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Abstract

Beginning some 10,000 years ago, humans began a dramatic alteration in
living conditions relating especially to the shift in lifeway from foraging to
farming. In addition to the initiation of and increasing focus on the produc-
tion and consumption of domesticated plant carbohydrates, this revolution-
ary transformation in diet occasioned a decline in mobility and an increased
size and agglomeration of populations in semipermanent or permanent set-
tlements. These changes in life conditions presented an opportunity for in-
creased transmission of pathogenic microbes from host to host, such as those
that cause major health threats affecting most of the 7.5 billion members of
our species today. This article discusses the bioarchaeology of infectious
disease, focusing on tuberculosis, treponematosis, dental caries, and peri-
odontitis, all of which continue to contribute to high levels of morbidity and
mortality among the world’s populations today.
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INTRODUCTION

Infections caused by exposure to a remarkable diversity of pathogenic microorganisms—bacteria,
parasites, and viruses—have long challenged human health. The ancestors of the modern
pathogens associated with health crises have likely been present in settings occupied by hominins
since the earliest members were moving about the African landscape beginning 6–7 million years
ago. However, given the small numbers of individuals comprising social groups from then until
at least the later Pleistocene and early Holocene, it is unlikely that the so-called crowd diseases—
such as measles, influenza, or smallpox—could have been transmitted from person to person in a
continuous fashion (Harper & Armelagos 2010). This is not to say that infectious disease did not
contribute to hominin morbidity and mortality prior to the Holocene. Rather, other factors likely
figured more prominently in life and death circumstances.

Fast-forward to the Holocene and the last 10,000 years or so, when the shift from for-
aging to farming first commenced in the Middle East, ultimately becoming a global cas-
cade of subsistence changes associated with increases in population size and density, perma-
nent settlement and reduction in sanitation and hygiene, and generally declining nutritional
quality due to dietary focus on domesticated plant carbohydrates (e.g., maize in the Western
Hemisphere, wheat in Europe and Asia, and rice in Asia). In combination, these circumstances
facilitated pathogen transmission and the spread of infectious disease in ways largely not experi-
enced by pre-Holocene humans (Larsen 1995, 2006). The growing number and size of sedentary
farming communities packed into increasingly smaller territories created a critical mass for the
evolution of pathogenic microbial organisms, their continuous transmission, and their adaptive
success. These developments for pathogens laid the groundwork for increased morbidity and
mortality for earlier and present-day human hosts (Cohen & Armelagos 1984, Cohen & Crane-
Kramer 2007, Hutchinson 2016, Steckel & Rose 2002). It is at this point in human history where
mostly individual health crises became the basis for community health crises and, later, global
health crises in the modern era.

Bioarchaeology, the contextualized study of human remains from archaeological settings, is a
relatively new field that has been actively engaged in developing an informed understanding of
the role of infection and infectious disease in influencing health outcomes and living conditions
over the last 10,000 years of human evolution. This record facilitates drawing inferences about
individual, community, and regional health profiles having implications for today’s quality of life
around the globe. Today is an especially dynamic period in the bioarchaeological study of ancient
infectious diseases, largely owing to the remarkable growth in interest in the field globally and the
increased engagement between those who study skeletons (biological anthropologists) and those
who study archaeological contexts (archaeologists). In addition, the technological, methodological,
and theoretical breakthroughs are providing new answers to old questions (Larsen 2018). High on
the list of these breakthroughs are the technological advances in sequencing microbial genomes and
the molecular genetic record of the pathogenic microbes causing the infectious diseases (Feldman
et al. 2016, Harkins & Stone 2015, Mühlemann et al. 2018, Stone et al. 2009, Vågene et al. 2018,
Wagner et al. 2014, Warinner et al. 2014), microscopic analyses of skeletal tissues in disease
diagnosis (Schultz et al. 2001, von Hunnius et al. 2006), and the use of isotopic signatures of
carbon, nitrogen, and other elements to reconstruct diet and nutritional quality and migration as
agents for the success and spread of pathogens (Katzenberg 2008, Schoeninger 2010). The growing
understanding of health crises in the past is also benefitting from the broad perspective offered
by the discipline of anthropology, especially regarding social, behavioral, economic, and political
contexts for understanding health and health outcomes in all places and all times. Moreover,
identification of the complex linkages between society, culture, and health in the past provides
awareness of the complex factors that lead to health crises and other challenges facing us in the
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present-day world (DeWitte 2016, Roberts 2016). More than ever, bioarchaeological analysis of
past populations has important meaning for understanding health crises today, especially in light of
the re-emergence of infectious diseases once thought to be on the decline (e.g., tuberculosis), those
diseases still of considerable concern (e.g., influenza), and the emergence of health challenges from
a range of new pathogens (e.g., Zika, H7N9, bird flu, Ebola, severe acute respiratory syndrome,
and many others).

Despite the contributions that bioarchaeologists have made in the identification of pathogenic
microbes and disease diagnosis generally, researchers do encounter limitations to reconstructing
health and health crises in past populations. On the one hand, infection of the human host by a
pathogen does not necessarily result in disease. That is, disease occurrence is based on a number
of factors, especially the response of the host (Brown et al. 2011). Moreover, bioarchaeologists
can never fully address health in the past, at least as the concept of health is understood in living
societies. For example, self-perception of well-being is an important element of health but is
unknowable for the people represented by their ancient skeletons. On the other hand, the suffering
caused by physiological responses to infection—such as fever, nausea, bleeding, weakness, pain, and
psychological stress—have varied, but largely universal social and behavioral outcomes, including
a reduction in work capacity and increased pain and suffering. Thus, it is true that skeletons do
not speak to us about the suffering endured when the individuals they represent were alive, but
the universal responses to severe health crises that ancient skeletons display make it a certainty
that circumstances of poor health in past populations elicited behavioral outcomes similar to what
we see around the world today.

Extensive bioarchaeological evidence has accrued regarding infectious diseases (Grauer 2012,
Larsen 2015, Ortner 2003, Powell & Cook 2005, Roberts & Buikstra 2003). This evidence is
informed by the application of differential diagnosis for determining the probability of a cause
of a specific pathological condition from a list of potential causes, all grounded in skeletal tissue
and how it responds to pathogens (Ortner 2012). Social and behavioral contexts are central to the
understanding of health outcomes as reconstructed from disease prevalence and patterns in human
remains. Human remains in these contexts are growing the record of health profiles and quality-
of-life conditions in the past, forming the backdrop to health profiles and life conditions today.

