children under one
year, and 85 deaths per 1000 births in those under five years (54). As population density
increased, so did the probability of dying before one year of age, which meant that individuals
living in urban environments undergoing rapid expansion were particularly affected (16,18,55).
Cities faced frequent epidemics and higher mortality rates, while rural communities faced less
exposure to infectious diseases, had a more stable food supply due to a reliance on subsistence
farming, and tended to have higher fertility rates overall (16,29,56). In this study, the rural site of
Sainte-Marie had a higher mean age-at-death than both Pointe-aux-Trembles and Saint-Antoine,
but it is not significantly different from Saint-Antoine, which is a site directly in Montreal.

Out of the three sites, the Pointe-aux-Trembles sample exhibited the lowest mean age-at-
death and the highest proportion of individuals who did not survive past one year of age. Pointe-
aux-Trembles was a village just outside of Montreal, and in Quebec at this time, the practice of
sending children away from urban centers was not uncommon, particularly amongst wealthier
families (57). Children in rural environments were thought to be better protected from epidemics
and other health risks than those living in urban environments (29). In the contemporary
population of 18" century Paris, it is estimated that only around 30% of infants were nursed by
those that had given birth to them (58). Similarly, in Montreal, 62 children were sent to be wet-
nursed at Pointe-aux-Trembles over the 50-year period from 1754-1806 (8). However, as the
cemetery sample at Pointe-aux-Trembles was composed of nearly two-thirds of children (50),
and the mean age-at-death for this sample was significantly lower compared to samples at both
other sites, this suggests that the practice of sending infants to rural settings did not necessarily
confer protection from early childhood mortality; indeed it may have resulted in increased
mortality risk for local children, who may have received less care as a result. We can look to
patterns of disease and other contextual information to help explain some of these trends,
although interpretations are conservative, due to the limitations of the sample.

One notable trend is the high proportion of individuals under the age of three years who
were diagnosed with scurvy. These findings are consistent with other paleopathological studies;
scurvy prevalence tends to be highest in those under five years old (40,53,59). In part, this is due
to the mechanisms of lesions development in scurvy, which is strongly linked to rates of growth
(10). Additionally, although scurvy can resolve rapidly if adequate vitamin C is introduced to the
diet, it will lead to fatality if untreated (2), which can happen quickly in children (60). Prevalence
of scurvy in those under 15 years was significantly higher at Pointe-aux-Trembles (see Section
5.2), which likely contributes to the significantly lower mean age-at-death at Pointe-aux-
Trembles compared to the other two sites.

It was expected that co-occurrence would be associated with an increased likelihood of
dying at a younger age. Although the mean age-at-death for those diagnosed with both scurvy
and anemia was less than for those diagnosed with neither condition, the sample size is very
small (n=2), and it is difficult to say if this difference is meaningful. The high prevalence of
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metabolic bone disease in these samples may also be a contributing factor to the limited number
of individuals diagnosed with co-occurrence, as individuals with scurvy may have died before
skeletal manifestations of marrow hyperplasia could develop.

Infants are normally protected from scurvy until five months after birth, provided their
mother is also not deficient (46,61). Anemia that results from vitamin C deficiency usually
develops after the soft-tissue manifestations of scurvy manifest (2,62). Therefore, individuals
under one year old may not have lived long enough with scurvy to develop scurvy-induced
anemia. While individuals under one year with scurvy could have developed anemia due to other
nutritional deficiencies, anemia in children is most often diagnosed in children 6-24 months, and
tends to develop between 6-12 months due to increased nutritional needs, a depletion in fetal iron
stores, and a lack of adequate complementary foods (63,64). Agarwal et al. (65) noted a period of
several months between clinical development of anemia and potential skeletal manifestations of
marrow hyperplasia, so even those who developed the condition at or around 6 months would not
necessarily have shown anemia-related changes detectable in bone until several months later, and
may not have lived long enough with anemia for skeletal manifestations to develop.

Another factor when interpreting mortality trends in the context of scurvy and anemia is
the effect of other diseases, particularly infectious disease epidemics. Saint-Antoine had a
significantly higher proportion of individuals diagnosed with neither scurvy nor anemia
compared to both other sites, which might initially indicate that they were less affected by
disease. However, the osteological paradox (66) is one important consideration here; Saint-
Antoine was used as a cholera cemetery during the 1832 Quebec cholera epidemic, and again
during subsequent cholera outbreaks (18,67). Individuals without a diagnosis could represent
people who were not exposed to metabolic/nutritional stress, or those who died quickly due to
fast-acting infectious disease without manifesting skeletal evidence of any disease or condition
(66). Nutritional stress at Saint-Antoine may have been less than at Sainte-Marie or Pointe-aux-
Trembles, as implied by prevalence data, but other diseases are likely to have played a role in
shaping mortality patterns for this community.

5.2 Diet and nutrition in 18"-19" century Quebec

Nutritional deficiencies and related conditions have been seen in colonial contexts (68),
and evidence for scurvy has been previously identified in skeletal remains from Colonial
Quebec/New France (4,6,20,21,22,23). However, a consideration of local differences in
subsistence practices between each of the three sites can help to contextualize prevalence trends
for anemia and scurvy. As a rural village, the French-Canadian inhabitants of Sainte-Marie
would have lived a mostly agricultural lifestyle, cultivating mainly wheat in addition to potatoes,
peas, and barley, and relying on bread as a main dietary staple (69,70). However, by 1815, wheat
crop failures had become increasingly common, and by 1830, it was nearly impossible to farm
due to poor soil conditions (69). This meant that many rural farmers could no longer grow wheat
for their own consumption, or to export, making it even more difficult to purchase alternative
food options. Harsh winters only exacerbated these problems (3). Rates of malnutrition and
starvation in many rural villages increased after this time, and many farmers reverted to
supporting themselves through subsistence agriculture (69). However, in the current study, the
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prevalence of scurvy (13.3%) at the rural site of Sainte-Marie was higher than the prevalence for
many contemporary European and North American groups (ranging from 0-4%) (40,71) except
for famine samples (e.g. Geber & Murphy (46)). This suggests that subsistence agriculture in this
context did not completely prevent development of nutritional conditions.

The prevalence of scurvy at Saint-Antoine (11.1%) was also higher than many other
contemporary paleopathological assemblages (40,71). Prevalence of anemia at Saint-Antoine is
17.6%, but comparing this value to other paleopathological studies is difficult due to the
differences in diagnostic methods used in this study versus typical methods of anemia analysis.
Notably, scurvy prevalence at Saint-Antoine was not significantly different from rural Sainte-
Marie. This pattern is consistent with what is seen in industrial England, where both urban and
rural children were at risk for metabolic bone disease and early-life stress, although sometimes
for different reasons (72,73). At the time, there was a perception that rural environments were
healthier than urban ones, both in Quebec (29), and in other contexts undergoing
industrialization (73), but this assumption is not supported by these findings from Sainte-Marie
and Saint-Antoine. Montreal was dependent on rural villages to provide food (74), so long
winters and crop failures would have affected food availability universally, which likely
contributed to the high prevalence of scurvy and anemia across all sites.

Although the city had greater availability of markets to buy food, the French-Catholic
community that mainly used the Saint-Antoine cemetery generally worked in low-to-middle
status occupations, tended to live in lower rent properties (19,75), and may not have been able to
utilize these resources. Social stratification along cultural and language lines divided Montreal,
and the French-Canadian population was generally considered middle-low socioeconomic status;
they were more prosperous than the Irish Catholic population, but not as well-off as the English
Protestants (19). In their study of infant mortality across Montreal’s three cultural communities,
Thorton & Olson (76) found that 20% of French-Canadian infants in 1880 had “weakness”
(which includes general malnutrition and anemia specifically) listed as their cause-of-death. In
Irish and English communities, this drops to 13% and 5% respectively. In the late 19" century,
microscopic blood analysis for anemia diagnosis was possible, but signs such as pallor and
weakness were also commonly associated with the condition (77), and were likely part of
diagnosis.

Overall infant mortality rates were highest amongst the French-Canadian population, and
Thorton & Olson (76) suggest that this is the result of differences in cultural factors that affected
both infant and parent health, including birth spacing, breastfeeding duration, and high numbers
of children per family. Due to religious beliefs, time between births and length of breastfeeding
period both tended to be shorter in the French-Canadian community. At this time, Quebec had
some of the highest fertility rates ever recorded, which may have also contributed to increased
infant mortality rates (78). Individuals from the Sainte-Marie and Saint-Antoine cemetery
collections would have been mostly French-Canadian, and these shared cultural practices could
be another factor contributing to the similar prevalence of scurvy in these two locations.

