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Abstract More than 20 years ago, Wood et al. (Curr Anthropol 33:343-370,
1992) published “The Osteological Paradox: Problems of Inferring Prehistoric
Health from Skeletal Samples,” in which they challenged bioarchaeologists to
consider the effects of heterogeneous frailty and selective mortality on health in-
ferences in past populations. Here, we review the paper’s impact on bioarchaeology
and paleopathology, focusing on recent advancements in studies of ancient health.
We find the paper is often cited but infrequently engaged in a meaningful way.
Despite an initial decade of limited progress, numerous researchers are now ad-
dressing components of the Paradox in more informed ways. We identify four areas
of fruitful research: (1) intrasite, contextual perspectives, (2) subadults, (3) asso-
ciating stress markers with demographic phenomena, and (4) skeletal lesion-for-
mation processes. Although often seen as a problematic assumption, understanding
the sources of heterogeneous frailty within human populations is a worthy research
question in and of itself, and one that clearly links past and present health research
within a global framework.
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Introduction

Bioarchaeology is the study of skeletal remains from archaeological contexts to
reconstruct the lifeways of past peoples (Buikstra 1977; Buikstra and Beck 2006;
Larsen 1997). The field emerged as a distinct area of practice during the 1970s,
borrowing elements from both the New Physical Anthropology and the New
Archaeology through its emphasis on setting past human lives within broader social
contexts. The goals of bioarchaeology differ slightly among practitioners (e.g.,
Buikstra 2006; Buikstra et al. 2012; Kniisel 2010; Larsen 2006; O’Donnabhain and
Lozada 2014; Rakita 2014; Stojanowski and Duncan 2015), with some emphasizing
social context and others placing the human skeleton within an evolutionary,
adaptationist framework. Bioarchaeological data typically comprise information on
burial taphonomy, paleodiet inferred through light stable isotopes, mobility inferred
through heavy stable isotopes and long-bone morphology, evolutionary relation-
ships as indicated by cranial and dental morphology, cultural body modifications,
trauma and injury, dental health, skeletal stress, and disease experience (Grauer
2012; Katzenberg and Saunders 2008). Scholars often refer to the last two of these
(skeletal stress and disease experience) as the study of “ancient health” despite the
difficulties faced with defining health even in living populations (Briissow 2013;
Huber et al. 2011). Nonetheless, the study of skeletal stress indicators and disease
experience has been a prominent aspect of bioarchaeological inquiry for the last
three decades and continues to anchor many research foci. Indeed, paleopathology
(the study of diseases in the past) and paleoepidemiology (the study of population-
level disease dynamics in the past) are robust fields, as evidenced by recent
synthetic book-length treatments (see Buikstra and Roberts 2012; Cohen and Crane-
Kramer 2007a; Grauer 2012; Pinhasi and Stock 2011; Steckel and Rose 2002), the
visibility of paleopathological research in flagship journals (e.g., American Journal
of Physical Anthropology, International Journal of Osteoarchaeology), and the
recent emergence of a distinct journal dedicated specifically to the topic
(International Journal of Paleopathology).

The study of health and disease in the human past has experienced a number of
changes in focus and challenges since the emergence of bioarchaeology from its
descriptive phase in the 1970s (Buikstra and Roberts 2012; Cook and Powell 2006;
Powell and Cook 2012). These challenges include small sample sizes, poor
preservation and sample representativeness, selection biases that arise from
mortuary practices, and time averaging of skeletal assemblages (for overviews
see Jackes 2011; Ortner 2002, 2009; Pinhasi and Bourbou 2008; Waldron 1994,
2007). These are well-known and widely recognized limitations of archaeological
research in general. Studies of ancient health, however, have an additional and
unique set of challenges. For example, only a subset of diseases that affect humans
also affect the skeleton, which constrains the depth of inference we can generate
about health experience in past populations. This problem is exacerbated by
inconsistencies in diagnostic criteria among researchers and the typically minimal
information available from incomplete skeletal remains (Appleby et al. 2015;
Brickley and Buckberry 2015).
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Furthermore, health is notoriously difficult to define among living peoples
(Briissow 2013; Gage and DeWitte 2009), so much so that Jadad and O’Grady
(2008) suggest that attempts to define health might be “futile.” The current World
Health Organization’s definition of health, introduced in 1948, is “a state of
complete physical, mental and social well-being and not merely the absence of
disease or infirmity” (WHO 2003). Researchers criticize the WHO’s definition on
the grounds that it is difficult to operationalize and measure “complete” well-being
(Jadad and O’Grady 2008). Huber et al. (2011, p. 3) propose a formulation of health
“as the ability to adapt and to self manage”; this includes the maintenance of
physiological homeostasis, the ability to participate in social activities, and a sense
of mental coherence. Researchers struggle to apply these concepts in meaningful
and reproducible ways in studies of living populations. Difficult as it is to define
health in living populations, it is even more difficult to do so for past populations.
Health is a concept fundamentally linked to the conditions of the living, yet our data
consist of those who have already died and for whom we cannot assess such
phenomena as mental states or participation in social activities. Furthermore, WHO
surveys designed to assess health states include eight “core domains of health”:
mobility, self-care, pain and discomfort, cognition, interpersonal activities, vision,
sleep and energy, and affect (Priiss-Ustiin et al. 2003, p. 30). Responses to the
survey yield a metric that ranges from O (death) to 1 (perfect health) (Briissow
2013). Given that so few of these domains can be observed in skeletal samples,
perhaps the only unambiguous assessment of health that we can make for skeletons
is that they are all, at the time of observation, in very poor health, as death is the
ultimate state of poor health. A recent special issue of American Journal of Physical
Anthropology includes several articles that grapple with the problems of defining
health in the past (e.g., Reitsema and Mcllvaine 2014; Temple and Goodman 2014;
Wilson 2014), highlighting the persistence of these issues and potential avenues for
incorporating findings and perspectives from other fields (e.g., DeWitte 2014;
Kinnally 2014; Piperata et al. 2014; Tanner and Team 2014; Vercellotti et al. 2014).
The fundamental fact that we use samples of the dead to reconstruct characteristics
of once-living people is both obvious and perplexing and anchors what is known as
the Osteological Paradox.

In their seminal paper, “The Osteological Paradox: Problems of Inferring
Prehistoric Health from Skeletal Samples,” Wood et al. (1992) described several
fundamental problems inherent to paleodemographic and paleopathological
analyses of past populations using data from human skeletons excavated from
archaeological sites. These problems include (1) hidden heterogeneity in frailty, that
is, individuals are unequal with respect to their susceptibility to different diseases
and stressors and their risks of death; (2) selective mortality, that is, our data come
from samples of the dead that are biased representatives of the once-living
populations; and (3) demographic nonstationarity reflecting the fact that cemetery
assemblages might be derived from populations that experienced migration or
temporal changes in fertility and mortality. Wood et al.’s paper was published more
than 20 years after substantial changes in the field were pioneered by researchers
interested in changing health patterns across major human subsistence transitions
(Armelagos 1969; Buikstra and Cook 1980; Goodman et al. 1988; Larsen 1987;
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Weiss 1973). Research shifted away from the narrowly focused descriptive analysis
of lesions and relatively simple tabulations of age and sex data toward more
hypothesis-driven comparative research on population-level health, population
demography, and evolutionary processes (Armelagos 2003; Buikstra and Roberts
2012; Cook and Powell 2006; Goodman and Martin 2002; Powell and Cook 2012;
Wood et al. 1992). The problems of nonstationarity, selective mortality, and
heterogeneous frailty complicate the study of demographic patterns and disease in
past populations. In particular, these issues prevent us from making inferences about
health and mortality directly from such measures as the mean age at death,
estimation of life expectancy, or frequencies of skeletal lesions estimated from
skeletal samples—what Milner (2013) calls the “conventional wisdom” approach—
as had become the standard practice in the preceding decades.

The Osteological Paradox built on the work of other authors who had previously
noted similar challenges. For example, Cook (1981), Cook and Buikstra (1979),
and Guagliardo (1982) broached the issue of subadult mortality bias; Cadien et al.
(1974) and Waldron (1994, 1996) discussed the complex relationship between the
living population and the dead that form cemetery assemblages; and Angel (1975),
Ortner (1991, 1992, 1998), and Harpending (1990)—a co-author of the Wood et al.
paper—discussed the issue of survivorship and lesion-manifestation timing. Why
Wood et al. made such an impact is unclear, but the paper was exceptionally well
timed, published on the heels of the Bocquet-Appel and Masset (1982)
(eschatological) critique of paleodemography’s methods from which bioarchae-
ology was still reacting. The publication of the Osteological Paradox also
coincided with the Columbian quincentennial, an event that initiated concerted
exploration of the health and demographic consequences of European colonialism
(Baker and Kealhofer 1996; Larsen et al. 2001; Thomas 1990a, b, c¢; Verano and
Ubelaker 1992). Regardless, the paper initiated considerable debate and reflection
that shows no signs of abating (see exchanges in Boldsen and Milner 2012; Cohen
and Crane-Kramer 2007b; Milner 2013). It is a seminal paper in the field and one
that is routinely incorporated into the pedagogy of bioarchaeology at the graduate
and undergraduate levels. Our reading of the broader literature, however, suggests
that although people often mention the tenets of the Osteological Paradox, they
less frequently consider them seriously and rarely implement them directly in
paleopathological research design.

Here we review Wood et al.’s (1992) paper and discuss the initial reactions to it.
We focus on the key components of the critique with respect to ancient health
research (hidden heterogeneity and selective mortality) and trace the paper’s impact
on the practice of paleopathology and paleoepidemiology. In a previous review of
the topic, Wright and Yoder (2003) noted that, at the time of their writing, there had
been few bioarchaeological studies that had explicitly addressed the Osteological
Paradox. Our goal is to assess how this situation has changed and to summarize the
recent work that speaks directly to advances in our understanding of ancient health.
Because Wood et al. have polarized the field to some extent, we focus on the
Osteological Paradox as an important and seminal document in the history of the
field, attempt to dispel misperceptions about what their paper says and does not say,
and establish a baseline from which future work can be situated. Our reading of the
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broader literature identifies four topics for which the Osteological Paradox has been
productively engaged: (1) research leveraging archaeological context, (2) research
on individuals who died as subadults, (3) estimation of the associations between
stress markers and demographic phenomena, and (4) research on the etiology and
physiology of skeletal lesion formation.