INFECTIOUS DISEASE IN PAST POPULATIONS

The study of infectious disease and past population health as represented by archaeologically
derived human remains has its origins in investigations pursued in the nineteenth and early
twentieth centuries, especially by medical practitioners interested in individual-specific disease
diagnosis (various in Buikstra & Roberts 2012). Much of the early interest in skeletal pathology and
infectious disease stems from a time when widespread attention was given to incurable or other-
wise devastating infectious diseases, especially during the pre-antibiotic era of medicine. Today’s
population-oriented, epidemiological approach is informed by disease prevalence—the propor-
tion of individuals affected at any given place and time. Prevalence is the baseline for inferring
infectious disease and health outcomes, such as with regard to variation in sex, age, socioeconomic
status, and spatial and temporal variation—all central elements of bioarchaeological inquiry
(Agarwal & Glencross 2011, Armelagos 2003, Buikstra & Beck 2006, Larsen 2015, Milner &
Boldsen 2017).

Population-based bioarchaeology of disease was first undertaken in a comprehensive manner
by Earnest Albert Hooton (1930) in his landmark study of temporal, spatial, and cultural contexts
of skeletal remains from Pecos Pueblo, New Mexico. His diagnoses and accounts of infectious
disease were not especially sophisticated, even for the time. Hooton’s population-based orientation
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in comparative perspective was continued by his graduate students and former graduate students
in a range of projects in the mid-twentieth century (see Larsen 2012). Their investigations and
others set into motion decades of study of infectious disease as a basis for interpreting health
and living conditions. Toward that effort, bioarchaeologists globally have developed a compelling
body of research presenting regional and temporal patterns in the prevalence of infectious diseases
in a wide range of settings (Cohen & Armelagos 1984, Roberts & Cox 2003, Steckel & Rose 2002).

DETECTING INFECTION AND INTERPRETING INFECTIOUS
DISEASE PROFILES

A human skeleton recovered from an archaeological context displaying various pathological con-
ditions may simply reflect that the person the skeleton represents survived the infection for a
period of time long enough for visible pathological responses to develop. By comparison, a skele-
ton displaying no lesions may mean that the person succumbed to the illness before sufficient time
had passed for lesions to develop. Thus, in determining disease prevalence from a sample of skele-
tons from an archaeological site, the observer collecting data and assessing levels of health would
include only those persons with the lesions and not those without the lesions (Wood et al. 1992).
However, solutions to issues surrounding biases have developed in recent years, such as thorough
critical consideration of archaeological and historical contexts and application of epidemiological
principles for addressing biases in the skeletal record (Milner & Boldsen 2017).

Identification of pathogen-specific ancient DNA (aDNA) also has considerable potential for
the identification of specific infectious diseases. However, the presence of diagnostic aDNA by
itself cannot determine whether a person had a specific disease. Its presence may simply reflect the
person’s exposure to the pathogen (Klaus et al. 2010). That said, new biomolecular approaches to
disease diagnosis are now beginning to expand the evidence of disease-causing microbes, in some
circumstances supporting the diagnoses of pathological conditions in skeletal remains (Bos et al.
2014, although see Wilbur & Stone 2012).

Virtually all the skeletal documentation of infectious diseases in archaeological settings pertains
only to those diseases that had significant duration during a person’s lifetime. Some infectious
diseases may take months or years for the skeletal tissues to display diagnostic characteristics (e.g.,
leprosy, tuberculosis, syphilis), whereas numerous other infectious diseases leave no visible skeletal
signature, especially acute infectious diseases that cause rapid and devastating mortality (e.g., Black
Death) (DeWitte 2016) and chronic infectious diseases that have profound health implications
(e.g., hepatitis) (Mühlemann et al. 2018). Nevertheless, the bioarchaeological record of chronic
infectious diseases with diagnostic skeletal signatures is increasingly abundant, providing a crucial
perspective on the conditions of life and the challenges caused by the spread of pathogens among
members of past populations.

SIGNATURES OF SPECIFIC INFECTIOUS DISEASE

For the remainder of this article, I focus on four infectious diseases, all caused by pathogenic
bacteria: treponematosis (treponemal disease), tuberculosis, dental caries, and periodontitis (pe-
riodontal disease). These infectious diseases were chosen for this discussion owing to the com-
prehensive understanding of their etiology and the extensive record in the published literature
of both diagnosis and hard-tissue presence in past and contemporary populations. These diseases
represent those caused by a single pathogen (treponematosis, tuberculosis) and those caused by
multiple pathogens (dental caries, periodontitis). As with many infectious diseases, these four ex-
amples present complex signatures representing long-term processes involving evolution of the
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pathogen, its adaptation to humans, and its transmission. All four diseases have distinctive hard-
tissue indicators conducive to differential diagnosis and characterization of health conditions over
the last 10,000 years of human evolution. There is a small but growing literature on the bioarchae-
ology of other infectious diseases. For example, malaria is well documented in both historical and
modern contexts. However, in my view, the presence of cranial lesions sometimes associated with
the disease does not have the same paleopathological diagnostic precision or bioarchaeological
breadth as the four diseases discussed here.

Collectively, these diseases are responsible for a considerable volume of morbidity, suffering,
and mortality in the past, present, and foreseeable future. In this regard, the bioarchaeological,
historical, and modern records reveal the high prevalence of treponematosis, tuberculosis, dental
caries, and periodontitis in many contexts worldwide, which are often associated with sedentary
groups living in challenging environments, including poor sanitation, undernutrition, and limited
health care. Prevalence rates and morbidity for the infectious diseases discussed here are also
remarkably high in some archaeological contexts, especially in settings where diets included sig-
nificant presence of carbohydrates (see Larsen 2015 and below). In this regard, specific infectious
disease can only rarely be linked with mortality. However, mortality in the present and last few
centuries makes the clear association between a range of infectious diseases and cause of death,
numbering in the millions globally on an annual basis (e.g., Morens et al. 2004), including the
diseases discussed in this article (e.g., Abdellatif & Burt 1987, de Melo et al. 2010, DeWitte 2016).
For example, some form of periodontal disease affected 90% of the world population in the first
decade of the twenty-first century (Pihlstrom et al. 2005). The prevalences of dental caries, en-
demic treponematosis, and tuberculosis are also extraordinarily high in modern history (see de
Melo et al. 2010, Frencken et al. 2017, Roberts 2015), affecting all human populations around the
globe to one degree or another, but at especially elevated levels in challenged economic settings
and those societies having limited health care and inadequate nutrition.