Pointe-aux-Trembles is an outlier and has a significantly higher scurvy prevalence
(59.1%), which is equivalent to famine samples (e.g. Geber & Murphy, 2012 (46)). Pointe-aux-
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Trembles was primarily an agricultural village with a majority French-Canadian population, but
a road (the Chemin du Roi, or King’s Road) was built to connect the village to Montréal in 1734,
leading to increased trade and migration, including children sent to Pointe-aux-Trembles to be
wet-nursed (8,50). In addition to environmental conditions that affected food availability, this
practice may have contributed to the high scurvy prevalence at Pointe-aux-Trembles.

In 17""-18" century France, a mortality rate of 40-50% was seen amongst children who
were wet-nursed (79), which is similar to the pattern observed at Pointe-aux-Trembles. The
vitamin C content of breastmilk typically ranges from 40-100 mg/L, and is affected by maternal
intake (80). Children typically receive sufficient vitamin C through breastfeeding, as long as
their mother or wet nurse is not severely deficient (81). The high prevalence of scurvy in
children could reflect severe vitamin C deficiency in mothers at Pointe-aux-Trembles; typically,
only individuals experiencing severe malnutrition will be unable to meet infant vitamin C
requirements through breastfeeding (80). However, as evidence for metabolic bone conditions in
the adults of Pointe-aux-Trembles was limited (50), it seems more likely that the high prevalence
of scurvy was related to child feeding and weaning practices instead. A study using stable
isotope analysis by Gutierrez et al. (8) found that most children at Pointe-aux-Trembles were
gradually weaned from about six months to two years, with complementary weaning and
supplementary foods introduced starting at around six months. Some children (27% of the
sample) showed introduction of complementary foods before six months. These foods typically
included breadcrumbs soaked in water, oatmeal, and cow’s milk mixed with hot water and sugar
(8,21), which would have been low in vitamin C, iron, B12, and folate. Children who subsisted
mainly on this diet of foods would have been at a high risk of developing scurvy and/or anemia
from nutritional deficiencies. The children who were weaned before six months may represent
rural children who were weaned earlier due to the influx of urban children sent to Pointe-aux-
Trembles; wet nurses in the village may have been unable to support breastfeeding all children

(8).

Notably, Pointe-aux-Trembles is also the site of one of the oldest windmills in Quebec
(constructed between 1719 and 1721) (82). As such, flour production and grain processing were
important industries in the village, and products were eaten as a staple foods throughout the
community (83). These foods also would have lacked vitamin C, further contributing to high
scurvy prevalence, and therefore higher mortality, in this context.

5.3 Disease clustering and co-occurrence

The current study uses a population-based approach to evaluating co-occurrence, and
found that anemia/scurvy co-occurrence developed in 6.5% of individuals across the sample.
Since anemia can develop as a direct consequence of scurvy, it is likely that any context where
scurvy can be diagnosed will also have cases of co-occurrence. The high scurvy prevalence seen
in these samples indicates unusually severe nutritional deficiencies may have contributed to
elevated risk of anemia, but the physiological mechanisms behind scurvy/anemia co-occurrence
mean that it can develop even when the effects of other nutritional deficiencies are not
considered. Systemic investigation of anemia/scurvy co-occurrence in other contexts with known
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cases of scurvy should be undertaken to help establish if the co-occurrence prevalence seen here
is typical.

Establishing timing of both anemia and scurvy can be challenging, as the association
between when the condition is initiated and when skeletal evidence develops or remodels is
largely unknown, and is influenced by a wide variety of factors. This can make it difficult to
establish co-occurrence on an individual level. Instead, or in addition to the individual-based
approach, assessing clustering of these conditions within a sample and on a site-level can be
another way to understand the effects of co-occurrence. This population-based approach is used
and recommended by Perry and Edwards (50) in their study of multiple metabolic conditions
amongst comingled remains from Hisban, Jordan. For scurvy and anemia, the biological
relationship means that they are likely to co-occur in any context where scurvy is found, but the
prevalence of co-occurrence or clustering of these two conditions and the way it arises (i.e.
strictly due to physiological mechanisms, or because of multiple nutritional deficiencies affecting
the sample) will differ based on contextual factors. In the current study, metabolic bone disease
across all three sites was exacerbated by harsh winters and crop failure, lack of food availability,
and cultural practices around weaning and childbirth, and these factors help to explain why the
prevalence of scurvy and/or anemia was high amongst all three samples. Studying disease co-
occurrence at a broader, site-wide level helps to better understand the pathways and variables
that affect disease clustering, and explain why these pathways can differ depending on local
factors.

6.0 Conclusion

In this paper, investigating co-occurrence of anemia and scurvy in different but related
contexts has enabled a more complete understanding of how metabolic conditions affected
childhood health and mortality risk. In the context of 18"-19" century Quebec, environmental
and socioeconomic factors likely contributed to an increased risk of anemia and scurvy across
urban and rural communities. These variables led to a high rate of scurvy and anemia in all three
studied samples, although these effects are most strongly seen at Pointe-aux-Trembles, where
cultural factors such as infant feeding and weaning practices such as wet-nursing and the early
introduction of complementary foods with low nutritional value were most evident. The
representativeness of the sample does affect the strength of these interpretations, and expanding
the current sample sizes will help to improve understanding of mortality in these contexts. High
prevalence of metabolic bone diseases contributed to high mortality risk amongst young
children, and scurvy significantly affected age-at-death. On a broader level, assessing scurvy,
anemia, and co-occurrence helps to better understand pathways of disease clustering, and how
the outcomes of these interactions can differ based on local variables. Co-occurrence with
anemia should be a consideration for other settings characterized by the presence of scurvy, and
serves as a point of comparison for understanding health dynamics in other archaeological
contexts.
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Supplemental Data

Table 4-S1: Recording of lesions associated with scurvy for individuals from the Pointe-aux-Trembles collection.

1: Lesion present 0: Lesion absent -: Could not be evaluated

(P): Porosity

(N): New bone formation
D: Diagnostic of scurvy  H: Highly consistent with scurvy  C: Consistent with scurvy
N/A: Could not be evaluated for scurvy

M: Mixed lesion

Individual TA2- TA2- TA2- TA2- TA2- TA2- TA2- TA9- TA9- TA9- TA9- TA9- TA9- TA9-
S1 S10 S22 S24 S3 S32 S6 S12 S18 S21 S25 S44 S48 S51
) Left 1(P) 1(N) iN) [ o 1(P) - 1(P) - - 1M o iN) [ - 0
sphenoid GreaterWing  =sioht [ 1) [ 0 N |o - - ) |- - M) |0 TONE 0
Foramen Left - 0 0 - 0 - 0 - - 1(P) 0 1(N) - 0
Rotundum Right | 0 0 - 0 - - 1(P) - - 1(P) 0 iN) [ - 0
Orbit Left - 1(N) 1(M) 0 - 1(P) 1(M) 1(P) - 1(M) - 1(M) 0 0
Right | 1(P) 1(N) - 0 - 1(P) M) [ 1P - 1(P) 1(P) 0 M [ o
Infraorbital Left 0 - - - - - - 0 - - - - - 0
Foramen Right | - - - - - 0 - 0 - 1(P) - - - 0
Posterior Il 1(P) ~ = = 0 = - 0 - - = = = 0
Maxilla Right | 1(P) 0 - - 0 - 1(P) 0 - - - - - 0
—— Left 1(P) - - - 1(P) 1(P) - 0 - 0 - 1(P) - 0
Right | 1(P) - - - 1(P) 1(P) 1(P) 0 - 0 - 0 - 0
Alveolar Left 0 - - - 0 0 - 0 - 0 - 0 0 0
Bone Right | - 1(P) - - 0 0 1(P) 0 - 0 - 0 1(P) 0
Mylohyoid Line 0 - - - - 0 - 0 - 0 0 0 0 0
Mandible | Coronoid Process 0 - - - - 0 - 0 - 0 - - - 0
Alveolar Bone 0 0 - - - 0 - 0 - 0 1(N) 0 1(P) 0
Supraspinous Left 1(P) 1(P) 1(P) 1(P) 1(P) 1(P) 1(P) 1(P) 0 - - - 1(M) 0
Scapula Fossa Right | 1(P) 1(P) 1(P) 0 1(P) 1(P) 0 1(P) 0 1(N) THIE - 0
Infraspinous Left 0 (M) 1(P) 0 1(P) 0 (M) 1(P) 0 0 - 1(N) 0 0
Fossa Right | 0 1(M) 1(P) 0 1(P) 0 0 1(P) 0 0 0 1(N) - 0
. . Left - 1(P) 0 0 1(P) - - - - 1(P) - - 0 0
Medial Zygomatic Right 0 - 1) 0 0 . - . . 1) . 0 - 0
Cranial Vault 0 Ny | o 0 0 )1(P'N PN | - h()P o Ny | o 0
_— [ Left 0 1(P) - 0 0 0 - - 0 0 iM) | o - 0
izl [ ["Right | 0 0 ; 0 0 0 - ; 0 0 TONIE } 0
Long Bone Metaphyses 0 1(M) 1(M) 1(M) 1(N) 1(M) 0 1(P) 0 0 1(M) 1(P) 0 0
Scurvy Diagnosis H H H N H H D C N D C D C N
TA9- TA9- TA9- TA9- 7A1 7A1 7A1
Individual S53 S54 S55 S56 1- 1- 1-
S57 S59 S63
. Left - 0 0 - M) | 0 1(M)
Sphenoid Greater Wing Right - 0 - - M) [0 ™)
Foramen Left - 0 - - M) [ O 0
Rotundum Right - 0 - - - 0 1(M)
Orbit Left - 0 1(P) 1(N) M) | 1(M) | 1(M)
Right | - - - 1N) | - M) | 1(M)
Infraorbital Left - - - - - - 0
Foramen Right | - - - - - - 0
Posterior L?ﬁ . . . 20 0 - 0
Maxilla Right - - - - 0 - 0
Palate Left - - - - 1(P) 1(P) 0
Right | 1(P) - - M) | 1(P) - 0
Alveolar Left 0 0 - 0 1(P) - 0
Bone Right | 0 0 - 0 1P) |0 0
Mylohyoid Line 0 - - - 0 - 0
Mandible | Coronoid Process 1(P) - 0 - 0 - 0
Alveolar Bone 0 0 - iM) | O 0 0
Supraspinous Left 1(P) M) | - 1(N) (M) | 1(P) 0
Fossa Right 1(P) (M) | - - (M) | 1(P) 1(P)
Scapula Infraspinous Left 0 0 - 1(N) 0 1(P) 0
Fossa Right 0 0 - - 0 1(P) 0
. . Left - 0 - - - - 1(M)
Medial Zygomatic Right 0 - - - - 0
Cranial Vault 0 0 0 1(N) 0 1(P) 0
N Left - - - 1N) | - - -
Medial Ilium Right | - - - 0 - - -
Long Bone Metaphyses 0 1(N) 0 1(N) 0 M) | O
Scurvy Diagnosis H N N H D H H