The conventional approach to paleopathology and paleoepidemiology
in bioarchaeology

Before discussing the Osteological Paradox in detail, we provide a brief overview of
the practices of paleopathology and paleoepidemiology. Paleopathology is the study
of ancient disease, including the origins and spatial-temporal distributions of
diseases. The field has an origin independent of bioarchaeology but is now often
practiced as a research specialization within the field as reflected in the pedagogy of
the discipline and article keyword tagging. Paleopathology, broadly defined,
includes both human and nonhuman cases, can be primarily medically oriented, and
is focused on the manifestations or history of a disease itself and not necessarily on
health-related inferences at the population level (Harper et al. 2011; Marden and
Ortner 2011; Telldahl 2012; Thomas and Johannsen 2011). More recently, the field
has expanded in focus, with greater emphasis on disability identity, wellness, care
and compassion, and sickness ideology (Hawkey 1998; Hubert 2000; Marsteller
et al. 2011; Oxenham et al. 2009; Roberts 2000; Tilley and Cameron 2014; Tilley
and Oxenham 2011). Osteobiography—focusing on individual prehistoric lives
through bioarchaeological analysis—continues to exert a strong presence (Stodder
and Palkovich 2012; Zvelebil and Weber 2013), reflecting the diversity of topics,
including more humanistic ones, that paleopathologists explore. For many of these

Fig. 1 Adult left maxillary canine and premolars with linear enamel hypoplasias, indicated by arrows.
Enamel hypoplasias are visible and palpable grooves that run horizontally across the surface of the crown
of the tooth (photo: Sharon DeWitte)

@ Springer



402 J Archaeol Res (2015) 23:397-450

topics, the Osteological Paradox may be irrelevant. For example, methodological
papers, those that focus on specific diseases and their histories, and pathological
case studies that are primarily descriptive are not subject to the potential pitfalls of
comparative analysis (see Armelagos and Van Gerven 2003; Mays 2012; Powell
and Cook 2012; Stojanowski and Buikstra 2005).

Paleoepidemiology is the study of disease dynamics in past human populations
and is one component of a broader paleopathological research program. Paleoepi-
demiology focuses on sites or cemeteries as the primary unit of analysis based on
the assumption that the aggregate patterns of disease reflect health in the living
population. Research design is comparative across space (e.g., within a regional
exchange network), through time (e.g., across a subsistence transition), or across
dimensions of social, cultural, or ethnic significance (core—periphery comparisons,
urban—rural, elite—commoner, etc.). Although researchers often highlight specific
diseases (scurvy, rickets, tuberculosis) when encountered, the vast majority of
paleoepidemiological research focuses on more general, nonspecific, and macro-
scopic indicators of stress and presumed poor health. These indicators include
enamel hypoplasias as markers of early childhood stress (Fig. 1; Goodman and Rose
1990; Roberts and Manchester 2005); oral health disorders, such as dental caries,
periodontal disease, and abscesses (Fig. 2; Larsen 1997); periosteal reactions as
signatures of bone infections or trauma (Figs. 3, 4); osteomyelitis as an indicator of
infection with pyogenic bacteria (Fig. 5; Klaus 2014; Larsen 1997); and cribra
orbitalia (Fig. 6) and porotic hyperostosis (Fig. 7) reflecting bodily response to
anemia (Huss-Ashmore et al. 1982; Walker et al. 2009). The basic approach is to
collect comparable data from a series of sites or samples that crosscut parameters of
interest (space, time, culture); generate frequencies of each health indicator; and
compare these frequencies across sites, time periods, or cultural groups. Although
this brief description does not characterize the totality of paleoepidemiological
research, it does represent a highly accessible approach that a majority of

Fig. 2 Right hemi-mandible observed from the lingual aspect (tongue side). The large hole in the lingual
side of the mandible, indicated by an arrow, represents an abscess that was active at the time of death. The
abscess penetrated through the mandibular body and also affected the buccal aspect (cheek side). The
corresponding second molar is absent and likely lost due to the disease process (courtesy of Glen Doran)
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Fig. 3 Adult tibia with healed periosteal new bone formation. The entire visible surface of the bone is
affected by the abnormal proliferation of bone. The uneven surface is perforated by small holes with
rounded margins, characteristic of healed lesions (photo: Sharon DeWitte)

Fig. 4 Shaft of a long bone from an infant showing severe and active persiosteal reaction. The dark,
brown surface represents healthy unaffected bone, while the elevated gray bone is the result of new bone
formation in response to some insult. The periosteal reaction consists of woven bone and was active and
not healing at the time of death (photo: Chris Stojanowski) (Color figure online)

Fig. 5 Shaft of a human tibia showing osteomyelitis, represented by the uneven appearance of the
external shaft of the bone, the presence of microporosity and macroporosity, and the large cloacae (holes)
for drainage of pus from the internal surface of the shaft. The entire external surface of the bone is
affected in this individual (photo: Chris Stojanowski)
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Fig. 6 Left orbit of an adult with cribra orbitalia. Most of the orbital surface is normal cortical bone,
which is smooth and dense. The cribra orbitalia appears as a scatter of micro- and macroporosity along
the anterior and lateral margins. The arrow indicates just one of several of the abnormal holes
characteristic of cribra orbitalia (photo: Sharon DeWitte)

Fig. 7 Posterior view of an adult skull with healed porotic hyperostosis. Most of the visible surface of
the skull is covered by healed periosteal lesions, which are characterized by clusters of small holes with
rounded margins (photo: Sharon DeWitte)

paleoepidemiological scholars have used successfully for several decades. Using
this approach, bioarchaeologists have contributed significantly to the examination of
the health consequences of the transition to agriculture (Bocquet-Appel et al. 2008;
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Bocquet-Appel and Bar-Yosef 2008; Cohen and Armelagos 1984; Cohen and
Crane-Kramer 2007a; Harper and Armelagos 2013; Oxenham and Tayles 2006;
Pinhasi and Stock 2011; Steckel and Rose 2002); changes in aggregate health
experience in Native American populations during the European colonial period
(Baker and Kealhofer 1996; Larsen et al. 2001; Thomas 1990a, b, c¢; Verano and
Ubelaker 1992); and the health consequences of urbanization (Lewis and Gowland
2007) and the industrial revolution (Lewis 2002; Zuckerman 2014).

The Osteological Paradox complicates studies that examine population-level
trends or those that produce inferences that are relative in nature (better health, more
stress). The frequency-based approach is particularly susceptible to hidden
heterogeneity and selective mortality. The osteobiographic and the comparative
populational frameworks, however, are two ends of a spectrum, both of which can
be subject to the Paradox’s constraints. For example, osteobiography that includes
health comparisons that are framed in a relative manner should heed the warnings of
Wood et al. In the absence of context, one cannot know if a 40-50-year-old male,
who was 5.5 feet tall and with no visible signs of pathology or nonspecific stress,
was healthy or not, was exposed to various pathological stressors or not, or suffered
reduced longevity or not. Health is a relative, if poorly characterized, concept. This
implies that pathological analyses of unique specimens, those of extreme age (e.g.,
Jantz and Owsley 1997; Shang and Trinkaus 2008; Trinkaus et al. 2008) or from
poorly documented spatial-temporal contexts, may provide only limited health data
beyond description for the purpose of documenting the history of a disease.

The Osteological Paradox

Wood et al.’s paper identified and developed three key conceptual challenges to the
interpretation of health in past populations: demographic nonstationarity, selective
mortality, and heterogeneous frailty. We discuss each of these in greater detail
below.

A population that is not stationary is one that experiences population growth or
decline because of changes in fertility, mortality, or migration. Many traditional
bioarchaeological analyses, particularly within the realm of paleodemography, are
based on the assumption that the population under consideration was stationary
(Coale 1957). This assumption allows the construction of a life table based directly
on the observed distribution of ages at death in a skeletal sample (which, if a
population is in fact stationary, is equivalent to the column in a standard life table
that represents the numbers of individuals dying within each age interval) (Wood
et al. 2002). From a life table, one can assess phenomena such as life expectancies at
each age and the force of mortality during each age interval. Unfortunately, if a
population is not stationary, demographic estimates based on observed skeletal age-
at-death distributions might not be accurate. For example, if a population
experienced growth or decline, estimates of life expectancy will be underestimated
or overestimated, respectively, even if mortality remained constant (Sattenspiel and
Harpending 1983). These estimation problems occur because, even if mortality does
not change over time, the proportion of infants and young children in a cemetery

@ Springer



406 J Archaeol Res (2015) 23:397-450

associated with a growing population will increase. Conversely, in a cemetery
associated with a declining population, the proportion of young individuals will
drop over time. Sattenspiel and Harpending (1983) and Paine (1989), among others,
have described the problem of demographic nonstationarity from a bioar-
chaeological perspective. Several researchers have proposed methods that address
the probable violation of the stationarity assumption in past populations, such as
using models that allow for the estimation of population growth rates or using
proxies for birth rates based on the proportions of subadults in skeletal samples
(Bocquet-Appel et al. 2008; Buikstra et al. 1986; Kohler and Reese 2014; White
2014; Wood et al. 2002). Archaeological research is also addressing migration and
population growth (or decline) through isotope analysis (e.g., Beaumont et al. 2013;
Keenleyside et al. 2011; Knudson et al. 2012), ancient DNA studies (e.g., Li et al.
2011; O’Fallon and Fehren-Schmitz 2011; Raff et al. 2011), biodistance analysis
(e.g., Mcllvaine et al. 2014; Torres-Rouff et al. 2013), and GIS-based analyses of
settlement patterns and trends in population size (Jones 2010, 2014). Although
demographic nonstationarity remains an important issue for bioarchaeologists, our
primary focus here, following Wood et al. (1992), is on heterogeneous frailty and
selective mortality, both of which affect ancient health research more directly.

The fundamental paradox in bioarchaeology is that we are attempting to
reconstruct the lives and health conditions of people in past populations by using
inherently biased samples of dead individuals. One reason why skeletal samples are
unlikely to be representative of living populations is that every individual alive at a
particular age is not at the same risk of dying at that age. It is much more likely that
individuals in a population vary in terms of their relative risk of death compared
with others in their birth cohort, and thus we should expect populations to be
heterogeneous for frailty (the age-standardized relative risk of death) (Vaupel et al.
1979). This variation exists because of inherent biological differences (such as
genetically determined immune responses or the generally immune-suppressive
effects of testosterone), differences in exposure to disease vectors resulting from
behavioral and cultural factors, differences in nutritional status, variation in
environmental conditions, and other factors. In bioarchaeology, what we observe are
aggregate patterns that can mask the underlying heterogeneity in the population. If
not controlled for statistically, heterogeneous frailty can make it difficult to infer an
individual’s or subgroup’s level of health or risk of dying or to compare general
levels of health among different populations (Wood et al. 1992). If we can identify
and control for potential sources of heterogeneity, such as sex or social status, it is
possible to some extent to overcome the limitations of using aggregate skeletal data
to examine individual and subgroup experiences in past populations. Complicating
matters further, however, is what Wood et al. (1992) describe as “hidden”
heterogeneity, wherein we cannot directly observe the variation in frailty. Although
often treated as an assumption, documenting the causes and effects of heterogeneity
in frailty is an interesting research question in and of itself, a point critical to
discussions of the Osteological Paradox that is often overlooked.

