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Histological detail of the pleural-endosteal surface of the 5th left rib sample collected 
from the individual Sk. 332 (Identified Collection of the Bocage Museum, Lisbon, 
Portugal) who died of pulmonary tuberculosis (Nikon Eclipse 80i® polarized light, 
magnification 100x). Visceral surface of the rib exhibiting erosive and proliferative 
lesions and macroscopic view of the thin section prepared. 
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ABSTRACT 

Paleopathology, summarily defined as the study of past diseases, has on the differential 

diagnosis a major challenge. Taking into account the difficulties faced by paleopathologists on 

the study of ancient conditions, especially those of infectious origin involving periosteal new 

bone formation (PNBF), an investigation was conducted combining macroscopic and 

histological techniques. The purpose of this research was twofold: firstly, to analyze the 

macroscopic distribution of periosteal reactions by age and cause of death, anatomical 

location, laterality, symmetry, bone dispersion and type of new bone; and secondly, to 

microscopically examine and compare thin sections of periosteal new bone, in order to 

evaluate the existence (or not) of microstructural differences in individuals who died from: (1) 

tuberculosis infections-TB (Group 1, n=114); (2) non-TB infections (Group 2, n=89); and (3) 

other conditions (Group 3, n=50).  

For the macroscopic analysis an assemblage of 253 individuals from the Human 

Identified Skeletal Collection from the Bocage Museum (Lisbon, Portugal), 136 males and 117 

females, comprising individuals with an age at death ranging from 2.5 months to 94 years old, 

was chosen. A total of 34 dry bone specimens: 26 belonging to 23 individuals from the Bocage 

Museum, and eight from eight individuals from archaeological contexts (14th-19th centuries) 

were prepared for histological examination under transmitted and polarized light.  

Analysis of the macroscopic results revealed a high frequency (71.2%) of PNBF in 

individuals younger than 45 years old ( =22.64 years old). Deposits of new bone were most 

commonly found in individuals who died from TB (Group 1=82.5%) in comparison with those 

who died from non-TB disorders (Group 2=42.7%) or from other conditions (Group 3=46%), 

and the results were highly significant. Only the PNBF located on ribs had a positive 

relationship with TB as the cause of death (Group 1). Individuals who died from TB infection 

were also those who showed a broader involvement of the rib cage. Here periosteal lesions 

were most frequently observed in the upper to middle segment (R1R6, 60.2% [405/673]), 

mainly in the left-side (41.2%). In the ribs, a predominance of diffuse lesions combining woven 

and lamellar foci was recurrently seen. In spite of the apparent relationship between 

periosteal rib lesions and TB, the presence of similar lesions in individuals who died from other 

diseases does not allow for the establishment of a definitive association. The frequency of 

PNBF in the appendicular bones was higher in the tibia (T) and fibula (Fi) of the individuals 

from Group 2 (T=36.7%; Fi=17.4%) and Group 3 (T=41.2%; Fi=17.1%), and in those older than 

45 years of age (T=38.8%; Fi=17.5%). The analysis of the individuals with multiple periosteal 

bone involvement did not reveal significant differences among cause of death groups. The 
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younger individuals from Group 1 were those with more deposits of new bone in the humerus, 

radius and ulna. With regard to the distribution of the periosteal lesions, symmetric foci were 

most often seen in the scapula and radius (n=5, respectively), whereas left-sided ones more 

common in the ulna (n=5), and right-sided ones in the humerus (n=4). In the lower limb bones, 

a predominance of symmetric lesions was observed in the tibia (n=37), femur (n=28) and fibula 

(n=15). Localized foci of new bone were commonly observed in the upper limb bones. In 

contrast, a high frequency of diffuse lesions was found on the shaft of the lower limb bones 

(e.g. tibia and fibula). Only the femur (n=28) showed a high prevalence of localized lesions. 

Differences in the type of new bones were also found between the upper (predominance of 

woven and woven/lamellar foci) and the lower limb bones (lamellar and woven/lamellar foci). 

In the appendicular skeleton, the lack of association between new bone formation, particularly 

in the tibia and fibula, and the underlying cause of death seems to corroborate the non-

specificity of periosteal lesions, challenging their usefulness as an indicator of physiological 

stress. Furthermore, it may point out to the existence of inaccurate records of cause of death, 

or the coexistence of multiple conditions not identified in the obituary certificate.  

The value of the histological analysis on the study of bone lesions was observed at three 

main levels: (1) diagnosis of pathological conditions; (2) description of bone lesions; and (3) 

assessment to bone tissue quality. With regard to the diagnosis of pathological conditions, 

differences in the microstructure of PNBF were seen between Group 1 and Group 2 of cause of 

death and within groups. Multiple layers of “appositional bone” enclosing numerous primary 

vascular canals were the pattern most commonly observed (n=4) in the samples from Group 1. 

In contrast, three samples (one from Group 1, two from Group 2) presented a microstructure 

compatible with subperiosteal hematomas. These observations suggest that beyond 

pulmonary diseases other mechanisms may stimulate PNBF on the visceral surface of ribs. 

Histological analysis was also fundamental in the description and characterization of bone 

changes. For example, of the five samples with “consolidated” fracture callus, only two 

presented a truly mature and remodeled microstructure. This means that the outer surface of 

a bone lesion may not give a complete picture of the tissues response. In spite of the good 

preservation of some bone samples, massive diagenetic changes due to the action of bacteria 

and fungi were observed at microscopic level. This clearly suggests that gross inspection is not 

a good measure of the bone tissue quality. In contrast, microscopy is essential to differentiate 

between pseudopathology and physiological or pathological signs.  

This study demonstrated the difficulties in using periosteal lesions, especially those of 

the lower limb bones to ascertain the diagnosis of particular conditions. Furthermore, it also 

revealed the limitations and possible misinterpretations found in the macroscopic study of 
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identified skeletal collections. In contrast, the histological analysis showed surprising results 

that reinforce the pertinence of applying histological techniques in the description and 

diagnosis of bone changes in human remains.  

Future studies based on well-documented collections with accurate medical records 

and/or samples retrieved from clinical cases will eventually solve some of the problems and 

limitations detected in this investigation. Increasing the sample size will also improve our 

understanding of the entire spectrum of new bone variation associated with a particular 

condition. It is possible that further research in the field of bone biochemistry, immunology 

and cell communication will shed light on the exact mechanism (or mechanisms) behind PNBF.  

 

 

KEY-WORDS: paleopathology, macroscopic inspection, palaeohistopathology, periosteal new 

bone formation (PNBF), tuberculosis (TB), bone callus, bone diagenesis 
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SUMÁRIO 

A paleopatologia, sumariamente definida como o estudo das doenças do passado, tem 

no diagnóstico diferencial um importante desafio. Com o intuito de atenuar as dificuldades 

associadas à análise de condições patológicas em material osteológico humano, 

designadamente as de natureza infecciosa que se manifestam através de reacções periósteas 

(RP), foi desenvolvida uma investigação que combinou a análise macroscópica com o estudo 

histológico. Dois objectivos foram definidos: (1) analisar macroscopicamente a distribuição das 

RP por idade e causa de morte dos indivíduos, distribuição anatómica por tipo de osso, 

lateralidade, simetria, dispersão óssea e tipo de osso novo produzido; e (2) examinar e 

comparar, histologicamente, secções de osso contendo RP com o intuito de avaliar a existência 

(ou não) de diferenças microestruturais em indivíduos que morreram de (i) tuberculose - TB 

(Grupo 1, n=114); (ii) infecções não tuberculosas (Grupo 2, n=89); e (iii) outras condições 

(Grupo 3, n=50).  

Para o estudo macroscópico foram selecionados 253 indivíduos de ambos os sexos (136 

homens e 117 mulheres) e diferentes idades (2.5 meses a 94 anos) provenientes da Colecção 

de Esqueletos Identificados do Museu Bocage (Lisboa, Portugal). No que concerne à análise 

histológica, foram seccionadas 34 amostras ósseas: 26 pertencentes a 23 esqueletos 

identificados, e oito provenientes de oito indivíduos de contexto arqueológico (séculos XIV-

XIX). As amostras foram preparadas para microscopia óptica de transmissão e de polarização.  

A análise dos dados macroscópicos revelou uma elevada frequência (71.2%) de RP em 

indivíduos com idade inferior a 45 anos ( =22.64 anos). Frequência igualmente elevada e 

significativa foi registada no grupo de indivíduos que morreram de TB (Grupo 1=82.5%), 

quando comparados com os que morreram de infeccções de origem não tuberculosa (Grupo 

2= 42.7%), assim como de outras condições (Grupo 3=46%). Apenas as RP observadas nas 

costelas revelaram uma relação positiva com TB enquanto causa de morte (Grupo 1). 

Indivíduos que morreram de TB foram também aqueles que apresentaram lesões mais 

extensas na caixa torácica, designadamente, entre o segmento superior e médio (R1R6, 

60.2% [405/673], e no lado esquerdo (41.2%). Nas costelas foi assinalada uma predominância 

de lesões difusas do tipo woven e lamelar. Não obstante a aparente associação entre RP nas 

costelas e TB, a presença de alterações semelhantes em indivíduos que morreram de outras 

condições não permite estabelecer uma relação de casualidade definitiva. No esqueleto 

apendicular foi observada uma maior frequência de depósitos de osso novo na tíbia (T) e fíbula 

(Fi) no Grupo 2 (T=36.7%; Fi=17.4%) e Grupo 3 (T=41.2%; Fi=17.1%) de causa de morte, e nos 

indivíduos com idade superior a 45 anos (T=38.8%; Fi=17.5%). A análise dos indivíduos com 

vários ossos afectados e por causa de morte não revelou resultados estatisticamente 
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significativos. Indivíduos jovens (< 45 anos) do Grupo 1 exibiram mais RP no úmero, rádio e 

ulna. Lesões simétricas foram maioritariamente observadas na escápula e rádio (n=5, 

respectivamente), lesões unilaterais esquerdas na ulna (n=5) e lesões unilaterais direitas no 

úmero (n=4). No membro inferior, as lesões simétricas foram maioritariamente observadas na 

tíbia (n=37), femur (n=28) e fíbula (n=15). Depósitos localizados de osso novo foram mais 

frequentemente registados no membro superior, enquanto que as lesões difusas foram uma 

constante no membro inferior (ex. tíbia e fíbula). Apenas o fémur apresentou uma maior 

frequência de lesões localizadas (n=28). No membro superior foi assinalada uma maior 

frequência de lesões do tipo woven e woven/lamelar, enquanto que no membro inferior 

predominou o tipo lamelar e woven/lamelar. No esqueleto apendicular, a inexistência de uma 

clara associação entre a deposição de osso novo e a causa de morte, designadamente para a 

tíbia e fíbula, parece sugerir a não-especificidade das RP e a sua contra-indicação enquanto 

indicadores de stresse fisiológico. Concomitantemente, parece indicar a existência de possíveis 

problemas associados ao registo da causa de morte dos indivíduos e/ou à coexistência de 

outras condições patológicas aquando da morte não descritas no certificado de óbito.  

A pertinência da análise histológica no estudo de alterações patológicas foi denotada a 

três níveis: (1) diagnóstico de condições patológicas, (2) descrição de lesões ósseas, e (3) 

acesso à qualidade do tecido ósseo. Observaram-se diferenças na microestrutura das RP entre 

e intra-grupos, particularmente notórias na superfície visceral das costelas. Para além da 

sobreposição de osso novo sugestiva de infecções crónicas (> Grupo 1), foram observadas 

lesões compatíveis com hematomas subperiósteos ossificados que sugerem a existência de 

multiplas etiologias associadas à produção de osso novo nas costelas. A análise histológica 

revelou ser determinante para caracterizar lesões (ex. proliferativas) e avaliar a sua 

remodelação (ex. fraturas). Esta observação sugere que a aparência externa de uma lesão 

poderá não ilustrar toda a resposta óssea. No que concerne ao acesso à qualidade do tecido 

ósseo observou-se uma discrepância entre a integridade macroscópica e a condição do tecido 

ósseo. Amostras com uma arquitetura óssea aparentemente intacta, não preservavam 

sistemas de Havers, com implicações na análise biomolecular e imagiológica. Estes resultados 

sugerem que a análise macroscópica é insuficiente na avaliação da qualidade do tecido ósseo. 

O estudo histológico foi essencial para diferenciar entre alterações diagenéticas e aspectos de 

natureza fisiológica e patológica do tecido ósseo.  

Do presente estudo salientam-se as dificuldades na utilização de RP, nomeadamente as 

do membro inferior, no diagnóstico de determinadas condições patológicas. Conjuntamente 

realçam-se algumas limitações e possíveis erros de análise associados ao estudo macroscópico. 
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A análise histológica, por seu turno, demonstrou resultados surpreendentes que reforçam a 

pertinência da sua aplicação na descrição e diagnóstico de condições patológicas.  

A realização de estudos similares com amostras histológicas mais alargadas e 

provenientes de colecções identificadas com um registo médico mais completo e/ou 

provenientes de casos clínicos poderá, futuramente, atenuar algumas das limitações 

encontradas no presente estudo. Também a conjugação com outras áreas de investigação que 

se debruçam sobre a dinâmica do tecido ósseo poderá auxilar na correcta interpretação dos 

reais mecanismos subjacentes às RP. 

 

 

PALAVRAS-CHAVE: paleopatologia, análise macroscópica, paleohistopatologia, reacções 

periósteas (RP), Tuberculose (TB), calos ósseos, diagénese óssea. 
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1. INTRODUCTION: A SHORT OVERVIEW 

 

 

Beyond the visible world, a new avenue of biological and medical research was opened 

up with the invention of the microscope in the 17th century1. With this fascinating instrument 

the inner face of nature, once closed off to both intuition and direct observations, was 

revealed to the human eye (Mayr, 1982; Wilson, 1995; Mazzarello, 1999). Hogg (1854) points 

out that the microscope increased our sensorial perception, enlightening new amazing animal, 

vegetable and mineral kingdoms where beauty, perfection, adaptation and velocity of 

reproduction surpassed all of the objects and living organisms known before. The microscope‘s 

technical capabilities changed dramatically human concepts about the world with substantial 

epistemological, metaphysical and methodological implications to science (Wilson, 1995). By 

                                                           
1
 According to Hogg (1854), the invention of the microscope cannot be traced with accuracy before the year 

1660. However, if we define microscope as an instrument consisting of one single lens, its history is more ancient 

(Hogg, 1854). In fact, there are written records from the Greek author Aristophanes (4
th

 century B.C.) that point to 

the existence of globular glasses, also called “burning spheres”, used to increase visual perception (Hogg, 1854; 

Croft, 2006). In the first century A.D., Seneca wrote that paper letters could be enlarged by viewing them through a 

globe of glass filled with water (Croft, 2006). A thousand years before, the Arabian scholar Alhazan wrote about 

optical principles, describing the eye anatomy and how a lens could improve focusing images (Croft, 2006: 5). In 

spite of historical data concerning the first proto-microscopes, the invention of a composite microscope is shrouded 

in uncertainties (Croft, 2006). Both Italians and Dutch claim its invention (Hogg, 1854; Hajdu, 2002). For some 

authors, Galileo Galilei (1564-1642, Italy) is credited as the father of the microscope (as well as the telescope), 

whereas for others, it was developed by Hans Jansen and his son Zacharias of Middleburg (1588-1630, Netherland) 

around 1595 (Hajdu, 2002; Croft, 2006; Ben-Menahem, 2009). The word microscope derives from the Greek terms 

“small” and “to view”, and was introduced in 1625 by the Italian physician Johannes Faber (1574-1629) (Hajdu, 

2002). A major contribution to microscopy was made by Robert Hooke (1635-1703, England) with the publication of 

his book “Micrographia”, in which the term “cell” was used for the first time (Hogg, 1854; Mazzarello, 1999; Croft, 

2006; Ben-Menahem, 2009). In 1653, Petrus Borellus (1620-1689, France) published a report describing the first 

application of the microscope to medicine (Lloyd, 1898; Hajdu, 2002). Curiously, one of the greatest contributions to 

microscopy was made by an amateur, the Dutch draper maker Anthon van Leeuwenhoek (1632-1723, Netherlands) 

(Mayr, 1982; Mazzarello, 1999; Hajdu, 2002; Croft, 2006; Ben-Menahem, 2009). He was responsible for the 

discovery and description of bacteria, protozoa, spermatozoa, and blood cells (in 1695), and for the first 

observations of bone tissue, namely the periosteum (Leeuwenhoek, 1720; Mayr, 1982; Hajdu, 2002). Since then 

many improvements were made on microscope capabilities with increasing sophistication (see Hogg, 1854), and its 

use became more frequent, not only in medical diagnosis, but also in biological and geological studies (Croft, 2006).  



 

CHAPTER 1 

INTRODUCTION 
 
 

 

4 

revealing layer after layer of very small articulated structures, the microscope gave sense to 

the idea of a non-occult interpretation of natural phenomena, leading to a truly remarkable 

“recalibration of human knowledge” (Wilson, 1995: 41). In agreement with Wilson (1995), the 

discovery of such a parallel microcosm offered to metaphysicians the challenge to reconcile 

the ubiquity of life with contemporary anthropocentric views. Additionally, it revolutionized 

philosophical thought, shaking the foundations of previous beliefs (Mayr, 1982)2 and raising 

questions about the concepts of order and chaos, realism and the unrealistic world, the 

boundaries of human perception, as well as the role of “instrumentally mediated knowledge“3 

to the improvement of science (Wilson, 1995: 71).  

The discovery of an entire world of microscopic living forms comprising algae, bacteria, 

protozoa, fungi and viruses introduced new doubts about their origin, continuity and possible 

relationship with human diseases (Mayr, 1982). In fact, it is almost impossible to talk about the 

findings of Gerhard Hansen (1841-1912, Norway), Robert Koch (1843-1919, Germany) and 

Louis Pasteur (1822-1895, France) without referring to the value of the microscope (Kato, 

1973; Ben-Menahem, 2009; Merrill, 2010). 

In the medical domain, the use of the microscope allowed the development of 

innovative methods for anatomical dissection, as complex body systems could be separated 

into smaller components, the tissues and the cells (Hogg, 1854; Mayr, 2004). Besides gross 

anatomy, physicians were now able to examine the physiology of organs and the interaction of 

cells (Mayr, 2004). For instance, we can emphasize the first descriptions of bone histology 

published by Anthon van Leeuwenhoek in November 20th, 1720: «[i]t is impossible for those, 

who have not seen this with their own eyes, to conceive the prodigious number of small 

                                                           
2
 The discovery of new facts through microscopic analysis gave biology and medicine a new enthusiasm for 

experiment, observation and comparative studies (Wilson, 1995; Hays, 2009). Such improvements had a negative 

effect on the dominant philosophies of Aristotle (384-322 BCE, Greece) and Claudius Galen (129-200 CE, Greece and 

Rome) (Ben-Menahem, 2009; Hays, 2009). The belief that God’s power dominated the universe, and that man 

occupied a central place in it – or the universe revolved around humankind - started to be questioned (Hays, 2009). 

In fact renown philosophers from the 17
th

 century, such as René Descartes (1596-1650, France) and Francis Bacon 

(1561-1626, England), came to the radical conclusion that all knowledge accepted in the past as true was uncertain 

and that new epistemological principles were needed, independently of their deductive or inductive nature (Ben-

Menahem, 2009; Hays, 2009). Quoting Hays (2009: 99), «[i]n either case authority – perhaps Aristotle’s, perhaps 

Galen’s, perhaps Christianity’s – must be set aside». 
3
 In the 17th century two explanatory philosophies were debated, one explaining natural events as the 

result of forces acting upon distances, the opposite justifying natural phenomena on the base of mechanics (Hays, 

2009). The first was strongly defended by the empiricists who had a firmly established “first-person view of 

experience”, rejecting any type of “instrument-assisted sense perception” like the microscope (Wolfe, 2010: 337). 

The second was represented by mechanistic philosophers who accepted the microscope’s potential with 

enthusiasm (Wolfe, 2010). To those «(…) the microscope is viewed as extending the sensory powers of the subject, 

and indeed her intellectual power (…)» (Wolfe, 2010: 337). 
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vessels, of which the cortical part of the bone consists; which in some places lies no thicker 

upon the spongy part of the bone, than a thick hair of a man’s head (...)» (page 92).  

Another important contribution of microscopy was to disease diagnosis (Hays, 2009; 

Merrill, 2010). The foundations of clinical histology, also called histopathology, can be traced 

back to the year 1799 when Xavier Bichat (1771-1802, France), a young pathologist, published 

a book entitled “Traité des membranes en general et de diverses membranes en particulier” in 

which, and for the first time, morbid anatomy and histopathological changes were described 

(Bichat, 1799; Hajdu, 2002). Focusing the importance of microscopy on disease diagnosis, Hogg 

(1854: vi) states that: «[t]he smallest portion of a diseased structure, placed under a 

microscope, will tell more in one minute to the experienced eye than could be ascertained by 

many days’ examination of the gross masses of disease in the ordinary method».  

The usefulness of histopathology early surpassed the frontiers of medicine, being 

incorporated by other sciences. This was the case for paleopathology. The use of histological 

techniques in paleopathological investigations offered the possibility to look inside the 

microstructure of both normal and abnormal body tissues (i.e. bone, teeth, mummified 

bodies) to diagnose diseases that affected past populations. Undeniably, the application of 

tissue microscopy is, by itself, deeply embedded in the history of paleopathology as a modern 

science (Aufderheide and Rodríguez-Martín, 1998). 

Paleopathology, defined by Sir Marc Armand Ruffer (1859-1917) in 1914 as «(...) the 

science of the diseases which can be demonstrated in human and animal remains of ancient 

times» (Moodie, 1921: 374), had a discrete onset at the end of the 18th century characterized 

by punctuated discoveries in mainly non-human remains (Aufderheide and Rodríguez-Martín, 

1998; Ortner, 2003a; Mann and Hunt, 2005). In the following century, emphasis was placed on 

the description and differential diagnosis of pathological cases, which was increasingly 

improved by the application of new techniques of observation, such as microscopy and 

radiology (Mendonça de Souza et al., 2003; Grauer, 2008; Ortner, 2011a). After World War II, a 

new approach to the analysis of the antiquity of disease emerged; instead of describing 

exciting and rare diseases, researchers re-focused their interest on the study of health patterns 

of past populations (Aufderheide and Rodríguez-Martín, 1998; Mendonça de Souza et al., 

2003; Ortner, 2003a; Mann and Hunt, 2005; Grauer, 2008). The combination of macroscopic 

examination and descriptive analysis with modern diagnostic techniques, such as radiology, 

histology, immunology, and more recently ancient DNA, is claimed to be responsible for the 
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contemporary scientific character of the discipline (Aufderheide and Rodríguez-Martín, 1998; 

Mann and Hunt, 2005).  