N: Not consistent with scurvy
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Table 4-S2: Recording of lesions associated with scurvy for individuals from the Sainte-Marie collection.

Individual 2A15 | 2G3 2G5 | 2E3 2E5 2E4 | 2E7 1C2 | 1G2 | 1G6 | 2A1 | 2Al13 | 2A2 | 2F3 | 2G1
Greater Left - - 1P [ 1M) | 1(P) | - - - - - - - - - -
) Wing Right | 1P) | 1) | - im | 1P | - 0 0 0 0 - 0 - -
Sphenoid = ramen Left_| 0 - 0 o 0 0o |o - Jo Jo [0 o - -
Rotundum Right | 0 0 - 1P) |0 0 0 0 1P) | O - - - - -
Orbit Left - M) [ 1P) | 1(P) | I(N) | 1(P) | 1(P) 0 1P) | O - - 0 - 0
Right | - 1P) [ 1P | 1) | 1w | - 0 0 1P) | O - 0 - 0
Infraorbital Left - - - - 0 - - - R R R R R R R
Foramen Right | - - - - 0 - - - - 0 - - - - -
Posterior Left | - - - - 0 - - - 0 - - - - -
Maxilla Right | - 0 . - 0 - - - . 0 . . . . -
Palate L‘Taﬁ - 1P) | - . 1B) |- . . . 0 . . . . -
Right | - 1P | - - 1P | - - - - 0 - - - - -
Alveolar Left - 0 - - 1P) | 0O - 0 - 0 - - - - -
Bone Right | - 0 - - 0 - - - - 0 - - - -
Mylohyoid Line - - - - 0 - 0 0 - B 0
Mandible | Coronoid Process - - - 1(P) 1P | - - - 0 0 - - - 0 -
Alveolar Bone - 0 - - 0 - - - 0 0 - - - 0 0
Supraspinous | Left - - - 0 m | - 0 0 - 0 0 0 - 0 0
ey Fossa Right - - 0 1(P) 0 1P) | O 0 0 0 0 0 0
Infraspinous Left - - - 0 - - - 0 0 0 1P) | - 0 - 0
Fossa Right | - - - 0 - - 0 0 0 0 0 - 0 - 0
. . Left 0 - - 0 1P) [ O 0 0 0 - 0 0 - - -
Medial Zygomatic Right | 0 . . 0 1) . 0 0 0 . 0 . . . .
Cranial Vault 0 1P) [ 1P) | O 0 0 1PN) | O 0 0 0 0 - 0
Mecial tium Rt - - T e
Long Bone Metaphyses 1P,
N) 0 0 IN) [ I(N) | O 0 0 0 0 0 0 0 0 0
Scurvy Diagnosis C C C D D N N N N N N N N N N

1: Lesion present O: Lesion absent -: Could not be evaluated

(P): Porosity
D: Diagnostic of scurvy  H: Highly consistent with scurvy  C: Consistent with scurvy

(N): New bone formation

N/A: Could not be evaluated for scurvy

M: Mixed lesion

N: Not consistent with scurvy
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Table 4-S3: Recording of lesions associated with scurvy for individuals from the Saint-Antoine collection.

Individual 17Z- 20F- | 20F- 20Z- | 21U- 20A- | 20F- 2IN- | 20F- | 21E- | 21E- | 21F- 21IN-
S2(1) | S21 S6 S5 S6 S3 S2 S3 S39 S14 S4 S5 S11
Greater Left - - 0 - 1(P) M) | 0 M) | 0 - - 0 0
) Wing Right | - - - 0 1(P) im [ 1) | o 0 - - 0 0
Sphenoid Foramen Left | - - - - 0 1P [ O - 0 - - 0 0
Rotundum Right | - - - 1N) | - 0 0 0 0 - - 0 0
Orbit Left - - (M) 1(P) 1(P) 1(P) 1(P) - 1P) [ O 1(P) 1(P)
Right | - - - 1P) | 1(P) - im) | - 0 1P) | - 0 0
Infraorbital Left | - - - - - - 0 0 - - - - 0
Foramen Right | - - - - - - 0 - - - - - 0
Posterior Left | - . . . . . 0 0 . . . . 0
Maxilla Right | - - - - - - 0 . - - - - 0
Palate L?ﬁ . . . . . . 1) 0 . . . . 0
Right | - - - - - - 1(P) - - - - 0
Alveolar Left - - 1(P) - - - 0 0 - - - - 0
Bone Right | - - - - - - 0 - - - - 0
Mylohyoid Line - - - - - - 1(P) - - 0 - - 0
Mandible | Coronoid Process - - - - - - 0 0 - 0 - - 0
Alveolar Bone - - - - - - 0 - 1(P) 0 0 - 0
Supraspinous | Left 1(P) 1(P) 1(P) - - 1(P) 1(P) 1(P) - - 0 - 0
gl Fossa Right | 1(P) 0 - - 0 - 1(P) 0 B 0 0 - 0
Infraspinous Left 1(P) 1(P) 1(P) - 0 0 0 - - - 0 - 0
Fossa Right | 1(P) 1P | - - 0 - 0 0 - 0 0 - 0
. . Left - - 1(P) 1P) | - - 0 - - 0 0 - 0
Medial Zygomatic Right | - . - 1P) . . 0 . . 0 0 . 0
Cranial Vault - - 1PN) | O 1PN) | O 0 0 0 0 0 0
L Left - 0 - - 0 0 0 - - 0 0 - 0
Medial Ilium Right | - 0 N N 1 N 0 N N 0 0 N 0
Long Bone Metaphyses 1(P) 0 0 - 0 0 0 0 0 0 0 - 0
Scurvy Diagnosis C C C C C D H C N N N N N
Individual 21R- | 23E- | 24G- | 25C- | 30R-
S5 S11 S1 S24 S7
Greater Left 0 0 - 0 0
. Wing Right | 0 0 0 0 0
STAICIEL Foramen Left 0 1(P) 0 0 0
Rotundum Right | 0 - - 0 -
. Left 1P | - - - 1(P
Orbit Right | 1(°) | - OHE o( :
Maxilla Infraorbital Left - - - - -
Foramen Right | - - - - -
. Left - - - -
Posterior Right | - - - - -
Left 1(P) - - - -
Palate Right | - . . N 0
Alveolar Left 0 - - - -
Bone Right | - - - - 0
Mandible | Mylohyoid Line - - - - 0
Coronoid Process - - 0
Alveolar Bone - - 0 0
Scapula Supraspinous | Left - 0 0 - 0
Fossa Right | - 0 - 0 0
Infraspinous Left - 0 0 0 0
Fossa Right | - 0 - 0 0
Medial Zygomatic I&?;tm 0 0 8
Cranial Vault 0 0 0 0 0
. . Left 0 0 0 - -
Medial Ilium Right | 0 0 - N N
Long Bone Metaphyses 0 0 0 0
Scurvy Diagnosis N N N N N

1: Lesion present 0: Lesion absent -: Could not be evaluated

(P): Porosity (N): New bone formation M: Mixed lesion

D: Diagnostic of scurvy  H: Highly consistent with scurvy  C: Consistent with scurvy N: Not consistent with scurvy
N/A: Could not be evaluated for scurvy
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Table 4-S16: Compilation of metric and visual data used as part of anemia assessment.