Selective mortality acts upon heterogeneous frailty (Vaupel and Yashin 1985;
Wood et al. 1992). Selective mortality refers to the fact that individuals who die at a
given age are unlikely to be representative of the entire /iving population at risk of
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death at that age. Instead, individuals with the highest frailty at a particular age are
most likely to die at that age and thus be selected out of the population and enter
skeletal samples. Because of selective mortality, one cannot use frequencies of
stress markers in a skeletal sample to directly estimate the prevalence of the
associated disorders in the once-living population. If stress markers are caused by
conditions that increased risks of death, using the frequencies of skeletal stress
markers to estimate the prevalence of the associated conditions would tend to
produce overestimates of those conditions. Boldsen and Milner (2012) liken
estimating disease prevalence from skeletal lesions to estimating the prevalence of
various diseases in a living population by only observing people who are admitted to
a hospital. In both cases, there is a strong possibility that one would have little to no
information regarding the true population at risk and thus overestimate population
prevalence. Even skeletal samples of individuals who died under catastrophic
conditions or in episodes of warfare cannot be assumed to provide unbiased samples
of all people who were once alive in a particular community (see Cox 1993;
DeWitte and Wood 2008; Milner et al. 1991, 2008). For example, Milner et al.
(1991) found that many adults in a skeletal sample from late prehistoric Illinois
were killed by enemies and showed signs of debilitating conditions that would have
hampered their ability to protect themselves or flee from danger.

According to Wood et al., the potential for heterogeneous frailty (and particularly
hidden heterogeneity in frailty) and selective mortality means that we must be
cautious when interpreting skeletal lesions or skeletal indicators of physiological
stress (stress markers). Researchers often view skeletal stress markers as direct
measures of health and interpret those individuals exhibiting stress markers as
having been in poorer health than individuals without them. However, Wood et al.,
following Ortner (1991), suggest that some skeletal stress markers might under
some circumstances actually indicate a relatively healthy individual. This is based
on the fact that many of the visible stress markers that we typically analyze (such as
periosteal new bone formation or cribra orbitalia) take time to form. They do not
form immediately in response to trauma, disease, or other physiological disruptions
but rather take weeks or months to become detectable. Individuals with stress
markers might therefore have been healthier than their peers without them, given
that they were able to survive malnutrition, trauma, or disease long enough for the
stress marker to form. The absence of a certain stress marker might indicate
relatively poor health, if individuals without them succumbed to illness, trauma, or
malnutrition and died before stress markers formed. Wood et al. (1992) do not argue
that stress markers are necessarily or even typically associated with better health;
rather, bioarchaeologists cannot ignore that possibility in the absence of other
supporting evidence.

Wood et al. identify four tasks to help address the challenges of heterogeneous
frailty and selective mortality, three of which they deem to be beyond the purview
of bioarchaeologists’ expertise. First, they note that frailty is a poorly understood
concept even in modern populations. Therefore, one goal should be to identify the
sources of frailty in living people and to characterize the distribution of frailty
among individuals in real world situations. Second, they note that we must have a
better understanding of how a specific frailty distribution relates to variation in the
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risks of death among individuals. This, in combination with the first goal, would
allow for the construction of models to estimate the hidden heterogeneity in frailty
within a population (Manton et al. 1986). The third point noted was that we need to
better understand osteological indicators of sickness in terms of the dynamics of
their formation and expression as affected by underlying biological/pathological
processes and the health characteristics of the individual experiencing the insult.
That is, we must better outline the process of lesion formation, and we must map
variations in lesion-formation severity and onset to inter-individual variation in
immune function. Wood et al. argue that contributions to these issues will most
likely come from outside bioarchaeology rather than from osteologists themselves.
Their fourth task, however, calls for bioarchaeologists to improve understanding of
the role of cultural context for minimizing the effects of selective mortality and
heterogeneous frailty on comparative patterns of health. Later in this paper, we
assess the progress that has been made in addressing these four tasks.

Immediate reactions to the Osteological Paradox

The Osteological Paradox was published with comments from experts in the field
and the authors’ reply to those comments. The tenor of most comments is generally
positive, with several researchers agreeing that heterogeneous frailty and selective
mortality pose a problem for those interested in reconstructing life in the past and,
indeed, for those whose focus is living populations, as pointed out by Lukacs (1992)
and McGrath (1992). For example, Jankauskas and éesnys (1992) commend Wood
et al. for attempting to respond to the need for theoretically sound approaches to
evaluating skeletal data and emphasize the importance of collaborative projects for
contextual analysis. Eisenberg (1992) focuses on the importance of distinguishing
active and healed lesions. Hutchinson (1992) and Ubelaker (1992) reiterate
longstanding issues of sample bias and its effects on patterns of pathological
expression. Lukacs (1992) suggests that consideration of the relationships among
the demographic characteristics of living populations, taphonomic processes, and
the resulting skeletal assemblages, as presented by Wood et al., was long overdue.
Comments by Cohen (1992) and Wilkinson (1992) were the most critical. Cohen
emphasizes the use of multiple indicators and data types to tease apart signatures of
poor and good health. His implication is that Wood et al. oversimplify research
design greatly in their critique. Wilkinson agrees with the paper in theory but finds
its applicability limited. In an often-overlooked commentary, Wilkinson also
emphasizes the search for population subdivision within bioarchaeological samples
and a refocusing of our attention on sites with less complex use histories, a point we
return to later.

Several commentators characterize the Osteological Paradox as a new interpre-
tation of skeletal lesions as indicators of good health (thus reversing the traditional
view of lesions as indicators of poor health), and this is how the paper’s message
seems to have been interpreted by many over the last 20 years. McGrath and
Wilkinson emphasize Wood et al.’s (1992, p. 356) statement that “better health
makes for worse skeletons.” McGrath indicates that Wood et al. are pointing out
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that “individuals with skeletal lesions are likely to have been rather healthy” (1992,
p- 362, emphasis added). Wood et al. write that statement, however, at the end of a
description of a demographic model created to illustrate just one of several equally
plausible interpretations of a particular set of data, and they make no judgments
regarding the likelihood of any of the competing interpretations. Similarly,
according to Eisenberg (1992, p. 359), Wood et al. “believe” that skeletal lesions
and relatively young age at death typically characterize people from advantaged
groups. Again, Wood et al. (1992, p. 355) express this as a hypothesis that is just as
consistent with the data at hand as several other hypotheses, not as an idea that they
“believe” to be true. Scholars have repeatedly attributed this new binary view—that
skeletal lesions indicate relatively good health and an absence thereof indicates poor
health—to Wood et al. over the last 20 years (e.g., Clark et al. 2014; Welinder 2001;
Wright and Chew 1998), despite their attempt at clarification in their reply to the
comments. Wood et al. encourage thinking that goes beyond simple binary
distinctions. Although the presence of skeletal lesions is fairly clear evidence of
exposure to some disease, the absence of lesions is, in their view, much more
difficult to interpret. Wood et al. (1992, p. 365) emphasize that they do not suggest
that the traditional interpretation of skeletal lesions (i.e., the presence of lesions
indicates poor health) “must always be wrong”; rather they urge researchers to
consider the possibility that skeletal lesions might, under some circumstances,
indicate relatively good health and that we should not automatically assume
otherwise. Despite their attempt at clarification, many people continue to
characterize the Osteological Paradox in terms of skeletal lesions indicating good
health; this might, unfortunately, have led some researchers to be prematurely
dismissive of the suggestions offered by Wood et al. At the very least, undue
emphasis on this specific aspect of the paper may have stalled the efforts of the other
authors deemed more productive toward addressing the larger goals of research on
ancient health.

Shortly after its publication, a number of papers directly responded to the
Osteological Paradox, mostly in a reactive manner (Byers 1994; Cohen 1994,
Goodman 1993; Jackes 1993); the paper by Saunders and Hoppa (1993) is the least
reactive in tone. Jackes (1993) agrees with the overall tone of Wood et al.’s paper
and the healthy skepticism it represents but feels the authors were giving a pass to
some of the more fundamental and pressing issues of sample bias and the
ineffectiveness of sex- and (especially) age-assessment techniques in bioarchae-
ology. In other words, Wood et al. do not go far enough in stating the direness of the
bias problem. Concerns with archaeological biases continue to elicit considerable
discussion in the field (see Jackes 2011) and are a perennially identified problem in
paleopathology (Lukacs 1994; Mendonga de Souza et al. 2003; Ortner 2002, 2009;
Pinhasi and Bourbou 2008; Waldron 1994).

Goodman (1993) reiterates his opinion that Wood et al. greatly overstate the
importance of the Paradox and narrowly interpret the goals of paleoepidemiology.
In particular, Goodman emphasizes the use of multiple stress indicators to overcome
the concerns of the Osteological Paradox; he argues that different indicators reflect
distinct aspects of the health experience of an individual. In addition, Goodman
suggests that using multiple sources of information (the archaeological or historical
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context) beyond just osteological indicators of pathology provides a more holistic
reconstruction of health transitions through time. The repeatability of patterns
across studies, sites, and time periods, and the use of modern analogs, all help
contribute to proper interpretation of any particular pathology dataset. In a second
response, Cohen (1994) acknowledges the reality of differential frailty and selective
mortality but feels their effect on skeletal assemblages was greatly overstated. In
particular, Cohen notes that Wood et al.’s reinterpretation of the agricultural
transition was at odds with basic epidemiological theory and modern observations
among living populations experiencing the transition to “20th-century conditions”
(Cohen 1994, p. 630). In other words, differential frailty and selective mortality are
theoretically and mathematically possible but at odds with reality, induce minimal
effects on patterns of disease experience (because many deaths are due to random
events), and are mitigated by multitrait analyses that emphasize consistent trends
and analogs with modern datasets.

Byers’ (1994) work was unique in suggesting a solution for identifying selective
mortality based on distributional properties of metric variables that might be related
to morbidity and mortality. Specifically, Byers proposes looking at skewness and
kurtosis statistics for adult individuals, where positive skewness reflects selection
against small stature in individuals who died as subadults. Because sample sizes
need to be very large to detect significant departures from normality, Byers
recommends looking at the patterning of positive and negative skewness among
multiple metric indicators as a first approximation for determining whether bias may
be affecting the observed sample. Despite a generally positive response by Wood
and Milner (1994) and an expansion of the method, researchers have not widely
adopted Byers’ approach.

Lukacs (1994) also takes a second look at the Osteological Paradox in a follow-
up paper in which he explores the relationship between paleopathological data and
selectivity and heterogeneity of frailty. The details of the paper are worthy of
serious consideration by those interested in paleoepidemiological research, and it is
somewhat surprising that the paper has been cited only six times. Nonetheless, there
are a number of important suggestions, including de-emphasizing prevalence data in
favor of severity data, differentiating diseases that contribute to mortality from those
that do not, distinguishing cases of pathological conditions that may have
contributed to the death of a specific individual, carefully considering sources of
sample bias, and looking closely at disease patterns at the intra-individual level
within the context of age-structured pathology assessments.

Finally, Wood and Milner (1994) clarified some of the misconceptions with the
original paper. Many of the points are quite specific and semantic and are not
summarized here. Wood and Milner (1994) primarily take issue with Cohen’s
(1994) assertion that mortality is largely random and with Goodman’s (1993)
perceived misreading of several of the points they attempted to make. Wood and
Milner stress that the argument is not about correct or incorrect interpretations of
any particular dataset (such as those relevant to understanding the Neolithic
transition), but about the existence of equally plausible interpretations for a given
set of observations and our current inability to differentiate factors that produce a
specific pattern. Wood and Milner‘s (1994) major point was that statistical models
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need to be incorporated into research designs in order to better understand and
account for the multitude of factors that contribute to the formation of
archaeological cemetery samples.