 

 

1.1. PALEOHISTOPATHOLOGY: BONE DISEASE DIAGNOSIS AND THE 

CHALLENGES OF PALEOPATHOLOGY 

 

Paleopathology is currently conceived as the study and interpretation of disease and 

injury that afflicted our ancestors (human and non-human), through a combination of both 

primary (i.e. mummies, bones, teeth, ashes) 4 and secondary (i.e. paintings, religious statuary, 

pottery, burial goods, and written documents) sources of evidence (Magner, 1992; Lovell, 

2000; Ortner, 2003a; Zimmerman, 2004; Roberts and Manchester, 2005; Buikstra, 2010). It is 

an interdisciplinary science (Roberts and Manchester, 2005; Perez, 2006) that focuses not only 

on the study of health conditions of past populations or societies, but also aims to trace the 

origin and evolution of diseases in a biocultural perspective (Martin, 1991; Lovell, 2000; 

Zimmerman, 2004; Roberts and Manchester, 2005; Perez, 2006). Additionally, it offers a good 

measure of the adaptative capabilities of humans to the surrounding environment, being a 

fundamental step in every bioarchaeological study (Ortner, 2003a; Zimmerman, 2004; Roberts 

and Manchester, 2005). As pointed out by Roberts (2010: 39): «[e]xploring health and disease 

in bioarchaeology provides us with a window on how populations have adapted to (or not) 

changes in their environment». This attempt to draw a global picture of diseases in order to 

understand their present-day evolution falls within the field of paleoepidemiology (Dutour, 

2008).  

Nevertheless, in the past two decades pertinent questions have been addressed about 

the effectiveness of paleopathology, especially in the difficult task of reconstructing the 

evolutionary history of infectious diseases (Wood et al., 1992; Larsen, 2006). With the re-

emergence of ancient diseases such as tuberculosis, paleopathologists have focused their 

interests on host-pathogen co-evolution in order to understand disease development in the 

past as a way to predict their “behaviour” in the future (Buikstra, 2010). However, critics have 

warned that linking community health with skeletal indicators of morbidity is not a 

                                                           
4
 Human skeletal remains are a notable source of information, since they represent the last biological 

testimonies of our ancestors (Larsen, 2002) and in some cases, the only picture of health available (Steckel, 2003). 
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straightforward exercise due to the effects of selective mortality5 and hidden heterogeneity6 in 

the risk of developing illness (Wood et al., 1992; Wright and Yoder, 2003; Pinhasi and Bourbou, 

2008; Larsen, 2010). As a consequence, the mortality pattern observed in a particular sample 

may not parallel the parameters of the living population from which it is derived (Pinhasi and 

Bourbou, 2008; Pinhasi et al., 2011). This problem is addressed in the 1992 publication “[t]he 

osteological paradox: problems of inferring prehistoric health from skeletal samples”, by Wood 

and co-authors. According to these authors, a high prevalence of skeletal lesions may be a sign 

of better health, suggesting that individuals survived long enough to develop bone changes 

(Wood et al., 1992). A year before, Ortner (1991: 10) had noted that in cases where skeletal 

involvement occurs late in the disease process, individuals must survive in order for bone 

lesions to appear, indicating «(...) a good immune response and relatively healthy individuals». 

The publication of the “Osteological paradox” challenged the “conventional” paleopathological 

interpretation that attributes the absence of bone lesions to a good health (Bennike et al., 

2005; Cook and Powell, 2006; Pinhasi and Bourbou, 2008). Simultaneously, it started a broader 

discussion that is far from being finished (Pinhasi and Bourbou, 2008). Some authors are in 

agreement with Wood et al.’s (1992) point of view (e.g. Wright and Chew, 1998; Wright and 

Yoder, 2003); for others (e.g. Goodman, 1993; Cohen et al., 1994; Armelagos and Van Gerven, 

2003; Mendonça de Souza et al., 2003; Bennike et al., 2005; Jackes, 2011) the presence of 

bone lesions continues to be a good measure of the morbidity and mortality profiles of the 

living populations (Pinhasi et al., 2011). In spite of all critics, the majority of researchers agree 

that Wood et al.’s (1992) paper was extremely valuable since it forced bioarchaeologists to 

evaluate previously unexamined biases and interpretations built into paleopathological and 

paleodemographic research (Sullivan, 2005), as well as to be conscious of the fact that 

different interpretations of prevalence data are possible (Pinhasi and Bourbou, 2008: 37). 

Furthermore, it gave bioarchaeologists a powerful lens through which they can critically 

evaluate their own work without forgetting the role of culture in generating heterogeneity 

(Wright and Yoder, 2003; Sullivan, 2005). Through Wood et al.’s (1992) work it became clear 

that the interpretation of bioarchaeological data must be done cautiously given the limitations 

imposed by skeletal samples (Katzenberg et al., 1996). In the domain of paleopathology, other 

                                                           
5
 According to Wood et al. (1992) mortality is selective since it targets those individuals that are at the 

higher risk of death in the population, instead of killing them all at the same rate. 
6
 Hidden heterogeneity refers the individual’s frailty or susceptibility to disease and death. This 

heterogeneity may be caused by genetic factors, socioeconomic differences, microenvironmental variation, or even 

from temporal trends in health and disease (Wood et al., 1992).  
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potential limitations besides selective mortality and hidden heterogeneity can be pinpointed. 

These are: (1) the representativeness of skeletal assemblages; (2) the importance of 

differential diagnosis; (3) the reliability of the methods used in bone disease diagnosis; and (4) 

the low sensitivity and specificity of bone lesions, especially those of infectious origin (Wood et 

al., 1992; Dutour, 2008).  

In accordance with Wright and Yoder (2003), our ability to make inferences about a past 

population’s health depends on the representativeness of archaeological sampling of ancient 

human remains. This assumption has been addressed by numerous authors (e.g. Wood et al., 

1992; Waldron, 1994 and 2007; Kemkes-Grottenthaler, 2002; Roberts and Buikstra, 2003; 

Dutour, 2008; Milner et al., 2008; Pinhasi and Bourbou, 2008; Ortner, 2011b). For instance, 

Waldron (1994 and 2007) argues that an assemblage of skeletons is neither a population nor a 

representative sample of the living because they are “generally small, scattered and badly 

preserved and probably non-random” (Mendonça de Souza et al., 2003: 24). Considering this 

subject, Jackes (2011) points out that in bioarchaeology we only can work with what is allowed 

by the chance of preservation and recovery. Quoting Milner et al. (2008: 571): «[t]he bones we 

might examine are the ones that survived a complicated winnowing process that might be 

summarized by the following sequence: living  dead  buried  preserved  found  

saved». In fact, there are several factors, both extrinsic (i.e. burial assemblage and cultural 

practices associated with the body disposal, duration of the inhumation, taphonomic 

constraints and methods of archaeological excavation) and intrinsic (i.e. structure of the 

sample in terms of sex and age at death distribution) that can bias our ability to make 

statements about past populations (Mays, 1998; Chamberlain, 2000; Roberts and Manchester, 

2005; Waldron, 2007; Dutour, 2008; Pinhasi and Bourbou, 2008; Stodder, 2008; Jackes, 2011). 

From the above mentioned factors, taphonomy is considered a powerful disrupting force that 

obliterates evidence from the paleodemographic and paleopathological record (Stodder, 

2008). Several biological, chemical and physical agents play a determining role in the 

preservation of human remains (Mays, 1998; White and Folkens, 2005; Stodder, 2008; Turner-

Walker, 2008). These agents are normally responsible for the differential preservation of bone 

elements, as they vary in their strength and microstructure (Mays, 1998; Pinhasi and Bourbou, 

2008; Jackes, 2011). Furthermore, they can produce postmortem changes mistakenly 

diagnosed as disease lesions (Ortner, 2003b; Pinhasi and Bourbou, 2008; Turner-Walker, 

2008). The presence of a pathological condition at the time of death may also contribute to 

differential preservation of the skeleton (Pinhasi and Bourbou, 2008). It is important to note 
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that bone preservation may vary not only between archaeological assemblages, but also within 

the same cultural layer in the excavated area (Pinhasi and Turner, 2008; Stodder, 2008). 

Besides taphonomy a variety of socio-cultural, political, economic and religious factors can 

shape the composition of a certain necropolis, affecting the representativeness of the skeletal 

assemblage, and consequently, the true prevalence of bone lesions (Jackes, 2011). 

The second major issue concerns the differential diagnosis. According to Larsen (2006: 

363): «[d]iagnosis is still an important element of understanding disease and health history in 

an ancient population». As Ortner (2003c and 2011b) notes, differential diagnosis in 

paleopathology depends on a careful evaluation of the type of bone abnormalities observed, 

their distribution, as well as some knowledge regarding the disease process and the 

physiological factors that affect the body’s response to disease. However it is well known from 

the paleopathological literature that the bone response to disease is limited to abnormalities 

of size, shape, density, bone formation and bone destruction (Ortner, 2003b and 2011b; 

Roberts and Manchester, 2005). This fact means that disease diagnosis in paleopathology is 

not as straightforward as in medicine (Larsen, 2002). In a clinical setting, a diagnosis relies on 

the patient history, symptoms, direct clinical examination and supplementary laboratory tests, 

whereas in paleopathology it is almost entirely based on the gross observation of skeletal 

remains (Waldron, 2007). The absence of soft tissues, organs, cells and body fluids broadly 

limits the accuracy of the paleopathological diagnosis (Ortner, 2003c; Pfeiffer, 1991a). 

Furthermore, it excludes the chance to establish symptomatology or to follow the progress of 

the condition (Pfeiffer, 1991a). Thus, in paleopathology the differential diagnosis is silent (no 

medical records are available to trace the clinical history of individuals), static (no clinic 

evolution is checked) and limited (mainly to skeletal expression) (Dutour, 2008). As a 

consequence, many diseases are under-represented or unrecorded since they may not have 

produced visible bone changes (Zimmerman, 2004; Dutour, 2008; Ortner, 2011a). Even in 

those disorders that typically involve the skeleton, individuals are not equally affected (Ortner, 

2011b). Moreover, a number of different bone conditions may coexist at the time of death, 

which makes differential diagnosis difficult (Ortner, 2011b).  

The reliability of paleopathological diagnosis also depends on the methods used. 

Although the importance of using multiple lines of inquiry in the analysis of skeletal remains is 

well recognized, the majority of studies are based on gross inspection (Grauer, 2008). This 

reality may lead to simplistic and misleading interpretations, since different conditions, acting 

solely or in synergistic interaction, may produce the same pattern of bone lesions (Wood et al., 
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1992; Grauer, 2008). Further limitations are imposed by the fact that diseases are rarely 

represented by a single typical symptom or trait (Dutour, 2008). In fact, only a few conditions 

that affect the skeleton leave pathognomonic traits that allow for a positive diagnosis 

(Waldron, 2007).  

Finally, the majority of bone lesions are insensitive indicators of their associated disease 

processes (Wood et al., 1992). Similarly they present a relatively nonspecific reaction to a 

variety of stressing agents (Pfeiffer, 1991a). The nature of periosteal bone reactions is a 

striking example of this phenomenon (Ortner, 1991; Weston, 2008). If periosteal lesions 

encompass the macroscopic signatures of a particular disease, which include their 

morphology, types of new bone produced and anatomical distribution, in addition to other 

types of skeletal evidence, as in the case of tuberculosis, treponemal diseases and leprosy, the 

diagnosis is more straightforward (Larsen, 2006; Ortner, 2011a). Unfortunately, this ideal 

scenario is usually absent (e.g. due to taphonomic constraints), which constrains our ability to 

identify infectious diseases in skeletal remains (Larsen, 2006; Weston, 2008).  

Taking into account the challenges faced by paleopathology, what can researchers do to 

reduce the limitations on the study of past diseases, especially those of infectious origin 

involving periosteal new bone formation (PNBF)?  

The main solution advanced by several authors (e.g. Ortner, 1991 and 2003b; Buikstra, 

2010; Ortner, 2011a and 2011b) relies on the application of more accurate methods for the 

description and diagnosis of pathological conditions. Ortner (2011a and 2011b) states that an 

effective collaboration between skeletal paleopathology and the medical knowledge derived 

from orthopaedic pathology and radiology is required to improve the disease description. 

Furthermore, he highlights the need to develop a proper classificatory system for describing 

gross bone abnormalities in order to reduce biased interpretations between researchers 

(Ortner, 1991). This recommendation integrates the three mandatory rules required for the 

macroscopic description: (1) an unambiguous terminology; (2) a precise identification of the 

location and distribution of bone abnormalities affecting the component of the bone involved, 

the aspect of the bone and affected features; and (3) a descriptive summary of the 

morphology of the bone lesions describing the type of bone formed and its organizational 

structure (Ortner and Putschar, 1981; Lovell, 2000; Ortner, 2003b; Roberts and Manchester, 

2005; Grauer, 2008). 

The development and/or improvement of new analytical instruments is another 

important avenue that may ensure the production of relevant data about past diseases 
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(Ortner, 1991 and 2011b; Buikstra, 2010). Wood et al. (1992: 357) pointed out that: «(...) we 

need a better understanding of the details of various pathological processes at the cell, tissue, 

and organ levels. Specific aspects of pathology that need to be addressed include how long it 

takes to develop particular hard-tissue lesions, how overall health affects the probability of 

lesion development, and how frailty and the risk of death vary by stage of lesion development, 

including the inactive or healed stage» (Wood et al. 1992: 357). Reiterating this statement 

Wright and Yoder (2003) argue that in addition to the macroscopic observation, the 

application of biomolecular and histological techniques may be very useful in clarifying the 

nature of bone changes. According to these authors, the application of histological [or 

paleohistopathological] methods may be especially important for examining the degrees of 

bone healing, as well as to identify traces of disease in cases where little bone response 

occurred prior to death (Wright and Yoder, 2003). This assumption is equally shared by 

Ragsdale and Lehmer (2012: 227): if cells are the effectors of bone changes, understanding 

their dynamic interaction is a necessary step for the differential diagnosis.  

Bone, as a dynamic and living tissue, has the capability to self-repair throughout life, 

changing its properties and configuration in response to mechanical demands and stress 

factors (Ortner, 1991; Garland, 1993; Schultz, 1997; Gosman and Stout, 2010). The 

paleohistopathological analysis of human remains can provide a wide range of information 

regarding normal and pathological changes that occurred during an individual’s lifespan in 

response to internal and external stimuli (Martin, 1991). Moreover, it offers a glimpse into the 

products of cellular activity, such as excessive tissue mineralization, signs of abnormal bone 

resorption, and residual organics associated with past diseases (Bell and Piper, 2000; Ortner, 

2003b). Through the microscope lens, all antemortem and abnormal changes to the bone 

microstructure can be ascertained, which provides important insight into the vascular and 

cellular conditions associated with the underlying pathology (Ortner, 2003b). The histological 

scrutiny provides information on a more subtle level that is otherwise omitted from the bone 

surface (Martin, 1991). This property can be very useful for differential diagnosis in a way that 

surpasses both macroscopic and radiological scrutiny alone (e.g. Garland, 1993; Schultz, 1993; 

1997; 2001 and 2003; Bell and Piper, 2000; Larsen, 2006). Schultz (2001; 2003 and 2012) 

emphasizes that regular use of microscopy must be established in order to obtain more 

reliable diagnoses. As pointed out by Frost (1964 in Martin, 1991: 55): «[b]one at the 

microscopic level can be used as a tool, that is, a model system or biological “window” into the 

past giving a view of earlier behaviour and health of the skeletal system».  
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Studying traces of disease in poorly preserved archaeological remains can also be 

enhanced by microscopic investigation (Schultz, 1997 and 2001). Even when bone is 

incomplete and shows taphonomic changes at the macroscopic level, a considerable amount 

of information about the underlying pathology can be gathered from histological analysis 

(Uytterschaut, 1993; Bell and Piper, 2000). Differentiation between antemortem and 

postmortem bone changes is also possible through microscopy (Schultz, 1997), which 

substantially reduces the amount of bias in the differential diagnosis.  

The only point of disagreement concerning the application of paleohistopathological 

techniques is related to the low sensitivity/specificity of some bone lesions, such as periosteal 

new bone formation (PNBF). According to Schultz (2001; 2003 and 2012) all diseases that 

cause bone changes can be studied by microscopy. The author emphasizes that a particular 

group of conditions (e.g. haematogenous osteomyelitis, treponemal diseases, leprosy, 

nonspecific and specific osteomyelitis, scurvy, anemia, rickets, and tumours, among others) are 

only diagnosable by microscopy. Schultz’s (2001; 2003 and 2012) assumption is based on the 

premise that certain diseases such as tuberculosis, treponematosis and leprosy imprint a 

characteristic “testimony” on the periosteal microstructure that is different from that caused 

by nonspecific inflammatory conditions (e.g. haematogenous osteomyelitis). For example, 

Schultz (2001: 126) argues that the presence of polsters (“pillow-like newly built bone 

formations”) and grenzstreifen (“a very fine or a narrow, band-like structure that represents 

the original external surface of the bone shaft”) are considered a telltale sign of treponemal 

diseases. With respect to this issue, Pfeiffer and Pinto (2012) are of the opinion that only a few 

conditions leave a distinct histological signature that allows for a definitive differential 

diagnosis, for instance osteoporosis, hyperparathyroidism, Paget’s disease, treponemal 

infection and leprosy. Recent studies focusing on the macroscopic (Weston, 2004 and 2009) 

and the histological (von Hunnius et al., 2006; Weston, 2004 and 2009; Van der Merwe et al., 

2010) structure of periosteal reactions similarly show an absence of specific diagnostic traits. 

Van der Merwe et al. (2010) state that the features associated with treponemal diseases may 

be not exclusive to these diseases. However, they underline the value of histology in 

distinguishing between infectious lesions and those of traumatic origin, such as ossified 

haematomas (Van der Merwe et al., 2010). Researchers also highlight the multiple 

pathogenesis of periosteal reactions, a fact frequently ignored in population studies, where 

the assumption of an infectious aetiology of these lesions is common (Weston, 2004). All 

criticisms reinforce the need to understand the range of variation of periosteal reactions at the 
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microscopic level, both qualitatively and quantitatively, in order to develop more accurate 

methods for the differential diagnosis of infectious diseases (von Hunnius et al., 2006; Weston, 

2004 and 2009). As Ortner (1991) recommended two decades ago, basic research on the 

biological significance of many microscopic features is required to develop standards for 

distinguishing among normal and abnormal histological patterns. This will certainly help in 

ascertaining the real sensitivity and specificity of bone lesions, and consequently, the true 

prevalence of disease in skeletal assemblages. In addition to these reliable diagnoses, a better 

understanding of the aetiology and epidemiology of diseases in ancient populations will be 

possible (Schultz, 2012). 

 

 

1.2. OBJECTIVES 

 

The chief goal of this research is to develop diagnostic criteria that can be used to 

distinguish between infectious disease and other systemic conditions that potentially stimulate 

the development of periosteal reactions (e.g. tumours and bone trauma), with particular 

emphasis on the identification of fragmentary bone lesions unearthed from archaeological 

contexts. Combining both macroscopic and histological sources, the purpose of this research is 

twofold: firstly, to analyze the macroscopic distribution of periosteal reactions by age and 

cause of death, anatomical location, side location, symmetry, bone dispersion and type of new 

bone; and secondly, to microscopically examine and compare thin sections of periosteal new 

bone, in order to evaluate the existence (or not) of microstructural differences in individuals 

who died from: (1) tuberculosis infections-TB; (2) non-TB infections; and (3) other systemic 

conditions of different aetiologies. To pursue this goal, bone samples were collected from the 

Human Identified Skeletal Collection of the Museu Bocage (Lisbon, Portugal). For comparison, 

archaeological samples were collected from three distinct skeletal assemblages (14th-19th 

centuries): the Constância necropolis; the cemetery of the hospital of the Ordem do Carmo in 

Oporto; and the cemetery of the Royal Hospital of All Saints in Lisbon. 

The study’s specific hypotheses are as follows:  

1. Does new bone deposition manifest differently, both macroscopically and 

histologically, in the different cause-of-death groups? With respect to both TB and non-TB 

infectious groups, several macroscopic studies point to a possible association between new 

bone deposition on the visceral surface of ribs and cases of pulmonary TB (Roberts et al., 1994; 
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Santos and Roberts, 2001 and 2006; Matos and Santos, 2006). However, this proliferative 

phenomenon also occurs in other infectious and inflammatory conditions of the lungs (Roberts 

et al., 1994). So, at the histological level, are there qualitative differences between pulmonary 

and non-pulmonary TB conditions that allow for a positive diagnosis?  

2. With respect to TB infectious and other systemic conditions, are the proliferative 

lesions of tuberculous origin different from those caused by tumours? In early stages of fracture 

healing, the new bone formed may mimic that of infectious origin, which can be particularly 

problematic when studying fragmentary remains from archaeological contexts. Thus, to what 

extent is the new bone produced during fracture remodelling different from that of infectious 

origin?  

3. Does bone microstructure remain unaffected in cases where no visible lesions are 

present?  

4. And finally, considering both identified and archaeological samples, do histological 

comparative studies aid in the differential diagnosis of archaeological remains? Since burial 

conditions (e.g. soil type, duration of inhumation and others) affect the integrity of bone tissue 

(Nawrocki, 1995; Ortner, 2003b; Roberts and Manchester, 2005), what major taphonomic 

differences are found among identified and archaeological samples and what are the 

implications for the differential diagnosis?  
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 “PALAEOHISTOLOGY IS A UNIQUE AND EXCITING TOOL FOR THE STUDY OF EXTANT 

MATERIAL, AND ITS TOTAL POTENTIAL IS, AS YET UNTAPPED” 

GARLAND (1993: 14)  
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2. PALEOHISTOPATHOLOGY: A LITERATURE REVIEW  

 

 

The main goal of paleohistopathology (or paleohistology, as referred to by the 

pioneering researchers) is the description and diagnosis of pathological changes in ancient 

remains (e.g. Schultz, 1986, 1993, 1997, 2001, 2003 and 2012; Martin, 1991). The long 

partnership between paleopathology and paleohistology is clear in the literature, as it seems 

to hold much promise for the improvement of disease diagnosis. However, and contrary to 

paleopathology whose journey is well-established, in paleohistopathology there are many gaps 

that need to be filled. This occurrence is probably the result of a nonsystematic and non-

standardized approach to the microscopic study of skeletal abnormalities in past human 

remains.  

In the following pages, a critical evaluation of the history of paleohistopathology will be 

made. Since the usefulness of paleohistopathological diagnosis depends on the methods 

applied, the state of art of the discipline will be accompanied by a summary of the main 

technical achievements.  