Treponematosis

Treponematosis, or treponemal disease, has been a focal point of the study of infectious disease and
morbidity in past populations since at least the mid-nineteenth century ( Jones 1876). Curiosity
about the disease has served as a major driver for the development of method and theory in
bioarchaeology, with considerable attention paid to the origin of venereal syphilis, caused by the
bacterium Treponema pallidum pallidum. The other three treponemal diseases and their associated
pathogens are endemic (nonvenereal) syphilis (T. pallidum endemicum), pinta (T. carateum), and
yaws (T. pallidum pertenue) (Cook & Powell 2012, Hackett 1976, Mandell et al. 1990, Ortner 2003).
Although painful and disfiguring, pinta is restricted to infectious processes associated with the skin
only. The more virulent treponematoses—yaws, endemic syphilis, and venereal syphilis—produce
an infectious response that commences as a skin infection and subsequently spreads to other soft
tissues and eventually to the skeleton. The skeletal lesions involve proliferative and destructive
processes, including but not limited to gummatous bone remodeling involving most commonly the
flat bones of the cranium and periosteal inflammatory responses on tibiae diaphyses. The skeletal
manifestations of advanced stages of venereal and nonvenereal syphilis are similar, so much so that
the first studies of archaeological human remains displaying treponemal-like lesions in prehistoric
Native American skeletons concluded that these individuals suffered from venereal syphilis (see
Larsen 2012).

Treponemal lesions are documented in archaeological skeletons around the world (Buckley
& Oxenham 2016, Dutour et al. 1994, Harper et al. 2011, Larsen 2015, Powell & Cook 2005).
There is an ongoing and often heated debate in the bioarchaeological community regarding the
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origin of venereal syphilis. Three key competing hypotheses—Columbian, Pre-Columbian, and
Unitarian—have emerged in the discussion. The Columbian hypothesis posits that either venereal
syphilis or a progenitor nonvenereal syphilis began in the New World and was transmitted by
Columbus’s crew to the Old World on their return to Europe in the 1490s. The historical accounts
describing a venereal syphilis crisis involving much of Western Europe beginning within a few
years after Columbus’s return supports this point of view (Harper et al. 2011, Hutchinson 2016).
Powell & Cook (2005) argue, however, that an abundant skeletal record of treponemal disease
in North America reveals no evidence for anything but the presence of endemic (nonvenereal)
syphilis. If their assessment of the record is correct, then it seems unlikely that a venereal trepone-
mal pathogen was transported from the New World to the Old World in the mid-1490s upon
Columbus’s return to Europe.

The skeletal pathology record is consistent with the notion that if the pathogen for nonvenereal
syphilis was transported to the Old World from the New World, then it may have been a progenitor
treponemal species that subsequently evolved into a fully venereal form once introduced to the Old
World. However, only limited support for the Columbian hypothesis is indicated by the genomic
similarity of yaws-causing strains from South America and strains that cause venereal syphilis
(Harper et al. 2008; but see Mulligan et al. 2008). The phylogeny of modern strains of endemic
and venereal syphilis is especially interesting owing to the strongly overlapping characteristics
of skeletal pathology associated with both diseases. Early efforts have suggested the presence of
pathogen-specific aDNA in archaeological human remains (Kolman et al. 1999). However, at least
with today’s technology, the biomolecular record representing treponemal disease is silent owing
to the fragility of the spirochete structure of the bacterium and the near impossibility of extracting
and identifying diagnostic DNA from ancient tissue samples (Bouwman & Brown 2005, Wilbur
& Stone 2012).

According to the Pre-Columbian hypothesis, treponemal disease—both venereal and
endemic—was already present in Europe and elsewhere in the Old World well prior to Columbus’s
explorations in the New World and his subsequent return to Europe (Mays et al. 2003, Roberts
& Manchester 2005). Hackett (1976) suggested that the disease was simply not recognized owing
to misdiagnosis by fifteenth-century physicians.

The Unitarian hypothesis argues that all treponemal diseases are closely related syndromes
caused by a single, highly flexible pathogen capable of having different phenotypic expressions in
human hosts (Hudson 1965). In this view, venereal syphilis arose as an evolutionary response to the
combination of changing hygienic circumstances, which prevented general skin-to-skin contact,
and changing social values following colonization. This hypothesis is highly unlikely, however, in
large part because of the genetic differences between the pathogens that cause endemic syphilis,
venereal syphilis, and yaws (Harper et al. 2011).

The burgeoning bioarchaeology of numerous newly excavated skeletal series around the globe
and the restudy of existing collections in the last several decades provide a fresh look at the
circumstances surrounding the origins and spread of venereal syphilis. The paleopathological
evidence of endemic treponemal disease is represented by hundreds of individual cases in the
prehistoric Western Hemisphere (Harper & Armelagos 2010, Powell & Cook 2005), ranging from
far northern latitudes to far southern latitudes, but with an especially high prevalence in temperate,
subtropical, and tropical regions in Eastern North America. By comparison, treponemal disease
is minimally represented in Mesoamerica and South America (Klaus & Ortner 2014). This wide
range of geographic distribution of treponemal disease suggests that there is no specific climate-
based association.

In sharp contrast with the proliferation of known cases of treponemal disease in various contexts
in the Western Hemisphere, Europe in particular and the Old World in general present a relatively
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sparse picture of treponemal disease, especially for the pre-1493 period (Harper et al. 2011).
From their review of 54 published reports, Harper and collaborators (2011) found that none of
the samples studied from the Old World provided conclusive evidence for treponemal disease in
skeletons having a pre-Columbian date. Since publication of their review, however, potential cases
of treponemal disease in well-dated archaeological contexts have emerged in Europe, especially
in England (Cole & Waldron 2011, Walker et al. 2015). Other cases from elsewhere in the Old
World suggest the presence of treponemal disease (e.g., Hernandez & Hudson 2015).

Regardless of how the evidence of venereal treponemal disease origins is interpreted, the point
remains that some form or forms of treponemal disease were widespread in prehistory. In Eastern
North America, it is the most prevalent specific pathological condition, largely from agricultural
communities but extending to earlier prehistory. Whether venereal or endemic, the condition was
the basis for substantial morbidity, such as in the remarkable record of North America (various in
Powell & Cook 2005) and within specific regions (e.g., Betsinger et al. 2017).

TB or Not TB?: Tuberculosis Is No Longer the Question

As with treponemal disease, tuberculosis is a chronic infectious disease, causing considerable mor-
bidity and mortality in human populations past and present (and see above). The disease in humans
is associated with mostly, but not exclusively, sedentary communities featuring agricultural-based
subsistence economies (Roberts & Buikstra 2003). Moreover, like treponematosis, there is no clear
association between tuberculosis and climate (Roberts & Buikstra 2003). However, there is a link
between season of the year and the disease, a finding consistent with respiratory infections. In this
regard, confinement to closed quarters, especially with other people, is conducive to the spread of
respiratory and other infectious diseases.