Skeleton ID Site Age Cortical Trabecular | Trabecular | Frontal CtThOL TbTh T- TbSp T- Anemia
(years)* | Thinning | separation Thinning Ratio! T-score? score? score? Assessment
score score score

7A11-S59 Pointe-aux-Trembles 0.70 2 2 1 ---- -0.3 0.2 0.9 N
7A11-563 Pointe-aux-Trembles 0.75 1 1 1 ---- Baseline N
7A9-S21 Pointe-aux-Trembles 0.75 1 1 1 ---- Baseline N
7A9-555 Pointe-aux-Trembles 1.75 1 1 1 ---- Baseline N
7A9-544 Pointe-aux-Trembles 0.25 3 0 1 ---- Baseline N
7A2-S6 Pointe-aux-Trembles 0.38 2 1 1 4.6 -0.8 -1.2 0.0 N
7A9-512 Pointe-aux-Trembles 0.38 3 1 2 ---- -0.2 -0.7 -0.9 N
7A2-510 Pointe-aux-Trembles 0.50 3 1 2 ---- -0.3 -0.3 -0.1 N
7A9-548 Pointe-aux-Trembles 0.50 3 0 0 ---- Baseline N
7A11-S57 Pointe-aux-Trembles 1.00 3 3 3 ---- -0.1 -0.7 1.7 H
7A2-522 Pointe-aux-Trembles 1.50 2 2 1 2.8 -0.1 1.1 1.6 C
7A2-S24 Pointe-aux-Trembles 1.50 2 2 2 - -0.3 -0.3 1.2 H
7A2-S1 Pointe-aux-Trembles 1.50 0 0 0 - Baseline N
7A2-532 Pointe-aux-Trembles 1.58 2 2 1 4.9 -0.2 0.2 1.4 H
7A9-C6 Pointe-aux-Trembles 5.00 0 0 1 - Baseline N
21N-S12 St-Antoine 0.75 2 0 1 - Baseline N
20F-S6 St-Antoine 0.75 1 0 0 -=m- Baseline N
21R-S5 St-Antoine 7.60 2 3 3 0.6 -1.1 -1.6 0.8 C
20F-S39 St-Antoine 0.50 2 1 1 2.0 -0.5 -0.7 0.5 N
17L-54 St-Antoine 1.00 2 2 3 0.2 -0.3 2.0 C
20F-S9 St-Antoine 1.00 1 1 1 -=m- Baseline N
21N-S11 St-Antoine 1.33 1 1 1 - Baseline N
21E-S8 St-Antoine 1.40 1 3 1 0.9 0.8 -1.2 1.6 C
20A-S3 St-Antoine 1.50 2 2 2 1.3 0.2 2.9 C
20Z-S5 St-Antoine 1.50 0 1 0 - Baseline N
8J-54.2 St-Antoine 1.50 1 0 0 -=mn Baseline N
21E-S4 St-Antoine 3.00 0 2 1 1.5 -0.5 1.0 C
21F-S5 St-Antoine 3.00 1 2 2 - -1.2 -0.3 1.3 H
20F-S2 St-Antoine 7.00 2 2 2 4.0 -1.4 -0.1 0.4 C
21E-S14 St-Antoine 7.00 0 2 1 1.1 -0.4 0.8 N
30R-S7 St-Antoine 7.6 2 3 3 3.5 0.8 -1.3 3.5 H
21U-S6 St-Antoine 10.25 2 3 2 -3.0 -0.1 1.8 H
2E5 Ste-Marie 0.25 1 1 1 -=mn Baseline N
2E34 Ste-Marie 1.50 1 2 1 - 1.9 1.6 2.1 N
1G2 Ste-Marie 1.50 2 1 2 1.4 2.0 0.6 1.4 N
2G3 Ste-Marie 2.50 3 2 2 6.9 -1.9 -0.3 0.9 C
1G6 Ste-Marie 4.00 3 2 3 -0.3 -0.4 1.2 H

* Midpoint age estimate

1Bolded values are over 2.5, which was considered pathological by Panzer et al.,(2023) and Sebes & Diggs (1979), based on radiographic
ratios from Reynolds (1962, 1965).

2Bolded values < -1, and are considered evidence of cortical or trabecular thinning.

3Bolded values are > 1, and are considered evidence of increased trabecular separation.

CtThOL= Average cortical thickness of the orbital lamina

TbSp= Average trabecular separation

TbTh=Average trabecular thickness

D= Diagnostic of H= Highly consistent with C= Consistent with N= Not consistent with

4As this individual had significantly positive values for all T-scores, their positive ThSp score is not likely to be indicative of anemia, and may
reflect that that their bone microarchitecture was generally more developed for their age group.

Baseline individuals showed no evidence of skeletal manifestations of marrow hyperplasia, and were used as part of T-score calculations.
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Table 4-S5;: Summary of age estimates and final diagnoses for all assessable individuals in the current study.

Skeleton Midpoint Age Estimate Anemia Scurvy Co-Occurrence
ID Site (years) Assessment Assessment

7A9-S44 Pointe-aux-Trembles 0.25 N D No
7A9-S54 Pointe-aux-Trembles 0.25 - N
7A9-S25 Pointe-aux-Trembles 0.33 ---- C
7A9-S12 Pointe-aux-Trembles 0.375 N C No
7A2-S6 Pointe-aux-Trembles 0.38 N D No
7A2-S10 Pointe-aux-Trembles 0.50 N H No
7A9-S48 Pointe-aux-Trembles 0.5 N C No
7A9-S51 Pointe-aux-Trembles 0.5 ---- N
7A11-S59 Pointe-aux-Trembles 0.7 N H No
7A11-S63 Pointe-aux-Trembles 0.75 N H No
7A9-S21 Pointe-aux-Trembles 0.75 N D No
7A9-S56 Pointe-aux-Trembles 0.75 - H
7A11-S57 Pointe-aux-Trembles 1 H D Yes
7A2-S3 Pointe-aux-Trembles 1.25 - H
7A2-S1 Pointe-aux-Trembles 15 N H No
7A2-S22 Pointe-aux-Trembles 15 C H No
7A2-S24 Pointe-aux-Trembles 15 H N No
7A9-S18 Pointe-aux-Trembles 15 ---- N
7A2-S32 Pointe-aux-Trembles 1.58 H H Yes
7A9-S53 Pointe-aux-Trembles 1.75 H
7A9-S55 Pointe-aux-Trembles 1.75 N N No
7A9-C6 Pointe-aux-Trembles 5.00 N
7A9-S39 Pointe-aux-Trembles 6.50 - N
20F-S39 St-Antoine 0.50 N N No
20F-S21 St-Antoine 0.75 C
21N-S12 St-Antoine 0.75 N
20F-S6 St-Antoine 0.75 N C No
17L-S4 St-Antoine 1.00 C
20F-S9 St-Antoine 1.00 N
21N-S11 St-Antoine 1.33 N N No
21N-S3 St-Antoine 1.33 - C
21E-S8 St-Antoine 1.40 C
177-S2(1) St-Antoine 1.50 o C
20Z-S5 St-Antoine 1.50 N C No
25C-S24 St-Antoine 1.50 - N
8J-S4.2 St-Antoine 1.50 N
20A-S3 St-Antoine 15 C D No
21E-S4 St-Antoine 3.00 C N No
21F-S5 St-Antoine 3.00 H N No
24G-S1 St-Antoine 4.00 ---- N
20F-S2 St-Antoine 7.00 C H No
21E-S14 St-Antoine 7.00 N N No
21R-S5 St-Antoine 7.60 C N No
30R-S7 St-Antoine 7.60 H N No
23ES-11 St-Antoine 10.00 ---- N
21U-S6 St-Antoine 10.25 H C No
2E5 Ste-Marie 0.25 N D No
2E3 Ste-Marie 1.50 N D No
2E7 Ste-Marie 1.50 - N
1G2 Ste-Marie 1.50 N N No
2G3 Ste-Marie 2.50 C C No
2E4 Ste-Marie 4.00 ---- N
1G6 Ste-Marie 4.00 H N No
2A1 Ste-Marie 4.00 - N
2G1 Ste-Marie 4.00 -—-- N
2G5 Ste-Marie 4.00 C
1C2 Ste-Marie 7.00 -—-- N
2A2 Ste-Marie 7.00 N
2F3 Ste-Marie 7.00 N
2A13 Ste-Marie 10.00 N
2A15 Ste-Marie 10.00 C

----: Could not be assessed

D: Diagnostic of

H: Highly consistent with

C: Consistent with N: Not consistent with
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CHAPTER 5: DISCUSSION AND CONCLUSION

The initial goals of this doctoral research were focused on using skeletal imaging to
assess porotic lesions and to attempt to link such lesions to anemia. However, as the research
progressed, the limitations to this approach became evident. The differences between external
macroscopic appearance and internal microstructure appearance highlighted the issues with
relying on porotic lesions for anemia diagnosis. Clearer frameworks on how to approach anemia
diagnosis within archaeological collections were needed. In response to these issues, the research
direction shifted towards a new approach aimed at integrating the biological approach and
clinical data, including investigating metric approaches to anemia diagnoses, resulting in the
following research question:

1. How can metric changes in bone be leveraged for anemia diagnosis, and how does this
change how we study anemia in archaeological contexts?