 

 

2.1. CONCEPTS AND HISTORICAL ENDEAVOR  

 

The first application of histology to the study of ancient pathological remains can be 

traced back to the 19th century. With respect to the analysis of mummified remains, this 

technique was pioneered by the Czech physician J. N. Czermak (1828-1873), in 1879, to 

describe a case of arteriosclerosis in an Egyptian mummy (Auferderheide and Rodríguez-

Martín, 1998; Aufderheide, 2003; Denton, 2008). In the beginning of the 20th century, Sir 

Armand Ruffer, a professor of Bacteriology in Cairo (who is also considered the father of 
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paleopathology) developed revolutionary methods for rehydrating mummified tissues for 

histological inspection (Sandison, 1967; Swinton, 1981; Auferderheide and Rodríguez-Martín, 

1998; Aufderheide, 2003; Denton, 2008). In order to restore the flexibility of tissues, Ruffer’s 

method consisted of embedding sectioned material in several cycles of alkaline salts (sodium 

carbonate) mixed with alcohol for two to three days, followed by baths in pure reagents 

(alcohol, chloroform or paraffin) (Moodie, 1921). Through this innovative procedure, several 

paleopathologies were identified on mummified and bone remains, such as arterial diseases, 

diffuse anthracosis of lungs, kidney abscesses, spondylitis deformans of vertebrae, among 

others (Moodie, 1921). In his paper entitled “Histological studies on Egyptian mummies” 

presented at L’Institut Égyptien in 1911, Ruffer emphasized the importance of the systematic 

use of histology as a complement to the macroscopic observation of pathological changes 

(Moodie, 1921). Almost at the same time the eminent British pathologist S. G. Shattock (1852-

1924) studied histological sections of an aorta from an Egyptian pharaoh (Lovell, 2000). Since 

this early beginning, the contribution of histology to the analysis of disease on mummified 

bodies has been considerable (e.g. Sandinson, 1955; Post and Daniels, 1969; Armitage and 

Clutton-Brock, 1981; Massa, 1981; Weinstein et al., 1981; Pahl, 1983; Walker et al., 1987; 

Zimmerman et al., 1998; Ciranni et al., 1999; Lynnerup, 2007; Zweifel et al., 2009). This 

growing interest was improved by new techniques for the preparation of mummified tissue 

(e.g. Graf, 1949; Sandinson, 1955; Turner and Holtom, 1981; Hess et al., 1998; Auferderheide, 

2003; Mekota and Vermehren, 2005). 

Histological examination was also applied by Roy L. Moodie (1880-1934, USA) to the 

study of bone lesions on nonhuman fossil remains (Moodie, 1918a and 1918b), for example, a 

rib fracture from a reptile from the Permian of Texas (Moodie, 1918b); a hemangioma 

observed on two caudal vertebrae from an Apatosaurus from the Comanchian (Moodie, 1918a 

and 1918b); and a case of osteoperiostitis observed on a humerus from a Mosasaur from the 

Cretaceous (Moodie, 1918a and 1918b). Apart from applying this new diagnostic technique, 

Moodie was also responsible for introducing the concept of paleohistology in 1926 (Garland, 

1993). Nevertheless, it was not until 1949 that a proper definition was proposed by Wilhelm 

Graf (Sweden), who described paleohistology as «(…) the examination of microscopic sections 

of ancient human beings and the recognizing of tissues and cells in such sections» (Graf, 1949: 

236). With regard to the study of archaeological human bone, the first histological analysis was 

undertaken by the American pathologist Theopfil Mitchell Prudden (1849-1924) in 1891 

(Garland, 1993). Prudden used microscopy to confirm a possible case of syphilis observed in 
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two adult tibiae exhumed from the prehistoric site of Animas River, Colorado, whose 

microstructure revealed chronic periostitis and osteomyelitis. Another historical reference 

concerning the application of histology to skeletonized remains is attributed to Carl Magnus 

Fürst (1854-1935, Sweden) who diagnosed, in 1920, a case of periostitis ossificans in the tibia 

of King Magnus of Sweden, 13th century A.D. (Graf, 1949). In 1927, M. Weber (Germany) 

developed a new microscopic technique to distinguish inflammatory bone lesions linked with 

presumed syphilitic cases (Graf, 1949; Schultz, 1997). In spite of Weber’s efforts to standardize 

diagnosis, little attention was paid to his work (Schultz, 1997). A year later, H. U. Williams 

described an experimental method to the study of osteoporotic bones that consisted of 

embedding fragile bones in celloidin and then decalcifying them in an acid solution (Graf, 

1949). Focusing on the preservation of mummified and dry bone remains, Graf (1949) 

performed a comparative study on three Egyptian mummies and fifteen Swedish skeletons 

from different chronological periods, concluding that there were no parallels between the 

chronology and the microscopic preservation of remains (an assertion that is still valid today, 

see e.g. Stout and Teitelbaum, 1976; Schmidt-Schultz and Schultz, 2007). No pathological 

indicators were recorded by the author. Besides the comparative histomorphology, Graf also 

tested different methods. Regarding the preparation of dry bone specimens he adopted the 

classical histopathological procedures used by clinicians that consisted of bone decalcification 

(nitric acid), paraffin-embedding and staining techniques (Graf, 1949).  

Despite all of the medical improvements on light and polarized microscopy7, as well as 

on techniques for decalcification, paraffin wax embedding8, and handgrinding of human bone, 

the histological analysis of archaeological bone and teeth remained underdeveloped until the 

                                                           
7
 Polarized light microscopy allows a detailed picture of cells and tissues by revealing the birefringence (this 

property is the numerical difference between the maximum and minimum principal refractive indices) of long 

molecules, such as those that comprise the collagen fibers (Lovell, 2000; Delly, 2008). This type of analysis is 

achieved adding an analyser and a polarizer on the microscope and orientating polarization planes to a right-angled 

position in order to reveal bright and black areas (Herrmann, 1993). Introducing tint plates, interference colours 

may be produced, allowing for the identification of the physical properties of the bone samples (Herrmann, 1993).  
8
 Decalcification and paraffin-embedding biopsy is the most common method applied to the histological 

study of soft tissues, cartilage, and decalcified bone specimens in both experimental and diagnostic histotechnology 

and histomorphometry (An and Gruber, 2003). Bone decalcification consists of its immersion in an acid solution 

(hydrochloric acid and nitric acid in an aqueous solution are the most commonly used), a chelating solution (a 

chelator is an organic chemical, such as ethylenediamine tetraacetic acid – EDTA that bonds with tissue and 

removes free metal ions from solutions) or a solution consisting of an acid-chelator complex (Skinner, 2003). 

Paraffin-embedding techniques were introduced by Edwin Klebs in 1869 and are today one of the most suitable 

methods for embedding soft tissues and decalcified hard tissues. Other methods using waxes and resins have also 

been developed according to the specificities of the specimens (An et al., 2003). 
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mid-1990s (Garland, 1993)9. Two main reasons may explain this lack of interest: firstly, the 

emphasis placed on bioanthropological studies during the first half of the 20th century, for 

example, on the description of skull morphology and subsequent “racial” classification 

(Garland, 1993; Armelagos and Van Gerven, 2003); and secondly, due to technical limitations 

dictated by the nature of the samples. The physical properties of archaeological bone and 

teeth fall among those of fresh and fossil origin: they do not possess the elasticity that 

characterizes living tissues, nor the hardness of fossil remains, a fact that generates substantial 

difficulties during bone sectioning (Turner-Walker and Mays, 2008).  

The situation started to change in the 1950s with the introduction of plastic embedding 

techniques for the preparation of thin sections and new microscope devices (Herrmann, 1993; 

Turner-Walker and Mays, 2008). For instance, a simple method consisting of bone fixation in 

successive alcohol and ether-alcohol baths, and bone infiltration in a solution of ether-alcohol 

solvented plastic (plasticized nitrocellulose) to increase bone hardness was proposed by Arnold 

and Jee (1954). A similar procedure, using a plastic substance (methyl methacrylate monomer) 

was also presented by Jowsey (1955). Shortly afterwards, the feasibility of plastic embedding 

media started to be investigated, with researchers searching for the quickest and most 

advantageous method to produce bone samples (Woodruff and Norris, 1955). Focusing on the 

preparation of thin undecalcified bone sections, Frost published, in 1958, the guidelines of an 

innovative method characterized by its simplicity, cheapness, rapidity and dependability. Bone, 

instead of being fixed, embedded, dehydrated and heated as in the previous methods, was 

simply ground on both sides, using abrasive paper on a plate of glass gently moistened with 

water (Frost, 1958). Also in 1958, Pugh and Savchuck (1958) presented a new suggestion for 

undecalcified bone preparation based on plastic embedding (polyvinyl resin), polishing and 

staining techniques. In 1968, two distinct papers concerning the use of staining-labelling 

techniques (in vivo) to evaluate the rates of bone formation and resorption in undecalcified 

bone samples were published by Frost (1968) and Hoyte (1968). Although these innovations 

were first used in the field of medicine, they were rapidly adapted to the study of ancient 

remains. In 1969, the result of one of the first applications of the electron microscope10 to the 

                                                           
9
 Even the technique of bone decalcification was revealed to be unfeasible in certain circumstances, since it 

affects the mineral arrangement and the biochemical components of bone required in some paleopathological 

studies (Arnold and Jee, 1954; Jowsey, 1955; Franklin and Martin, 1980).  
10

 One of the first researchers to apply electron microscopy to the study of ancient bone remains was 

Barbour (1950). In her pioneering work, she compared fresh and fossil bones with distinct chronologies to evaluate 

small structures that were beyond the range of light microscopy (Barbour, 1950). Transmission electron microscopy 

(TEM) is the most powerful technique for evaluating the microstructure and morphology of large molecules, such as 

those from bone tissue (An and Gruber, 2003). Additionally, certain tissue structures like cell nuclei are revealed 
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analysis of pathological tissues from Egyptian and Peruvian mummies was presented by 

Macadam and Sandison (1969). Criticizing the pioneering methods of decalcification of ancient 

human bone, Stout and Teitelbaum (1976) proposed a new method using plastic embedding 

substances (methyl methacrylate). According to these authors, this technique provided 

excellent preservation of bone microstructure, allowing for the diagnosis of many systematic 

diseases and deficiencies (Stout and Teitelbaum, 1976). Two years later, Pawlicki (1978) 

described an alternative method combining grinding and staining techniques for the 

preparation of fossil bone for light and transmission electron microscopy.  

Regarding the time-consuming nature of the traditional methods, Wallin et al. (1985: 

331) proposed a new “low-speed rim-type diamond cut-off wheel and a slowly advancing 

table” for carrying the bone specimen that only required dehydration and epoxy resin 

embedding (grinding was not needed). One year later, Schultz (1986) published an extensive 

work on the application of light and polarized microscopy to the study of bone lesions in 

prehistoric skeletons, highlighting the methodology used. In 1988, a rapid method for 

producing stained undecalcified bone sections was presented by Emmanual (1988). A similar 

work based on methyl methacrylate embedding and staining protocols was published by 

Sterchi and Eurell (1989). In 1991, Maat (1991) used a scanning electron microscope11 to 

compare the ultrastructure of both normal and pathological red blood cells with 

pseudopathological structures. The same technology was applied by Wakely et al. (1991) to 

the study of rib lesions.  

Aiming to discuss the untapped potential of microscopy in bioarchaeology and forensic 

science, a “Palaeohistology Workshop” was held at the University of Göttingen, Germany, in 

1990. After the meeting, a proceedings book entitled “Histology of ancient human bone: 

methods and diagnosis” was edited by Grupe and Garland (1993). Among the subjects 

discussed, particular emphasis was placed on the description of the methods used in the study 

of decomposition phenomena (Grupe and Dreses-Werringloer, 1993), differential diagnosis of 

                                                                                                                                                                          
(Lovell, 2000). Through TEM analysis, a beam of electrons with a smaller wave-length crosses bone, producing an 

image with a much higher magnitude when compared with light microscopy (Lovell, 2000). 
11

 Scanning electron microscopy (SEM) and backscattered electron microscopy (BSEM) are important 

microscopic techniques for evaluation of the structure and morphology of bone such as the trabecular bone 

surface, osteoclastic bone interface and vascular structure (An and Gruber, 2003). Scanning electron microscopy is 

designed to make a scan of the object in a raster pattern, producing an image that is built up serially (Lovell, 2000). 

With SEM analysis it is possible to observe the bone surface features with a three-dimensional resolution (Lovell, 

2000). Compared with SEM, BSEM is more sensitive to subtle differences in sample density, allowing for a more 

clear observation of the bone elements, such as lamellar bone, osteons, cement lines, reversal lines, amongst others 

(Turner-Walker and Mays, 2008). Furthermore, it is useful for distinguishing soil components, exogenous minerals 

and altered bone minerals from normal or pathological bone (Turner-Walker and Mays, 2008).  
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human and animal bones (Harsányi, 1993) and general observations of the bone 

microstructure (Heuck, 1993). In 1995, Abou-Arab and co-authors (1995) published a technical 

note concerning the importance of staining in the study of secondary osteons. A method for 

bone and teeth slide preparation to be carried out in different microscope modes, namely light 

and backscattered electron microscopy was accurately described by Goldman and co-authors 

(1999). Caropreso et al. (2000) made available a simple method based on resin embedding 

(epoxy resin), cutting and mounting procedures to apply to both modern and archaeological 

remains. A year later, a revised and modified version of Frost’s rapid manual method was 

proposed by Maat and co-authors (2001). In the same year, an innovative method for the 

morphological study of fungi and bacteria contaminating ancient human bone, combining resin 

embedding (Implex “three-phase” polyester resin) and staining techniques was presented by 

Dore et al. (2001). An extensive handbook focusing on histological methods for bone and 

cartilage was edited by An and Martin (2003), in which numerous procedures for sample 

fixation, decalcification, embedding, staining, cutting, grinding and instrumental observation 

are presented and discussed. In the meantime, several studies were conducted to test the 

feasibility of the available methods for the study of dry bone samples (e.g. Beauchesne and 

Saunders, 2006; Martiniaková et al., 2006). In 2007, a guideline manual for teeth sectioning 

and analysis was developed by FitzGerald and Saunders to be used in the Anthropology Hard 

Tissue and Light Microscopy Laboratory at McMaster University. Recently a new method for 

embedding, sawing, grinding and staining was proposed by De Boer et al. (2012a and 2013) to 

study undecalcified archaeological bone samples, especially when lesions are present. Finally, 

in the recent book entitled “Bone histology: an anthropological perspective”, two chapters are 

exclusively dedicated to laboratory histology procedures and microscope instrumentation 

(Cho, 2012; Cooper et al., 2012).  

In addition to the improvements in the preparation of samples, other sophisticated 

microscope techniques were introduced to the study of archaeological remains, namely the 

atomic force microscope12 (Thalhammer et al., 2001), the epiflurescence microscope13, 

                                                           
12

 Also called scanning force microscopy (SFM), the atomic force microscope (ATM) is a high-resolution type 

of scanning microscope used to image and measure properties of material, chemical and biological surfaces with an 

accurate resolution ranging from 100µm to less than 1µm (Blanchard, 1996; Galloway Group, 2004; Turner-Walker 

and Mays, 2008). This new instrument was invented by Gerd Binning, in 1986, to study and image materials that do 

not conduct an electric charge (Galloway Group, 2004). In comparison with other techniques it provides 

extraordinary topographic contrast; three-dimensional images with low expense sample preparation and high 

resolution (Blanchard, 1996; Galloway Group, 2004; Turner-Walker and Mays, 2008).  
13

 Fluorescence microscopy is nowadays an essential tool for medical and biological studies (Spring, 2003). 

The use of fluorochromes (stain substances that attach themselves to visible or subvisible structures) made possible 
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microscopic computerized tomography14, and the confocal laser scanning microscope15 (Kuhn 

et al., 2007; Rühli et al., 2007; Maggiano et al., 2009; Šefčáková et al., 2001).  

 

 

2.2. PALEOHISTOPATHOLOGY TODAY: A SYSTEMATIC REVIEW OF THE 

PUBLISHED DATA  

 

Despite the improvements made in sample preparation and analysis, the “running for 

technology” was not pursued by a systematic application to paleopathological studies (Grupe 

and Garland, 1993). To test this assumption, a literature review was conducted in the main 

journals of the area (Table 2.1), using the online platform ISI Web of Knowledge/Web of 

Science and PubMed16. Regardless of the apparent simplicity of this task, it was not 

straightforward as it required the use of several key-words to target the higher number of 

articles, for instance: paleohistology and paleohistopathology [or palaeohistology and 

palaeohistopathology], histology, histologic, microscopy, microscope, microscopic17. In the 

case of journals with a broader scientific spectrum such as PLoS One and PNAS, the key-words 

                                                                                                                                                                          
the identification of molecules and other structures of interest (Spring, 2003). Accordingly to Erben (2003), in bone 

and teeth the fluorochrome bands are visualized through UV, blue-violet, or blue excitation, which are activated by 

super pressure mercury vapour lamps or laser devises. In epifluorescence microscopy, the vertical illuminator of the 

microscope is designed to direct light onto the specimen by first passing it through the objective on the way toward 

the specimen and then using the same objective to capture the emitted light (Spring, 2003: 549). 
14

 According to Cooper et al. (2012), microscopic computerized tomography (or micro-CT) is an extension of 

computed tomography (CT) applied to the microscopic level. CT is an x-ray non-invasive technique that generates 

serial cross-sectional images used to visualize the internal structure of organisms in 3D. Micro-CT presents two 

variants: laboratory micro-CT, built around microfocus x-ray sources; and synchrotron (SR) micro-CT that employs 

radiation within a synchrotron facility, for example the European Synchrotron Radiation Facility in Grenoble, France 

(Cooper et al., 2012). SR micro-CT has opened the way for a range of microscopic and analytical techniques at the 

nanometre level with high resolutions (Turner-Walker and Mays, 2008). This type of micro-CT produces images 

comparable to BSEM, but without the need for physical sectioning of the specimens (Turner-Walker and Mays, 

2008). 
15

 Confocal microscopy has a wide range of application in biomedical and orthopedical research (An and 

Gruber, 2003). It creates image reflecting light off of the surface of the specimen or as an alternative, stimulating 

fluorescence from special dyes used to stain the specimen (Turner-Walker and Mays, 2008). In bone, the 

fluorescence can be endogenous or introduced to target a particular structure (Cooper et al., 2012). The Confocal 

Laser Scanning Microscopy (CLSM) is able to produce focused images of specimens that normally appear distorted 

in a conventional microscope (Turner-Walker and Mays, 2008). Another advantage is that it can be used on unfixed, 

wet specimens or cells (An and Gruber, 2003). 
16

 This survey only considered complete journal articles published until January 2012. Special volumes or 

numbers containing abstracts from meetings were not evaluated because in many cases the information available is 

not sufficient for a complete analysis.  
17

 The survey on the Bulletins et Mémoires de la Société d'Anthropologie de Paris was made using key-

words in English and French. 
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were always combined with the term “paleopathology” or “bioarchaeology” to narrow the 

search. The same principle was used during the search on PubMed. The references targeted in 

each journal where then uploaded to a bibliographical management software, EndNote X3®, 

and stored in specific libraries. Regarding those journals that are not indexed in the selected 

platforms (e.g. ASE: Anthropological Science, Bulletins et Mémoires de la Société 

d'Anthropologie de Paris and JASs: Journal of Anthropological Sciences), a consultation was 

made individually, searching for all of the available articles on the journal’s website. The 

Journal of Paleopathology was consulted in its paperback version. The steps followed during 

the selection of the references are summarized in Figure 2.1. 

 

Table 2.1: List of selected journals used for analysis.  

Journal list Publishing source Online database 

American Journal of Physical Anthropology Wiley Online Library 
[Articles available online: since 1918] 

ISI Web of 
Knowledge 

Archaeology, Ethnology and Anthropology 
of Eurasia 

Elsevier Science Direct 
[Articles available online: since 2008] 

ISI Web of 
Knowledge 

ASE: Anthropological Science J-Stage | Japan Science and Technology 
Information Aggregator, Electronic 

[Articles available online: since 1998] 

Individual search 

Bulletins et Mémoires de la Société 
d'Anthropologie de Paris 

Articles available online: 
From 1859-1999, Persée 

From 2000-2010, Revues.org 
From 2010-present, Springer 

Individual search 

Forensic Science International Elsevier Science Direct 
[Articles available online: since 1978] 

ISI Web of 
Knowledge 

HOMO: Journal of Comparative Human 
Biology 

Elsevier Science Direct 
[Articles available online: since 2002] 

ISI Web of 
Knowledge 

International Journal of Osteoarchaeology Wiley Online Library 
[Articles available online: since 1991] 

ISI Web of 
Knowledge 

International Journal of Paleopathology Elsevier Science Direct 
[Articles available online: since 2011] 

ISI Web of 
Knowledge 

JASs: Journal Anthropological Sciences Istituto Italiano di Antropologia 
[Articles available online: since 2004] 

Individual seach 

 
Journal of Archaeological Science 

Elsevier Science Direct 
[Articles available online: since 1974] 

ISI Web of 
Knowledge 

Journal of Forensic Sciences Wiley Online Library 
[Articles available online: since 2006] 

ISI Web of 
Knowledge 

Journal of Human Evolution Elsevier Science Direct 
[Articles available online: since 1972] 

ISI Web of 
Knowledge 

Journal of Paleopathology Museo Universitario di Chieti 
[Articles available: from 1987-2009] 

Individual search 

PLoS One Public Library of Sciences 
[Articles available online: since 2006] 

Individual search 

PNAS National Academy of Sciences from USA 
[Articles available online: since 2000] 

Individual search 

Virchows Archiv Springer 
[Articles available online in English: since 

1960s] 

ISI Web of 
Knowledge 
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Figure 2.1: Results of the systematic literature review (*references related to mummy histology, 

calcified tissues and other body substances found in bioarchaeological contexts were included in this 

survey).  

Paleohistopathological studies  
(n = 94) 

Candidate studies 
(n = 553) 

Final candidate studies 
(n = 630) 

Studies added (n = 77):  

 Journals non indexed in the 
ISI Web of Knowledge  

 PubMed 

ISI Web of Knowledge 
Total references identified 

(n = 5872) 

Unique references 
(n = 5212) 

Duplicate references excluded 
(n = 660)  

Studies excluded (n = 4659): 

 Paleohistological techniques 
were mentioned but not 
used and described properly; 

 Paleohistological techniques 
were used but not in human 
skeletal remains (e.g. hair)*; 

 Case descriptions were 
duplications of previously 
published works; 

 Reviews of cases already 
included in other sources. 
 