Tuberculosis is normally contracted via inhalation of airborne bacteria transported in droplets
from an infected individual to a noninfected individual. Once inhaled, the pathogenic bacteria
spread from the lungs throughout the body of the host, sometimes including their skeleton. The
skeletal changes consistent with clinical manifestation of the disease occur well after—months
to years—the original infection. The pattern of tuberculosis infection pertains to individuals
showing destruction of marrow-rich spongy bone in bodies of vertebrae in the spine, causing
collapse of the spinal column (Pott’s disease) (Roberts 2012). Other, mostly nonspecific lesions
associated with tuberculosis include apposition of new periosteal bone on the internal rib sur-
faces, endocranial surfaces of the flat bones of the cranium, and other bone surfaces (Roberts
2012).

The disease today is caused largely by two primary species of genus Mycobacterium: M. tu-
berculosis and, less often, M. bovis. Other species have been sporadically identified in association
with humans (M. canetti, M. africanum) and other animals, both wild (M. pinnipedii in seals and
sea lions) and domestic (e.g., M. caprae in goats, M. bovis in cattle) (Brosch et al. 2002, Roberts
2012). It has long been assumed that human tuberculosis emerged when the bacterial pathogen
Mycobacterium tuberculosis evolved from a bovine taxon, M. bovis, a speciation event that took place
in Europe and western Asia where populations first lived in close proximity with domesticated
cattle in the Neolithic. However, molecular genetic analysis of tuberculosis strains indicates that
M. tuberculosis is basal to M. bovis (Brosch et al. 2002). The analysis also shows that recent historical
strains of M. tuberculosis are similar in Europe and the Americas, suggesting that tuberculosis in the
modern era was introduced to the Western Hemisphere following sixteenth-century circumglobal
exploration, replacing the other pathogenic, precontact strains in the New World. Analysis of the
DNA strains of Mycobacterium tuberculosis in precontact Peruvian populations documents strong
similarity with DNA strains from pinnipeds (seals/sea lions), indicating a role for sea mammals
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in the transmission of the disease to native New World humans deep into prehistory (Bos et al.
2014).

It was long debated whether tuberculosis was present in native populations in the Americas,
with earlier authorities arguing that the existence of the disease prior to European contact is un-
likely (Cockburn 1963, Hrdlička 1909). However, Allison and collaborators’ (1973) identification
of acid-fast bacilli in tissues recovered from a Peruvian mummy dating to ca. AD 700 was the
first to document the presence of the disease centuries before European contact. Along with the
expanding record of molecular genetics of mycobacterial infection, observations of pathological
lesions consistent with Pott’s disease and other hard tissue pathology confirm that the Western
Hemisphere included tuberculosis in its prehistoric infectious disease repertoire, potentially con-
tributing to endemic disease and resulting in increased morbidity and mortality at crisis levels.

The extensive body of research showing skeletal lesions consistent with tuberculosis, especially
beginning in the first millennium AD, documents significant presence of the disease in a wide range
of settings globally (Pálfi et al. 1999, Roberts 2012, Roberts & Buikstra 2003). These findings
generally match the growing aDNA record (Wilbur & Stone 2012), especially in precontact-era
settings from mummies and skeletons in Chile and Peru (Bos et al. 2014, Klaus et al. 2010, Raff
et al. 2006, Salo et al. 1994). Outside of the Americas, tuberculosis-specific aDNA is present
in various bioarchaeological contexts (Roberts 2012). Like the Western Hemisphere, settings
affected in Eurasia are largely later Holocene sedentary, agricultural communities. The presence
of tuberculosis aDNA in the Neolithic speaks to the long history of the disease, extending to at
least 5000–9000 YBP (Hershkovitz et al. 2008, Nicklisch et al. 2012), and is consistent with the
earliest dated skeletal record, at least as it is represented in advanced stages of the disease (Canci
et al. 1996).

The global distribution of aDNA is consistent with the presence of destructive vertebral and
proliferative rib lesions in the late Holocene, especially in later prehistoric complex societies in the
Peruvian Andes of South America (Allison 1984, Allison et al. 1981, Buikstra & Williams 1991,
Klaus et al. 2010, Wilbur et al. 2008), beginning with the earliest examples dating to ca. 2000 YBP

(Allison et al. 1981).
The most abundant presence and elevated prevalence of tuberculosis in bioarchaeological

contexts has been reported for much of the northern Western Hemisphere north of Mexico,
especially in North America east of the Mississippi River (e.g., Buikstra 1977, Cook 1984, Danforth
et al. 2007, Eisenberg 1991, Katzenberg 1977, Lambert 2000, Milner & Smith 1990, Powell
1992), in the American Southwest (Bruwelheide et al. 2010, Hooton 1930, Stodder 1994, Stodder
& Martin 1992), in the Great Plains (Williams 1994), on the Northwest coast (Cybulski 1990,
Williams & Snortland-Coles 1986), and other settings (see Larsen 2015).

The Old World is represented by a considerable number of cases of tuberculosis but especially
those cases concentrated in Europe (summarized in Roberts 2015 and see Roberts & Buikstra
2003). There is also representation in the Middle East (Buikstra et al. 1993, Hershkovitz et al. 2008,
Ortner & Frohlich 2008, Zias 1991), East Asia (Suzuki et al. 2008, Suzuki & Inoue 2007, Tayles
& Buckley 2004), the Pacific (Pietrusewsky & Douglas 1994), and northwest Africa (Buikstra
et al. 1993, Morse et al. 1964, Strouhal 1991). This evidence reveals a global development of
tuberculosis that fits the pattern of mostly later Holocene occurrence, largely associated with
farming communities where living conditions were compromised (Larsen 2015).

Oral Infectious Disease: Dental Caries and Periodontal Disease

The mouth is a highly dynamic reservoir of pathogenic bacteria, many of which have an important
role in infectious diseases in the oral cavity and systemwide. In particular, dental caries is an
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infectious disease process characterized by focal demineralization of the crowns and roots of
teeth by organic acids produced by bacterial fermentation of dietary carbohydrates (sugars and
starches). The bacteria linked to dental caries include a diverse array of oral pathogens but have
been especially linked to Streptococcus mutans and Lactobacillus acidophilus (Aas et al. 2008, Burne
1998). Carious lesions are the pathological condition caused by the infection and commence with
small, barely discernible demineralization on the tooth surface that subsequently develops into
small pits. These pits expand in size and may extend into the tooth’s pulp chamber as the infectious
process continues. Unlike treponemal disease or tuberculosis, where identification and origin are
hotly debated by bioarchaeologists, dental caries is well understood, at least in terms of cause,
effects, and broad regional and temporal patterns.