Gauging the impact of the Osteological Paradox in bioarchaeology

In a previous review, Wright and Yoder (2003) summarized the decade of
bioarchaeological research following publication of Wood et al. (1992), focusing on
general methodological developments in bioarchaeology that could speak to the
Osteological Paradox (not that these developments necessarily did so). By
considering broader developments within the field, Wright and Yoder emphasized
those aspects of paleopathology that Wood et al. (1992, p. 357) consider “widely
recognized problems” with skeletal samples; they gave less attention to the core
elements of the Osteological Paradox, those that require a “complete rethinking” of
our approach to ancient health research. This emphasis on broader developments
reflects the fact that little methodological progress had actually been made with
regard to the challenges of the Osteological Paradox. Writing at about the same
time, Ortner (2002) shared this opinion, commenting that the problems posed by
Wood et al. were unresolved and in need of further debate and assessment regarding
their severity and how best to deal with them. Goodman and Martin (2002, p. 13)
offered a similar opinion; however, these authors reiterated the importance of using
multiple stress or disease indicators in addressing Wood et al.’s concerns. These
comments indicate just how nascent consideration of the Paradox was for the decade
following its publication. Perhaps 10 years is too little time for the research and
publication process to have unfolded.

Google Scholar data from 1992 to 2003 confirm that publications often cite
Wood et al. (1992), but relatively few address the topics of selectivity and
heterogeneity of frailty directly beyond the initial flurry of papers (discussed above)
by Jackes (1993), Goodman (1993), Saunders and Hoppa (1993), Cohen (1994), and
Byers (1994). Several papers within this time frame address related concerns, such
as changes in long-term frailty with epidemic cycling (Paine and Boldsen 2002),
sex-specific patterns of frailty and stress response (Ortner 1998; Sheridan and Van
Gerven 1997), the ever-present issue of sampling bias (Mendonca de Souza et al.
2003; Saunders et al. 1995; Waldron 1994; see also Jackes 2011), and the continued
defense of the specific interpretation of the Neolithic skeletal record (Cohen 1997,
2002). Wright and Yoder (2003) highlight papers by Storey (1997) and Wright and
Chew (1998) as the only ones that directly assessed the impact of the Osteological
Paradox using bioarchaeological data. To this we can add a paper by Lukacs (1994),
Usher’s (2000) dissertation, research by Boldsen (1997, 1998), and several chapters
in the landmark volume by Steckel and Rose (2002) that address a critical aspect of
the entire debate: Is the Osteological Paradox real and, if so, can it be identified in
the archaeological record? Contributions in that volume are generally reactive in
tone but are important, nonetheless, as they reflect the development of entrenched
positions (see Armelagos and Brown 2002; Goodman and Martin 2002; Steckel and
Rose 2002; Steckel et al. 2002).
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To gauge the overall impact of the Osteological Paradox on bioarchaeological
research, we downloaded all citations of Wood et al.’s paper from Google Scholar
(data accessed 04/01/14). Wood et al.’s (1992) paper has been cited 558 times as of
April 1, 2014. Publication venues are predominantly from bioarchaeology and
biological anthropology, with site reports appearing in archaeology journals. The
database includes relatively few papers whose goal is to directly address the
Osteological Paradox and its implications (frailty and selectivity) as a subject
worthy of inquiry in and of itself. These data confirm our subjective experience of
the field’s reaction. Excluding the original paper and the immediate responses
published in 1993 and 1994 (as well as Wright and Yoder 2003), we identified only
four papers that use the phrase “Osteological Paradox” in the title (Bombak 2012;
Cohen 1997; Lukacs 1994; Siek 2013) and three papers that use the word “frailty”
(Cucina 2011; DeWitte 2010; DeWitte and Bekvalac 2010). This disconnect
between the sheer number of citations and the lack of papers that seem to
specifically address the Paradox and its tenets begs the question exactly how the
paper is being cited. To assess this, we sampled a subset of the complete dataset,
focusing on papers published in 2012 and 2013 (roughly 10% of all citations are
sampled, n = 101 papers). Four citation patterns emerged. The most common
pattern is incidental reference to the Osteological Paradox as an important
theoretical contribution (n = 60). Other papers cite the Osteological Paradox as a
potential study limitation but do not directly account for frailty and selectivity
(n = 16); papers in this category often reference Goodman’s (1993) multitrait
approach for overcoming the challenges of heterogeneity in frailty. An equal
number of papers cite the Osteological Paradox in a post hoc manner as a possible
explanation for contradictory results (n = 16); that is, when the data show
conflicting signatures of comparative health, the Osteological Paradox is invoked as
a possible explanation for the inconsistency. The fourth citation pattern directly
addresses the Osteological Paradox’s implications through consideration of frailty
and selectivity in the bioarchaeological record (n = 9). It is within the pages of the
last category of papers where true advances are occurring. We discuss these papers,
and others, below.

Addressing the concerns of the Osteological Paradox

A number of studies published during the last 10 years have either directly
addressed the Osteological Paradox or have advanced our understanding of lesion-
formation processes, the dynamics of human frailty, and selective mortality in ways
that improve our interpretations of paleopathological data. We identify four areas of
emphasis that are apparent in recent bioarchaeological research, some of which have
paralleled or incorporated advances made in other fields. In addition, these four
topics align well with those defined by Wood et al. (1992) and reaffirmed by Wright
and Yoder (2003). These include leveraging archaeological context to better inform
ancient health inferences, focusing on subadults as non-survivors and age-structured
comparisons of health data, estimation of the associations between lesions or other
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potential markers of frailty and demographic phenomena, and examination of the
etiology and physiology of skeletal lesion-formation.

Leveraging archaeological context

Of the four “tasks” identified by Wood et al., leveraging archaeological contextual
information is the only one that fell entirely within the purview of bioarchaeology
and paleopathology. It is also the task for which so little has been accomplished, at
least as those authors define it. This does not mean the field has embraced a
completely decontextualized approach to ancient health; in fact, this is completely
opposite of the case, as strongly noted by early rebuttals to the Wood et al.’s critique
(see Cohen 1992, 1994; Goodman 1993). Couching ancient health research within a
historical or archaeological context, broadly defined, is not what Wood et al.
suggested. Rather, they specifically call for a refocusing of paleopathological
research on “simple societies” (noncomplex, egalitarian) and “simple sites” (those
with short use histories and strong chronologies) as a means of minimizing the
impact of heterogeneous frailty on inferences of ancient health. Discussions of the
Osteological Paradox in which the axiom “better health makes for worse skeletons”
is emphasized often overlook this aspect of the paper. This is ironic because it is the
one area that falls entirely within our purview, is controllable to some extent, and
offers real opportunities to produce novel contributions and perspectives on
fundamental matters of ancient health research. “Simple” in this case means both
culturally and biologically homogenous, drawn from one social group, and
egalitarian—a framework that assumes the rise of inequality was correlated with
variation in health experience and heterogeneous frailty. While intuitive, this
relationship remains to be demonstrated and is a testable hypothesis central to the
basis of the Paradox itself. Wilkinson’s reply (1992, pp. 364-365) reiterated the
importance of focusing on culturally and biologically homogeneous societies as a
precursor to health inferences in more complex societies; however, publication data
clearly show this has not occurred. We examined papers published between 2004
and 2014 in the American Journal of Physical Anthropology, the International
Journal of Osteoarchaeology, and the International Journal of Paleopathology.
These indicate no trend toward paleopathological research on hunter—gatherer—
forager or egalitarian societies. Of the 283 papers published for which the scale of
social complexity could be estimated, 207 (73%) analyzed data from state-level
societies, 53 (19%) considered middle-range societies, and only 23 (8%) analyzed
data from hunter—gatherer—forager populations. There also is no consistent trend for
an increase in visibility of hunter—gatherer research within paleopathology through
time. Broader research trends are clearly superseding concerns with the Osteological
Paradox. Complex societies are better represented in the archaeological record and
have traditionally been a strong focus of archaeological interest, and there is a clear
articulation of paleoepidemiological research with archaeologically oriented
problems.

Wood et al. (1992) also suggest that anthropologists can use archaeological
context to minimize the effects of heterogeneous frailty by focusing on short-term
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use cemeteries for which concerns with demographic nonstationarity are minimized.
The rationale here is that short-term cemeteries more closely represent cohorts,
generations, or populations and not time-averaged lineages (see Cadien et al. 1974).
Using the same bibliometric survey data as above, we confirm that there has not
been a shift toward short-term use cemeteries in paleoepidemiological research. The
average site duration used was 552 years (n = 252, sd = 805) with a range from 1
to 7,000 years. There also is no trend evident in these data. Therefore, despite the
fact that site selection and research design are the two things over which
bioarchaeologists have some control, the call for an exploratory period focusing on
simple societies and simple sites has simply not occurred.

There are, however, some exceptions to this overall trend. We identified several
articles that use a sample of short duration (less than 30 years or about one
generation). The majority of these papers analyze historical collections (Assis et al.
2011; Capasso 2007; Crist and Sorg 2014; Palubeckaite et al. 2006) or collections
associated with historically significant events (Geber and Murphy 2012; Mitchell
2006), which define the short duration of use. Several adopt a forensics perspective
on trauma analysis using modern or near-modern collections (Nagaoka 2012; Steyn
et al. 2010; van der Merwe et al. 2010). These papers are not relevant to the
Osteological Paradox. Three papers use short-duration sites and consider patterns of
health in a comparative sense (Geber and Murphy 2012; Hutchinson and Norr 2006;
Nystrom 2013); however, they do not leverage the fine temporal control in ways that
inform understanding of selective mortality and heterogeneous frailty.