 
 

9. Methods (n = 17) 
 

Others applications (n = 536) 

1. Tooth alterations (n = 131) 
 

2. Ontogeny and Phylogeny (n = 94) 
 

3. Age at death (n = 90) 
 

4. Taphonomy (n = 82) 
 

5. Cutmarks (n = 32) 
 

6. Human versus nonhuman (n = 31) 
 

7. Mummies (n = 30) 
 

8. Body dynamics (n = 29) 
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Through key-words scrutiny, a total of 5872 references were targeted in the ISI Web of 

Knowledge platform. From this assemblage, all duplicate references (n=660) were removed, 

and some others were eliminated (n=4659) because they did not match the search criteria for 

the following reasons: (1) paleohistological techniques were mentioned but not used and 

described; (2) paleohistological techniques were used but not in bone and tooth remains; (3) 

case descriptions were duplications of previously published works; and (4) some studies were 

reviews of cases already included in other sources18. After the rejection of references, a 

candidate sample composed of 553 studies was obtained. To this sample were added 77 

references collected in journals that are not indexed in the ISI platform and others allocated in 

PubMed, yielding a total of 630 studies that have used paleohistology as a diagnostic tool.  

In spite of the high number of references found, only 94 focused on the 

paleohistopathological analysis of bone conditions (Table 2.2)19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
18

 The approval or rejection of the references was done taking into account the title and the abstract 

contents. When no direct mention of paleohistology techniques was found in the title or abstract, a more in-depth 

paper review was conducted to eliminate possibilities.  
19

 The results presented here are obviously under represented since they are based on a restricted journal 
selection.  
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Table 2.2: Summary of paleohistopathological studies in the literature.  
 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

In
n

er
 a

n
d

 o
u

te
r 

ta
b

le
s 

w
it

h
 in

te
rv

en
in

g 

ca
n

ce
llo

u
s 

b
o

n
e 

w
it

h
 a

 n
o

rm
al

 a
p

p
ea

ra
n

ce
. 

A
b

se
n

ce
 o

f 
an

y 
ex

ce
ss

 o
f 

u
n

m
in

e
ra

liz
ed

 b
o

n
e.

 

Th
ic

kn
es

s 
o

f 
th

e 
sk

u
ll 

va
u

lt
 w

it
h

 e
xp

an
si

o
n

 o
f 

th
e 

d
ip

lo
e.

 G
en

e
ra

liz
ed

 o
st

eo
p

o
ro

si
s 

w
it

h
 t

h
in

n
in

g 
o

f 

th
e 

in
n

er
 t

ab
le

. T
h

e 
lim

it
 b

et
w

ee
n

 t
h

e 
o

u
te

r 
an

d
 

th
e 

in
n

er
 t

ab
le

 a
n

d
 d

ip
lo

e 
is

 n
o

t 
w

el
l d

ef
in

ed
. 

H
ig

h
 c

o
rt

ic
al

 b
o

n
e 

lo
ss

 in
 f

em
al

e
s 

(1
0

.7
%

) 
w

h
en

 

co
m

p
ar

ed
 w

it
h

 m
al

es
 (

4
.9

%
),

 e
sp

ec
ia

lly
 b

ef
o

re
 t

h
e 

th
ir

d
 d

ec
ad

e 
o

f 
lif

e.
 In

 m
al

es
, a

 d
ec

re
as

e 
in

 

m
in

er
al

iz
at

io
n

 o
f 

th
e 

p
er

io
st

eu
m

 a
n

d
 e

n
d

o
st

e
u

m
 

w
as

 o
b

se
rv

ed
. F

em
al

e
s 

o
ld

er
 t

h
an

 3
0

 s
h

o
w

ed
 a

 

h
ig

h
 f

re
q

u
en

cy
 o

f 
re

so
rp

ti
o

n
 s

p
ac

es
 a

n
d

 f
o

rm
in

g 

o
st

eo
n

s.
 S

tr
es

s 
re

la
te

d
 t

o
 c

h
ild

b
e

ar
in

g 
an

d
 

ch
ild

re
ar

in
g 

m
ay

 b
e 

re
sp

o
n

si
b

le
 f

o
r 

th
e 

fr
eq

u
e

n
ci

es
 o

b
se

rv
e

d
 in

 t
h

is
 p

o
p

u
la

ti
o

n
. 

Th
e 

b
o

n
e 

o
ve

rg
ro

w
th

 is
 c

o
m

p
o

se
d

 o
f 

sp
o

n
gy

 

tr
ab

ec
u

la
e 

th
at

 a
re

 t
h

ic
ke

r 
th

an
 in

 n
o

m
al

 b
o

n
e.

 

Th
e 

h
is

to
lo

gi
ca

l a
n

al
ys

is
 r

ev
ea

le
d

 c
o

rt
ic

al
 b

o
n

e 

w
it

h
 a

 n
o

rm
al

 la
m

el
la

r 
st

ru
ct

u
re

 a
n

d
 H

av
er

si
an

 

sy
st

em
s.

 T
h

e 
b

o
n

e 
o

u
tg

ro
w

th
 s

h
o

w
ed

 o
st

eo
n

s 

p
ar

tl
y 

re
m

o
d

e
le

d
.  

Th
e 

h
is

to
m

o
rp

h
o

m
et

ri
c 

an
al

ys
is

 r
ev

ea
le

d
 lo

w
 

tr
ab

ec
u

la
r 

b
o

n
e 

vo
lu

m
e 

an
d

 t
ra

b
ec

u
la

r 
at

ro
p

h
y 

co
n

si
st

en
t 

w
it

h
 a

n
 u

n
kn

o
w

n
 m

et
ab

o
lic

 d
is

ea
se

. 

Th
e 

st
u

d
y 

q
u

es
ti

o
n

s 
th

e 
n

eg
at

iv
e

 e
ff

ec
t 

th
at

 

ce
rt

ai
n

 m
et

ab
o

lic
 d

is
ea

se
s 

m
ay

 h
av

e 
o

n
 

h
is

to
lo

gi
ca

l a
ge

 a
t 

d
ea

th
 e

st
im

at
io

n
.  

M
ic

ro
sc

o
p

e
 

te
ch

n
iq

u
e

 

Li
gh

t 
an

d
 e

le
ct

ro
n

 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

M
ic

ro
ra

d
io

gr
ap

h
 

M
ic

ro
ra

d
io

gr
ap

h
, 

p
o

la
ri

ze
d

 li
gh

t 

m
ic

ro
sc

o
p

y 

M
ic

ro
ra

d
io

gr
ap

h
, 

lig
h

t 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

P
o

ro
ti

c 

h
yp

er
o

st
o

si
s:

 ir
o

n
-

d
ef

ic
ie

n
cy

 a
n

em
ia

 

P
o

ro
ti

c 

h
yp

er
o

st
o

si
s:

 

th
al

as
se

m
ia

 m
in

o
r 

o
r 

co
n

st
it

u
ti

o
n

al
 

h
ae

m
o

ly
ti

c 
an

em
ia

 

O
st

eo
p

o
ro

si
s 

M
yo

si
ti

s 
o

ss
if

ic
an

s 

ci
rc

u
m

sc
ri

p
ta

 

M
et

ab
o

lic
 d

is
o

rd
er

 

Sa
m

p
le

 ID
 

Sk
u

ll 
va

u
lt

 f
ro

m
 a

 n
o

n
-a

d
u

lt
 

sk
el

et
o

n
, N

at
io

n
al

 M
u

se
u

m
 o

f 

W
al

es
, U

.K
. (

B
ro

n
ze

 A
ge

) 

Sk
u

ll 
fr

ag
m

en
ts

 f
ro

m
 a

 y
o

u
n

g 

fe
m

al
e 

fr
o

m
 t

h
e 

n
ec

ro
p

o
lis

 o
f 

N
o

tr
e-

D
am

e 
d

u
 B

ru
se

, F
ra

n
ce

 

(P
al

eo
-C

h
ri

st
ia

n
 p

er
io

d
) 

7
4

 a
d

u
lt

 in
d

iv
id

u
al

s 
(4

0
 f

em
al

es
, 

3
4

 m
al

es
) 

fr
o

m
 a

 P
re

h
is

to
ri

c 

p
o

p
u

la
ti

o
n

 f
ro

m
 S

u
d

an
es

e 

N
u

b
ia

, S
u

d
an

 (
3

5
0

-5
5

0
 A

.D
.)

 

R
ig

h
t 

ad
u

lt
 f

em
u

r 
fr

o
m

 

Sw
it

ze
rl

an
d

 (
M

ed
ie

va
l p

er
io

d
) 

– 
p

o
rt

io
n

 o
f 

th
e 

d
ia

p
h

ys
is

 a
n

d
 

th
e 

b
o

n
e 

o
ve

rg
ro

w
th

 c
o

lle
ct

ed
 

Le
ft

 h
em

ip
e

lv
is

 f
ro

m
 a

n
 a

d
u

lt
 

m
al

e 
m

u
m

m
y 

fr
o

m
 t

h
e 

p
re

-

C
o

lu
m

b
ia

n
 c

iv
ili

za
ti

o
n

 a
t 

C
h

an
ca

y,
 P

er
u

 (
4

0
0

-1
6

0
0

 A
.D

.)
 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 A
*

 

 C
as

e-
st

u
d

y 

 B
**

 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

C
u

le
 a

n
d

 E
va

n
s 

(1
9

6
8

) 

A
rn

au
d

 a
n

d
 

A
rn

au
d

 (
1

9
7

5
) 

M
ar

ti
n

 a
n

d
 

A
rm

el
ag

o
s 

(1
9

7
9

) 

 M
ar

ti
n

 e
t 

al
. 

(1
9

8
1

a)
 

La
gi

er
 a

n
d

 B
au

d
 

(1
9

8
0

) 

W
ei

n
st

e
in

 e
t 

al
. 

(1
9

8
1

) 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

28 

 
P

al
e

o
h

is
to

p
at

h
o

lo
gi

ca
l r

e
su

lt
s 

A
u

th
o

rs
/y

e
ar

 

C
u

le
 a

n
d

 E
va

n
s 

(1
9

6
8

) 

A
rn

au
d

 a
n

d
 

A
rn

au
d

 (
1

9
7

5
) 

M
ar

ti
n

 a
n

d
 

A
rm

el
ag

o
s 

(1
9

7
9

) 

 M
ar

ti
n

 e
t 

al
. 

(1
9

8
1

a)
 

La
gi

er
 a

n
d

 B
au

d
 

(1
9

8
0

) 

W
ei

n
st

e
in

 e
t 

al
. 

(1
9

8
1

) 

Th
e 

h
is

to
lo

gi
ca

l e
xa

m
in

at
io

n
 s

h
o

w
ed

 g
o

o
d

 
p

re
se

rv
at

io
n

 o
f 

th
e 

b
o

n
e 

ti
ss

u
e 

an
d

 h
e

lp
e

d
 in

 t
h

e 

d
if

fe
re

n
ti

al
 d

ia
gn

o
si

s:
 

C
as

e 
#1

: C
h

ro
n

ic
 in

fe
ct

io
n

 s
ec

o
n

d
ar

y 
to

 b
lu

n
t 

tr
au

m
a;

 

C
as

e 
#2

: M
al

ig
n

an
t 

tu
m

o
r,

 m
o

re
 p

ro
b

ab
ly

 

m
et

as
ta

ti
c 

ca
rc

in
o

m
a.

 

Th
ic

ke
n

in
g 

o
f 

ca
n

ce
llo

u
s 

tr
ab

ec
u

la
e 

su
rr

o
u

n
d

in
g 

th
e 

ca
vi

ty
 a

b
sc

e
ss

. P
o

st
m

o
rt

em
 d

am
ag

e 
b

y 
fu

n
gi

 

an
d

 b
ac

te
ri

a.
 

D
ee

p
er

 d
is

ar
ra

n
ge

d
 b

o
n

e 
is

 s
ee

n
, c

o
n

si
st

in
g 

o
f 

fr
ag

m
en

ts
 o

f 
la

m
el

la
r 

b
o

n
e 

su
rr

o
u

n
d

ed
 o

f 
m

o
re

 

p
ri

m
it

iv
e 

st
ru

ct
u

re
s 

w
it

h
 c

o
lla

ge
n

 f
ib

er
s 

an
d

 

p
at

ch
w

o
rk

 li
ke

 a
rr

an
ge

m
e

n
t.

 

Th
e 

st
u

d
y 

re
ve

al
ed

 d
ef

ic
ie

n
t 

b
o

n
e 

m
ai

n
te

n
an

ce
 

in
 y

o
u

n
g 

an
d

 o
ld

 f
em

al
es

 (
d

e
n

si
ty

 a
n

d
 

m
o

rp
h

o
lo

gy
 o

f 
o

st
eo

n
s 

af
fe

ct
ed

).
 T

h
e 

re
su

lt
s 

ar
e 

re
la

te
d

 t
o

 n
u

tr
it

io
n

al
 s

tr
es

s 
in

 r
e

p
ro

d
u

ci
n

g 

fe
m

al
es

 a
n

d
 t

o
 a

ge
 in

 o
ld

 f
em

al
es

. 

Th
e 

h
is

to
lo

gi
ca

l a
n

al
ys

is
 s

h
o

w
ed

 lo
w

 p
er

ce
n

t 
o

f 

co
rt

ic
al

 b
o

n
e 

an
d

 h
ig

h
 r

at
es

 o
f 

re
so

rp
ti

o
n

 w
h

en
 

co
m

p
ar

ed
 t

o
 b

o
n

e 
fo

rm
at

io
n

. T
h

e 
p

at
te

rn
 o

f 
b

o
n

e 
p

o
ro

si
ty

 o
b

se
rv

e
d

 is
 n

o
t 

ag
e 

d
e

p
en

d
e

n
t 

b
u

t 
ra

th
er

 

th
e 

re
su

lt
 o

f 
n

u
tr

it
io

n
al

 a
n

d
 d

is
ea

se
 s

tr
es

s.
 

Th
e 

b
o

n
e 

m
ic

ro
st

ru
ct

u
re

 p
re

se
n

ts
 a

 t
h

in
n

ed
 o

u
te

r 

ta
b

le
 a

n
d

 c
an

ce
llo

u
s 

b
o

n
e 

w
it

h
 e

n
la

rg
e

d
 s

p
ac

e
s 

o
p

en
in

g 
to

 t
h

e 
su

rf
ac

e,
 w

h
ic

h
 c

o
rr

es
p

o
n

d
 t

o
 t

h
e 

ex
te

rn
al

 p
o

ro
si

ti
es

. T
h

e
se

 c
h

an
ge

s 
ar

e 
co

n
si

st
en

t 

w
it

h
 m

ar
ro

w
 h

yp
er

p
la

si
a.

 

M
ic

ro
sc

o
p

e
 

Te
ch

n
iq

u
e

 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 
an

d
 

m
ic

ro
ra

d
io

gr
ap

h
 

 M
ic

ro
ra

d
io

gr
ap

h
y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

Li
gh

t 
m

ic
ro

sc
o

p
y,

 
m

ic
ro

ra
d

io
gr

ap
h

 

Li
gh

t 
m

ic
ro

sc
o

p
y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

In
fe

ct
io

n
  

an
d

 m
al

ig
n

an
t 

tu
m

o
r 

B
ro

d
ie

’s
 a

b
ce

ss
 

M
et

as
ta

ti
c 

ca
rc

in
o

m
a 

N
u

tr
it

io
n

al
 

d
ef

ic
ie

n
cy

 

N
u

tr
it

io
n

al
 

d
ef

ic
ie

n
cy

 

P
o

ro
ti

c 

h
yp

er
o

st
o

si
s 

an
d

 

cr
ib

ra
 o

rb
it

a
lia

 

(a
n

em
ia

?)
 

Sa
m

p
le

 ID
 

Tw
o

 P
al

eo
-E

sk
im

o
 s

ku
lls

 f
ro

m
 S

t.
 

La
w

re
n

ce
 Is

la
n

d
, A

la
sk

a 
(1

st
 -

1
4

th
 

ce
n

tu
ry

 A
.D

.)
: 

C
as

e 
#1

: N
o

n
-a

d
u

lt
 in

d
iv

id
u

al
 

C
as

e 
#2

: A
d

u
lt

 m
al

e
 

A
d

u
lt

 m
al

e 
le

ft
 t

ib
ia

 f
ro

m
 t

h
e 

n
ec

ro
p

o
lis

 o
f 

C
o

rs
ea

u
x-

su
r-

V
ev

ey
, S

w
it

ze
rl

an
d

 (
3

2
0

0
-2

5
0

0
 

B
.C

.,
 N

eo
lit

h
ic

) 

A
d

u
lt

 m
al

e 
ri

b
 f

ro
m

 t
h

e 
m

ed
ie

va
l 

ch
u

rc
h

ya
rd

 o
f 

Sv
e

n
d

b
o

rg
 

(D
en

m
ar

k)
  

Sa
m

p
le

 c
o

m
p

o
se

d
 o

f 
1

8
5

 a
d

u
lt

 
h

u
m

an
 f

em
o

ra
 f

ro
m

 P
re

h
is

to
ri

c 

Su
d

an
es

e 
N

u
b

ia
 

Sa
m

p
le

 c
o

m
p

o
se

d
 o

f 
8

0
 

sk
el

et
o

n
s 

fr
o

m
 A

rk
an

sa
s,

 U
SA

 

(1
8

7
8

-1
9

3
9

) 
– 

2
9

 a
d

u
lt

 f
em

o
ra

l 
th

in
 s

ec
ti

o
n

s 
(1

5
 f

em
al

e
s,

 1
4

 

m
al

es
) 

P
o

u
n

d
b

u
ry

 C
am

p
, R

o
m

an
-B

ri
ti

sh
 

se
ri

e
s 

an
d

 H
o

d
gs

o
n

 c
o

lle
ct

io
n

, 

Ea
st

 A
si

an
 (

1
9

th
 c

en
tu

ry
) 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 
 B

 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

P
o

p
u

la
ti

o
n

 
st

u
d

y 

 A
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 A
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

A
u

th
o

rs
/y

e
ar

 

La
gi

er
 e

t 
al

. (
1

9
8

2
) 

La
gi

er
 e

t 
al

. (
1

9
8

3
) 

Tk
o

cz
 a

n
d

 B
ie

rr
in

g 

(1
9

8
4

) 

M
ar

ti
n

 a
n

d
 

A
rm

el
ag

o
s 

(1
9

8
5

) 

M
ar

ti
n

 e
t 

al
. (

1
9

8
7

) 

St
u

ar
t-

M
ac

ad
am

 

(1
9

8
7

) 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

29 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

La
rg

e 
am

o
u

n
t 

o
f 

co
ar

se
 t

is
su

e 
fo

rm
at

io
n

 (
w

o
ve

n
 

b
o

n
e)

 w
it

h
 a

 p
o

o
rl

y 
o

rg
an

iz
ed

 s
tr

u
ct

u
re

 t
h

at
 d

o
 

n
o

t 
re

ve
al

 t
h

e 
p

re
se

n
ce

 o
f 

H
av

er
si

an
 la

m
el

la
e 

o
r 

re
m

o
d

el
lin

g 
o

st
eo

n
s.

 

Tr
ab

ec
u

la
r 

b
o

n
e 

se
ct

io
n

s 
sh

o
w

ed
 la

m
el

la
r 

b
o

n
e,

 
fi

b
ro

u
s 

la
m

e
lla

r 
b

o
n

e 
an

d
 t

u
n

n
el

in
g 

re
so

rp
ti

o
n

. 

Th
e 

su
b

ch
o

n
d

ra
l p

la
te

 e
xh

ib
it

ed
 s

ca
llo

p
in

g 
an

d
 

cr
en

u
la

ti
o

n
 o

f 
su

rf
ac

es
, f

ea
tu

re
s 

th
at

 a
re

 

co
n

si
st

en
t 

w
it

h
 a

 c
as

e 
o

f 
h

yp
e

rp
ar

at
h

yr
o

id
is

m
. 

P
re

se
n

ce
 o

f 
o

st
eo

ly
ti

c 
le

si
o

n
s 

o
ri

gi
n

at
in

g 
fr

o
m

 

th
e 

d
ee

p
er

 la
ye

rs
 o

f 
th

e 
b

o
n

e 
ti

ss
u

e 
w

it
h

 c
o

rt
ic

al
 

d
es

tr
u

ct
io

n
. 

Th
e 

an
at

o
m

y 
o

f 
th

e 
al

ve
o

la
r 

cr
es

t 
sh

ar
e

d
 t

h
e 

p
re

se
n

ce
 o

f 
p

er
fo

ra
ti

n
g 

n
u

tr
ie

n
t 

ca
n

al
s 

at
 t

h
e 

b
o

n
e 

su
rf

ac
e 

w
h

ic
h

 p
o

in
ts

 t
o

 a
 p

at
h

o
lo

gi
ca

l 

p
ro

ce
ss

 o
f 

co
rt

ic
al

iz
at

io
n

 o
f 

th
e 

en
d

o
st

ea
l 

su
rf

ac
e.

 P
re

se
n

ce
 o

f 
a 

ve
rt

ic
al

 p
at

te
rn

 o
f 

b
o

n
e 

lo
ss

. 

Th
e 

m
ic

ro
sc

o
p

ic
 a

n
al

ys
is

 r
ev

ea
le

d
 p

o
st

m
o

rt
em

 
d

es
tr

u
ct

io
n

 (
en

la
rg

em
e

n
t 

o
f 

th
e 

la
cu

n
ae

 s
p

ac
e

s 

w
it

h
 d

ep
o

si
ti

o
n

 o
f 

am
o

rp
h

o
u

s 
m

at
er

ia
l)

 in
d

u
ce

d
 

b
y 

b
ac

te
ri

a.
 E

n
la

rg
em

e
n

t 
o

f 
th

e 
va

sc
u

la
r 

ch
an

n
el

s 
d

u
e 

to
 t

h
e 

ac
ti

o
n

 o
f 

fi
re

. T
h

e 

p
al

eo
p

at
h

o
lo

gi
ca

l a
n

al
ys

is
 r

ev
ea

le
d

 a
n

 in
cr

ea
se

d
 

th
ic

kn
e

ss
 o

f 
th

e 
sk

u
ll 

va
u

lt
 c

o
m

p
o

se
d

 o
f 

co
m

p
ac

t 

la
m

el
la

r 
b

o
n

e 
cr

o
ss

ed
 b

y 
va

sc
u

la
r 

ch
an

n
e

ls
. 

Si
gn

s 
o

f 
b

o
n

e 
re

m
o

d
e

lli
n

g 
in

 t
h

e 
su

b
p

er
io

te
al

 

zo
n

e 
w

it
h

 u
n

re
m

o
d

el
le

d
 p

er
io

st
e

al
 n

ew
 b

o
n

e 

fo
rm

at
io

n
 o

n
 t

h
e 

p
le

u
ra

l s
u

rf
ac

e.
 