Novel approaches to diagnosis allow for exploration of currently unexplored aspects of
anemia in past communities, including co-occurrence with other conditions, such as scurvy. The
next phase of this research sought to apply these methods to archaeological collections from 18-
19" century Quebec to explore the interaction of anemia and scurvy in this context. This research
is framed around the following question:

2. How prevalent are scurvy, anemia, and scurvy/anemia co-occurrence within this context,
and what factors influence their development and clustering?

The following sections will explore how the research presented in Chapters 2-4 addresses
these guiding questions.

5.1 Anemia Diagnosis and Bone Metric Changes

Previous research on metric changes in anemia based on evaluating clinically diagnosed
individuals is limited (e.g. Ebel et al., 1995; Reynolds, 1962;1965; Sebes & Diggs, 1979). These
studies confirm that changes to bone dimensions, typically described as thinning of the cortex
and widening of the diploic space (Agarwal et al., 1970; Reynolds, 1965), can develop during
anemia. Past quantitative research on anemia and bone has generally focused on the cranium.
Post-cranial evaluation of anemia in known cases has, to date, been limited to qualitative analysis
(e.g. Askoy et al., 1966). The current research (Chapter 2) is the first to demonstrate that metric
changes can also develop in the sternum, and suggests that changes in relative cortical bone
dimensions in the manubrium and sternal body can be the result of marrow hyperplasia. The
sternum is a good candidate for observing metric changes during anemia because it is relatively
thin, meaning that cortical bone changes can be more readily observed. It is also subjected to less
biomechanical demand compared to other sites of active marrow (e.g. the proximal femur)
(Martin & Atkinson, 1977), meaning that changes to trabecular structure are more likely to be
tolerated. It is also erythropoetically-active in adults (Burkhardt et al., 1987; Chirsty, 1981).
Other post-cranial sites with high amounts of active marrow that could undergo expansion during
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anemia include the iliac crest, sacrum, and vertebrae, but it is currently unclear if these sites will
show metric differences similarly to the sternum.

Although bone microarchitecture changes were observed in the sample in Chapter 3, and
have been evaluated in archaeological human remains (e.g. Morgan, 2014; Thevenon et al.,
2023), the presence of quantitative differences in trabecular architecture has not yet been
confirmed in clinically-diagnosed cases of anemia. This may be partially due to the limitations of
imaging methods for living individuals; high-resolution CT is necessary for visualizing
trabecular structures, but carries risk of radiation exposure (Saers et al., 2021; Van Dessell et al.,
2013), and should therefore be avoided in cases where other investigations are available,
sensitive, and specific (e.g. blood tests of hemoglobin levels). Imaging of autopsied individuals,
such as the samples used by O’Donnell et al. (2020, 2023) and Anderson et al. (2021), may
provide an alternative method for obtaining high-resolution images of the marrow space,
although imaging at autopsy is typically done using regular-resolution clinical imaging
equipment. Significant changes in microarchitecture measurement T-scores were observed
between individuals in Chapter 3, but rarely were all three expected metric differences observed
in the same individual (cortical/trabecular thinning, increased trabecular separation), which
brings up questions on the order in which microarchitecture changes develop. Increased
trabecular separation and trabecular thinning were expected to occur in tandem, and to precede
cortical thinning, but many individuals did not show significantly different trabecular thickness
measurements. This could be due to anemia severity, duration, the timing of anemia onset, or the
overall lack of variation in trabecular thickness, which was observed in the current study and has
been documented in other areas of the skeleton. For example, in the tibia, Ding & Hvid (2000)
found that trabecular thickness only differed by approximately 0.03 mm on average between
individuals in their young and old age categories (age range of sample between 16-85 years).
Linking microarchitecture changes to known cases of anemia and establishing the order in which
these changes develop would allow for greater diagnostic certainty when using these changes as
part of anemia diagnosis.

Metric changes during anemia are likely influenced by a wide variety of factors,
including age, age-at-onset of anemia, individual bone remodelling rates, severity of anemia, and
type of anemia (i.e. genetic or acquired). Age-related bone loss is a major confounding factor;
trabecular architecture and cortical thickness, both key features of skeletal manifestations of
marrow hyperplasia, are negatively affected by age (Jang & Kim, 2010), and differentiating
between the two processes in archaeological individuals will require incorporating other lines of
evidence, such as methods of accounting for decreases in bone quality or quantity in skeletal
remains (see Van Spelde et al., 2021: Figure 1), into diagnosis. For example, differentiating
between skeletal changes caused by marrow hyperplasia and those caused by osteoporosis will
require taking age and bone mineral density into account; if abnormally low amounts of bone are
present at key skeletal areas such as the proximal femur or vertebrae for an archaeological
individual of a certain age, osteopenia or osteoporosis may be affecting bone microarchitecture
for that individual. Methods of differentiating between age-related bone loss and skeletal
manifestations of marrow hyperplasia are complicated by the difficulties in establishing accurate
age-at-death estimates for older individuals (Boldsen et al., 2022), and skeletal collections with
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known ages may be the best way forward for establishing parameters on differentiating between
anemia and osteoporosis/osteopenia.

Nutrition is another important confounding factor to metric diagnosis of anemia,
particularly when thinking about co-occurrence of anemia with other metabolic bone diseases
that may affect bone formation or resorption. When metabolic conditions co-occur, as discussed
in Chapter 4, the effects on bone microarchitecture may be exacerbated. For example, Swan et al.
(2023) found that children under two years with active rickets displayed enlarged femoral
medullary areas and reduced cortical bone. They hypothesized that the mechanism behind this
observation was that bone resorption along the endosteal border was increased, in order to
release calcium from the pre-existing cortical bone to help correct deficiencies. For individuals
with both active rickets and anemia, this effect may be even more exaggerated, and
measurements of the medullary space could be even more enlarged. These factors reduce
specificity of cortical bone and relative cortical bone analysis for anemia diagnosis, as changes
may be caused by factors other than anemia and marrow hyperplasia.

Cortical thickness is a complex product of growth patterns, nutrition, pathology,
mechanical loading, body mass, and activity (Cowgill et al., 2023), and untangling the effects of
anemia specifically can be challenging. The range of cortical bone across different ages can also
be highly variable and the wide variety of factors that can affect cortical thickness means that our
ability to establish a ‘normal’ range of variation currently limited (Cowgill et al., 2023).
Malnutrition has been found to specifically affect cortical area and cortical thickness (Cowgill et
al., 2023; Gan et al., 1969), and metabolic conditions can also significantly affect cortical bone
by disrupting normal growth patterns (Swan et al., 2023). It is important to note that most studies
on cortical bone and nutrition have focused on cross sectional analysis of long bones, and how
the amount that areas most affected by skeletal manifestations of marrow hyperplasia (i.e. the
cranium) might display similar changes in bone microarchitecture in response to stress is
unknown. However, the knowledge that other factors may affect cortical thickness, and
exacerbate or mimic the skeletal manifestations of marrow hyperplasia, demonstrates the
importance of considering contextual information and whole-skeleton pathology even when
using quantitative methods as a part of diagnosis. The most significant limitation to the use of
metric changes to evaluate anemia currently is that there are many unanswered questions on how
these changes develop and the factors that affect them, but confirming that they do occur is a
good proof-of-concept for further research that seeks to address these limitations.