Although we certainly cannot expect sites with complex, extended chronologies
to be ignored, we do feel it is useful to outline the types of inferences possible using
sites with tight chronologies. For example, DeWitte and colleagues present data
from the East Smithfield cemetery, which consists of Black Death victims who died
between 1348 and 1350 (DeWitte 2009; DeWitte and Hughes-Morey 2012; DeWitte
and Wood 2008). In addition to providing a relatively large sample size (n = 491)
from a short period of use (less than 18 months), the individuals interred here all
died from a single, known cause of death. In this case, temporal control mitigates
concerns with demographic nonstationarity, and it thus provides a clearer picture of
the association between factors—such as age, sex, and health status, and risk of
death—not confounded by temporal changes in diet, disease environment, or
housing conditions. Further, in addition to allowing for the examination of patterns
of Black Death mortality, the use of a sample of individuals who died from a single
cause allows for a relatively straightforward interpretation of the results, uncom-
plicated by the possibility that different causes of death might vary in their
selectivity with respect to pre-existing health conditions or other factors. By using a
cemetery with such a short use period, DeWitte’s research reveals that, contrary to
longstanding assumptions, the Black Death disproportionately killed the elderly and
individuals who had previously suffered physiological stress. Neither of these
results was apparent in existing documentary data. Nevertheless, samples such as
East Smithfield are the exception. When they are encountered, however, we should
use short-duration cemeteries to pursue basic middle-range research on lesion-
formation processes and the sensitivity of osteological data to health conditions in
the past.
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A third aspect of the Paradox that relates to archaeological context is the
consideration of intrasite and interindividual patterns of variation. Wood et al.
(1992), Wilkinson (1992), and Wright and Yoder (2003) all suggest that scholars
should use archaeological data to identify socially meaningful subgroups (families,
social classes, ethnic groups) within larger skeletal samples, which can then serve as
the basis for comparison in a more nuanced and contextual analysis of individual-
and group-level variations in health experience. Such approaches are extremely
powerful when also paired with short-term use cemeteries because temporal
changes in health are not conflated with synchronic social parameters. Identifying
meaningful subgroups is especially crucial for health research in complex societies
for which inequality among ethnic groups, social classes, or even among individual
families may impact subgroup-level health experience and serve as an important
source of heterogeneous frailty within that population (see Wilkinson 1992, p. 364).

If we can identify meaningful parameters of comparison, it is possible to compare
pathology data among these sample subdivisions. For example, sites with internal
spatial organization—for which burial subgroups represent status groups, neigh-
borhoods, or different social groups—have been used to examine variations in
health experience among these different subclasses of individuals (Stojanowski
2013; Stojanowski et al. 2007; Storey et al. 2012; Winkler 2011). For sites without
internal spatial structure, we can use a host of other techniques to identify a priori
groups of interest, also often inferred status groups. In this approach, researchers
infer status using grave goods, grave styles, or interment positions as a means of
comparing intrasite patterns of pathology experience (Griffin et al. 2011;
Pechenkina and Delgado 2006; Peck 2013; Reisinger 2013; Robb et al. 2001;
Sullivan 2004; Woo and Sciulli 2013). In other cases, for example, in large complex
sites often of long duration, spatial statistics and GIS (Casgrain and Legendre 2001;
Rosenberg and Anderson 2011; §mejda 2004; Sosna et al. 2012) allow for the
identification of status groups based on the clustering of artifact attributes within an
otherwise homogeneously distributed grave field. Use of similar analyses for
pathology data, or in combination with other mortuary or phenotypic variables,
could provide new insights on heterogeneous frailty; however, this is rarely done in
practice. GIS has simply not become part of the paleopathologist’s toolkit, for
whatever reason (for recent examples of the use of GIS in bioarchaeology, see
ElSalam 2003; Herrmann 2002; Herrmann et al. 2014). As such, studies that
compare pathology and status data within a spatial analytic framework have
provided unique insights into ancient health dynamics in the past, but they have
rarely addressed the Osteological Paradox directly. The research is often about
status and inequality primarily and is not designed to test for selective mortality and
heterogeneous frailty, which limits their utility in this discussion.

One common feature of the above approaches is the primary emphasis placed on
cultural parameters of variation. Heterogeneous frailty, however, is also a direct
result of underlying genetic variation among individuals within a population, and as
such it may have a detectable biological basis reflected in subpopulation level
variation. If such cryptic subpopulations have a genetic or phenotypic basis, they
may be identifiable using ancient DNA (Corruccini et al. 2002; Gamba et al. 2011;
Haak et al. 2008; Schultes et al. 2000) or intra-cemetery biodistance approaches (Alt
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and Vach 1995, 1998; Cesnys and Tutkuviené 2007; Jacobi 2000; Meyer et al. 2012;
Paul et al. 2013; Pilloud and Larsen 2011; Ricaut et al. 2010; Stojanowski and
Schillaci 2006) combined with spatial analysis that implements the search for
hidden biological patterning within archaeological sites (Sokal et al. 1987,
Stojanowski 2003; Usher and Allen 2005; Vach and Alt 1993). As with material
culture, researchers can analyze biological data using spatial statistics and GIS to
document clustering tendencies of morphological trait complexes that may reflect
family-structured burial practices.

This is a largely untapped approach, but it aligns perfectly with Wood et al.’s call
for a better understanding of the sources of heterogeneous frailty within human
populations. There is no good explanation for why ancient health data have
infrequently been paired with intrasite biodistance or ancient DNA analysis. We
suspect this is an artifact of bioarchaeological training where analytic subspecial-
ization is encouraged, although this seems to be rapidly changing. In addition, the
lack of fundamental research on phenotypic variation, and its ties to racial
craniometry, leads some to question the value of biodistance analysis. This is
unfortunate. Stojanowski’s (2005, 2013) work with the Spanish mission period site
of San Pedro and San Pable de Patale provides one example of the power of
combining spatial analysis with biodistance and pathology data at the site level. By
identifying likely family groups within the church, Stojanowski demonstrates that
some families were more susceptible to specific types of stress conditions than
others and that families with higher mortality rates also exhibited higher rates of
early childhood stress as reflected in elevated frequencies of linear enamel
hypoplasias (Fig. 1). Although identifying family units may be difficult at many
archaeological sites, we argue that family-centered research offers a powerful
glimpse into social dynamics in past societies and the possible health repercussions
of small-scale variations in genetics and lifestyle with clear analogs to modern
peoples.

Subadults as non-survivors

Both Wood et al. (1992) and Wright and Yoder (2003) emphasize the importance of
using age-structured data for comparing the frequencies of skeletal lesions as an
important tool for weighing a traditional or “paradoxical” interpretation of data.
While most researchers are aware of the age-progressive nature of many types of
health indicators (osteoarthritic joint modifications, caries rates), others have
focused specifically on subadults as a means for comparing the frailty of survivors
and non-survivors—individuals who survive to later childhood, adolescence, or
adulthood versus those who succumbed at earlier ages. The distinction between
subadult, young adult, and older adult pathology that was developed by Storey in a
series of publications on Maya health (Storey 1998, 1999; Storey et al. 2002)
suggests that, at least in some contexts, the Osteological Paradox might be more of a
concern for health comparisons among subadults than it is for adults. By comparing
those who die early in childhood, during what are presumed to be risky periods (like
weaning ages), to those who survived to later ages, the goal is to determine whether
there are more lesions in the most highly vulnerable individuals (which would
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conform to the expectations of “conventional wisdom”) or if lesions are more
common in older age groups and thus suggestive of higher robusticity or lower
frailty (lending support to “Paradoxical” predictions). Some studies also focus
explicitly on how stress early in life affects frailty at, or survival to, older ages (e.g.,
Cucina et al. 2011). One clear advantage of focusing on subadults is that age at
death is more accurately and precisely determined. Thus, it is possible to examine
with greater precision the age-structure of skeletal lesions in children as a means of
exploring heterogeneous frailty (Bennike et al. 2005; Littleton 2011).

Some bioarchaeological studies of subadults have found evidence suggestive of
paradoxical relationships between skeletal stress markers and survival and
mortality. This includes positive relationships between stress markers and age,
such as an increased number of lesions with age among children (Bennike et al.
2005; Storey 1997), and more lesions in those who survived to adulthood compared
to those who died in childhood (Holland 2013). Wright and Chew (1998) interpret
high frequencies of lesions that form in childhood as evidence of enhanced
survivorship from childhood episodes of stress, possibly reflecting favorable
weaning practices and lack of exposure to fatal infectious disease during childhood.
Some studies have found evidence consistent with expectations based on
“conventional wisdom.” This includes relatively high frequencies of skeletal
lesions at the youngest subadult ages (Perry 2014), or higher frequencies of skeletal
signs of acute stress at younger ages but more evidence of recovery from growth
restriction at older ages (Littleton 2011; Robbins Schug 2011). Similarly, several
studies of tooth crown size have found smaller permanent teeth in subadults
compared to adults in the same assemblages (Guagliardo 1982; Stojanowski et al.
2007). Small crown size can reflect exposure to developmental stressors that thwart
achievement of maximum genetic potential, and the smaller size of permanent teeth
in subadults compared to adults suggests higher risks of mortality for those exposed
to such stressors (Stojanowski et al. 2007).

Other studies of subadults, however, have failed to find significant relationships
between stress markers and age or longevity (e.g., Cucina et al. 2011). Saunders and
Hoppa (1993) compare height-for-age distributions of survivors and non-survivors
and conclude that there are negligible differences in growth between those who die
at younger versus older ages. Finally, results within a single sample might be
consistent with both a paradoxical and a conventional interpretation. Holland
(2013), for example, finds that the relationship between lesions and survival is sex
dependent. In a skeletal collection for which it was possible to assign sex to
subadults, female survivors exhibit higher degrees of stress than non-survivors.
However, the opposite is true for males, suggesting lower frailty and enhanced
ability to survive stressors in general among females than their male peers.

Although many bioarchaeological studies of subadults focus on skeletal lesions,
the survivor versus non-survivor approach also can be used in conjunction with
isotope analysis to examine the long-term effects of diet and dietary practices
(including weaning) at young ages (Tsutaya and Yoneda 2015). Sandberg et al.
(2014), for example, combine enamel hypoplasia, stable isotope analysis, and
longevity data to examine the effects of age at weaning and weaning foods on
morbidity and mortality. Results suggest that systemic stress was experienced
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during weaning for all individuals in their study, but children who were weaned at
earlier ages were more likely to survive as their weaning diets were of higher
nutritional quality than breast milk.

The variety of findings from these and other studies based on subadults highlights
both the importance of considering context and the possibility of finding a variety of
associations (even within a single setting) between stress markers and demographic
phenomena that may or may not be consistent with paradoxical predictions. Thus,
our reading of this literature suggests we really do need to heed the warnings of
Wood et al. when it comes to interpreting subadult health patterns in the past.

Examination of frailty and demography

As predicted by Wood et al., advances in other fields such as demography, genetics,
epidemiology, and human biology have improved our understanding of the sources
and effects of variation in frailty and the interaction of heterogeneous frailty and
selective mortality on aggregate patterns of morbidity and mortality. This work will
ultimately prove crucial for improving bioarchaeological interpretations and
research designs.

In the last two decades, there has been an explosion of research on the genetic
determinants of disease and immune function, epigenetics, and the developmental
origins of health. Recent research has revealed genes associated with differential
susceptibility to, severity of, or mortality from numerous infectious and chronic/
degenerative diseases (e.g., Hill 2012; Weiss and Buchanan 2003). The difficulties
associated with predicting disease phenotype from genotype, small effect sizes, and
rare genetic variants could limit the utility of many candidate genes for ancient
DNA studies of health. Nonetheless, the identification of genetic susceptibilities to
diseases that are of interest to paleopathologists might hold promise for investi-
gations of these diseases in skeletal assemblages. For example, several studies
(Hummel et al. 2005; Kremeyer et al. 2005; Zawicki and Witas 2008) have screened
skeletal samples for the presence of an allele (CCR5A32) that confers resistance to
HIV in living populations and also might have been beneficial during medieval
plague outbreaks. Other studies have explored the genetic basis of specific skeletal
pathologies, including rheumatoid arthritis (Korczowska 2014), ankylosing
spondylitis (Sparks and Costenbader 2014), periodontal disease (Genco and
Borgnakke 2013; Kang et al. 2014), osteochondritis dissecans (Bates et al. 2014),
bone cancers (Kuehl and Bergsagel 2002; Mundy 2002; Prideaux et al. 2014), and
hundreds of inherited skeletal disorders (Warman et al. 2011).