M
ic

ro
sc

o
p

e
 

Te
ch

n
iq

u
e

 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
o

la
ri

ze
d

, u
lt

ra
vi

o
le

t 
lig

h
t 

Li
gh

t 
m

ic
ro

sc
o

p
y 

St
er

eo
m

ic
ro

sc
o

p
y 

an
d

 s
ca

n
n

in
g 

el
ec

tr
o

n
 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

e 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

O
st

eo
sa

rc
o

m
a 

H
yp

er
p

ar
at

h
yr

o
id

is
m

 

B
ro

n
ch

o
ge

n
et

ic
 

ca
rc

in
o

m
a 

P
re

p
u

b
er

al
 

p
er

io
d

o
n

ti
ti

s 

H
ea

le
d

 t
re

p
h

in
at

io
n

 
o

r 
fo

ra
m

in
a

 

p
a

ri
et

a
lia

 p
er

m
a

g
n

a
 

A
ct

in
o

m
yc

o
si

s 

Le
ft

 S
am

p
le

 ID
 

Yo
u

n
g 

ad
u

lt
 f

em
al

e 
le

ft
 f

em
u

r 
fr

o
m

 O
ah

u
 Is

la
n

d
, H

aw
ai

i 

(p
re

co
n

ta
ct

 H
aw

ai
ia

n
) 

A
d

u
lt

 f
em

al
e 

sk
el

et
o

n
 f

ro
m

 
D

ak
h

le
h

 O
as

is
, E

gy
p

t 
(3

6
 B

.C
.-

4
0

0
 A

.D
.)

 –
 f

em
o

ra
l h

ea
d

 

sa
m

p
le

d
 

A
d

u
lt

 m
al

e 
ri

b
 s

am
p

le
 f

ro
m

 

G
er

m
an

y 

Fo
ss

il 
re

m
ai

n
s 

fr
o

m
 a

 ju
ve

n
ile

 
A

u
st

ra
lo

p
it

h
ec

u
s 

a
fr

ic
a

n
u

s 
fr

o
m

 

St
er

kf
o

n
te

in
, S

o
u

th
 A

fr
ic

a 
(2

.5
-

3
.0

 M
a)

 –
 a

lv
eo

la
r 

b
o

n
e 

sa
m

p
le

d
 

C
re

m
at

ed
 s

ku
ll 

fr
ag

m
en

ts
 f

ro
m

 a
 

yo
u

n
g 

ad
u

lt
 f

ro
m

 S
ei

n
e 

–e
t-

M
ar

n
e,

 F
ra

n
ce

 (
La

te
 B

ro
n

ze
 A

ge
) 

R
ig

h
t 

ri
b

s 
fr

o
m

 a
n

 a
d

u
lt

 m
al

e 

fr
o

m
 t

h
e 

Le
V

es
co

n
te

 b
u

ri
al

 

m
o

u
n

d
, s

o
u

th
er

n
 O

n
ta

ri
o

, 

C
an

ad
a 

(3
0

0
 B

.C
. –

 A
.D

. 5
0

0
) 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 
 B

 

C
as

e-
st

u
d

y 
 B

 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 
 B

 

C
as

e-
st

u
d

y 
 

 B
 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

Su
zu

ki
 (

1
9

8
7

) 

C
o

o
k 

et
 a

l. 
(1

9
8

8
) 

G
ru

p
e 

(1
9

8
8

) 

R
ip

am
o

n
ti

 (
1

9
8

8
) 

G
ré

vi
n

 e
t 

al
. (

1
9

9
0

) 

M
o

lt
o

 (
1

9
9

0
) 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

30 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

M
o

re
 t

h
an

 a
 d

ia
gn

o
st

ic
 t

o
o

l, 
SE

M
-B

SE
 t

ec
h

n
iq

u
e 

w
as

 h
ig

h
ly

 s
en

si
ti

ve
 a

n
d

 in
fo

rm
at

iv
e 

ab
o

u
t 

th
e 

ef
fe

ct
 o

f 
d

ia
ge

n
et

ic
 p

ro
ce

ss
es

 o
n

 t
h

e 
b

o
n

e 

m
ic

ro
st

ru
ct

u
re

 s
u

rv
iv

al
. 

Si
gn

s 
o

f 
ra

p
id

 b
o

n
e 

re
so

rp
ti

o
n

 in
 t

h
e

 e
xt

er
n

al
 

an
d

 in
te

rn
al

 w
al

l o
f 

th
e 

m
ax

ill
ar

y 
si

n
u

s.
 E

xc
es

si
ve

 

d
es

tr
u

ct
io

n
 o

f 
th

e 
la

m
e

lla
r 

b
o

n
e 

st
ru

ct
u

re
. 

Lo
ca

liz
ed

 o
st

eo
cl

as
ti

c 
ac

ti
vi

ty
 w

it
h

 w
el

l-
d

ef
in

e
d

 

H
o

w
sh

ip
’s

 la
cu

n
ae

. 

Th
e 

sa
m

p
le

s 
sh

o
w

ed
 a

ct
iv

e 
d

e
p

o
si

ti
o

n
 o

f 
b

o
n

e 

ar
o

u
n

d
 a

 n
e

tw
o

rk
 o

f 
va

sc
u

la
r 

gr
o

o
ve

s 
th

at
 v

ar
y 

fr
o

m
 s

lig
h

t 
d

ee
p

en
in

g 
gr

o
o

ve
s 

to
 t

h
e 

co
m

p
le

te
 

en
cl

o
su

re
 o

f 
b

lo
o

d
 v

es
se

ls
. S

ev
e

ra
l s

u
p

er
im

p
o

se
d

 

la
ye

rs
 o

f 
n

ew
 b

o
n

e 
w

er
e 

o
b

se
rv

e
d

, i
n

d
ic

at
in

g 
a 

ch
ro

n
ic

 p
ro

ce
ss

. E
vi

d
e

n
ce

 o
f 

o
st

eo
b

la
st

ic
 a

n
d

 
o

st
eo

cl
as

ti
c 

ac
ti

vi
ty

 (
H

o
w

sh
ip

’s
 la

cu
n

ae
).

 

Th
e 

h
is

to
lo

gi
ca

l a
n

al
ys

is
 c

o
n

fi
rm

s 
th

e 
re

gi
o

n
s 

o
f 

ab
n

o
rm

al
 b

o
n

e 
(i

n
cr

ea
si

n
g 

tr
ab

e
cu

la
r 

w
id

th
 a

n
d

 

m
o

sa
ic

 w
o

ve
n

 b
o

n
e)

. W
it

h
o

u
t 

m
ic

ro
sc

o
p

ic
 

ex
am

in
at

io
n

 t
h

e 
gr

o
ss

 e
vi

d
en

ce
 r

em
ai

n
e

d
 

in
su

b
st

an
ti

al
. 

Th
e 

le
si

o
n

s 
co

n
si

st
ed

 o
f 

ir
re

gu
la

rl
y 

ar
ra

n
ge

d
 

fl
ap

s 
an

d
 t

ra
b

ec
u

la
e 

o
f 

b
o

n
e,

 c
re

at
in

g 
a 

co
m

p
le

x 

n
et

w
o

rk
 s

tr
u

ct
u

re
. S

o
lid

 a
re

as
 a

re
 a

ls
o

 s
ee

n
, 

p
ar

ti
cu

la
rl

y 
in

 t
h

e 
ce

n
tr

e 
o

f 
th

e 
le

si
o

n
s.

 N
ew

 

b
o

n
e 

w
as

 o
b

se
rv

e
d

 e
n

ci
rc

lin
g 

sm
al

l b
lo

o
d

 

ve
ss

el
s,

 a
s 

w
el

l a
s 

in
si

d
e 

th
e 

m
ar

ro
w

 s
p

ac
es

. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

e 
(S

EM
) 

in
 

b
ac

ks
ca

tt
er

e
d

 e
le

ct
ro

n
 

(B
SE

) 

Li
gh

t,
 p

o
la

ri
ze

d
 a

n
d

 

sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

P
ag

et
’s

 d
is

ea
se

 

P
ri

m
ar

y 
ca

rc
in

o
m

a 

o
f 

th
e 

n
as

al
 a

n
d

 

p
ar

an
as

al
 c

av
it

ie
s 

R
es

p
ir

at
o

ry
 

in
fe

ct
io

u
s 

co
n

d
it

io
n

s 

P
ag

et
’s

 d
is

ea
se

 

M
et

as
ta

ti
c 

ca
rc

in
o

m
a 

Sa
m

p
le

 ID
 

M
ed

ie
va

l a
d

u
lt

 le
ft

 h
u

m
er

u
s 

an
d

 

ra
d

iu
s:

 

C
as

e 
#1

: S
t.

 M
ar

ga
re

t,
 N

o
rw

ic
h

; 

C
as

e 
#2

: S
an

d
w

el
l P

ri
o

ry
, 

Sa
n

d
w

el
l 

A
d

u
lt

 m
al

e 
fr

o
m

 S
ay

al
a,

 

Eg
yp

ti
an

 N
u

b
ia

 (
6

th
-1

1
th

 

ce
n

tu
ry

) 
– 

o
cc

ip
it

o
-l

at
er

al
 w

al
l 

o
f 

th
e 

le
ft

 m
ax

ill
ar

y 
si

n
u

s 

sa
m

p
le

d
 

R
ib

 s
am

p
le

s 
fr

o
m

 B
ri

ti
sh

 R
o

m
an

 

an
d

 M
e

d
ie

va
l c

em
et

er
ie

s 

C
as

e 
#1

: A
d

u
lt

 m
al

e 
sk

el
et

o
n

 

ex
h

u
m

ed
 f

ro
m

 W
el

ls
 C

at
h

e
d

ra
l, 

U
.K

. (
1

6
th

 c
en

tu
ry

);
 

C
as

e 
#2

: I
so

la
te

d
 m

ed
ie

va
l 

sa
cr

u
m

 r
ec

o
ve

re
d

 a
t 

B
ar

to
n

-o
n

-
H

u
m

b
er

, U
.K

. 

 A
d

u
lt

 m
al

e 
fr

o
m

 m
ed

ie
va

l 

C
an

te
rb

u
ry

, U
.K

. –
 r

ib
, m

an
d

ib
le

 

an
d

 s
ku

ll 
sc

ru
ti

n
iz

e
d

 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 A
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 A
 

C
as

e-
st

u
d

y 

 A
 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

B
el

l a
n

d
 J

o
n

e
s 

(1
9

9
1

) 

St
ro

u
h

al
 (

1
9

9
1

) 

 

W
ak

el
y 

et
 a

l. 

(1
9

9
1

) 

A
ar

o
n

 e
t 

al
. (

1
9

9
2

) 

A
n

d
er

so
n

 e
t 

al
. 

(1
9

9
2

) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

31 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
e 

m
ic

ro
ra

d
io

gr
ap

h
 c

ro
ss

-s
ec

ti
o

n
 a

n
d

 t
h

e 

ch
em

ic
al

 c
o

m
p

o
n

en
ts

 o
f 

b
o

n
e 

(Z
n

) 
in

d
ic

at
e

d
 

ar
ea

s 
o

f 
ac

ti
ve

 b
o

n
e 

m
in

er
al

iz
at

io
n

 a
t 

th
e 

ti
m

e 

o
f 

d
ea

th
 c

o
m

p
at

ib
le

 w
it

h
 H

O
A

. 

In
 t

h
e 

ve
rt

eb
ra

e,
 t

h
e 

an
al

ys
is

 o
f 

th
e 

ca
n

ce
llo

u
s 

ti
ss

u
e 

re
ve

al
ed

 h
ig

h
 h

o
ri

zo
n

ta
l t

ra
b

ec
u

la
r 

re
so

rp
ti

o
n

 a
n

d
 lo

ss
 o

f 
co

n
n

ec
ti

vi
ty

 b
et

w
ee

n
 

ad
ja

ce
n

t 
tr

ab
ec

u
la

e.
 P

re
se

n
ce

 o
f 

h
ea

lin
g 

m
ic

ro
fr

ac
tu

re
s 

o
n

 t
h

e 
ve

rt
ic

al
 t

ra
b

ec
u

la
e.

 T
h

e 

d
is

ta
l e

n
d

 o
f 

th
e 

ra
d

iu
s 

ca
llu

s 
w

as
 f

ill
e

d
 w

it
h

 

tr
ab

ec
u

la
r 

b
o

n
e.

 A
 b

an
d

 o
f 

d
e

n
se

 b
o

n
e 

m
ar

ke
d

 

th
e 

si
te

 o
f 

th
e 

u
n

it
e

d
 f

ra
ct

u
re

. 

M
ar

ke
d

 a
sy

m
m

et
ry

 d
u

e 
to

 b
o

n
e 

h
yp

er
tr

o
p

h
y 

b
et

w
ee

n
 f

em
o

ra
. T

h
e 

an
al

ys
is

 o
f 

th
e 

le
ft

 f
em

u
r 

fr
o

m
 t

h
e 

am
p

u
ta

te
d

 le
g 

sh
o

w
ed

 a
 r

ed
u

ct
io

n
 in

 

th
e 

n
o

rm
al

 s
iz

e 
an

d
 g

eo
m

et
ri

c 
st

re
n

gt
h

 o
f 

th
e 

b
o

n
e 

ti
ss

u
e,

 a
lo

n
g 

w
it

h
 a

n
 in

cr
ea

se
 in

 c
o

rt
ic

al
 

b
o

n
e 

tu
rn

o
ve

r.
  

 R
ep

la
ce

m
en

t 
o

f 
la

rg
e 

p
ar

ts
 o

f 
th

e
 n

o
rm

al
 b

o
n

e 

b
y 

w
el

l-
m

in
e

ra
liz

ed
, i

rr
eg

u
la

r 
an

d
 la

m
el

la
r 

b
o

n
e 

w
it

h
 s

ca
tt

er
e

d
 a

n
d

 a
b

n
o

rm
al

ly
 la

rg
e 

o
st

eo
n

s.
 In

 

so
m

e 
ca

se
s,

 t
h

e 
er

o
si

o
n

 o
f 

th
e 

e
n

d
o

st
ea

l a
n

d
 

p
er

io
st

ea
l e

n
ve

lo
p

s 
d

es
tr

o
ye

d
 t

h
e 

n
o

rm
al

 

co
n

to
u

r 
o

f 
th

e 
co

rt
ex

 w
it

h
 n

u
m

er
o

u
s 

d
is

se
m

in
at

ed
 o

st
eo

cl
as

ti
c 

la
cu

n
ae

 a
n

d
 n

o
 s

ig
n

s 

o
f 

b
o

n
e 

re
m

o
d

el
lin

g.
 

R
es

o
rp

ti
o

n
 a

n
d

 d
ef

o
rm

at
io

n
 o

f 
th

e 
b

o
n

e 
ti

ss
u

e.
 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

M
ic

ro
ra

d
io

gr
ap

h
, 

in
st

ru
m

en
ta

l n
e

u
tr

o
n

 

ac
ti

va
ti

o
n

 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

e 

Li
gh

t 
m

ic
ro

sc
o

p
y 

Li
gh

t 
m

ic
ro

sc
o

p
y,

 

m
ic

ro
ra

d
io

gr
ap

h
 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

H
yp

er
tr

o
p

h
ic

 

o
st

eo
ar

th
ro

p
at

h
y 

(H
O

A
) 

M
ic

ro
fr

ac
tu

re
s 

as
so

ci
at

ed
 w

it
h

 

o
st

eo
p

o
ro

si
s 

Le
ft

 lo
w

er
 le

g 
am

p
u

ta
ti

o
n

 

Le
p

ro
sy

 

Tr
ep

o
n

em
at

o
si

s 

an
d

 L
ym

e 

b
o

rr
el

io
si

s 

Sa
m

p
le

 ID
 

Yo
u

n
g 

ad
u

lt
 f

ro
m

 L
es

 R
u

e
s 

d
e

s 

V
ig

n
es

, N
o

rd
, F

ra
n

ce
 (

5
0

0
-7

0
0

 

A
.D

.)
 –

 u
ln

a,
 f

em
u

r,
 a

n
d

 t
ib

ia
 

sa
m

p
le

d
 

Sa
m

p
le

 o
f 

sk
e

le
to

n
s 

fr
o

m
 t

h
e 

R
o

m
an

 a
n

d
 M

ed
ie

va
l p

er
io

d
, 

U
.K

. –
 v

er
te

b
ra

e 
an

d
 r

ad
iu

s 
sa

m
p

le
d

 

A
d

u
lt

 m
al

e 
sk

el
et

o
n

 (
ex

ec
u

te
d

 
cr

im
in

al
 M

ar
io

n
 “

P
eg

le
g”

 

B
ro

w
n

),
 L

o
n

d
o

n
, O

n
ta

ri
o

, 

C
an

ad
a 

(1
9

th
 c

en
tu

ry
) 

- 
fe

m
o

ra
 

sa
m

p
le

d
 

C
as

e 
#1

: a
d

u
lt

 f
em

al
e 

fr
o

m
 

N
eu

vi
lle

-s
u

r-
Es

ca
u

t,
 n

o
rt

h
er

n
 

Fr
an

ce
; 

C
as

e 
#2

: a
d

u
lt

 m
al

e 
fr

o
m

 V
ai

so
n

-

la
-R

o
m

ai
n

e,
 s

o
u

th
er

n
 F

ra
n

ce
 (

5
th

 

-6
th

 A
.D

.)
 –

 m
et

at
ar

sa
ls

 s
am

p
le

d
 

Si
x 

ri
gh

t 
ti

b
ia

e 
an

d
 a

 m
et

ac
ar

p
al

 

b
o

n
e 

fr
o

m
 a

 T
ch

ef
u

n
ct

e 
In

d
ia

n
 

b
u

ri
al

 s
it

e 
(5

0
0

 B
.C

. -
 3

0
0

 A
.D

) 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

P
o

p
u

la
ti

o
n

 

St
u

d
y 

 A
 

C
as

e-
st

u
d

y 
 A

 

C
as

e-
st

u
d

y 

 A
 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

B
lo

n
d

ia
u

x 
et

 a
l. 

(1
9

9
2

) 

R
o

b
er

ts
 a

n
d

 

W
ak

el
y 

(1
9

9
2

) 

La
ze

n
b

y 
an

d
 

P
fe

if
fe

r 
(1

9
9

3
) 

B
lo

n
d

ia
u

x 
et

 a
l. 

(1
9

9
4

) 

Le
w

is
 (

1
9

9
4

) 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

32 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Ev
id

en
ce

 o
f 

in
te

n
si

ve
 n

ew
 b

o
n

e 
p

ro
d

u
ct

io
n

 in
 

th
e 

p
er

io
st

ea
l l

ay
er

. S
ig

n
s 

o
f 

in
te

n
si

ve
 

o
st

eo
ge

n
e

si
s 

le
ad

in
g 

to
 lo

ca
l o

st
eo

sc
le

ro
si

s.
 

In
cr

ea
se

d
 b

o
n

e 
re

m
o

d
el

lin
g 

in
 t

h
e 

ex
te

ri
o

r 

co
m

p
ac

ta
 a

t 
th

e 
ti

m
e 

o
f 

th
e 

d
ea

th
. O

ss
if

yi
n

g 
h

ae
m

at
o

m
a,

 s
cl

er
o

si
n

g 
o

st
eo

m
ye

lit
is

 a
n

d
 t

u
m

o
rs

 

ex
cl

u
d

ed
 f

ro
m

 t
h

e 
d

if
fe

re
n

ti
al

 d
ia

gn
o

si
s.

  

P
re

se
n

ce
 o

f 
o

st
eo

cl
as

ti
c 

la
cu

n
ae

 in
 t

h
e 

sk
u

ll 
d

u
e 

to
 b

o
n

e 
re

so
rp

ti
o

n
 s

ec
o

n
d

ar
y 

to
 t

u
m

o
r 

in
fi

lt
ra

ti
o

n
. 

Si
gn

s 
o

f 
o

st
eo

cl
as

ti
c 

an
d

 o
st

eo
b

la
st

ic
 a

ct
iv

it
y 

in
 

th
e 

ili
ac

 b
la

d
e,

 c
au

si
n

g 
th

e 
to

ta
l r

ep
la

ce
m

e
n

t 
o

f 
th

e 
o

ri
gi

n
al

 b
o

n
e.

 T
h

e 
tu

m
o

r 
is

 a
rr

an
ge

d
 in

 

el
o

n
ga

te
d

 s
p

ic
u

la
e 

th
at

 a
re

 p
er

p
en

d
ic

u
la

r 
to

 t
h

e 

co
rt

ic
al

 p
la

te
s.

 A
b

se
n

ce
 o

f 
n

o
rm

al
 t

ra
b

ec
u

la
r 

b
o

n
e.

 T
h

e 
tu

m
o

r 
se

em
s 

co
m

p
le

te
ly

 m
in

er
al

iz
ed

. 

Ex
tr

em
e 

o
st

eo
p

en
ia

. T
h

in
 a

n
d

 p
o

ro
u

s 
co

rt
ex

. 
Er

o
d

ed
 s

u
rf

ac
e

s 
p

re
se

n
t 

at
 t

h
e 

tr
ab

ec
u

la
r,

 

en
d

o
co

rt
ic

al
 a

n
d

 a
t 

th
e 

p
er

io
st

ea
l s

u
rf

ac
es

. N
o

 

w
o

ve
n

 b
o

n
e 

w
as

 d
et

ec
te

d
. 

Th
e 

ri
b

s 
sh

o
w

 a
 m

ix
tu

re
 o

f 
o

st
eo

cl
as

ti
c 

an
d

 
o

st
eo

b
la

st
ic

 le
si

o
n

s,
 f

o
rm

in
g 

el
o

n
ga

te
d

 a
n

d
 

ir
re

gu
la

rl
y 

sh
ap

e
d

 (
sp

ik
es

, b
ar

s,
 s

m
o

o
th

 a
re

as
) 

p
at

ch
es

 o
f 

ab
n

o
rm

al
 b

o
n

e 
o

n
 t

h
e

 v
is

ce
ra

l 

su
rf

ac
e.

 O
st

eo
b

la
st

ic
 d

e
p

o
si

ts
 a

ls
o

 e
n

ci
rc

le
 b

lo
o

d
 

ve
ss

el
s.

 D
e

p
o

si
ts

 o
f 

tr
ab

ec
u

la
te

d
 b

o
n

e 
fi

ll 
th

e 

sp
ac

e 
b

e
tw

ee
n

 t
h

e 
n

o
rm

al
 s

p
o

n
gy

 b
o

n
e 

tr
ab

ec
u

la
e.