5.2 Changes to Anemia Diagnosis

Paleopathological studies that investigate metric changes associated with porous cranial
lesions have been done (e.g. Morgan, 2014; Rivera & Lahr, 2017; Stuart-Macadam, 1987;
Zuckerman et al., 2014), but leveraging this data as part of anemia diagnosis is not common
throughout paleopathological research. Many of the previously used methods require complex
measurements taken at a wide variety of points, which may not always be feasible for
researchers. Importantly, all of the currently published research on quantitative methods for
anemia diagnosis have used the presence of porotic lesions as a basis for differentiating between
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non-pathological and control groups. As analysis of porotic sternal lesions in Chapter 2 and
visual evaluation of microarchitecture changes in Chapter 3 demonstrate, not all individuals who
display porotic lesions have underlying accompanying indicators of marrow hyperplasia. Many
of the earlier studies on quantitative methods have not found definitive correlations between
presence of porotic lesions and changes to vault thickness or bone microarchitecture, and the
presence of individuals with porotic lesions that developed due to a different etiology is likely to
be a confounding factor in these analyses. In addition, many individuals in the sample from
Chapter 3 did not display porotic lesions, but did show internal evidence of skeletal
manifestations of marrow hyperplasia. For example, individual 17L-S4 displays no macroscopic
porotic orbital lesions, but shows evidence of enlarged trabecular spacing and trabecular/cortical
thinning through examination of the internal orbit, in additional to statistically significant
widened trabecular separation (Figure 5-1). This individual was under two years old at time of
death, and was likely deceased before porotic lesions as a result of marrow space changes could
fully develop. Inclusion of similar individuals as part of non-pathological control groups in
quantitative studies may have further skewed results, leading to inconclusive findings.

Figure 5-1: Individual 17L-S4, with evidence of cortical/trabecular
thinning and widened trabecular spacing, which is consistent
throughout the entire 3D orbit reconstruction. No evidence of porotic
lesions were visible macroscopically (although some can be seen on
the micro-CT reconstruction) despite these changes.

Incorporating metric analysis into anemia diagnosis can be used to reduce reliance on
porous cranial lesions as part of anemia analysis in skeletal remains. It emphasizes the
importance of using internal marrow space changes and deprioritizes CO and PH (Brickley,
2018). Throughout the current work, it has become increasingly clear that evaluating marrow
hyperplasia, and therefore diagnosing anemia, is not necessarily possible through evaluation of
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porous lesions alone. In Chapter 2, part of the initial research design was similar to the earlier
research described above; the aim was to use macroscopic assessment to establish groups of
individuals with no evidence of porous lesions that could then be used to establish baseline
orbital measurements. However, visual evaluation of the micro-CT orbit reconstructions revealed
that absence of macroscopically-observable lesions did not necessarily mean there were no
internal microarchitecture changes indicative of marrow hyperplasia (see Figure 5), and that this
method was not appropriate. For many individuals in the current research, a priori division into
non-anemic vs anemic groups based on macroscopic assessment of lesions directly contradicted
the metric data and/or the results of the visual assessment, further emphasizing that caution is
needed for interpreting the etiology of porous orbital lesions using macroscopic evaluation alone.
The result of this new approach is that initial diagnoses are conservative, but they could be
adjusted in the future with the addition of new baseline data or additional clinical research, and
can be built upon as part of moving away from directly correlating porosity with anemia in
skeletal remains.

While porotic lesions may develop because of skeletal manifestations of marrow
hyperplasia, they should not be the most important part of anemia diagnosis in skeletal remains.
Marrow hyperplasia originates with the internal marrow space, and this should be the aspect of
bone that is evaluated in studies of anemia. Quantitative microarchitecture analysis and bone
ratio measurements specifically prioritize evaluation of the internal marrow space over scoring of
external lesion appearance, ensuring that the biological mechanisms that cause skeletal changes
in anemia are more consistently considered as part of diagnosis. When/if porotic lesions can be
linked to underlying skeletal manifestations of marrow hyperplasia, they can play a role in
anemia diagnosis, but should not be considered conclusive indicators on their own.

In recent years, interobserver error studies of porous lesion scoring have demonstrated
subjectivity and low concordance in evaluation and recording of porous lesions (Anderson, 2023;
Buckberry et al., 2023; Morgan et al., 2023; Santos et al., 2023). Although various recording and
scoring systems for external lesion evaluation have been proposed, Anderson (2023) found
observer disagreement and lack of consistency in data collection across four of the most used
recording rubrics, indicating that lack of agreement is a universal problem for external lesion
evaluation, and is not tied to the use of one specific scoring system. Furthermore, the use of
different rubrics by different researchers can cause further confusion and inconsistency when
comparing data across contexts (Anderson, 2023). If researchers cannot agree on how to describe
the same lesion, agreement on lesion etiology is likely to be similarly inconsistent (Biehler-
Gomez et al., 2020). Quantitative analysis is a less subjective method of evaluating skeletal
indicators of marrow hyperplasia (Anderson et al., 2021; Brickley, 2024), and while it is still
necessary to consider underlying factors that could be contributing to any observed metric
differences, it can help to ensure greater consistency in diagnosis between different researchers.
There can still be error associated with metric evaluation, but reproducibility tends to be
improved overall.

In addition to having low rates of observer agreement, most scoring rubrics for porous
lesions do not actually include categories for evaluating the cause of lesions, and therefore are
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not necessarily useful for assessing anemia in a robust, consistent fashion. As discussed by
Brickley (2024), evaluation of anemia in skeletal remains was originally based on the biological
approach, and the underlying physiological mechanisms for porous lesion development were
considered as part of anemia diagnosis. This process shifted towards more of a comparative
approach (as defined by Mays, 2018) at best; rubrics are used to describe lesions, but the scored
features of porosity (i.e. severity) are not necessarily tied to assessing lesion etiology (Brickley,
2024). As Anderson (2023) notes on current descriptive scoring methods, “morphological
categories are only meaningful if they correspond to differences in the causes, outcomes, or
individual experiences of lesion-causing processes” (p.70). Without internal evaluation of the
marrow space, it is difficult to differentiate skeletal manifestations of marrow hyperplasia from
other lesion-causing processes. Quantitative analysis helps to bring diagnosis back to a biological
approach and adds a measurable diagnostic parameter as another method of anemia diagnosis
(Brickley, 2024). Using metric methods, such as the ones described throughout this thesis,
inherently evaluates changes that can be directly tied to skeletal manifestations of marrow
hyperplasia, improving the level of certainty researchers can have in their diagnoses.

Chapters 2 and 3 demonstrate two possible metric methods of evaluating anemia: relative
cortical bone ratios and microarchitecture measurements. These methods can be used in
archaeological contexts where imaging analysis is possible, and incorporated into anemia
diagnosis following the recommendations set out in Chapter 3. Micro-CT imaging will be
necessary for visualization of microarchitecture changes, but radiography and CT imaging,
which are more accessible, can be used for ratio assessment. In cases where the individual cannot
undergo imaging, and the internal marrow space is not visible, anemia cannot be evaluated, and
porotic cranial lesions like CO and PH can be used as general indicators of health or stress only.

The ability to evaluate anemia in archaeological individuals improves specificity of
diagnosis, allowing researchers to present more precise or detailed interpretations of health in
past contexts. Porotic lesions such as CO and PH are often used in conjunction with mortality
data and survivorship analysis (e.g. Betsinger et al., 2020; McFadden & Oxenham, 2020), which
is effective for paleoepidemiological analysis of frailty/resilience, or as a proxy for assessing
non-specific stress level within a population or demographic group. These types of analyses do
not typically include specific anemia diagnoses, likely due to the inherent constraints of
diagnosing anemia based on the evaluation of porous lesions. Anemia has known effects on
health, including weakened immune system functioning, fatigue, and impaired mental cognition
and is a good proxy for overall population health (WHO, 2023). It also interacts and is
influenced by a wide variety of environmental, structural, and social variables (see Chapter 1,
Figure 1). Research that specifically assesses anemia within a sample (instead of lesions) can
access these aspects of health and well-being, and better understand the factors that contributed
to anemia (instead of non-specific stress) within a context.

The incorporation of post-cranial elements into studies of anemia (e.g. Chapter 2) can
expand who can be evaluated for anemia, and better determine when the individual experienced
anemia. Without post-cranial indicators, in cases where the cranium is poorly preserved, or even
absent, investigation of anemia would be impossible, but use of the sternum would allow for a
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potential diagnosis. In contrast to common sites of marrow hyperplasia, such as the cranium, the
sternum maintains active or mixed bone marrow into adulthood (Brickley, 2018), and could be
used as an indicator of anemia that was initiated past childhood, which cannot currently be
evaluated through cranial indicators. McFadden and Oxenham (2020) discuss the differences
between interpretations of CO in adults and nonadults, and that analysis of CO in adults gives
insight into frailty and resilience, instead of prevalence of health conditions. Post-cranial
elements that can be linked to episodes of anemia that did not start in childhood could allow for
calculation of anemia prevalence in older individuals, and interpretations of how active health
conditions affected adult lived experience.