Dental caries requires both essential and modifying factors. The essential factors are (a) teeth
having surfaces exposed to the oral environment; (b) aggregation of indigenous oral bacteria
(e.g., S. mutans), salivary glycoproteins, and plaque; and (c) diet (Bowen 1994, Burne 1998, Rowe
1982, Sheiham 2001). Modifying factors include occlusal-surface complexity (molars are more
complex than other teeth), degree of tooth wear, presence of enamel defects, hormonal effects,
food texture, oral pH, salivary flow and composition, and (in recent history) fluoride introduced
into drinking water (Burt & Pai 2001, Hara & Zero 2010, Rowe 1982, Woodward & Walker
1994). Food characteristics, including its composition, consistency, and manner of preparation,
are leading influences in the development of dental caries. In this regard, the relative amount of
carbohydrates consumed, the degree of reliance on domesticated plants, and the preparation of
these foods into soft-textured, easily masticated foods via extended cooking practices explains the
variation in caries prevalence in bioarchaeological and other contexts as the collective package
driving the caries process (see also Hara & Zero 2010).

Carious lesions are among the most well-documented pathological conditions arising from an
infectious disease process in populations drawn from archaeological contexts. Carious lesions have
been observed in populations from every continent, representing a diverse array of groups with
different subsistence foci (Hillson 2008, Larsen 2015). Beginning with Turner’s (1979) analysis,
broad comparisons of populations drawn from archaeological contexts have revealed consistently
higher (but not universal) prevalence in farmers than in foragers (Hillson 2008, Larsen et al. 1991,
Lukacs 2012, Milner 1984). These comparisons show links between elevated caries prevalence and
a strong commitment to the production and consumption of domesticated plant carbohydrates
(e.g., maize, wheat, rice) and their products.

Not all domesticated plant carbohydrates appear to be equally cariogenic. For example, pop-
ulations drawn from archaeological contexts that consumed maize in the New World appear to
have higher rates of dental caries (Cucina et al. 2011, Lambert 2000, Larsen et al. 1991, Milner
1984, Steckel & Rose 2002) than prehistoric rice farmers in East Asia (Domett & Tayles 2007,
Oxenham et al. 2006, Pietrusewsky & Ikehara-Quebral 2006). Moreover, some Western Asian
and European settings show lower prevalence of dental caries in early farmers than in populations
in North America (Eshed et al. 2006, Lubell et al. 1994). That being said, the general pattern
of the infection shows a consistent trend of increased dental caries prevalence in a wide range of
studies globally, especially wherever and whenever food is acquired via cultivation of or access to
plant carbohydrates, mostly of domesticated origin.

Periodontal disease (periodontitis) is an infectious disease process involving periodontal soft
tissues (gingiva or gums) caused by acidic by-products of bacteria accumulating on tooth surfaces,
commencing with plaque buildup and subsequently leading to inflammation of the tissues anchor-
ing the teeth in the alveolar bone of the upper and lower jaws. The bacterial colonies comprising
plaque include Streptococcus mutans, Porphyromonas gingivalis, and other pathogenic organisms
(Enwonwu 1995, Slots 2004). The associated inflammatory responses in the gums and alveolar
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bone lead to alveolar bone loss and ultimately tooth loss. Given the common causal microbial
sources of dental caries and periodontal disease, it is not surprising that dental caries and peri-
odontal disease prevalences mirror one another, and both infections are elevated when comparing
earlier foraging populations with later farming populations (DeWitte & Bekvalac 2011).

Comparison of oral health outcomes for developing countries and their traditional communities
in the process of replacing their traditional diets with Western, carbohydrate-enriched diets shows
considerable increases in periodontal disease and associated antemortem tooth loss (Clarke et al.
1986, Donnelly et al. 1977, Hunter & Arbona 1995, Ronderos et al. 2001, Walker et al. 1998).
Sampling of archaeological populations whose subsistence focused on agricultural foods similarly
reveals a near-universal pattern of increased rates of periodontal disease and tooth loss (Blau 2007,
Douglas & Pietrusewsky 2007, Klaus & Tam 2010, Larsen 2015, Sakashita et al. 1997) compared
with hunter-gatherers, whose diets were high in animal sources of protein (Costa 1982, Scott
1991). As seen with the pattern of infection as it relates to tooth crowns and roots, past populations
having made the shift from foraging to a diet based at least in part on agricultural products express
increased periodontal disease resulting in significant antemortem tooth loss (Cohen & Armelagos
1984, Cohen & Crane-Kramer 2007, Larsen 2015, Patterson 1984, Rose et al. 1993).

TRACKING THE BIOARCHAEOLOGY OF SOCIAL VARIATION IN PAST
POPULATIONS: INFERENCES ABOUT HEALTH AND WELL-BEING

The bioarchaeology of infectious disease gives a robust picture of the downstream consequences
of poor nutrition and health as inferred from prevalence variation in oral infectious diseases. For
example, access to animal sources of protein and consumption of carbohydrates vary substantively
along the lines of sex and gender. Many archaeological series document a dominant, but not uni-
versal, pattern of greater dental caries prevalence in women than in men in agricultural-dependent
populations (Larsen 2012, 2015; Lukacs & Largaespada 2006; Stantis et al. 2016). This distinc-
tive pattern has also been identified in traditional and Western populations (Ferraro & Vieira
2010, Lukacs 2012). The record suggests that pregnancy and lactation and impacts of hormonal
changes and reproductive factors related to these circumstances explain this variation. That is,
the oral environment during pregnancy, including the presence of more cariogenic bacteria and
lower pH, as well as the altered buffer effect of saliva owing to these circumstances, may elevate
caries prevalence (Lukacs & Largaespada 2006). On the other hand, although sex differences in
the oral environment likely influence dental caries outcomes, investigation of traditional societies,
prehistoric and ethnographic, also reveals patterns of dietary variation based on sex and gender,
which shows the centrality of access to carbohydrates in both hunter-gatherers and agriculturalists
in explaining oral health outcomes (Da-Gloria & Larsen 2017, Lambert & Walker 1991, Walker
& Hewlett 1990).