 O
st

eo
cl

as
ti

c 
le

si
o

n
s 

ar
e 

n
o

rm
al

ly
 

lo
ca

te
d

 a
ro

u
n

d
 t

h
e 

m
ar

gi
n

s 
o

f 
th

e 
o

st
eo

b
la

st
ic

 

d
ep

o
si

ts
. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

P
o

la
ri

ze
d

 m
ic

ro
sc

o
p

y,
 

im
m

u
n

o
h

is
to

lo
gy

 

 Li
gh

t 
m

ic
ro

sc
o

p
y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

Sc
an

n
in

g 
el

ec
tr

o
n

 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

P
er

io
st

it
is

 

se
co

n
d

ar
y 

to
 a

n
 

in
ju

ry
 o

th
e

r 
th

an
 

fr
ac

tu
re

 

M
en

in
gi

o
m

a 
o

r 

n
eu

ro
b

la
st

o
m

a 

M
et

as
ta

ti
c 

ca
rc

in
o

m
a 

O
st

eo
p

o
ro

si
s 

M
et

as
ta

ti
c 

ca
rc

in
o

m
a 

- 

p
ro

st
at

ic
 

Sa
m

p
le

 ID
 

R
ig

h
t 

ti
b

ia
 f

ro
m

 a
 y

o
u

n
g 

ad
u

lt
 

m
al

e 
fr

o
m

 t
h

e 
si

te
 o

f 

P
ac

at
n

am
u

, P
er

u
 

 N
o

n
-a

d
u

lt
 f

ro
m

 L
’A

q
u

ila
, 

A
b

ru
zz

o
, I

ta
ly

 (
1

5
th

 c
en

tu
ry

) 
– 

sk
u

ll 
w

as
 s

am
p

le
d

 

A
d

u
lt

 m
al

e 
ex

h
u

m
ed

 f
ro

m
 a

 

m
as

s 
b

u
ri

al
 o

f 
Sa

n
 J

u
an

 A
n

te
 

P
o

rt
am

 L
at

in
am

, L
ag

u
ar

d
ia

, 

Sp
ai

n
 (

5
0

0
0

 B
.P

.)
 –

 il
ia

c 
b

la
d

e 

w
as

 s
ec

ti
o

n
ed

 

A
d

u
lt

 f
em

al
e 

ili
u

m
 f

ro
m

 t
h

e 
N

eg
ev

 D
es

er
t,

 Is
ra

el
 (

5
0

0
 A

.D
.)

 

A
d

u
lt

 m
al

e 
fr

o
m

 m
ed

ie
va

l 
C

an
te

rb
u

ry
 (

U
.K

.)
 –

 r
ib

s 
w

er
e 

sa
m

p
le

d
 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 
 B

 

C
as

e-
st

u
d

y 
 B

 

A
u

th
o

rs
/y

e
ar

 

P
ar

sc
h

e 
et

 a
l. 

(1
9

9
4

) 

R
ic

ci
 e

t 
al

. (
1

9
9

4
) 

D
e 

La
 R

ú
a 

et
 a

l. 

(1
9

9
5

) 

Fo
ld

es
 e

t 
al

. (
1

9
9

5
) 

W
ak

el
y 

et
 a

l. 
(1

9
9

5
) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

33 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

C
o

m
p

ac
t 

b
o

n
e 

w
it

h
 v

ar
ia

b
le

 t
h

ic
kn

es
s 

an
d

 

at
yp

ic
al

 la
m

el
la

r 
st

ru
ct

u
re

. S
p

o
n

gi
o

ti
c 

la
ye

r 

ch
ar

ac
te

ri
ze

d
 b

y 
th

ic
ke

n
ed

 a
n

d
 d

ef
o

rm
ed

 

tr
ab

ec
u

la
e 

d
is

ru
p

te
d

 b
y 

H
o

w
sh

ip
’s

 la
cu

n
a.

 

C
as

e 
#1

: B
o

n
e 

w
it

h
 a

 h
yp

er
o

st
o

ti
c 

ap
p

ea
ra

n
ce

  

an
d

 a
 p

o
ro

u
s 

as
p

ec
t 

o
n

 it
s 

su
rf

ac
e;

 
C

as
e 

#2
: J

u
xt

am
et

ap
h

ys
ia

l d
et

ac
h

m
en

t 
o

f 
th

e 

o
u

te
r 

la
ye

r 
o

f 
th

e 
co

rt
ic

al
 b

o
n

e 
w

it
h

 s
o

m
e 

p
er

io
st

ea
l o

st
eo

ly
si

s;
 

C
as

e 
#3

: A
re

as
 o

f 
o

st
eo

ly
si

s 
o

n
 t

h
e 

d
is

ta
l 

ep
ip

h
ys

is
; 

C
as

e 
#4

: T
h

e 
co

rt
ic

al
 la

ye
r 

h
as

 a
 p

o
ro

ti
c 

ap
p

ea
ra

n
ce

 w
it

h
 s

ig
n

s 
o

f 
re

m
o

d
e

lli
n

g 
o

n
 t

h
e 

b
o

rd
er

s 
o

f 
th

e 
ly

ti
c 

re
gi

o
n

. 

U
n

d
er

 li
gh

t 
m

ic
ro

sc
o

p
y 

re
m

n
an

ts
 o

f 
o

st
eo

b
la

st
s 

co
ve

r 
th

e 
su

rf
ac

es
 o

f 
tr

ab
ec

u
la

e.
 T

h
e 

d
is

ti
n

ct
io

n
 

b
et

w
ee

n
 c

o
rt

ic
al

 a
n

d
 c

an
ce

llo
u

s 
b

o
n

e 
is

 

o
b

lit
er

at
e

d
. N

o
rm

al
 b

o
n

e 
st

ru
ct

u
re

 w
as

 

su
b

st
it

u
te

d
 b

y 
ir

re
gu

la
r 

tr
ab

ec
u

la
e.

 

C
as

e 
#1

: O
st

eo
ly

ti
c 

m
et

as
ta

ti
c 

ca
rc

in
o

m
a 

(m
ix

tu
re

 

o
f 

tr
ab

ec
u

la
r 

re
so

rp
ti

o
n

 a
n

d
 n

ew
 la

m
el

la
e 

fo
rm

at
io

n
);

 

C
as

e 
#2

: O
st

eo
ly

ti
c 

m
et

as
ta

ti
c 

ca
rc

in
o

m
a 

(m
as

si
ve

 
d

es
tr

u
ct

io
n

 o
f 

th
e 

sp
o

n
gi

o
ti

c 
tr

ab
ec

u
la

r 
b

o
n

e)
; 

C
as

e 
#3

: M
u

lt
ip

le
 m

ye
lo

m
a 

(s
p

o
n

gi
o

ti
c 

tr
ab

ec
u

la
e 

w
it

h
o

u
t 

si
gn

s 
o

f 
H

o
w

sh
ip

 la
cu

n
ae

 r
es

o
rp

ti
o

n
. 

Lo
ca

liz
ed

 p
at

h
o

lo
gi

ca
l d

am
ag

e 
o

f 
tr

ab
ec

u
la

e)
. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t,
 s

ca
n

n
in

g 

el
ec

tr
o

n
 m

ic
ro

sc
o

p
y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

(?
) 

Li
gh

t,
 s

ca
n

n
in

g 

el
ec

tr
o

n
 m

ic
ro

sc
o

p
y 

Li
gh

t 
an

d
 s

ca
n

n
in

g 

el
ec

tr
o

n
 m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

O
st

eo
ly

ti
c 

m
et

as
ta

ti
c 

ca
rc

in
o

m
a 

C
o

n
ge

n
it

al
 s

yp
h

ili
s 

an
d

 
h

ae
m

at
o

ge
n

o
u

s 

o
st

eo
m

ye
lit

is
 (

?)
 

M
et

as
ta

ti
c 

C
ar

ci
n

o
m

a 

M
al

ig
n

an
t 

tu
m

o
rs

 

Sa
m

p
le

 ID
 

A
d

u
lt

 m
al

e 
fr

o
m

 t
h

e 
A

n
gl

o
-

Sa
xo

n
 c

em
et

er
y 

o
f 

B
ar

ri
n

gt
o

n
, 

U
.K

. (
6

th
-7

th
 c

en
tu

ri
e

s)
 –

 c
ra

n
ia

l 

va
u

lt
 s

am
p

le
d

 

Fo
u

r 
n

eo
n

at
e 

in
d

iv
id

u
al

s 
fr

o
m

 

th
e 

Er
m

it
a 

d
e 

la
 S

o
le

d
ad

, 
H

u
el

va
, S

p
ai

n
 (

1
6

th
 c

en
tu

ry
).

 

Sa
m

p
le

s 
co

lle
ct

ed
 f

ro
m

: 

C
as

e 
#1

: r
ig

h
t 

h
em

if
ro

n
ta

l;
 

C
as

e 
#2

: l
ef

t 
h

u
m

e
ru

s;
 

C
as

e 
#3

: l
ef

t 
h

u
m

e
ru

s;
 

C
as

e 
#4

: l
ef

t 
fe

m
u

r 

A
d

u
lt

 m
al

e 
fr

o
m

 W
h

ar
ra

m
 

P
er

cy
, U

.K
. (

1
1

-1
6

th
 c

en
tu

ry
 

A
.D

.)
 –

 r
ib

s 
sa

m
p

le
d

 

Th
re

e 
ad

u
lt

 m
al

e 
sk

u
lls

 f
ro

m
 a

n
 

o
ss

u
ar

y 
at

 K
řt

in
y,

 C
ze

ch
 R

e
p

u
b

lic
 

(1
3

th
 –

 1
8

th
 c

en
tu

ri
es

) 

 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

D
u

h
in

g 
et

 a
l. 

(1
9

9
6

) 

M
al

go
sa

 e
t 

al
. 

(1
9

9
6

) 

M
ay

s 
et

 a
l. 

(1
9

9
6

) 

St
ro

u
h

al
 e

t 
al

. 

(1
9

9
6

a)
 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

34 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Fe
m

al
e:

 r
eg

u
la

r 
tr

ab
ec

u
la

r 
b

o
n

e 
w

it
h

 a
 n

o
n

-
la

m
el

la
r 

p
at

te
rn

 a
n

d
 u

n
ev

e
n

 c
al

ci
fi

ca
ti

o
n

. N
o

 

re
m

n
an

ts
 o

f 
o

st
eo

b
la

st
ic

 a
ct

iv
it

y.
  

M
al

e:
 h

yp
er

tr
o

p
h

ie
d

 a
n

d
 d

en
se

ly
 p

ac
ke

d
 

sp
o

n
gi

o
ti

c 
tr

ab
ec

u
la

e 
w

it
h

 r
em

n
an

ts
 o

f 

o
st

eo
b

la
st

s 
o

n
 t

h
ei

r 
su

rf
ac

es
. S

o
m

e 
la

cu
n

ae
 o

f 

o
st

eo
cy

te
s 

w
er

e 
o

b
se

rv
ed

. 

A
n

em
ia

: t
h

e 
sk

u
ll 

va
u

lt
 r

ev
ea

le
d

 p
at

h
o

lo
gi

ca
l 

d
es

tr
u

ct
io

n
 o

f 
th

e 
o

u
te

r 
ta

b
le

 a
n

d
 e

xp
an

si
o

n
 o

f 

d
ip

lo
ë.

 T
h

e 
m

aj
o

ri
ty

 o
f 

th
e 

o
rb

it
al

 s
am

p
le

s 

sh
o

w
ed

 e
n

la
rg

em
e

n
t 

o
f 

th
e 

m
e

d
u

lla
e 

w
it

h
 

su
b

se
q

u
en

t 
m

ig
ra

ti
o

n
 t

o
 t

h
e 

o
u

te
r 

ta
b

le
s.

 T
h

e 

su
p

ra
o

rb
it

al
 d

ip
lo

ë 
p

re
se

n
te

d
 e

lo
n

ga
ti

o
n

 o
f 

th
e 

p
o

ro
u

s 
ar

ea
s.

 In
fe

ct
io

n
: t

h
e 

b
o

n
e

 r
em

ai
n

s 

sh
o

w
ed

 s
u

p
er

im
p

o
se

d
 la

ye
rs

 o
f 

b
o

n
e 

o
ve

r 
th

e 

in
n

er
 t

ab
le

 w
it

h
 t

h
e 

lim
it

s 
o

f 
th

e 
o

ri
gi

n
al

 c
o

rt
ex

 

cl
ea

rl
y 

d
ef

in
ed

. S
lig

h
t 

d
es

tr
u

ct
io

n
 o

f 
th

e
 d

ip
lo

ë.
  

Th
e 

an
al

ys
is

 r
ev

ea
le

d
 e

ro
si

ve
 c

av
it

at
io

n
s 

w
it

h
 

va
ri

ab
le

 d
eg

re
es

 o
f 

sc
le

ro
si

s 
th

at
 r

an
ge

d
 f

ro
m

 

sh
al

lo
w

 e
ro

si
o

n
 in

 t
h

e 
co

rt
ex

 t
o

 s
ev

er
e 

er
o

si
o

n
 

o
f 

th
e 

ca
n

ce
llo

u
s 

b
o

n
e.

 T
h

e 
le

si
o

n
s 

ar
e 

p
er

ia
rt

ic
u

la
r 

in
 s

o
m

e 
ar

ea
s,

 b
u

t 
p

ar
ti

al
ly

 o
r 

to
ta

lly
 d

es
tr

o
ye

d
 t

h
e 

jo
in

t 
su

rf
ac

e 
in

 o
th

er
 a

re
as

. 

Sp
ec

im
e

n
s 

sh
o

w
 t

h
e 

fo
rm

at
io

n
 o

f 
re

ac
ti

ve
 

sp
ic

u
la

r 
w

o
ve

n
 b

o
n

e 
w

it
h

 a
 s

p
o

n
ge

-l
ik

e 
st

ru
ct

u
re

. T
h

e 
tu

m
o

r 
le

si
o

n
 p

re
se

n
ts

 a
 r

o
u

gh
-

te
xt

u
re

, r
o

u
n

d
ed

 m
at

ri
x 

d
ep

o
si

ts
 a

tt
ac

h
ed

 t
o

 t
h

e 

h
ea

lt
h

y 
b

o
n

e 
su

rf
ac

e.
 

Th
re

e 
ty

p
es

 o
f 

p
er

io
st

ea
l r

ea
ct

io
n

s 
w

er
e 

id
en

ti
fi

e
d

: t
w

o
 c

o
m

p
o

se
d

 o
f 

a 
si

n
gl

e 
la

ye
r 

o
f 

w
o

ve
n

 b
o

n
e 

an
d

 a
 t

h
ir

d
 f

o
rm

ed
 b

y 
re

m
o

d
el

ed
 

b
o

n
e.

 A
 d

iv
is

io
n

 li
n

e 
b

et
w

ee
n

 d
is

ti
n

ct
 p

er
io

st
ea

l 

ap
p

o
si

ti
o

n
s 

w
as

 a
ls

o
 o

b
se

rv
e

d
. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t 
an

d
 s

ca
n

n
in

g 
el

ec
tr

o
n

 m
ic

ro
sc

o
p

y 

Li
gh

t 
an

d
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

Fe
m

al
e:

 o
st

eo
m

a 
o

r 
h

yp
er

o
st

o
si

s;
 

M
al

e:
 f

ib
ro

m
a 

o
r 

an
gi

o
fi

b
ro

m
a 

C
ri

b
ra

 o
rb

it
a

lia
 a

n
d

 

p
o

ro
ti

c 

h
yp

er
o

st
o

si
s:

 

A
n

em
ia

, a
n

d
 

in
fe

ct
io

n
 a

n
d

 

p
o

st
m

o
rt

em
 

ch
an

ge
s 

P
so

ri
at

ic
 a

rt
h

ri
ti

s 

“S
u

n
b

u
rs

t”
 

o
st

eo
sa

rc
o

m
a 

 

In
fe

ct
io

u
s 

co
n

d
it

io
n

 

(p
ro

b
ab

ly
 

as
so

ci
at

ed
 w

it
h

 a
 

sk
in

 c
o

n
d

it
io

n
) 

Sa
m

p
le

 ID
 

Tw
o

 a
d

u
lt

 s
ku

lls
 f

ro
m

 a
 m

al
e 

an
d

 a
 f

em
al

e 
fr

o
m

 t
h

e 
o

ss
u

ar
y 

at
 K

řt
in

y,
 C

ze
ch

 R
ep

u
b

lic
 (

1
3

th
-

1
8

th
 c

en
tu

ri
es

) 

Te
n

 s
ku

ll 
fr

ag
m

en
ts

 f
ro

m
 6

 n
o

n
-

ad
u

lt
s 

an
d

 4
 a

d
u

lt
s 

(2
 m

al
es

, 1
 

fe
m

al
e 

an
d

 1
 w

it
h

 s
ex

 

u
n

d
et

er
m

in
ed

) 
ex

h
u

m
ed

 in
 

Tu
rk

ey
 (

2
5

0
0

 B
.C

.)
, S

u
d

an
 

(M
er

io
ti

c 
P

er
io

d
) 

an
d

 G
er

m
an

y 

(6
th

-7
th

 A
.D

.)
 

C
o

m
m

in
gl

ed
 s

ke
le

ta
l r

em
ai

n
s 

o
f 

n
in

e 
m

al
es

 a
n

d
 o

n
e 

fe
m

al
e 

fr
o

m
 

th
e 

B
yz

an
ti

n
e 

M
o

n
as

te
ry

 o
f 

M
ar

ty
ri

u
s,

 Is
ra

el
 (

1
5

th
 c

en
tu

ry
) 

– 
p

h
al

an
ge

s 
o

b
se

rv
e

d
 

A
d

u
lt

 f
em

al
e 

fr
o

m
 t

h
e 

C
h

ir
ib

ay
a 

p
eo

p
le

, S
o

u
th

er
n

 P
er

u
 (

1
1

5
0

-
1

3
0

0
 A

.D
.)

 -
 r

ig
h

t 
h

u
m

er
u

s 

sa
m

p
le

d
 

A
d

u
lt

 m
al

e 
fr

o
m

 S
o

m
m

e,
 F

ra
n

ce
 

(1
2

th
 c

en
tu

ry
) 

– 
le

ft
 f

em
u

r 
sa

m
p

le
d

 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 
 B

 

C
as

e-
st

u
d

y 

 A
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

St
ro

u
h

al
 e

t 
al

. 
(1

9
9

6
b

) 

W
ap

le
r 

an
d

 S
ch

u
lt

z 

(1
9

9
6

) 

Zi
as

 a
n

d
 M

it
ch

el
l 

(1
9

9
6

) 

A
u

fd
e

rh
e

id
e 

et
 a

l. 

(1
9

9
7

) 

B
lo

n
d

ia
u

x 
(1

9
9

7
) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

35 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Fe
m

al
e 

sk
el

e
to

n
 s

h
o

w
ed

 s
m

al
l a

p
p

o
si

ti
o

n
s 

o
f 

w
o

ve
n

 b
o

n
e 

an
d

 r
es

o
rp

ti
o

n
 la

cu
n

ae
 in

 t
h

e 

er
o

si
ve

 s
u

rf
ac

es
. M

al
e 

sk
el

et
o

n
 p

re
se

n
te

d
 

ge
n

e
ra

liz
ed

 e
ro

si
o

n
 w

it
h

 n
o

 s
ig

n
s 

o
f 

n
ew

 b
o

n
e 

fo
rm

at
io

n
. I

n
 f

ro
n

t 
o

f 
th

e 
b

o
n

e 
er

o
si

o
n

, 

H
o

w
sh

ip
’s

 la
cu

n
ae

 w
er

e 
o

b
se

rv
e

d
. 

C
as

e 
#1

: T
h

e 
le

si
o

n
 p

re
se

n
ts

 a
 r

o
ck

-h
ar

d
, 

ir
re

gu
la

rl
y 

n
o

d
u

la
r 

o
r 

gr
an

u
la

r 
m

as
s 

o
f 

b
o

n
e.

 

W
id

e 
tr

ab
ec

u
la

e 
o

f 
m

at
u

re
 b

o
n

e 
ar

e 
p

re
se

n
t 

in
 

an
 ir

re
gu

la
r 

p
at

te
rn

. B
ec

au
se

 o
f 

th
e 

n
u

m
er

o
u

s 

tr
ab

ec
u

la
e 

an
d

 t
h

ei
r 

in
cr

ea
se

d
 w

id
th

, t
h

e 

in
te

rt
ra

b
ec

u
la

r 
sp

ac
e

s 
ar

e 
re

d
u

ce
d

. 

La
ck

 o
f 

w
o

ve
n

 b
o

n
e 

o
r 

m
aj

o
r 

re
ac

ti
ve

 s
cl

er
o

si
s.

 

N
o

 m
aj

o
r 

ev
id

en
ce

 o
f 

o
st

eo
cl

as
ti

c 
ac

ti
vi

ty
. O

n
ly

 
m

at
u

re
 la

m
el

la
r 

b
o

n
e 

w
as

 p
re

se
n

t.
 

Th
e 

tu
m

o
r 

le
si

o
n

 s
h

o
w

ed
 n

ew
ly

 f
o

rm
ed

 

tr
ab

ec
u

la
e 

co
m

p
o

se
d

 o
f 

le
ss

-m
in

er
al

iz
ed

 b
o

n
e 

w
it

h
in

 a
re

as
 o

f 
w

el
l-

m
in

er
al

iz
ed

 t
is

su
e.

 P
re

se
n

ce
 

o
f 

u
n

ev
en

 m
in

er
al

iz
at

io
n

 c
o

n
si

st
in

g 
o

f 
ro

u
gh

 
th

ic
ke

n
ed

 a
n

d
 ir

re
gu

la
rl

y 
sp

ac
e

d
 t

ra
b

ec
u

la
e.

 

P
re

se
n

ce
 o

f 
o

st
eo

cy
te

 s
m

al
l l

ac
u

n
ae

. H
o

w
sh

ip
’s

 

la
cu

n
ae

 w
er

e 
ra

re
. 

Th
e 

ex
te

rn
al

 la
ye

r 
o

f 
th

e 
ri

b
 w

as
 u

n
ev

e
n

 

th
ic

ke
n

ed
. T

ra
b

ec
u

la
e 

o
f 

sp
o

n
gy

 b
o

n
e 

fi
lle

d
 t

h
e 

in
te

ri
o

r 
o

f 
th

e 
b

o
n

e.
 In

 s
o

m
e 

p
la

ce
s 

H
o

w
sh

ip
’s

 
la

cu
n

ae
 w

er
e 

p
re

se
rv

e
d

. N
o

 e
vi

d
en

ce
 o

f 

o
st

eo
b

la
st

ic
 d

ep
o

si
ti

o
n

. 
 

R
ib

s 
ex

h
ib

it
e

d
 is

o
la

te
d

 o
r 

co
n

fl
u

e
n

t 
b

o
n

e 
o

va
l 

m
as

se
s.

 T
h

e 
su

rf
ac

es
 o

f 
th

e 
ri

b
 le

si
o

n
s 

w
er

e 

sm
o

o
th

 o
r 

ro
u

gh
 a

cc
o

rd
in

g 
to

 t
h

ei
r 

an
ti

q
u

it
y 

o
r 

re
m

o
d

el
lin

g.
 T

h
e 

b
o

n
e 

fo
rm

at
io

n
s 

co
n

si
st

 o
f 

n
ew

 

b
o

n
e 

su
p

er
im

p
o

se
d

 o
n

 t
h

e 
o

ld
er

 c
o

rt
ic

al
 s

u
rf

ac
e.