5.3 Anemia and Scurvy Co-Occurrence

Demographic data demonstrates high rates of early childhood mortality in Colonial
Quebec (Bruckner et al., 2018; Gagnon & Mazan, 2006; Mazan, 2012). Perceptions at the time
were that children in urban cities were more at risk, as epidemics were frequent, and poor
sanitary infrastructure, overcrowding, and poverty were prevalent, particularly for lower
socioeconomic status communities (Pelletier et al., 1997; Thorton & Olson, 2011). The inclusion
of an urban (Saint-Antoine), rural (Sainte-Marie), and suburban (Pointe-aux-Trembles) site in the
current research allowed for investigation of this idea, although sample composition does limit
the certainty of the conclusions that can be drawn, and is a consideration when interpreting
observed trends.

The scurvy/anemia prevalence data from Chapter 4 does not support the hypothesis that
rural children were better off than urban ones in 18"-19" century Quebec, which is a main
finding of this research. Urban and rural comparisons in bioarcheological collections are
common, particularly when studying the health of past communities. In their comprehensive
analysis of the study of urbanization in bioarchaeology, Betsinger & DeWitte (2022) found 50
English-language publications that compared some aspect of health in urban versus rural
populations. Of these studies, seven focus on metabolic disease and/or vitamin deficiencies, and
most of these (5/7) did also not find any difference between urban and rural contexts. The results
from Chapter 4, in conjunction with the results of these other publications, suggest that
determinants of health are more complicated than a strict urban/rural dichotomy. The negative
factors of urban environments that are often thought to contribute to worse health (e.g.
overcrowding, spread of infectious disease) do not affect all individuals equally as those of
higher socioeconomic status tend to be less affected by many of these factors (Betsinger &
DeWitte, 2022; Gowland et al., 2018). In this context, shared environmental stressors and
cultural practices around weaning and childbirth between the French-Canadian samples from
Saint-Antoine and Sainte-Marie are likely to have played more of a role in metabolic disease
prevalence than differences in urban versus rural living.

Total anemia prevalence in the Quebec samples (approximately 29%) is high, and the
age-at-death distribution for anemia peaking in the 1-2.9 year age category speaks to the
challenges facing mothers and their children in these samples. However, as this research is the
first to investigate anemia prevalence in an archaeological context through imaging and analysis
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of the internal marrow space, comparisons of crude anemia prevalence from these sites to other
contemporary communities are difficult. The prevalence of anemia in this study was lower than
has been reported in other archaeological contexts (e.g. >50%, Hens et al., 2019), but previous
methods have tended to rely on macroscopic examination of porous lesions, rather than
evaluation of internal skeletal manifestations of marrow hyperplasia. Correlation of crude CO or
PH prevalence with anemia prevalence is likely to overrepresent the number of cases of anemia
in a skeletal sample, and may mean that other causes of porous cranial lesions, including
metabolic disease like scurvy, are underrepresented. Further research using the framework
presented in Chapter 3 will be necessary to generate comparative data so that stronger
interpretations about anemia prevalence in these communities can be made.

The site of Pointe-aux-Trembles was notably different from both Saint-Antoine and
Sainte-Marie in terms of mean age-at-death and scurvy prevalence. As discussed in Chapter 4,
Pointe-aux-Trembles was a suburban village just outside of Montreal, which enjoyed increased
trade and migration with the city after 1734. Due to perceptions about differences in health
between urban and rural environments, children were sent away from Montreal to be wet-nursed
by women in Pointe-aux-Trembles; over 60 children were sent to the village of Pointe-aux-
Trembles in a 50-year span (Ethnoscop, 2016a). The increased number of children in the village
may bias the sample towards younger individuals, and this limitation does affect interpretation of
mortality trends. However, Pointe-aux-Trembles had a notably higher prevalence of scurvy
(59.1%) compared to both Saint-Antoine and Sainte-Marie, as well as most other contemporary
sites. Geber & Murphy (2012), who examined a mass grave collection from the Great Famine in
Ireland, found a similar prevalence (66-68%) in nonadults when including probable, possible,
and definite categories of scurvy diagnosis, demonstrating how severe the levels of nutritional
deficiency at Pointe-aux-Trembles were. Pointe-aux-Trembles also had a significantly lower
mean age-at-death than the other two sites, and many of the individuals estimated to be under
one year were diagnosed with scurvy. Adequate vitamin C is generally provided to children
through breastfeeding, unless their mother or wet nurse is severely malnourished and deficient in
vitamin C (NDA, 2013). The high prevalence of scurvy in infants at Pointe-aux-Trembles could
reflect severe vitamin C deficiencies in breastfeeding women, or it could also be a product of
wet-nursing practices, with local women unable to support feeding of all children. The site of
Pointe-aux-Trembles demonstrates the effect of scurvy on mortality risk for young children, and
the impact of early childhood feeding on overall health.

The mean age-at-death for individuals from Pointe-aux-Trembles was 1.3 years, and the
high prevalence of very young individuals in this collection particularly raises the issue of
paleopathological diagnosis in very young children. Porosity is a typical feature of growth and
development (Lewis, 2017a, b), and clinical studies have also identified periosteal new bone in
healthy infants (e.g. Shopfner 1966). Therefore, ruling out normal, growth-related porosity and
new bone from possible pathology can be challenging, particularly for children under one year
old (Lewis, 20173, b). In the current research, lesion location and expression were key parts of
differentiating between changes related to growth and development and those related to scurvy.
In scurvy, lesions typically develop at locations where blood vessels are most likely to rupture,
such as those near commonly-used muscles (Klaus, 2017). Bilateral lesions of the greater wing
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of the sphenoid, for example, are thought to be associated with blood vessel rupture caused by
chewing or mouth movements (Klaus, 2017). Porosity and SPNB at sites that do not meet this
criterion are less likely to be associated with scurvy-induced inflammation. Lesions were also
evaluated microscopically to clarify scoring, diagnostic certainty assignments reflected cases
across all three collections where growth and development could not be excluded as a potential
factor contributing to lesion appearance.

Applying novel diagnostic frameworks for anemia to collections from 18M-19" century
Quebec allowed for a more holistic analysis of health and multimorbidity in this context.
Previous paleopathological analysis and historical documentation have demonstrated that access
to nutrition and food insecurity were problems in Colonial Quebec, but examining anemia/scurvy
co-occurrence in three related, but unique communities, helped to specifically explore the
pathways that led to such challenges. The high prevalence of scurvy and anemia across urban,
rural, and suburban communities is linked to the unique cultural, environmental, and structural
variables that operated within these contexts, including harsh winters, famine, differential access
to resources and culturally mediated infant feeding, weaning and maternal practices. Although
the prevalence of individuals diagnosed with both anemia and scurvy was low (6.5%), and the
sample size was too small to conclude that co-occurrence significantly affected age-at-death,
these factors all likely contributed to clustering of both conditions within all three contexts.

As discussed in Chapter 1, paleopathological literature on anemia and scurvy co-
occurrence is rare. Paleopathological studies that do discuss it usually mention co-occurrence as
a factor to consider during differential diagnosis (e.g. Byrnes & Muller, 2022). The question of
whether anemia or scurvy contributed to possible changes may be asked (e.g. Zuckerman et al.,
2014), but rarely is co-occurrence seriously investigated on a wider scale (exceptions include
Perry & Edwards, 2021). The investigation of co-occurrence in Chapter 4 did identify multiple
individuals who displayed skeletal indicators of both conditions, even with a conservative
approach to anemia diagnosis. This finding suggests that the possibility for scurvy/anemia co-
occurrence should not be thought of as a rare paleopathological incident. Instead of asking
whether anemia or scurvy has contributed to observed skeletal lesions or changes, researchers
should also consider whether both conditions could have occurred in the same individual, and
evaluate what the presence of co-occurrence might mean for the sample as a whole.

The ability to specifically assess anemia in this research allows for greater confidence in
identifying cases of co-occurrence and therefore in interpreting paleopathological trends. For
example, if the research in Chapter 4 had examined prevalence of CO and PH instead of anemia
and scurvy specifically, assessing potential differences between how each condition contributed
to mortality risk would not have been possible. Improved certainty and reproducibility in anemia
diagnosis and reporting will allow researchers to investigate anemia co-occurrence more
consistently throughout the archaeological record. This allows for further investigation of how/if
anemia has exacerbated the effects of other diseases or contributed to elevated mortality risk in
different archaeological contexts. Perry & Edwards (2021) discuss how a population-based
approach to studying co-occurrence falls under the umbrella of syndemic theory. In the current
study, a synergistic relationship between anemia and scurvy cannot be inferred with available
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data. However, this does not mean that co-occurrence of scurvy and anemia will not negatively
affect age-at-death in other contexts. Social, cultural, political, and environmental variables can
have different effects on the same disease depending on context (Mendenhall, 2016), and
scurvy/anemia co-occurrence at other sites will help to further investigate their potential for
syndemic interaction in the past.