Research on epigenetics and the developmental origins of health has improved
our understanding of the individual and intergenerational effects of environmental,
physiological, and psychosocial stressors on health. Evidence of associations
between early growth patterns and chronic diseases in adulthood have fueled
research addressing the long-term effects of stress experienced during fetal or
childhood development, expressed variably as the fetal origins, Barker, fetal
programming, or Developmental Origins of Health and Disease (DOHaD)
hypotheses (Almond and Currie 2011; Barker 1990, 1994; Kuzawa and Sweet
2009; Worthman and Kuzara 2005). The mechanisms linking fetal and early-life

@ Springer



J Archaeol Res (2015) 23:397-450 419

exposure to stress, such as nutritional deprivation and maternal psychosocial stress,
and adult health outcomes include modification of tissues or organ growth,
neuroendocrine alterations, and epigenetic mechanisms (Bell and Beck 2010;
Feinberg 2007; Gluckman and Hanson 2004; Kuzawa and Sweet 2009; Robertson
2005; Thayer and Kuzawa 2014; Worthman and Kuzara 2005). The last of these,
epigenetics, has received considerable attention in the last decade.

Epigenetic mechanisms include a suite of processes such as DNA methylation,
micro RNA regulation, and histone modification that modify the way genes are
switched on and off but do not change the genetic code itself (Jones and Takai 2001;
Martens et al. 2011; Suzuki and Bird 2008; Tammen et al. 2013). These changes can
be heritable, so a stressor can affect the health not just of the individuals who
experienced it but also that of their children, thus establishing a mechanism of
transgenerational health outcomes that are not purely biological or social (Bjornsson
et al. 2008; Heijmans et al. 2008; Hochberg et al. 2011; Lam et al. 2012; Rodney
and Mulligan 2014; Tobi et al. 2009). To date, much of this work has focused on
health conditions not observable in the past—obesity, diabetes, heart disease,
various soft tissue cancers, and psychological disorders, for example (Barres and
Zierath 2011; Bell and Beck 2010; Esteller 2008; Feinberg 2007). Research on
aging and longevity (Calvanese et al. 2009; Huidobro et al. 2013; Slagboom et al.
2011) and bone homeostatic disruptions (Gordon et al. 2014; Vrtaénik et al. 2014)
are more relevant to bioarchaeology and discussions of the Osteological Paradox.
For example, epigenetic research on osteoporosis and osteoarthritis (Barter and
Young 2013; Delgado-Calle et al. 2013; Iliopoulos et al. 2008; Soto-Hermida et al.
2014), rheumatoid arthritis (Liu et al. 2013; Zufferey et al. 2014), and malignant
bone cancers such as multiple myeloma (Chim et al. 2004; Chim et al. 2007),
chondrosarcoma (Fitzgerald et al. 2011; Mak et al. 2015), and Ewing’s sarcoma
(Alholle et al. 2013; Patel et al. 2012; see also Mundy 2002; Wise et al. 2015) may
help explain some aspects of health and stress conditions in the past. Research
demonstrating a relationship between diet and different mechanisms of the
epigenome (Burdge and Lillycrop 2010; Zhang et al. 2011) also help contextualize
the well-documented synergy between dietary foci and health experiences in past
populations. Each of these topics is worthy of concerted review itself; the pace of
research in epigenetics over the last decade is staggering.

Despite the expansion of research on epigenetics, or perhaps because of this, few
bioarchaeological studies have incorporated epigenetic and developmental influ-
ences into interpretations of ancient health patterns. Klaus (2014) notes the promise
of epigenetics but also remains more muted in his outlook for the relevance of
epigenetic research in bioarchaeology. One problem is a murky path between
primary research and operationalized models that can be used on archaeological
samples. That is, the types of skeletal markers we observe in ancient skeletons
generally do not also receive attention in the epigenetic literature because the former
are not the leading causes of poor health observed in living peoples. Klaus (2014)
further notes that we cannot directly observe epigenetic mechanisms in the cross-
sectional samples we typically observe. Therefore, invoking epigenetic mechanisms
to explain a data pattern may, for the foreseeable future, amount to an interpretive
black box that is easy to suggest but difficult to substantiate. Echoing the emphasis
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of the previous section, Klaus (2014) suggests that sites with strong chronological
control may allow us to implement epigenetic analyses in archaeological samples.
There is little doubt that the genetic origins of disease susceptibility as well as the
epigenetic basis of transgenerational heritability of heterogeneous frailty will
become an increasingly important area of research in paleopathology and
bioarchaeology.

Although the full potential of epigenetics research is unrealized, several
researchers have addressed the DOHaD hypothesis using bioarchaeological data
(Amoroso et al. 2014; Armelagos et al. 2009; Miszkiewicz 2012; Steckel 2005;
Temple 2014; Weisensee 2013). Many researchers had previously noted a
relationship between the presence, severity, or periodicity of enamel hypoplasias
(Fig. 1) and adult health, including reduced longevity (Cook and Buikstra 1979;
Duray 1996; Goodman 1996; Steckel 2005), yet Armelagos et al. (2009) were the
first to link these data specifically to Barker’s work. As Armelagos et al. are careful
to note, the DOHaD hypothesis is not fully accepted by the medical community;
results in modern populations are mixed (e.g., Kannisto et al. 1997). Therefore,
bioarchaeologists are encouraged to not only consider fetal programming in their
interpretations, but also to use bioarchaeological data to add new avenues of
research that test the validity of the DOHaD hypothesis. For example, Temple
(2014) uses enamel hypoplasias to test predictive adaptive response versus
plasticity/constraint hypotheses about early-life stress in a Jomon period hunter—
gatherer sample. His work finds support for the plasticity/constraint hypothesis
based on associations between various measures of enamel hypoplasia timing and
age at death. On the other hand, Amoroso et al. (2014) find conflicting support for
the DOHaD hypothesis; significant associations between enamel hypoplasias and
longevity are not robust to variation in socioeconomic circumstances, indicating that
life-long health issues may be more responsible for early mortality than fetal
programming alone. Given the unique visibility of hypoplastic defects, recordable in
both ancient and living peoples, there is a tremendous opportunity to generate
synthetic research examining a host of health and stress conditions at various points
in an individual’s life.

Paralleling research in epigenetics and human biology, many demographers have
examined the effects of early-life exposure to physiological stress on individual
health and mortality later in life, and the relationship between early-age and late-age
risks of mortality at the population level. Evidence linking infections early in life
with disease later in life and evidence that cohorts with lower mortality at early ages
also have lower mortality at older ages suggests that decreases in inflammation early
in life lead to decreased morbidity and mortality from chronic diseases at older ages
(Finch and Crimmins 2004). That is, the “epidemiological environment” at early
ages can have long-lasting effects on mortality. Some studies have indicated that
physiological stress at young ages in the absence of strong selective mortality can
result in long-term negative effects via the survival of frail individuals, what Zheng
(2014) refers to as “scarring.” Costa (2012) found that the processes of both
selective mortality (producing robust survivors) and physiological scarring
(producing frail survivors) can occur; the outcome depends on the age at which
the stressor occurred. Zheng (2014) similarly revealed that the two processes are not
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mutually exclusive. Young- and old-age mortality rates can be positively associated
(i.e., indicative of scarring), while young-age mortality rates are simultaneously
negatively associated with mortality acceleration (the rate of increase in the
mortality rate) late in life (indicative of selective mortality).

Numerous studies have revealed that improvements in mortality early in life and
longevity are often associated with declines in health at older adult ages (Crimmins
2004; Crimmins et al. 1994; Molla et al. 2003) or increased variation in mortality
risk at older ages. With respect to the latter, as survival improves overall within a
population, the cohorts that are capable of surviving to each age may become more
heterogeneous, and thus health disparities may become apparent at increasingly
older ages (Engelman et al. 2010). These findings suggest that evidence of declines
in health or increased heterogeneity at older ages might indicate improvements in
health or mortality at younger ages. Some studies have found, however, that
survival is positively associated with health at older adult ages (Ailshire et al. 2011),
so the association might be context dependent. Robine et al. (2010) identify three
levels of selective mortality (mild, intermediate, and strong) among five countries
included in their study; the chances of surviving from age 80 to 100 were 2.5 and
1.5 times higher in the mild and intermediate levels of selective mortality,
respectively, compared to the strongest level. The identification of these levels may
allow for an examination of the potential trade-off between the level of selective
mortality and the functional health status of survivors.

Recent demographic research also has improved our understanding of the role of
selective mortality in producing differentials in health and mortality based on sex,
race, or socioeconomic status. Demographers have examined selective mortality in
the context of the US Black—White mortality crossover, whereby age-specific
mortality rates for Blacks drop below those of Whites at advanced ages (Johnson
2000; Manton et al. 1979; Sautter et al. 2012). This pattern might result from
stronger selective mortality among the Blacks at younger ages and thus a relatively
robust cohort at older ages. Another topic that has received attention is the way in
which socioeconomic or educational health disparities change with age (Beckett
2000; Dupre 2007; McMunn et al. 2009; Zajacova et al. 2009). Most studies have
found that such inequities in health diminish in later adulthood (supporting the
“age-as-leveler” hypothesis), and the predominant explanation for this is selective
mortality disproportionately selecting out the frail individuals of the disadvantaged
group(s) (Dupre 2007; Zajacova et al. 2009). Another major area of research is the
male—female health and mortality paradox: females in most populations live longer
than males but often suffer from poorer health later in life in terms of disease,
disability, and functional limitations (Crimmins et al. 2002; Doblhammer and
Hoffmann 2010; Oksuzyan et al. 2008). This paradox might be explained, at least in
part, by higher male mortality, which results in males facing higher selective
pressure such that those who survive to later ages are healthier in general than
females of the same ages (Crimmins et al. 2002; Doblhammer and Hoffmann 2010).

Several demographers have proposed tools for examining heterogeneous frailty
and selective mortality, such as focusing on mortality deceleration (slowing of the
rate of increase in mortality with age). This is considered by some to be an indicator
of heterogeneity and previous selective mortality, as survivors at each age are
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increasingly drawn from relatively robust subcohorts (Lynch et al. 2003). Wrigley-
Field (2014), however, argues that deceleration patterns may reveal little about
heterogeneous frailty, even with the use of very simple models. Researchers have
suggested ways to model frailty distributions, which might allow us to make better
sense of observed aggregate mortality hazards (e.g., Aalen 1994; Steinsaltz and
Wachter 2006; Vaupel and Carey 1993; Vaupel and Yashin 1985; Zahl 1997).
Noymer (2009) suggests examining the interaction of different diseases as one way
of studying the association between observed death rates and frailty distributions, as
exposure to one disease can enhance mortality risk to another.