  

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
o

la
ri

ze
d

 m
ic

ro
sc

o
p

y 

Li
gh

t,
 s

ca
n

n
in

g 

el
ec

tr
o

n
 m

ic
ro

sc
o

p
y 

Li
gh

t,
 s

ca
n

n
in

g 

el
ec

tr
o

n
 m

ic
ro

sc
o

p
y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

Sy
m

m
et

ri
ca

l 

er
o

si
ve

 

p
o

ly
ar

th
ro

p
at

h
y 

O
st

eo
m

a 

La
n

ge
rh

an
’s

 c
e

ll 

h
is

ti
o

cy
to

si
s 

O
st

eo
sa

rc
o

m
a 

M
u

lt
ip

le
 m

ye
lo

m
a 

B
ru

ce
llo

si
s 

Sa
m

p
le

 ID
 

Tw
o

 a
d

u
lt

 s
ke

le
to

n
s:

 a
 f

em
al

e 

fr
o

m
 t

h
e 

ca
th

ed
ra

l o
f 

R
o

u
en

 

(1
1

th
 c

en
tu

ry
) 

an
d

 a
 m

al
e 

fr
o

m
 

Li
si

eu
x 

(4
th

 c
en

tu
ry

),
 F

ra
n

ce
 –

 

m
et

at
ar

sa
ls

 a
n

d
 m

et
ac

ar
p

al
s 

sa
m

p
le

d
 

C
as

e 
#1

: H
u

m
an

 s
ku

ll 

Fo
r 

co
m

p
ar

is
o

n
: r

ib
s 

fr
o

m
 f

is
h

 

o
f 

th
e 

M
io

ce
n

e 
an

d
 P

lio
ce

n
e,

 

as
 w

el
l a

s 
fr

o
m

 m
am

m
al

s 

N
o

n
-a

d
u

lt
 f

ro
m

 W
h

ar
ra

m
 P

er
cy

, 

U
.K

. (
M

ed
ie

va
l p

er
io

d
) 

– 
an

te
ri

o
r 

m
ar

gi
n

 o
f 

th
e 

m
an

d
ib

le
 s

am
p

le
d

 

Yo
u

n
g 

ad
u

lt
 m

al
e 

sk
u

ll 

ex
h

u
m

ed
 f

ro
m

 t
h

e 
C

h
ap

el
 o

f 

St
. J

o
se

p
h

, K
yj

o
v,

 C
ze

ch
 

R
ep

u
b

lic
 (

la
te

 m
ed

ie
va

l-
ea

rl
y 

m
o

d
er

n
) 

A
d

u
lt

 f
em

al
e 

fr
o

m
 t

h
e 

M
ed

ie
va

l L
ay

 c
em

et
e

ry
 o

f 

A
b

in
gd

o
n

 V
in

ey
ar

d
, 

O
xf

o
rd

sh
ir

e,
 E

n
gl

an
d

 (
1

3
th

 1
6

th
 

ce
n

tu
ri

es
) 

– 
ri

b
s 

sa
m

p
le

d
 

Sa
m

p
le

 o
f 

1
5

1
 in

d
iv

id
u

al
s:

 1
6

 

w
it

h
 s

ig
n

s 
o

f 
b

ru
ce

llo
si

s 
(1

2
 

m
al

es
; 4

 f
em

al
e

s)
 f

ro
m

 

H
er

cu
la

n
e

u
m

, I
ta

ly
 (

7
9

 A
.D

.)
 –

 

ri
b

s 
sa

m
p

le
d

 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

C
o

m
p

ar
at

iv
e 

st
u

d
y 

 A
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

A
u

th
o

rs
/y

e
ar

 

B
lo

n
d

ia
u

x 
et

 a
l. 

(1
9

9
7

) 

C
ap

as
so

 (
1

9
9

7
) 

M
ay

s 
an

d
 N

er
lic

h
 

(1
9

9
7

) 

St
ro

u
h

al
 e

t 
al

. 

(1
9

9
7

) 

W
ak

el
y 

et
 a

l. 

(1
9

9
8

) 

C
ap

as
so

 (
1

9
9

9
) 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

36 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
e 

in
n

er
 t

ab
le

 a
lo

n
g 

w
it

h
 t

h
e 

cl
o

se
ly

 a
tt

ac
h

e
d

 

d
u

ra
l l

ay
e

r 
p

la
ys

 a
 m

aj
o

r 
ro

le
 in

 t
h

e 
o

st
eo

ge
n

es
is

 

o
f 

H
FI

. F
iv

e 
o

ss
eo

u
s 

la
ye

rs
 a

re
 o

b
se

rv
ed

: 
A

, 

co
m

p
o

se
d

 o
f 

d
en

se
 la

m
el

la
r 

b
o

n
e 

w
it

h
 n

o
 

ev
id

e
n

ce
 o

f 
b

o
n

e 
re

m
o

d
el

lin
g;

 B
, p

re
se

n
ts

 

n
o

rm
al

 d
ip

lo
ic

 s
p

ac
es

 w
it

h
 t

ra
b

ec
u

la
e 

an
d

 

as
so

ci
at

ed
 c

av
it

ie
s;

 C
, s

h
o

w
s 

a 
th

in
 b

an
d

 o
f 

re
m

o
d

el
e

d
, d

is
o

rg
an

iz
ed

, s
cl

e
ro

ti
c 

la
m

el
la

r 
b

o
n

e 

w
it

h
 ir

re
gu

la
r 

ca
vi

ti
es

 a
n

d
 il

l-
d

ef
in

ed
 m

ar
gi

n
s;

 D
, 

co
n

si
st

s 
o

f 
n

u
m

e
ro

u
s 

th
in

-w
al

le
d

 b
lo

o
d

 v
es

se
ls

 

o
f 

va
ri

o
u

s 
d

ia
m

et
er

s 
an

d
 la

rg
e 

va
sc

u
la

r 
si

n
u

se
s;

 

E,
 c

o
m

p
o

se
d

 b
y 

a 
th

in
 s

h
el

l o
f 

o
rg

an
iz

ed
 la

m
el

la
r 

b
o

n
e,

 t
ra

ve
rs

ed
 b

y 
b

lo
o

d
 v

es
se

ls
. 

Th
e 

m
ic

ro
sc

o
p

ic
 a

n
al

ys
is

 r
ev

ea
le

d
: 

O
n

e 
m

al
e 

(f
ib

u
la

 -
 p

er
io

st
it

is
) 

- 
n

e
w

 b
o

n
e 

d
ep

o
si

ti
o

n
 w

it
h

 a
 p

o
ro

u
s 

ap
p

ea
ra

n
ce

. A
 li

n
e 

b
et

w
ee

n
 t

h
e 

co
rt

ex
 a

n
d

 t
h

e 
n

ew
 b

o
n

e 
w

as
 

vi
si

b
le

; 
O

n
e 

fe
m

al
e 

(f
ib

u
la

 -
 f

ra
ct

u
re

) 
– 

o
ss

if
ie

d
 w

o
ve

n
 

b
o

n
e 

sh
o

w
in

g 
so

m
e 

d
e

gr
ee

 o
f 

re
m

o
d

el
lin

g;
 

O
n

e 
fe

m
al

e 
(f

em
u

r 
- 

at
ro

p
h

y)
 –

 r
ed

u
ce

d
 

d
ia

p
h

ys
ea

l v
o

lu
m

e 
ju

st
if

ie
d

 b
y 

a 
h

ig
h

 n
u

m
b

er
 o

f 

o
st

eo
cy

te
 la

cu
n

ae
 a

n
d

 a
 la

ck
 o

f 
H

av
er

si
an

 b
o

n
e;

 

O
n

e 
m

al
e 

(t
ib

ia
 -

 o
st

eo
m

ye
lit

is
) 

–
 e

n
d

o
st

ea
l b

o
n

e 

ap
p

o
si

ti
o

n
 o

b
se

rv
ed

. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t,
 p

o
la

ri
ze

d
 a

n
d

 

sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

H
yp

er
o

st
o

si
s 

fr
o

n
ta

lis
 in

te
rn

a 

(H
FI

) 

In
fe

ct
io

n
, t

ra
u

m
a 

, 

id
io

p
at

h
ic

 

p
o

ly
n

eu
ri

ti
s 

Sa
m

p
le

 ID
 

3
7

9
7

 a
d

u
lt

 s
ku

lls
: 

 

1
7

0
6

 f
ro

m
 t

h
e 

H
am

an
n

-T
o

d
d

 

co
lle

ct
io

n
, C

le
ve

la
n

d
 a

n
d

 T
er

ry
 

C
o

lle
ct

io
n

, W
as

h
in

gt
o

n
, U

.S
.A

. 

(2
0

th
 c

en
tu

ry
);

 

1
0

1
2

 s
ku

lls
 f

ro
m

 N
at

iv
e 

A
m

er
ic

an
s 

(1
6

th
-1

7
th

 c
e

n
tu

ry
);

 

7
2

0
 f

ro
m

 Is
ra

el
 (

1
8

th
-2

0
th

 

ce
n

tu
ry

) 
an

d
 2

8
7

 f
ro

m
 H

u
n

ga
ry

 
h

is
to

ri
ca

l p
o

p
u

la
ti

o
n

s;
 7

2
 s

ku
lls

 

fr
o

m
 c

ad
av

er
s 

w
er

e 
u

se
d

 f
o

r 

h
is

to
lo

gy
 a

n
al

ys
is

 

 Se
ve

n
 b

o
n

e 
sa

m
p

le
s 

o
b

ta
in

e
d

 

at
 a

u
to

p
sy

 a
t 

th
e 

U
n

iv
e

rs
it

y 
o

f 

A
lb

er
ta

 H
o

sp
it

al
, C

an
ad

a,
 f

ro
m

 

in
d

iv
id

u
al

s 
w

it
h

 k
n

o
w

n
 c

au
se

 

o
f 

d
ea

th
. T

h
re

e 
sa

m
p

le
s 

fr
o

m
 

in
d

iv
id

u
al

s 
w

it
h

 n
o

 v
is

ib
le

 b
o

n
e 

ch
an

ge
s 

(2
 m

al
e

s,
 1

 f
em

al
e)

. 

Fo
u

r 
sa

m
p

le
s 

w
it

h
 v

is
ib

le
 b

o
n

e 

ch
an

ge
s:

 1
 m

al
e 

(f
ib

u
la

 -
 

p
er

io
st

it
is

);
 1

 f
em

al
e 

(f
ib

u
la

 -
 

fr
ac

tu
re

);
 1

 f
em

al
e 

(f
em

u
r 

- 

at
ro

p
h

y)
; 1

 m
al

e 
(t

ib
ia

 -
 

o
st

eo
m

ye
lit

is
) 

St
u

d
y 

ty
p

e
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

C
as

e-
st

u
d

y 

 A
 

A
u

th
o

rs
/y

e
ar

 

H
er

sh
ko

vi
tz

 e
t 

al
. 

(1
9

9
9

) 

K
at

ze
n

b
er

g 
an

d
 

Lo
ve

ll 
(1

9
9

9
) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

37 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

D
in

o
sa

u
r:

 c
o

ar
se

 b
o

n
e 

tr
ab

ec
u

la
e 

in
 a

 n
e

t-
lik

e 

st
ru

ct
u

re
 lo

ca
te

d
 b

et
w

ee
n

 e
n

la
rg

ed
 s

p
ac

e
s.

 
H

o
m

o
 e

re
ct

u
s 

(O
.H

.9
):

 r
eg

u
la

r 
b

o
n

e 

m
ic

ro
ar

ch
it

ec
tu

re
 w

it
h

 a
 w

el
l l

am
el

la
te

d
 

ex
te

rn
al

 s
tr

u
ct

u
re

. 

H
o

m
o

 n
ea

n
d

er
th

a
le

n
si

s 
(D

ü
ss

e
ld

o
rf

):
 e

n
la

rg
ed

 

H
av

er
si

an
 c

an
al

s 
an

d
 a

n
 in

cr
ea

se
 in

 s
p

o
n

gy
 b

o
n

e 

in
 t

h
e 

en
d

o
st

ea
l a

re
a.

 E
vi

d
en

ce
 o

f 
b

o
n

e 
at

ro
p

h
y 

in
 t

h
e 

fr
ac

tu
re

d
 b

o
n

e.
  

H
o

m
o

 n
ea

n
d

er
th

a
le

n
si

s 
(K

ra
p

in
a)

: g
en

e
ra

liz
ed

 

en
la

rg
em

en
t 

o
f 

th
e 

b
lo

o
d

 v
es

se
l c

an
al

s.
 E

n
la

rg
e

d
 

H
av

er
si

an
 s

ys
te

m
s 

w
it

h
 s

m
al

l c
an

al
s.

 E
xt

er
n

al
 

su
rf

ac
e 

w
it

h
 a

 s
m

o
o

th
 a

p
p

ea
ra

n
ce

. 

B
o

n
e 

o
u

tg
ro

w
th

s 
p

re
se

n
te

d
 a

 n
o

rm
al

 t
ra

b
ec

u
la

r 

st
ru

ct
u

re
. T

h
e 

b
o

n
e 

is
 im

m
at

u
re

, f
ib

ro
u

s 
an

d
 

w
it

h
o

u
t 

a 
la

m
el

la
r 

p
at

te
rn

. T
h

e 
co

n
ta

ct
 t

ra
b

ec
u

la
e 

o
f 

th
e 

ra
d

iu
s 

an
d

 u
ln

a 
sh

o
w

ed
 m

an
y 

ti
n

y 
la

cu
n

ae
 

w
h

ic
h

 m
ay

 r
ep

re
se

n
t 

th
e 

im
p

ri
n

ts
 o

f 
th

e 
o

ri
gi

n
al

 
ca

rt
ila

ge
.  

Th
e 

h
u

m
er

u
s 

co
m

p
ac

t 
b

o
n

e 
w

as
 r

ep
la

ce
d

 b
y 

p
o

ro
ti

c 
ar

ea
s,

 r
es

em
b

lin
g 

sp
o

n
gy

 b
o

n
e.

 T
h

is
 

ab
n

o
rm

al
 t

is
su

e 
co

n
ta

ct
s 

th
e 

d
ia

p
h

ys
ea

l 

m
ed

u
lla

ry
 s

p
ac

e.
 T

h
e 

o
ri

en
ta

ti
o

n
 o

f 
co

lla
ge

n
 

fi
b

er
s 

is
 a

 r
ec

o
rd

 o
f 

su
cc

es
si

ve
 o

st
eo

cl
as

ti
c 

d
el

et
io

n
s 

an
d

 o
st

eo
b

la
st

ic
 a

p
p

o
si

ti
o

n
 e

ve
n

ts
. 

Th
e 

ve
rt

eb
ra

l s
am

p
le

 r
ev

ea
le

d
 t

h
in

 a
n

d
 lo

n
g 

tr
ab

ec
u

la
e 

(s
ig

n
 o

f 
at

ro
p

h
y)

. T
h

e 
ca

n
ce

llo
u

s 

m
o

d
u

le
s 

o
f 

th
e 

ve
rt

e
b

ra
l m

ar
ro

w
 w

er
e 

en
la

rg
ed

. 

In
 b

o
th

 c
as

es
 a

 t
h

ic
k 

la
ye

r 
o

f 
b

o
n

e 
w

it
h

 a
 r

u
go

se
 

p
o

ro
u

s 
su

rf
ac

e 
an

d
 c

av
it

at
io

n
s 

w
as

 o
b

se
rv

e
d

. 

Th
e 

co
rt

ic
al

 b
o

n
e 

sh
o

w
ed

 a
 n

ec
ro

ti
c 

ar
ea

 w
it

h
 

ca
lc

if
ie

d
 z

o
n

es
. T

h
in

 t
ra

b
ec

u
la

e 
w

it
h

 la
rg

e 

m
ar

ro
w

 s
p

ac
es

. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t 
an

d
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y,

 

sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 
(S

EM
) 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
rs

o
co

p
y 

(?
) 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

D
in

o
sa

u
r:

 

h
em

an
gi

o
m

a 
H

o
m

o
 e

re
ct

u
s:

 

h
yp

er
vi

ta
m

in
o

si
s 

A
 

H
o

m
o

 

n
ea

n
d

er
th

a
le

n
si

s 

(D
ü

ss
e

ld
o

rf
):

 

o
st

eo
p

o
ro

si
s 

an
d

 

fr
ac

tu
re

 

H
o

m
o

 

n
ea

n
d

er
th

a
le

n
si

s 

(K
ra

p
in

a)
: 

o
st

eo
p

o
ro

si
s 

“K
is

si
n

g”
 

o
st

eo
ch

o
n

d
ro

m
a 

Si
ck

le
 c

el
l a

n
em

ia
 

Tr
ep

o
n

em
al

 d
is

ea
se

 

o
r 

n
o

n
-s

p
ec

if
ic

 

h
ae

m
at

o
ge

n
o

u
s 

p
yo

ge
n

ic
 in

fe
ct

io
n

 

Sa
m

p
le

 ID
 

Te
n

 s
am

p
le

s 
fr

o
m

 f
o

ss
ili

ze
d

 

b
o

n
es

: D
in

o
sa

u
r 

-1
; 

A
u

st
ra

lo
p

it
h

ec
u

s 
a

fr
ic

a
n

u
s 
– 

2
; 

H
o

m
o

 e
re

ct
u

s 
(O

.H
. 9

) 
- 

2
; 

H
o

m
o

 n
ea

n
d

er
th

a
le

n
si

s 

(D
ü

ss
e

ld
o

rf
 a

n
d

 K
ra

p
in

a)
 –

 3
; 

H
o

m
o

 s
a

p
ie

n
s 

– 
1

;  

P
a

n
 p

a
n

is
cu

s 
– 

1 

 R
ig

h
t 

fo
re

ar
m

 b
o

n
e

s 
fr

o
m

 a
 

yo
u

n
g 

ad
u

lt
 m

al
e 

fr
o

m
 S

q
q

ar
a,

 

Eg
yp

t 
(6

6
4

-3
3

2
 B

.C
.)

 

Th
in

 s
ec

ti
o

n
s 

w
er

e 
co

lle
ct

ed
 

fr
o

m
 a

n
 a

u
to

p
si

ed
 in

d
iv

id
u

al
: 

fr
o

n
ta

l p
o

rt
io

n
 o

f 
a 

th
o

ra
ci

c 

ve
rt

eb
ra

 a
n

d
 le

ft
 h

u
m

e
ru

s 

Sa
m

p
le

 o
f 

1
6

1
7

 s
ke

le
to

n
s 

fr
o

m
 

la
te

r 
m

ed
ie

va
l S

er
b

ia
 (

1
1

th
-1

9
th

 

ce
n

tu
ri

es
):

 

C
as

e 
#1

: A
d

u
lt

 t
ib

ia
 a

n
d

 f
ib

u
la

; 

C
as

e 
#2

: M
at

u
re

 m
al

e 
fe

m
u

r 
an

d
 

ti
b

ia
 

 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 A
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 
 B

 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 

 B
 

A
u

th
o

rs
/y

e
ar

 

Sc
h

u
lt

z 
(1

9
9

9
) 

V
yh

n
án

ek
 e

t 
al

. 

(1
9

9
9

) 

Fa
er

m
an

 e
t 

al
. 

(2
0

0
0

) 

D
ju

ri
ć-

Sr
ej

ić
 a

n
d

 

R
o

b
er

ts
 (

2
0

0
1

) 

 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

38 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
e 

tr
ab

ec
u

la
e 

o
f 

th
e 

sp
o

n
gy

 la
ye

r 
ar

e 
co

ve
re

d
 

b
y 

n
u

m
e

ro
u

s 
H

o
w

sh
ip

´s
 la

cu
n

ae
. T

ra
b

ec
u

la
e 

fr
o

m
 t

h
e 

ed
ge

 o
f 

an
 o

st
eo

ly
ti

c 
fo

cu
s 

d
is

p
la

y 

sm
o

o
th

 s
u

rf
ac

es
 w

it
h

 ir
re

gu
la

rl
y 

sp
ac

ed
 la

rg
e 

o
st

eo
ly

ti
c 

la
cu

n
ae

, w
h

er
ea

s 
th

e 
sp

o
n

gy
 

tr
ab

ec
u

la
e 

fr
o

m
 t

h
e 

ce
n

te
r 

o
f 

th
e

 p
at

h
o

lo
gi

c 

p
ro

ce
ss

 s
h

o
w

 n
u

m
er

o
u

s 
la

cu
n

ae
 o

f 
d

if
fe

re
n

t 

d
im

en
si

o
n

s.
  

Th
e 

n
ew

ly
 f

o
rm

ed
 t

u
m

o
r 

b
o

n
e 

sh
o

w
s 

ve
rt

ic
al

 

b
o

n
e 

ti
ss

u
e,

 c
al

ci
fi

e
d

 t
o

 d
if

fe
ri

n
g 

ex
te

n
ts

. T
h

er
e 

is
 a

ls
o

 a
 s

u
b

st
an

ti
al

 a
m

o
u

n
t 

o
f 

ca
lc

if
ie

d
 t

u
m

o
r 

o
st

eo
id

, f
o

rm
in

g 
th

e 
ch

ar
ac

te
ri

st
ic

 “
ch

es
sb

o
ar

d
-

lik
e”

 s
tr

u
ct

u
re

. 

Th
e 

tr
an

sv
e

rs
e 

se
ct

io
n

 o
f 

th
e 

ri
gh

t 
ti

b
ia

l 

d
ia

p
h

ys
is

 s
h

o
w

ed
 e

ro
d

ed
 c

o
rt

ic
al

 b
o

n
e 

su
rf

ac
e,

 

va
sc

u
la

r 
sp

ac
e

s 
an

d
 t

h
ic

k 
fr

in
ge

 o
f 

p
ri

m
ar

y 
b

o
n

e.
 

Th
e 

sk
u

ll 
p

ar
ie

ta
l f

ra
ct

u
re

 p
re

se
n

te
d

 

p
o

st
m

o
rt

em
 e

ro
si

o
n

 o
f 

th
e 

o
u

te
r 

la
m

in
a.