One recent investigation documents patterns of oral infectious disease associated with high-
status and low-status native populations in a seventeenth-century Spanish mission context on the
southeastern US Atlantic coast (Winkler et al. 2017). Individuals interred nearest the ritual nucleus
of the church—the altar—were high-status persons in life. These individuals express lower dental
caries prevalence than do individuals interred farthest from the ritual nucleus. These findings reveal
a pattern of increased levels of oral infectious disease in individuals having relatively elevated maize
consumption (see also Klaus & Tam 2010, White 1994). In contrast, high-status individuals in
Dynastic Egypt, Yin-Shang-period China, and Edo-period Japan express greater prevalence of
dental caries than do low-status individuals, which shows that access to domesticated plants was
associated with high social position (Leigh 1934, Sakashita et al. 1997, Suzuki et al. 1967). Clearly,
these circumstances pertain to the role of dietary patterns in promoting oral infectious disease.
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CONSEQUENCES OF INFECTION AND INFECTIOUS DISEASE:
LINKING ORAL AND SYSTEMIC HEALTH

There are significant, chronic effects that relate to the response of the immune system in individuals
who have experienced infectious disease. In particular, chronic infections, such as those discussed in
this article, stimulate systemic inflammatory responses that have long-term health consequences
(Crespo et al. 2017, Fowler et al. 2001, Weston 2012). The inflammatory processes focus on
containing the pathogen and its systemic effects, especially those involving increased morbidity
and mortality relating to chronic health conditions, including but not limited to cardiovascular
disease, diabetes, and respiratory diseases (Dhadse et al. 2010, Kuo et al. 2008). These findings
show that virtually any inflammatory condition, including dental caries and periodontitis, has
downstream systemic effects that compromise an individual’s general health and increase their
susceptibility to chronic disease in later life. These compromises result in increased frailty and
early death. Thus, although inflammation is largely considered a natural response to infection,
serving to heal the body, the result is a long-term detriment to systemic health.

The association between infectious disease and mortality is strongly inferred in bioarchaeolog-
ical study. DeWitte & Bekvalac’s (2010) analysis of skeletal remains from the medieval St. Mary
Graces cemetery, in London, shows a strong association between oral infection (dental caries
and periodontal disease) prevalences and early death. That is, individuals who had oral infections
showed earlier age-at-death than did individuals without oral infections. Moreover, the increased
systemic inflammation burden is suggested by the presence of localized postcranial infections and
periodontal disease in the population (DeWitte & Bekvalac 2011). In this setting, the combination
of strong reliance on plant carbohydrates in diet, poor oral hygiene, and poor living conditions
generally contributed to increased morbidity and mortality.

OPPORTUNITIES AND CHALLENGES GOING FORWARD

The bioarchaeological study of infectious disease is the most important retrospective picture of the
physical manifestations of health crises as they pertain to infectious disease, especially for chronic
conditions. Human remains present a compelling picture of challenges to earlier societies and key
developments that have shaped health outcomes, most of which have their origins in the dietary
transition from the consumption of nondomesticated foods derived from hunting, gathering, and
collecting to the consumption of domesticated dietary carbohydrates. The transition to agriculture
had enormous implications for how humans organize themselves socially; the circumstances led
to an increase in population size and concentration, permanent long-term settlement, and the
increasing role of infectious diseases in influencing health outcomes, including health crises for
individuals and their communities.

Bioarchaeologists are proficient in describing the osteological indicators of health outcomes,
especially with regard to contextualizing the important circumstances that environment, social
and cultural elements, and community organization provide for inferring health outcomes. The
revolution in dietary reconstruction via stable isotope data gives new and growing understanding
of nutritional outcomes, which is important for characterizing the consequences of infection and
infectious disease for well-being. The study of aDNA in ancient diseases has advanced appreciably
in the last decade, presenting us with an increasingly accurate documentation of the evolution of
pathogens. This evolutionary record is foundational for understanding the spread of infectious
diseases, explanations for success of the pathogenic organisms that cause them, and implications
for the future of the world’s populations today.

New biomolecular analytic approaches are beginning to inform our understanding of the
mechanisms and interactions of immunological shifts that are taking place in individuals that
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have chronic infections, including those represented by archaeological remains. For example, ad-
vances pertaining to aDNA and protein analysis are opening new windows onto the history and
evolution of some infectious diseases (e.g., tuberculosis, plague, malaria, periodontal disease; see
DeWitte 2016, Feldman et al. 2016, Fornaciari et al. 2010, Warinner et al. 2014). That said,
bioarchaeological science needs to develop means of investigating systemic inflammation. Such a
development stands to give a more comprehensive understanding of the biological processes un-
derlying the origin of the skeletal and dental lesions described by bioarchaeologists. Toward that
goal, newly developing experimental research by Crespo and collaborators (2017) on chronic in-
fections (e.g., tuberculosis) focuses on identifying shifts in systemic levels of inflammation-related
proteins (cytokines). In this regard, in vitro exposure of peripheral blood mononuclear cells from
healthy, noninfected individuals to bacterial cultures having pathogenic bacteria—Mycobacterium
tuberculosis, Mycobacterium leprae, and Porphyromonas gingivalis—resulted in a clear shift in the
immunological performance when exposed to the oral pathogen, P. gingivalis. This pioneering
experimental research suggests that the proinflammatory cytokine proteins associated with im-
munological responses increased when immune cells were pretreated with mycobacterial lysates (a
medium containing bacterial antigens) and subsequently exposed to an oral pathogen (P. gingivalis)
associated with periodontal disease. Individuals with chronic systemic infectious diseases (e.g., tu-
berculosis) experience increases in immune response when exposed to oral pathogenic bacteria. It
is these increases that produce inflammation and negative systemic health consequences.

Experimental immunology has considerable potential for developing new understanding of in-
fectious disease, the relationship between host and pathogen, and patterning in immune function
in both contemporary and past populations. Regarding the latter, we know that native farm-
ing communities in the colonial-era Americas suffered enormous losses owing to epidemics and
a confluence of other negative circumstances contributing to stress and an overall decline in
life conditions (Baker & Kealhofer 1996, Cameron et al. 2015, Hutchinson 2016, Larsen 1994,
Larsen & Milner 1994, Verano & Ubelaker 1992). Historical, archaeological, epidemiological,
and immunological evidence suggests that the virulence of epidemic diseases was worsened by the
confluence of oral and systemic infectious diseases, both native and introduced, in these settings.
Similarly, the increasingly poor oral health of medieval Europeans may be an element that con-
tributed to mortality during plague outbreaks, including the Black Death, which resulted in the
loss of life of some 30–60% of the population (DeWitte 2016). These new windows into the role
of infectious disease and associated health crises for individuals, communities, and regions offer
opportunities to understand the deep history of human health.

DISCLOSURE STATEMENT

The author is not aware of any affiliations, memberships, funding, or other financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

The preparation of this article has benefited from my involvement in long-term collaborative
research programs in the United States, Europe, and western Asia. These programs provided our
research teams with opportunities to understand the history of health and the human condition
as represented by the bioarchaeological record. Thanks go to Fabian Crespo, Anne Grauer, Dale
Hutchinson, Haagen Klaus, and Leslie Williams for their advice on improving the content, scope,
and clarity of the article. I thank the anonymous ARA reviewer for their helpful insights and
recommendations for revision.