Bioarchaeologists, in general, have not applied many of the relevant models
generated in other fields, in part, because their application requires large sample
sizes. For example, comparison of patterns of mortality deceleration requires high-
quality data at old ages (Wrigley-Field 2014), which might not be possible in
bioarchaeological research, even with the application of newer age-estimation
methods that produce better estimates for the oldest individuals (Boldsen et al.
2002; Milner and Boldsen 2012; Wittwer-Backofen et al. 2004). There has,
however, been an increase in bioarchaeological research that is explicitly designed
to detect heterogeneity in frailty and selective mortality using observable skeletal
stress markers and other factors (such as sex or socioeconomic status) that might
reflect underlying frailty and measuring the association between these factors and
mortality or survival (Boldsen 2005a, b, 2007; DeWitte and Wood 2008; Hughes-
Morey 2012; Kreger 2010; Redfern and DeWitte 201 1a; Usher 2000; Wilson 2010).

To explicitly examine heterogeneous frailty and selective mortality, Usher (2000)
developed a multistate model that allows for an examination of the relationship
between skeletal stress markers and risks of mortality by modeling stress markers as
a covariate affecting a baseline hazard of mortality, such as the Siler or Gompertz
models. Demographers have demonstrated that these hazard models fit most human
mortality patterns and, importantly, are applicable to small bioarchaeological
samples, allowing for the estimation of mortality patterns without imposing any
particular pattern on the data (Gage 1988). Usher’s model includes a covariate that
reveals whether, in a particular context, the presence of a stress marker is indicative
of an elevated or reduced risk of mortality and thus entry into the skeletal
assemblage. Usher’s tests of this model revealed significant positive associations
between several stress markers typically used in paleopathology and risks of
mortality. This model has been informative in examinations of selective mortality
during the medieval Black Death (DeWitte and Wood 2008) and frailty in the
context of urbanism and migration in Postclassic Cholula (Kreger 2010).

Other researchers have applied hazard analysis using more generalized models
than Usher’s model. Wilson (2010) applies hazard analysis to examine the health
and demographic effects of the intensification of maize agriculture, the adoption of
Mississippian lifeways, and increased interpersonal violence and warfare in
prehistoric Illinois. He finds different associations between the presence of skeletal
lesions and mortality between the sexes for some lesions, demonstrating the
presence of heterogeneity in frailty between males and females. Other scholars have
used similar hazards approaches to investigate the interrelationships among stature,
body mass, skeletal stress markers, mortality, and socioeconomic status in

@ Springer



J Archaeol Res (2015) 23:397-450 423

18-19th-century London (Hughes-Morey 2012); frailty in the context of the
Romanization of Britain (Redfern and DeWitte 2011a, b); demographic patterns in
the aftermath of the Black Death in London (DeWitte 2014); and mortality in
medieval monastic communities (DeWitte et al. 2013).

Advances in our understanding of lesion-formation processes

Over the last 20 years, researchers in anthropology and other fields have examined
the pathophysiology of skeletal lesions that are of interest to bioarchaeologists and
improved our understanding of the underlying health characteristics of individuals
who develop some of those lesions. This addresses Wood et al.’s call for more
research on the sources of frailty in living people and Wright and Yoder’s (2003)
request for a stronger connection between modern health research and pale-
opathology as a means for better informing interpretations of health data in past
societies. Not surprisingly, however, research in fields outside of anthropology has
focused on those skeletal lesions that are of concern to living people. Some lesions
that are commonly examined in bioarchaeological studies (such as cribra orbitalia
and porotic hyperostosis) remain less well understood. We focus here on those
lesions that bioarchaeologists most often include in studies on past health in general:
enamel hypoplasia, dental caries, periodontal disease, cribra orbitalia, porotic
hyperostosis, and periosteal new bone formation.

Research on enamel hypoplasia (Fig. 1) and hypomineralization has examined the
genetic, environmental (drugs, chemicals, and trauma), and systemic (metabolic
conditions and infections) factors that affect their formation (Brook and Smith 1998;
Seow 2014; Souza et al. 2012; Taji et al. 2000). Studies have investigated how
various health characteristics affect the development and severity of enamel
hypoplasias. For example, Skinner et al. (2014) revealed that localized enamel
defects occur more frequently in pigs that are sick at the time of death and that they
co-occur with both infection and poor growth. Numerous studies have found that low
birth weight and preterm birth are associated with increased risk of enamel
hypoplasia and that maternal health plays a role in enamel hypoplasia formation in
children (Gravina et al. 2013; Jacobsen et al. 2014; Masumo et al. 2013; Silva-Sousa
et al. 2003; Souza et al. 2012). Research among living people indicates that children
with enamel hypoplasia are of significantly shorter stature than those without them
(Lukacs et al. 2001). Other risk factors for enamel defects include low prenatal
vitamin D (Schroth et al. 2014), infections or high fever during childhood (Ford et al.
2009; Ghanim et al. 2013; Souza et al. 2012), celiac disease (Munoz et al. 2012), and
immunodeficiency diseases (Meighani et al. 2011). The established associations
between enamel hypoplasia and poor health and the fact that enamel does not
remodel after formation makes these lesions particularly useful for paleopathological
analyses, some of which have begun to explore the developmental origins of poor
adult health (see above). We provide additional recent references on methods for
identification and measurement of enamel hypoplasia, estimating their age at
formation, and determining how they reflect the severity of stress in the bibliography
of recent literature.
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Investigations also have focused on dental caries and periodontal disease, both
very common chronic diseases in living populations. Numerous studies have found
both dental pathologies to be associated with poor health. Periodontal disease is
associated with a highly elevated risk of all-cause mortality (DeStefano et al. 1993),
and it is a risk factor for cardiovascular diseases, respiratory infections, cancer,
diabetes mellitus, renal disease, and numerous other poor health outcomes (Li et al.
2000; Williams et al. 2008; Ylostalo et al. 2006). Dental caries is associated with
such adverse health conditions as cardiovascular disease, asthma, liver disease, and
poor growth (Acs et al. 1999; Glodny et al. 2013; Johnston and Vieira 2014).
Periodontal disease and dental caries may be causally related to diseases such as
cardiovascular disease, cancer, and respiratory infections by affecting systemic
inflammatory cytokine levels and via the spread of infectious pathogens from the
oral cavity to other parts of the body (Beck and Offenbacher 2005; Joshipura et al.
2006; Lombardo Bedran et al. 2013; Loos 2005; Meyer et al. 2008; Paju and
Scannapieco 2007; Watts et al. 2008). The two conditions and their association with
other health problems also might reflect other underlying risk factors, such as
compromised immune responses (Acs et al. 1999; Michaud et al. 2008). We provide
references on new methods for identifying and quantifying dental caries and
periodontal disease in the bibliography of recent literature.

Bioarchaeologists typically view periosteal new bone formation (i.e., periosteal
lesions; Figs. 3, 4) as a marker of nonspecific infection, although continuing
research is improving our understanding of the numerous etiologies of the lesions,
including those that are noninfectious. The causes of periosteal lesions include
stimuli that traumatize the periosteum, local or systemic infection or inflammation,
and nutritional imbalances, such as vitamin deficiencies that increase the risk of
hemorrhages and hematoma formation and which trigger inflammatory responses
that can lead to the formation of new bone (Bastian et al. 2011; Geber and Murphy
2012; Huss-Ashmore et al. 1982; Larsen 1997; Ortner 2003; Paine and Brenton
2006; Roberts and Manchester 2005; Weston 2008). Periosteal lesions also are
associated with neoplastic, metabolic, congenital, and genetic diseases (Chen et al.
2012). New bone formation ultimately occurs because of the activity of osteoblasts,
and factors that result in an increase in vascular permeability and edema can create
conditions that promote osteoblast activity (Ragsdale and Lehmer 2012). Recent
work has revealed specific inflammatory factors, hormones, and other signaling
molecules that affect the formation of periosteal lesions (Dimitriou et al. 2005;
Klaus 2014; Weston 2012). Although inflammation can interfere with bone
formation by down-regulating osteoblast activity and promoting bone resorption by
increasing osteoclast activity, some pro-inflammatory mediators do promote new
bone formation. This occurs via stimulation of osteoblast proliferation and
production of bone matrix and increasing blood flow, which can lead to periosteal
hyperplasia (DeFranco et al. 2007; Frost et al. 1997; Lange et al. 2010; Thomas and
Puleo 2011).

Because a wide variety of factors can cause periosteal lesions, as with other
skeletal lesions, we are limited in our ability to diagnose specific conditions from
them and thus often cannot examine the effect of specific diseases on morbidity and
mortality. To address this limitation, Weston (2008) uses radiographs to examine
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periosteal lesions from individuals with known metabolic and infectious conditions,
but she fails to find any characteristics of the lesions that were specific to those
disease states. Weston cautions against assigning a diagnosis of “nonspecific
infection” from periosteal lesions, given that they can be caused by numerous
noninfectious conditions. Weston (2012) also argues that the body’s physiological
response to stress is not likely to promote the formation of periosteal new bone, and
thus the typical interpretation of these lesions as stress indicators is flawed. Work by
others (DeWitte and Wood 2008; Kreger 2010), however, indicates that periosteal
lesions are associated with elevated risks of mortality and are therefore informative
about frailty.

Cribra orbitalia (Fig. 6) and porotic hyperostosis (Fig. 7) are common in
bioarchaeological samples. Clinicians, however, rarely report them in living
individuals (Exner et al. 2004; Rothschild 2012), which limits investigation into the
etiologies of the lesions and their association with underlying health and
physiological conditions. Paleopathologists commonly attribute both of these
lesions to anemia and particularly iron-deficiency anemia. Histological studies of
cribra orbitalia, however, have shown evidence, in at least some cases, of causes
other than anemia, such as inflammation, osteoporosis, and rickets (Wapler et al.
2004). Walker et al. (2009) summarize recent findings from hematological studies
and, based on evidence that iron deficiency inhibits marrow hypertrophy rather than
causing the marrow expansion that produces porotic hyperostosis and cribra
orbitalia, conclude that iron-deficiency anemia is not likely a cause of the lesions.
The proximate causes of porotic hyperostosis are more likely hemolytic and
megaloblastic anemias, which result in high levels of erythropoiesis; the etiology of
cribra orbitalia is likely more complex and includes inflammation and vitamin
deficiencies such as scurvy. Oxenham and Cavill (2010) object to Walker et al.’s
rejection of the iron-deficiency hypothesis to explain high frequencies of porotic
hyperostosis and cribra orbitalia in skeletal samples, citing evidence that iron-
deficiency anemia can lead to marrow hyperplasia. Oxenham and Cavill (2010) and
Mcllvaine (2013) encourage bioarchaeologists to consider various possible causes
of porotic hyperostosis and cribra orbitalia, including, but not limited to iron-
deficiency anemia. Mcllvaine emphasizes that multiple, interacting etiologies might
mask the expression of these lesions, creating hidden heterogeneity in skeletal
samples in previously unrecognized ways. Recent applications of computed
tomography and microscopy to study the morphological characteristics of cribra
orbitalia might stimulate further study of the lesion in living people that would
improve our understanding of its etiology and association with other health
characteristics (Exner et al. 2004; Naveed et al. 2012; Schultz 2011). Furthermore,
Piperata et al. (2014) push for examinations of not just the proximate causes of
anemia and resulting skeletal lesions, but also of its ultimate causes and its effects
on self-assessments of health. Understanding both of these might allow for better
inferences about health in the past, particularly when included in an analytic
framework that incorporates individual frailty (Piperata et al. 2014).