5.4 Future Research Directions

A limitation that affected all three papers of this thesis was sample size. The clinical
sample of anemia patients in Chapter 2 that fit the chosen criteria was small, the sample of older
nonadults in Chapter 3 was limited, and only 31 individuals could be assessed for co-occurrence
of anemia and scurvy in Chapter 4, meaning that only a subset could be used to explore the
relationship between co-occurrence and mortality trends. Limitations imposed on fieldwork by
COVID-19 and changes in the overall direction of this research meant that expanding on sample
sizes was challenging. For all these projects, expanding sample size is a key part of future
research, and will help to establish greater confidence in the interpretations that have been made.

The observations made about orbital microstructure in Chapter 3 raise questions about the
process of how skeletal manifestations of marrow hyperplasia arise that could be explored in
future research. It is expected that increased trabecular separation as a result of marrow
hyperplasia is directly related to trabecular thinning/atrophy, as more space is needed for the
increased amount of bone marrow (Brickley, 2018). However, many of the nonadult orbits in
Chapter 3 displayed evidence of increased trabecular separation with no concurrent evidence of
trabecular thinning. One hypothesis is that young individuals with developing orbits who are
undergoing orbital marrow hyperplasia do not develop the same type of trabecular structure as
those who are not, and instead develop trabeculae with a large degree of separation for marrow
to exist within. This would mean that enlarged trabecular separation for these individuals is not
due to trabeculae that have developed and then been resorbed, but that the trabecular network did
not develop fully in the first place due to the increased demand for active marrow. The limited
remodelling of the orbit means that this structure would then persist in older individuals
(McFadden & Oxenham, 2020; Mendelson & Wong, 2012). Further investigation of patterns of
bone microarchitecture growth and development in a large sample of nonadults spanning various
age categories would help to clarify the timing of these processes.

As evidenced from the difficulty in directly comparing micro-CT and CT images in
Chapter 2, there are challenges to comparing results from different imaging sources. Panzer et al.
(2023) and Anderson et al. (2021) both describe difficulties in visualizing orbital porosity due to
the limitations of the imaging methods that were used; similar issues in visualizing sternal
porosity using CT imaging was found in the current research. As discussed in Chapter 3, the
original cranial ratios were measured using radiographs (Reynolds 1962, 1965; Sebes & Digg,
1979), and the use of different imaging techniques, especially more precise methods like micro-
CT, will affect measurement comparisons and skew ratios, making use of these threshold values
less reliable. Therefore, developing different standards for different imaging methods, or
developing methods that allow for comparison of measurements from different imaging sources
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(e.g. Saers et al., 2021), will be necessary for the broader incorporation of metric methods that
rely on imaging into anemia diagnosis. Comparing ratio and microarchitecture measurements in
the same bone utilizing different imaging methods will help to better understand how much
measurements can differ, and if there are underlying structural properties that can skew the
appearance of bone across the different techniques.

In addition to future technical research, the study of co-occurrence in Colonial Quebec
specifically has raised biocultural questions that could be addressed by also evaluating co-
occurrence in different contexts. For example, in a community where different local factors were
at play, would anemia or scurvy/anemia co-occurrence significantly affect age-at-death? In a
context where more individuals tend to live past childhood episodes of scurvy, would co-
occurrence prevalence be different? These questions require comparative data to answer, and
routine consideration of scurvy/anemia co-occurrence in other archaeological contexts would
help to generate such data.

5.5 Conclusions

Paleopathologists are interested in a wide variety of different aspects of anemia in the
archaeological record. Questions surrounding the relationship between anemia and mortality,
how common anemia was, if it relates to diet and nutrition, and how it might have interacted
with or influenced the progression of other diseases have been asked since the connection
between anemia and porous lesions was originally made. These lines of research will continue to
be of interest to paleopathologists, and can provide key information on different aspects of health
and disease in the past. However, since current methods for assessing anemia can be
problematic, the development of novel methods for identifying and diagnosing anemia is a
critical part of answering these questions.

My research has found that there are skeletal changes to relative bone ratios in known
cases of anemia, and suggests that bone microarchitecture changes evaluated through micro-CT
analysis can be a useful tool for identifying baseline differences that represent pathology.
Recognizing relative differences in sternal cortical bone is a novel method for anemia
investigation in skeletal remains, and Chapter 2 represents the only research to date that
incorporates both hematological and paleopathological data. Additional metric methods, such as
relative cortical bone ratios in the frontal bone and bone microarchitecture T-scores (a method
commonly used in clinical osteoporosis diagnosis), also have utility for anemia diagnosis in
skeletal remains (Chapter 3). The use of multiple methods in conjunction with a consideration of
the other factors that affect skeletal manifestations of marrow hyperplasia, such as age and other
pathology, helps to improve anemia diagnostic certainty. This research sets a precedent for future
guantitative methods of evaluating anemia, and provides a general framework that researchers
can follow as part of their own investigations into anemia in past contexts.

I have also demonstrated that porotic lesions, both in the sternum and the orbital roof, are
not necessarily associated with skeletal manifestations of marrow hyperplasia, and that
assessment of the internal marrow space is crucial for differentiating between different sources
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of porosity (Chapter 2, 3). This is a main takeaway of this research, and future paleopathological
work that seeks to assess anemia in archaeological contexts must move away from strict external
assessment of porosity (e.g. Chapter 4), and should incorporate the underlying biological and
physiological mechanisms that contribute to skeletal changes in the assessment of skeletal
pathology. Visual and metric assessment of orbits with and without porous lesions demonstrated
that there are often underlying microarchitecture changes that cannot be visualized externally,
and that caution is needed when interpreting lesions if no method of analyzing the marrow space
is possible.

By applying these methodological frameworks to an archaeological context, | was able to
conduct a broader study on scurvy and anemia co-occurrence (Chapter 4), which is a new
direction for anemia research in paleopathology. All three urban and rural sites had a high
prevalence of scurvy and anemia amongst individuals under 15 years, and scurvy likely
contributed to higher mortality risk and younger age-at-death. This is the first population-based
study of scurvy and anemia co-occurrence specifically, and it demonstrates that clustering of
these conditions is not uncommon in contexts experiencing significant nutritional and
environmental stress. It also demonstrates that urban and rural lifestyles were not the most
important factor in determining prevalence of scurvy/anemia or age-at-death, as expected, but
that the weaning and child feeding practices at Pointe-aux-Trembles had the most influence on
metabolic disease prevalence instead.

Anemia is a complex condition, and is equally complex to assess in skeletal remains. It
can develop due to a wide variety of factors, it can co-occur with other conditions, and the
skeletal changes it causes can overlap with other conditions. The methods presented here,
including internal evaluation of the marrow space and metric assessments, offer new avenues for
pursing anemia diagnosis in skeletal remains. This research provides a starting point for future
research into anemia diagnosis in paleopathology, and a proof of concept for metric methods as
part of anemia diagnosis. It highlights the importance of analyzing bone microarchitecture
changes when evaluating skeletal changes related to anemia, and emphasizes the importance of
moving away from porous lesions for anemia analysis in past contexts.
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APPENDIX 1

Visual Scoring Criteria for Manubrium Microarchitecture Changes

Figure A-1: Examples and description of cortical thinning for each scoring category, using a transverse view through
the manubrium. Anterior is towards the top of the image, and posterior is towards the bottom. a) Cortical thinning
score of 0. b) Cortical thinning score of 1, with small patches of thinned cortex. ¢) Cortical thinning score of 2. The
cortex has worn away in places, and is as thin/thinner than trabeculae in section of the anterior cortex (top of image).
However, the posterior cortex (bottom of image) is thicker. d) Cortical thinning score of 3. The cortex has worn
away in places, and is as thin/thinner than trabeculae in places. This is consistent throughout the entire 3D
reconstruction.
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Figure A-2: Examples and description of increased trabecular separation for each scoring category, using a
transverse view through the manubrium. Anterior is towards the top of the image, and posterior is towards the
bottom. a) Increased trabecular separation score of 0. b) Increased trabecular separation score of 1. ¢) Increased
trabecular separation score of 2. Increased spacing in present, but not throughout the entire bone. d) Increased
trabecular separation score of 3, with many empty spaces throughout the entirety of the bone.
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Figure A-3: Examples and description of trabecular thinning for each scoring category, using a transverse view
through the manubrium. Anterior is towards the top of the image, and posterior is towards the bottom. a) Thinned
trabeculae score of 0. b) Trabecular thinning score of 1. ¢) Trabecular thinning score of 2. Throughout the bone,
trabeculae are consistently thinner than the cortex. d) Trabecular thinning score of 3. Trabeculae are markedly
thinner compared to the cortex.
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