306 Larsen



Downloaded from www.annualreviews.org.

 Guest (guest)

IP:  3.133.147.252

On: Fri, 19 Apr 2024 00:39:24

AN47CH19_Larsen ARI 18 September 2018 9:25

LITERATURE CITED

Aas JA, Griffen AL, Dardis SR, Lee AM, Olsen I, et al. 2008. Bacteria of dental caries in primary and permanent
teeth in children and young adults. J. Clin. Microbiol. 46:1407–17

Abdellatif HM, Burt BA. 1987. An epidemiological investigation into the relative importance of age and oral
hygiene status as determinants of periodontitis. J. Dent. Res. 66:13–18

Agarwal SC, Glencross BA. 2011. Building a social bioarchaeology. In Social Bioarchaeology, ed. SC Agarwal,
BA Glencross, pp. 1–11. Hoboken, NJ: Wiley-Blackwell

Allison MJ. 1984. Paleopathology in Peruvian and Chilean populations. See Cohen & Armelagos 1984,
pp. 515–29

Allison MJ, Gerszten E, Munizaga J, Santoro C, Mendoza D. 1981. Tuberculosis in pre-Columbian Andean
populations. In Prehistoric Tuberculosis in the Americas, ed. JE Buikstra, pp. 49–61. Sci. Pap. 5. Evanston,
IL: Cent. Am. Archeol. Press

Allison MJ, Mendoza D, Pezzia A. 1973. Documentation of a case of tuberculosis in pre-Columbian America.
Am. Rev. Respir. Dis. 107:985–91

Armelagos GJ. 2003. Bioarchaeology as anthropology. Archaeol. Pap. Am. Anthropol. Assoc. 13:27–40
Baker BJ, Kealhofer L, eds. 1996. Bioarchaeology of Native American Adaptation in the Spanish Borderlands.

Gainesville: Univ. Press Fla.
Betsinger TK, Ostendorf Smith M, Thorson LJH, Williams LL. 2017. Endemic treponemal disease in late

pre-Columbian prehistory: new parameters, new insights. J. Archaeol. Sci. Rep. 15:252–61
Blau S. 2007. Skeletal and dental health and subsistence change in the United Arab Emirates. See Cohen &

Crane-Kramer 2007, pp. 190–206
Bos KI, Harkins KM, Herbig A, Coscolla M, Weber N, et al. 2014. Pre-Columbian mycobacterial genomes

reveal seals as a source of New World human tuberculosis. Nature 514:494–97
Bouwman AS, Brown TA. 2005. The limits of biomolecular palaeopathology: ancient DNA cannot be used

to study venereal syphilis. J. Archaeol. Sci. 32:703–13
Bowen WH. 1994. Food components and caries. Adv. Dent. Res. 8:215–20
Brosch R, Gordon SV, Marmiesse M, Brodin P, Buchrieser C, et al. 2002. A new evolutionary scenario for

the Mycobacterium tuberculosis complex. PNAS 99:3684–89
Brown PJ, Armelagos GJ, Maes KC. 2011. Humans in a world of microbes: the anthropology of infectious

disease. In A Companion to Medical Anthropology, ed. M Singer, PI Erickson, pp. 253–69. Chichester, UK:
Wiley-Blackwell

Bruwelheide KS, Owsley DW, Jantz RL. 2010. Burials from the fourth mission church at Pecos. In Pecos
Pueblo Revisited: The Biological and Social Context, ed. ME Morgan, pp. 129–60. Pap. Peabody Mus. 85.
Cambridge, MA: Harvard Univ. Press

Buckley HR, Oxenham M. 2016. Bioarchaeology in the Pacific Islands: a temporal and geographical exami-
nation of nutritional and infectious disease. See Oxenham & Buckley 2016, pp. 363–88

Buikstra J, Roberts C, eds. 2012. Global History of Paleopathology: Pioneers and Prospects. Oxford, UK: Oxford
Univ. Press

Buikstra JE. 1977. Differential diagnosis: an epidemiological model. Yearb. Phys. Anthropol. 20:316–28
Buikstra JE, Baker BJ, Cook DC. 1993. What diseases plagued ancient Egyptians? A century of controversy

considered. See Davies & Walker 1993, pp. 24–53
Buikstra JE, Beck LA, eds. 2006. Bioarchaeology: The Contextual Analysis of Human Remains. San Diego, CA:

Academic
Buikstra JE, Williams S. 1991. Tuberculosis in the Americas: current perspectives. See Ortner & Aufderheide

1991, pp. 161–72
Burne R. 1998. Oral streptococci: products of their environment. J. Dent. Res. 77:445–52
Burt BA, Pai S. 2001. Sugar consumption and caries risk: a systematic review. J. Dent. Educ. 65:1017–23
Cameron CM, Kelton P, Swedlund AC, eds. 2015. Beyond Germs: Native Depopulation in North America. Tucson:

Univ. Ariz. Press
Canci A, Minozzi, Borgognini Tarli S. 1996. New evidence of tuberculosis spondylitis from Neolithic Liguria

(Italy). Int. J. Osteoarchaeol. 6:497–501

www.annualreviews.org • The Bioarchaeology of Health Crisis 307



Downloaded from www.annualreviews.org.

 Guest (guest)

IP:  3.133.147.252

On: Fri, 19 Apr 2024 00:39:24

AN47CH19_Larsen ARI 18 September 2018 9:25

Clarke NB, Carey SE, Srikandi W, Hirsch RS, Leppard PL. 1986. Periodontal disease in ancient populations.
Am. J. Phys. Anthropol. 71:173–83

Cockburn TA. 1963. The Evolution and Eradication of Infectious Disease. Baltimore, MD: Johns Hopkins Univ.
Press

Cohen MN, Armelagos GJ, eds. 1984. Paleopathology at the Origins of Agriculture. Orlando, FL: Academic
Cohen MN, Crane-Kramer GMM, eds. 2007. Ancient Health: Skeletal Indicators of Agricultural and Economic

Intensification. Gainesville: Univ. Press Fla.
Cole G, Waldron T. 2011. Apple Down 152: a putative case of syphilis from sixth century AD Anglo-Saxon

England. Am. J. Phys. Anthropol. 144:72–79
Cook DC. 1984. Subsistence and health in the lower Illinois Valley: osteological evidence. See Cohen &

Armelagos 1984, pp. 235–69
Cook DC, Powell ML. 2012. Treponematosis: past, present, and future. See Grauer 2012, pp. 472–91
Costa RL Jr. 1982. Periodontal disease in the prehistoric Ipiutak and Tigara skeletal remains from Point Hope,