The availability of morbidity, physiological stress, and cause of death data from
identified skeletal collections and living populations can provide insights into the
associations and interactions among various disease and stress processes (some of
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which might produce skeletal lesions) (Tanner and Team 2014; van Schaik et al.
2014). Van Schaik et al. (2014) compare evidence of disease from autopsy reports
and skeletal data from an identified collection to produce a method for estimating
general disease burdens from skeletal data. They assessed the co-occurrences of
“living diseases” and “osteological diseases,” and the results confirm that it is
difficult to predict disease burden based on skeletal data alone, as there is
considerable variability in comorbidities. They conclude that future work might
yield a more refined model for predicting soft tissue pathology based on skeletal
pathology.

In addition to these recent advances in understanding specific skeletal lesions, the
field also has benefitted from improved approaches to extracting the maximum
amount of information from distributions of lesions in skeletal samples in general.
Boldsen and Milner (2012) reiterate that simple tabulations of lesion frequencies
can mask important patterns and might prove misleading; dividing skeletal samples
into broad age groups (such as young, middle, and old adults) is not an adequate
solution, as it still leads to a loss of information. They emphasize that moving
forward, analyses of lesions should be probabilitistic in nature and that bioarchae-
ologists must be aware of the problems associated with sensitivity and specificity. In
the context of paleopathology, sensitivity refers to the proportion of individuals who
have a disease and exhibit a skeletal indicator of that disease; specificity refers to the
proportion of individuals who do not have the disease and do not exhibit the
associated skeletal indicator. Boldsen and Milner describe a way to estimate the
prevalence of a disease in a once-living population based on skeletal data and
reasonable assumptions about sensitivity and specificity (which might be based on
clinical or historical evidence). The approach allows for the possibility of estimating
disease prevalence even when it is not possible to identify, skeletally, those
individuals who had a particular disease (Boldsen and Milner 2012).

Finally, increasing paleopathological applications of imaging technology (such
as computed tomography scanning), ancient DNA analysis, histology, and
parasitology are improving our diagnostic capabilities. This allows for precise
assessments of pathogen and parasite loads and helps clarify the etiology,
sensitivity, and specificity of skeletal lesions including, but not limited to those
described above. We provide references highlighting the application and promise of
these approaches in the bibliography of recent literature.

Conclusions and future directions

In 2003, Wright and Yoder felt that bioarchaeology had yet to engage the challenges
set forth by Wood et al. but that the field had made some progress, in particular with
respect to general research methods in bioarchaeology. Tellingly, Wright and Yoder
(2003, p. 56) had noted that “[r]ather than dismissing the issue as unlikely to be
significant or simply ignoring it, as many have done, explicit consideration of
multiple alternate interpretations of bioarchaeological data is critical to arriving at
an appropriate inference” (emphasis added, note “multiple” not “one correct”).
Nearly a decade later, Agarwal and Glencross (2011, p. 2) noted that the corollaries
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of the Paradox are “now expected and routine considerations in all bioar-
chaeological investigations of health in the past,” an opinion consistent with the
increasing frequency of citation documented over the last 10 years. Our assessment
of the literature, however, is a bit more muted than the optimism of Agarwal and
Glencross. We agree generally with Wright and Yoder (2003) that the Paradox is
cited often, implemented infrequently (and conveniently), and directly addressed
rarely. Our reading of the burgeoning literature suggests that three distinct handlings
of the Paradox have emerged. The first is represented by papers that cite Wood et al.
but are generally dismissive of the Paradox’s significance with respect to
interpreting health patterns in the past. Invoking the “conventional wisdom”
approach (sensu Milner 2013), these papers tend to be broadly comparative in aim
and scope. The second approach represents the work of more recent scholars that
incorporates consideration of the Paradox’s warnings into research design in a
relatively unforced manner but continues to do so within a generally comparative,
frequency-based perspective. As such, despite being better informed by broader
theoretical perspectives, the research design remains strongly aligned with more
traditional, population-based analyses. Finally, the third approach directly addresses
specific aspects of the Paradox through epidemiological analyses that attempt to
statistically model selectivity and frailty. Papers defined by the second and third
approaches did not exist prior to the Wright and Yoder (2003) review, and hence we
can confidently state that progress is being made.

Advances in genomics, phenomics, and epigenetics are just now beginning to
permeate into ancient health research, suggesting a bright future for paleopathology.
In the future, closer collaboration between scientists across disciplines will no doubt
lead to better informed inferences about the meaning of skeletal indicators of stress
and disease and what changes in those indicators (either in terms of frequency or
severity) mean for health dynamics in the past. Methods for detecting potential
sources of heterogeneity in frailty show the most promise. Technological advances
in ancient biomolecule analysis now make it possible to screen for the presence of
specific pathogens (e.g., Drancourt et al. 2007; Harbeck et al. 2013; Miiller et al.
2014) or to identify and quantify all microbes (pathogenic or otherwise) present in
skeletal samples (e.g., Bos et al. 2015; Devault et al. 2014; Warinner et al. 2014).
There also have been advances in the identification of parasites from archaeological
sites and human remains (Mitchell 2013). These allow bioarchaeologists to confirm
disease diagnoses based on skeletal lesions or burial context. These advances also
allow for an examination of the diversity and distribution of parasites and pathogens
on a larger scale within skeletal samples, which can improve our ability to identify
victims of certain diseases and our understanding of disease ecology. There also is
an ever increasing number of candidate genes for disease susceptibility that we
might use to provide temporal depth to understanding variation in risks for
infectious and chronic diseases (e.g., Hummel et al. 2005). Stable isotope analysis
can identify migrants (e.g., Kendall et al. 2013), variation in diet in skeletal
assemblages (e.g., Reitsema and Vercellotti 2012; Yoder 2012), and cortisol
production in response to stress (Webb et al. 2014), all of which might affect
heterogeneity in frailty. Similarly, advances in our understanding and measurement
of human phenotypic variation (Boyer et al. 2011; Sherwood and Duren 2013) may
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improve the ability of biological distance analyses to identify migrants and to
estimate levels of genetic variability within skeletal assemblages. Once identified,
any of these potential markers of frailty can be included in analyses explicitly
designed to test patterns of selective mortality, such as the hazards approaches
currently used by DeWitte, Kreger, Wilson, and others.

One of the most telling results of this review is how bioarchaeologists and
paleopathologists treat the Osteological Paradox as an assumption, limitation, post
hoc explanation, or framework for research and study design and nor as a topic
worthy of study in and of itself. Frailty—and its causes and consequences—is
actually one of the more intriguing topics in the health sciences today, one to which
researchers across a number of domains contribute. Furthermore, understanding the
nature of human frailty and how it relates to social inequality and social complexity
is a highly relevant topic that crosscuts disciplinary boundaries (Flannery and
Marcus 2012; Kintigh et al. 2014a, b; Price and Feinman 1995). Yet bioarchae-
ologists have largely, though not entirely, avoided explorations of the topic of
heterogeneous frailty. Emphasis on comparative health within a biocultural,
adaptationist framework anchors much of the published literature. While this work
continues to produce novel and interesting insights into health patterns in the past, a
more direct exploration of the causes of heterogeneous frailty aligns well with
biocultural approaches that explore the effects of social and political structures on
health disparities. Instead of assuming that heterogeneous frailty exacts a minimal
effect on disease patterns, we can instead focus on how these disparities arise and
what their consequences are. Bioarchaeology is well suited to provide temporal
depth to these discussions, but this will require a rethinking of research questions
and concerted collaborative partnerships. We stress that examinations of health
disparities with regard to status differences and frequencies of lesions, though
useful, do not fully address the heterogeneous frailty that can result from variations
in genetics, epigenetics, and micro-adversities at much finer scales. It is the ability
of bioarchaeology to move between analytical scales—from the individual to the
family to the community—that is so powerful. But as Milner (2013) notes, these
kinds of analyses require a more contextualized, particularistic consideration of
health at the site and community level, a change in emphasis that may move against
current headwinds in academia rewarding broad-scale conclusions with greater
initial impact outside the immediate field of study. These sociological consid-
erations are difficult to overcome at the individual level, and researchers cannot be
blamed for engaging research that is most likely to be published and thus have an
impact within and beyond the field. Better integration of paleopathology and
intracemetery spatial analyses may heed Milner’s (2013) call for a community-
based perspective in paleopathology that considers the individual with respect to the
local community where time is parsed on the order of years not decades.

In conclusion, over the last decade (and particularly in the last 5 years),
paleopathology and bioarchaeology have developed a number of new techniques
and perspectives that are finally beginning to address the Osteological Paradox in
direct and meaningful ways. As others have done before us, we conclude with three
suggestions for future research:
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First, we reiterate Wright and Yoder’s (2003) call for a multidisciplinary
bioarchaeology that emphasizes cultural context and allows for research designs that
leverage heterogeneity of frailty as an interesting research question in and of itself.
Far from being a problem to be ignored or solved, heterogeneous frailty is a
worthwhile topic of exploration in past societies. We cannot stress this element of
our review enough.

Second, we highlight calls from multiple authors (Klaus 2014; Wilkinson 1992;
Wood et al. 1992; Wright and Yoder 2003) to focus on ideal sites with
straightforward chronologies, emphasizing cultural context and intrasite patterns
of biological variation. Between the individual (osteobiography) and the population
(frequency-based perspectives) lies the community, and disentangling familial and
community scale variation in health experience has much to offer.

Finally, it is crucial for researchers interested in directly assessing heterogeneous
frailty and selective mortality to consider these phenomena at the research design
stage. We should make decisions about which data to collect and which analytical
approaches to take based on the questions at hand before our field or lab work
begins, rather than engaging in post hoc decision making about how to analyze data
that might not be maximally informative about frailty. Along these lines, we
question whether existing standards, at least by themselves, will continue to serve
the needs of a more analytically sophisticated paleoepidemiological approach to
ancient health research. While paleopathological description is part of standard data
recording practices within bioarchaeology (e.g., Brickley and McKinley 2004;
Buikstra and Ubelaker 1994; Smithsonian Institution 2011), the use of standards
means that data can be, and often are, collected without a specific research design.
Doing so may result in data that are divorced from the needs of current standards of
analysis. Once data are collected, researchers are understandably tempted to use
them, even if the samples are biased and the data are potentially flawed. While we
are aware of the need for standardized data-collection methods to facilitate sharing
of data and comparison of results among researchers, the use of standards should be
balanced with the need to collect those data best suited to addressing a wider range
of perspectives including heterogeneous frailty.
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