Alaska. Am. J. Phys. Anthropol. 59:97–110
Crespo FA, Klaes CK, Switala AE, DeWitte SN. 2017. Do leprosy and tuberculosis generate a systemic

inflammatory shift? Setting the ground for a new dialogue between experimental immunology and bioar-
chaeology. Am. J. Phys. Anthropol. 162:143–56

Cucina A, Perera Cantillo C, Sierra Sosa T, Tiesler V. 2011. Carious lesions and maize consumption among
the Prehispanic Maya: an analysis of a coastal community in northern Yucatan. Am. J. Phys. Anthropol.
145:560–67

Cybulski JS. 1990. History of research in physical anthropology. In Handbook of North American Indians,
Vol. 7, ed. W Suttles, pp. 116–18. Washington, DC: Smithson. Inst. Press

Da-Gloria P, Larsen CS. 2017. Subsisting at the Pleistocene/Holocene boundary in the New World: a view
from the Paleoamerican mouths of Central Brazil. PaleoAmerica 3:101–21

Danforth ME, Jacobi KP, Wrobel G, Glassman S. 2007. Health and the transition to horticulture in the
South-Central United States. See Cohen & Crane-Kramer 2007, pp. 65–79

Davies WV, Walker R, eds. 1993. Biological Anthropology and the Study of Ancient Egypt. London: Br. Mus. Press
de Melo FL, de Mello JCM, Fraga AM, Nunes K, Eggers S. 2010. Syphilis at the crossroads of phylogenetics

and paleopathology. PLOS Negl. Trop. Dis. 4:e575
DeWitte SN. 2016. Archaeological evidence of epidemics can inform future epidemics. Annu. Rev. Anthropol.

45:63–77
DeWitte SN, Bekvalac J. 2010. Oral health and frailty in the medieval English cemetery of St. Mary Graces.

Am. J. Phys. Anthropol. 142:341–54
DeWitte SN, Bekvalac J. 2011. The association between periodontal disease and periosteal lesions in the St.

Mary Graces cemetery, London, England A.D. 1350–1538. Am. J. Phys. Anthropol. 146:609–18
Dhadse P, Gattani D, Mishra R. 2010. The link between periodontal disease and cardiovascular disease: How

far we have come in last two decades? J. Indian Soc. Periodontol. 14:148–54
Domett K, Tayles N. 2007. Population health from the Bronze to the Iron Age in the Mun River valley,

Northeastern Thailand. See Cohen & Crane-Kramer 2007, pp. 286–99
Donnelly CJ, Thomson LA, Stiles HM, Brewer C, Neel JV, Brunelle JA. 1977. Plaque, caries, periodontal,
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CB Ruff, EJE Szathmáry. Am. J. Phys. Anthropol. 165:865–78

Larsen CS, Milner GR, eds. 1994. In the Wake of Contact: Biological Responses to Conquest. New York: Wiley-Liss
Larsen CS, Shavit R, Griffin MC. 1991. Dental caries evidence for dietary change: an archaeological context.

In Advances in Dental Anthropology, ed. MA Kelley, CS Larsen, pp. 179–202. New York: Wiley-Liss
Leigh RW. 1934. Notes on the somatology and pathology of ancient Egypt. Univ. Calif. Publ. Am. Archaeol.

Ethnol. 34:1–52
Lubell D, Jackes M, Schwarcz H, Knyf M, Meiklejohn C. 1994. The Mesolithic-Neolithic transition in

Portugal: isotopic and dental evidence of diet. J. Archaeol. Sci. 21:201–16
Lukacs JR. 2012. Oral health in past populations: context, concepts and controversies. See Grauer 2012,

pp. 553–81
Lukacs JR, Largaespada LL. 2006. Explaining sex differences in dental caries prevalence: saliva, hormones,

and “life-history” etiologies. Am. J. Hum. Biol. 18:540–55
Mandell GL, Douglas RG, Bennett JG. 1990. Principles and Practice of Infectious Diseases. New York: Churchill

Livingstone. 3rd ed.
Mays S, Crane-Kramer G, Bayliss A. 2003. Two probable cases of treponemal disease of Medieval date from

England. Am. J. Phys. Anthropol. 120:133–43
Milner GR. 1984. Dental caries in the permanent dentition of a Mississippian period population from the

American Midwest. Coll. Antropol. 8:77–91
Milner GR, Boldsen JL. 2017. Life not death: epidemiology from skeletons. Int. J. Paleopathol. 17:26–39
Milner GR, Smith VG. 1990. Oneota human skeletal remains. In Archaeological Investigations at the Morton

Village and Norris Farms 35 Cemetery, ed. SK Santure, AD Harn, D Esarey, pp. 111–48. Ill. State Mus.
Rep. Investig. 45. Springfield: Ill. State Mus.

Morens DM, Folkers GK, Fauci AS. 2004. The challenge of emerging and re-emerging infectious diseases.
Nature 430:242–49

Morse D, Brothwell DR, Ucko PJ. 1964. Tuberculosis in ancient Egypt. Am. Rev. Resp. Dis. 90:524–41
Mühlemann B, Jones TC, de Barros Damgaare P, Allentoft ME, Shevnina I, et al. 2018. Ancient hepatitis B

viruses from the Bronze Age to the Medieval period. Nature 557:418–23
Mulligan CJ, Norris SJ, Lukhart SA. 2008. Molecular studies in Treponema pallidum evolution: toward clarity?

PLOS Negl. Trop. Dis. 2(1):e184

310 Larsen



Downloaded from www.annualreviews.org.

 Guest (guest)

IP:  3.133.147.252

On: Fri, 19 Apr 2024 00:39:24

AN47CH19_Larsen ARI 18 September 2018 9:25

Nicklisch N, Maixner F, Ganslmeier R, Friederich S, Dresely V, et al. 2012. Rib lesions in skeletons from
early Neolithic sites in central Germany: on the trail of tuberculosis at the onset of agriculture. Am. J.
Phys. Anthropol. 149:391–404

Ortner DJ. 2003. Identification of Pathological Conditions in Human Skeletal Remains. San Diego, CA: Academic.
2nd ed.

Ortner DJ. 2012. Differential diagnosis and issues in disease classification. See Grauer 2012, pp. 250–67
Ortner DJ, Aufderheide AC, eds. 1991. Human Paleopathology: Current Syntheses and Future Options. Washing-

ton, DC: Smithson. Inst. Press
Ortner DJ, Frohlich B. 2008. The Early Bronze Age I Tombs and Burials of Bâb edh-Dhrâ’, Jordan. Lanham, CA:
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