 T
h

e 
in

n
er

 la
m

in
a 

ex
h

ib
it

ed
 w

el
l r

em
o

d
el

e
d

 

la
m

in
at

ed
 b

o
n

e 
an

d
 s

m
o

o
th

 m
ar

gi
n

s.
 In

 t
h

e 
ti

b
ia

 

w
it

h
 r

ic
ke

ts
, a

n
d

 o
n

 t
h

e 
p

er
io

st
e

u
m

, a
 t

h
ic

k 
an

d
 

ex
te

n
si

ve
 p

er
ip

h
er

al
 la

ye
r 

o
f 

o
st

e
o

n
ic

 b
o

n
e 

w
it

h
 

sm
al

l a
n

d
 m

al
fo

rm
e

d
 o

st
eo

n
s 

se
p

ar
at

ed
 b

y 
sm

al
l 

st
ri

p
s 

o
f 

la
m

el
la

e 
b

o
n

e 
w

as
 o

b
se

rv
ed

. T
h

e 

su
b

p
er

io
st

ea
l b

o
n

e 
w

as
 ir

re
gu

la
r 

an
d

 m
o

st
ly

 

m
ad

e 
o

f 
w

o
ve

n
 b

o
n

e 
w

it
h

 la
rg

e 
o

st
eo

cy
ti

c 

ca
vi

ti
es

.  

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y,
 la

se
r 

sc
an

n
in

g 
co

n
fo

ca
l 

m
ic

ro
sc

o
p

y 

Li
gh

t,
 r

ef
le

ct
e

d
 

el
ec

tr
o

n
 m

ic
ro

sc
o

p
y 

Li
gh

t 
, p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

M
et

as
ta

ti
c 

ca
rc

in
o

m
a 

O
st

eo
sa

rc
o

m
a 

C
af

fe
y 

‘s
 d

is
ea

se
 

R
ic

ke
ts

 a
n

d
 t

ra
u

m
a 

Sa
m

p
le

 ID
 

O
ld

 m
al

e 
in

d
iv

id
u

al
 f

ro
m

 

B
o

ro
vc

e,
 S

lo
va

ki
a 

(8
th

-9
th

 
ce

n
tu

ri
es

) 

R
ig

h
t 

fe
m

u
r 

o
f 

a 
n

o
n

 a
d

u
lt

 

fr
o

m
 S

u
lz

b
u

rg
, G

er
m

an
y 

(1
2

th
 

ce
n

tu
ry

) 

R
ig

h
t 

ti
b

ia
 o

f 
a 

n
o

n
 a

d
u

lt
 f

ro
m

 

Li
si

eu
x 

(C
al

va
d

o
s)

, F
ra

n
ce

 (
4

th
 -

9
th

 c
en

tu
ri

es
 A

.D
.)

 

N
o

n
 a

d
u

lt
 f

ro
m

 L
is

ie
u

x,
 

N
o

rm
an

d
y,

 F
ra

n
ce

 (
4

th
 c

e
n

tu
ry

) 
– 

ti
b

ia
 a

n
d

 p
ar

ie
ta

l b
o

n
e 

sa
m

p
le

d
 

 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

 

A
u

th
o

rs
/y

e
ar

 

Še
fč

ák
o

vá
 e

t 
al

. 

(2
0

0
1

) 

A
lt

 e
t 

al
. (

2
0

0
2

) 

B
ag

o
u

ss
e 

an
d

 

B
lo

n
d

ia
u

x 
(2

0
0

2
) 

B
lo

n
d

ia
u

x 
et

 a
l. 

(2
0

0
2

) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

39 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
re

e 
d

is
ti

n
ct

 h
is

to
lo

gi
ca

l c
o

n
d

it
io

n
s 

d
et

ec
te

d
: 

 

B
u

tt
o

n
 o

st
eo

m
a 

– 
m

u
sh

ro
o

m
-l

ik
e 

sh
ap

ed
 p

o
o

rl
y 

va
sc

u
la

ri
ze

d
 a

n
d

 c
o

m
p

o
se

d
 o

f 
w

el
l-

o
rg

an
iz

e
d

 

la
m

el
la

r 
b

o
n

e 
w

it
h

 h
o

m
o

ge
n

eo
u

s 
th

ic
kn

es
s 

(o
n

io
n

-s
ki

n
 p

at
te

rn
).

 R
ar

e 
o

st
eo

cy
te

 la
cu

n
ae

. 
Th

e 
d

ip
lo

ic
 b

o
n

e 
ex

te
n

d
ed

 b
ey

o
n

d
 t

h
e 

o
ri

gi
n

al
 

ec
to

cr
an

ia
l t

ab
le

 in
to

 t
h

e 
n

ew
 a

re
a 

o
f 

n
ew

 b
o

n
e.

 

R
ea

ct
iv

e 
p

o
st

-t
ra

u
m

at
ic

 e
ve

n
t 

– 
ri

ch
 

va
sc

u
la

ri
za

ti
o

n
 w

it
h

 p
le

n
ty

 o
f 

o
st

eo
cy

te
 la

cu
n

ae
 

an
d

 p
ro

m
in

en
t 

H
av

er
si

an
 s

ys
te

m
s.

 L
ac

k 
o

f 

la
m

in
at

ed
 s

tr
u

ct
u

re
. N

o
 c

le
ar

 d
is

ti
n

ct
io

n
 

b
et

w
ee

n
 t

h
e 

le
si

o
n

 a
n

d
 t

h
e 

ec
to

cr
an

ia
l t

ab
le

. 

B
al

lo
o

n
ed

 o
st

eo
m

a 
– 

ch
ar

ac
te

ri
ze

d
 b

y 
a 

d
o

m
e-

sh
ap

e
d

 b
o

n
y 

ro
o

f,
 p

o
o

rl
y 

va
sc

u
la

ri
ze

d
 a

n
d

 
m

u
lt

ila
m

in
at

ed
 in

 s
o

m
e 

ar
ea

s.
 T

h
e 

tr
ab

ec
u

la
r 

la
ye

r 
is

 d
if

fu
se

 a
n

d
 f

o
rm

s 
la

rg
e 

sp
ac

es
. C

o
lla

p
se

 

an
d

 e
xt

en
si

ve
 r

em
o

d
el

lin
g 

o
f 

th
e 

ec
to

cr
an

ia
l 

ta
b

le
 n

o
t 

se
en

 e
xt

er
n

al
ly

. 

SE
S 

p
ro

ce
ss

 is
 li

m
it

ed
 t

o
 t

h
e 

m
o

st
 s

u
p

e
rf

ic
ia

l 

p
o

rt
io

n
 o

f 
th

e 
en

d
o

cr
an

iu
m

. T
h

re
e 

zo
n

es
 a

re
 

o
b

se
rv

ed
: j

u
xt

a-
d

ip
lo

ic
 z

o
n

e 
w

it
h

 w
el

l-
d

ev
el

o
p

ed
 

p
ri

m
ar

y 
an

d
 s

ec
o

n
d

ar
y 

H
av

er
si

an
 s

ys
te

m
s;

 

in
te

rm
e

d
ia

te
 z

o
n

e,
 m

o
re

 t
h

ic
ke

n
ed

 a
n

d
 

ch
ar

ac
te

ri
ze

d
 b

y 
d

en
se

, w
el

l-
o

rg
an

iz
ed

, 

la
m

in
at

ed
 b

o
n

e.
 It

 is
 a

va
sc

u
la

r 
an

d
 p

re
se

n
ts

 

sp
o

ra
d

ic
 H

av
er

si
an

 s
ys

te
m

s 
o

n
 it

s 
m

ar
gi

n
s.

 T
h

e 

th
ir

d
 z

o
n

e 
d

o
es

 n
o

t 
sh

o
w

 a
 la

m
el

la
r 

p
at

te
rn

, 

p
re

se
n

ti
n

g 
o

st
eo

cy
te

s 
ra

n
d

o
m

ly
 d

is
tr

ib
u

te
d

. T
h

e 

ar
ea

 is
 n

o
tc

h
e

d
 b

y 
se

ve
ra

l f
is

su
re

s,
 le

ad
in

g 
to

 a
 

d
en

ti
cu

la
te

d
 a

p
p

ea
ra

n
ce

. T
h

e 
sp

ac
e 

fi
ss

u
re

 is
 

h
ea

vi
ly

 v
as

cu
la

ri
ze

d
. T

h
e 

b
o

n
e 

is
 d

is
o

rg
an

iz
ed

 

w
it

h
 n

u
m

e
ro

u
s 

la
cu

n
ae

, b
u

t 
n

o
 H

av
er

si
an

 
sy

st
em

s.
 N

o
rm

al
 t

h
ic

kn
es

s 
an

d
 

ap
p

ea
ra

n
ce

/o
rg

an
iz

at
io

n
 o

f 
th

e 
e

ct
o

cr
an

ia
l p

la
te

 

an
d

 d
ip

lo
ë.

 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t 
m

ic
ro

sc
o

p
y 

an
d

 

sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 
(S

EM
) 

Li
gh

t,
 s

ca
n

n
in

g 

el
ec

tr
o

n
 m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

B
u

tt
o

n
 o

st
eo

m
a 

Se
rp

en
s 

En
d

o
cr

an
ia

 

Sy
m

m
et

ri
ca

 (
SE

S)
 

Sa
m

p
le

 ID
 

Sa
m

p
le

 o
f 

5
8

5
 h

u
m

an
 (

se
x,

 a
ge

 

at
 d

ea
th

 a
n

d
 r

ac
e 

kn
o

w
n

),
 5

2
 

go
ri

lla
 a

n
d

 5
2

 c
h

im
p

an
ze

e 
sk

u
lls

 

fr
o

m
 t

h
e 

H
am

m
an

n
-T

o
d

d
 

C
o

lle
ct

io
n

, C
le

ve
la

n
d

, U
SA

 

A
d

u
lt

 s
ku

lls
 (

n
=1

8
8

4
) 

fr
o

m
 t

h
e 

H
am

an
n

-T
o

d
d

 c
o

lle
ct

io
n

 (
H

TH
),

 

C
le

ve
la

n
d

, U
.S

.A
. -

 1
2

 s
ku

lls
 

sa
m

p
le

d
 

St
u

d
y 

ty
p

e
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 A
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

A
u

th
o

rs
/y

e
ar

 

Es
h

ed
 e

t 
al

. (
2

0
0

2
) 

H
er

sh
ko

vi
tz

 e
t 

al
. 

(2
0

0
2

) 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

40 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

M
ic

ro
sc

o
p

y 
re

ve
al

ed
 im

p
o

rt
an

t 
sk

el
et

al
 

ev
id

e
n

ce
s 

o
f 

P
ag

et
’s

 d
is

ea
se

 (
m

o
sa

ic
 b

o
n

e,
 

tr
ab

ec
u

la
r 

th
ic

ke
n

in
g,

 e
xc

es
si

ve
 b

o
n

e 
fo

rm
at

io
n

 

an
d

 r
e

so
rp

ti
o

n
).

 

Sp
ec

im
e

n
 w

it
h

 a
 s

p
o

n
ge

-l
ik

e 
ap

p
ea

ra
n

ce
. 

Sp
ic

u
la

e 
w

it
h

 d
if

fe
re

n
t 

si
ze

s 
an

d
 t

h
ic

kn
es

s.
 

C
o

rt
ic

al
 a

n
d

 c
an

ce
llo

u
s 

b
o

n
e 

w
it

h
 o

st
eo

ly
ti

c 

la
cu

n
ae

. N
o

 s
ig

n
s 

o
f 

b
o

n
e 

re
m

o
d

el
lin

g 
in

 t
h

e 

d
es

tr
o

ye
d

 a
re

as
. P

re
se

n
ce

 o
f 

la
rg

e 
st

ru
ct

u
re

s 

fo
rm

ed
 b

y 
ir

re
gu

la
r 

n
eo

p
la

st
ic

 n
e

w
 b

o
n

e 
tr

ab
ec

u
la

e.
 S

o
m

e 
tu

m
o

r 
p

ar
ts

 a
re

 in
 c

lo
se

 

co
n

ta
ct

 w
it

h
 s

p
o

n
gi

o
u

s 
b

o
n

e 
re

m
ai

n
s.

 

B
o

th
 t

ec
h

n
iq

u
es

 (
n

o
n

-i
n

va
si

ve
 r

ad
io

lo
gy

 a
n

d
 

in
va

si
ve

 h
is

to
lo

gy
) 

ca
n

 b
e 

su
cc

es
sf

u
lly

 a
p

p
lie

d
 in

 

d
o

cu
m

en
te

d
 a

n
d

 a
rc

h
ae

o
lo

gi
ca

l m
at

er
ia

l. 

In
 t

h
e 

re
m

n
an

ts
 o

f 
th

e 
so

ft
 t

is
su

e
s 

w
er

e 

o
b

se
rv

ed
: 

sp
in

d
le

-s
h

ap
ed

 c
e

lls
 (

V
er

o
ca

y 
b

o
d

ie
s)

 

su
rr

o
u

n
d

e
d

 b
y 

co
lla

ge
n

 s
tr

o
m

a;
 m

ic
ro

cy
st

ic
 

ch
an

ge
s,

 a
re

as
 o

f 
h

ya
lin

iz
at

io
n

 a
n

d
 r

em
n

an
ts

 o
f 

ce
lls

; a
n

d
 R

ei
ch

 g
ra

n
u

le
s.

  

Th
e 

h
is

to
lo

gi
ca

l a
n

al
ys

is
 w

as
 c

ru
ci

al
 t

o
 d

et
e

rm
in

e 

th
e 

o
ri

gi
n

 o
f 

th
e 

in
fe

ct
io

n
. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t 
m

ic
ro

sc
o

p
y 

(?
) 

Li
gh

t,
 p

o
la

ri
ze

d
, s

te
re

o
 

an
d

 s
ca

n
n

in
g 

el
ec

tr
o

n
 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y,

 

co
m

p
u

te
r-

as
si

st
e

d
 

m
o

rp
h

o
m

et
ry

 a
n

d
 

sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

e 
(S

EM
) 

Li
gh

t 
m

ic
ro

sc
o

p
y 

  Li
gh

t 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

P
ag

et
’s

 d
is

ea
se

 

Ju
xt

ac
o

rt
ic

al
 

o
st

eo
sa

rc
o

m
a 

R
ic

ke
ts

 a
n

d
 

o
st

eo
m

al
ac

ia
 

N
eu

ri
le

m
m

o
m

a 

Tw
o

 c
as

es
 o

f 

o
st

eo
m

ye
lit

is
: 

ex
o

ge
n

o
u

s 
an

d
  

h
ae

m
at

o
ge

n
o

u
s 

Sa
m

p
le

 ID
 

C
as

e 
#1

: A
d

u
lt

 f
em

al
e 

cr
an

iu
m

 

fr
o

m
 L

is
ie

u
x,

 F
ra

n
ce

 (
3

3
0

-3
4

0
 

A
D

);
 

C
as

e 
#2

: A
d

u
lt

 m
al

e 
le

ft
 f

em
u

r,
 

p
el

vi
s 

an
d

 lu
m

b
ar

 v
er

te
b

ra
 f

ro
m

 
Sa

in
t-

P
ie

rr
e-

su
r-

D
iv

e
s,

 F
ra

n
ce

 

(1
1

th
 c

en
tu

ry
) 

R
ig

h
t 

ti
b

ia
 a

n
d

 f
ib

u
la

 f
ro

m
 a

n
 

ad
u

lt
 f

em
al

e 
fr

o
m

 a
 m

ed
ie

va
l 

ce
m

et
er

y 
fr

o
m

 B
u

d
ap

es
t 

(1
4

th
-

1
5

th
 c

en
tu

ri
es

) 

Lu
m

b
ar

 v
er

te
b

ra
l b

o
d

ie
s 

fr
o

m
 6

1
 

in
d

iv
id

u
al

s 
w

it
h

 k
n

o
w

n
 s

ex
 a

n
d

 

ag
e-

at
-d

ea
th

 (
3

7
 w

it
h

 s
ig

n
s 

o
f 

ri
ck

et
s 

an
d

 o
st

eo
m

al
ac

ia
) 

h
o

u
se

d
 a

t 
th

e 
Fe

d
er

al
 M

u
se

u
m

 

o
f 

P
at

h
o

lo
gi

ca
l A

n
at

o
m

y,
 

V
ie

n
n

a,
 A

u
st

ri
a 

(1
9

th
 c

en
tu

ry
) 

A
d

u
lt

 f
em

al
e 

fr
o

m
 Iu

fa
a,

 

A
b

u
si

r,
 E

gy
p

t,
 2

6
th

 d
yn

as
ty

 (
6

2
5

 

B
.C

.)
 –

 r
em

n
an

ts
 o

f 
so

ft
 t

is
su

e 

p
re

se
rv

ed
 o

n
 t

h
e 

sa
cr

u
m

 

sa
m

p
le

d
 

C
as

e 
#1

: A
d

u
lt

 le
ft

 t
ib

ia
 f

ro
m

 

Se
go

vi
a,

 S
p

ai
n

 (
1

1
th

-1
2

th
 

ce
n

tu
ri

es
);

 

C
as

e 
#2

: A
d

u
lt

 f
em

al
e 

le
ft

 lo
w

er
 

lim
b

 f
ro

m
 E

l B
u

rg
o

 d
e 

O
sm

a,
 

Sp
ai

n
 (

1
7

th
-1

8
th

 c
e

n
tu

ri
es

) 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 A
 

C
as

e-
st

u
d

y 

 B
 

C
o

m
p

ar
at

iv
e 

st
u

d
y 

 A
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

R
o

ch
es

 e
t 

al
. (

2
0

0
2

) 

Jó
zs

a 
an

d
 F

ó
th

i 

(2
0

0
3

) 

Sc
h

am
al

l e
t 

al
. 

(2
0

0
3

) 

St
ro

u
h

al
 e

t 
al

. 

(2
0

0
3

) 

St
ro

u
h

al
 a

n
d

 

N
ěm

eČ
ko

vá
 (

2
0

0
4

) 
 

 Ta
m

ar
it

 e
t 

al
. 

(2
0

0
3

) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

41 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
e 

b
la

ck
 s

ta
in

 s
p

o
ts

 o
b

se
rv

e
d

 m
ac

ro
sc

o
p

ic
al

ly
 

(t
ip

 o
f 

d
en

ta
l r

o
o

ts
 a

n
d

 a
t 

en
d

o
fr

ac
tu

re
s 

o
f 

m
et

ap
h

ys
es

 o
f 

w
ei

gh
t-

b
ea

ri
n

g 
b

o
n

es
) 

ar
e 

re
m

n
an

ts
 o

f 
d

en
at

u
re

d
 h

em
o

gl
o

b
in

. N
o

 

m
ic

ro
sc

o
p

ic
 r

ep
ai

r 
w

as
 d

e
n

o
te

d
. I

n
 in

d
iv

id
u

al
s 

w
h

o
 r

ec
o

ve
re

d
 s

ev
er

al
 t

im
es

 f
ro

m
 s

cu
rv

y,
 t

h
e 

n
ew

 h
em

at
o

m
as

 w
er

e 
re

p
la

ce
d

, l
ay

er
 b

y 
la

ye
r,

 

b
y 

n
ew

 b
o

n
e 

ti
ss

u
e.

 

H
is

to
lo

gi
ca

l a
n

al
ys

is
 r

ev
ea

le
d

 t
h

at
 6

%
 o

f 
th

e 

in
d

iv
id

u
al

s 
su

ff
e

re
d

 f
ro

m
 a

n
em

ia
: t

h
e 

m
ar

ro
w

 

sp
ac

es
 w

er
e 

w
id

en
ed

 a
n

d
 t

h
e 

o
rb

it
al

 la
m

in
a 

w
as

 

o
p

en
ed

. T
h

e 
re

m
ai

n
in

g 
tr

ab
ec

u
la

e 
te

n
d

ed
 t

o
 li

e 

al
m

o
st

 a
t 

ri
gh

t 
an

gl
e

s 
to

 t
h

e 
o

rb
it

al
 la

m
in

a.
  

Si
gn

s 
o

f 
in

fl
am

m
at

io
n

 d
u

e 
to

 o
st

ei
ti

s 
w

er
e 

o
b

se
rv

ed
 in

 4
.5

%
: t

h
is

 p
ro

ce
ss

 m
ay

 le
ad

 t
o

 

ex
te

n
si

ve
 b

o
n

e 
re

so
rp

ti
o

n
 t

h
ro

u
gh

 o
st

eo
cl

as
t 

ac
ti

vi
ty

. H
o

w
sh

ip
’s

 la
cu

n
ae

 w
er

e 
vi

si
b

le
. 

R
em

o
d

el
lin

g 
(o

r 
b

o
n

e 
ap

p
o

si
ti

o
n

) 
w

as
 a

ls
o

 
p

re
se

n
t.

 H
is

to
lo

gi
ca

l a
n

al
ys

es
 s

h
o

w
ed

 t
h

at
 2

0
%

 

o
f 

m
ac

ro
sc

o
p

ic
 c

ri
b

ra
 o

rb
it

a
lia

 w
as

 d
u

e 
to

 

p
o

st
m

o
rt

em
 e

ro
si

o
n

. 
 

H
is

to
lo

gi
ca

l a
n

al
ys

is
 s

h
o

w
ed

 a
 la

rg
e 

d
is

o
rg

an
iz

ed
 

d
is

tr
ib

u
ti

o
n

 o
f 

H
av

er
si

an
 c

h
an

n
el

s 
an

d
 p

ac
ke

d
 

la
ye

rs
 o

f 
w

o
ve

n
 b

o
n

e.
 O

n
ly

 a
 t

h
in

 la
ye

r 
o

f 

co
m

p
ac

t 
b

o
n

e 
w

it
h

 n
o

rm
al

 H
av

er
si

an
 s

ys
te

m
 

w
as

 s
ee

n
 o

n
 t

h
e 

e
n

d
o

st
ea

l a
n

d
 p

er
io

st
ea

l s
id

e
s.

 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Im
m

u
n

o
en

zy
m

at
ic

 

st
ai

n
in

g 
m

ic
ro

sc
o

p
y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 
an

d
 

p
o

la
ri

ze
d

 c
o

m
b

in
e

d
 

w
it

h
 a

 h
ilf

so
b

je
ct

 a
s 

co
m

p
en

sa
to

r 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

Sc
u

rv
y 

C
ri

b
ra

 o
rb

it
a

lia
 

M
el

o
rh

eo
st

o
si

s 

Sa
m

p
le

 ID
 

5
0

 D
u

tc
h

 w
h

al
er

s 
fr

o
m

 

Sp
it

sb
er

ge
n

 A
rc

h
ip

el
ag

o
, T

h
e 

N
et

h
er

la
n

d
s 

(1
7

th
-1

8
th

 

ce
n

tu
ri

es
) 

Sa
m

p
le

 c
o

m
p

o
se

d
 o

f 
3

3
3

 s
ku

lls
 

(1
6

1
 f

em
al

es
 a

n
d

 1
7

2
 m

al
es

) 

fr
o

m
 M

is
si

m
in

ia
, N

o
rt

h
er

n
 

Su
d

an
 (

2
n

d
-6

th
 c

en
tu

ri
e

s)
: 3

3
 

o
rb

it
s 

w
it

h
 c

ri
b

ra
 o

rb
it

a
lia

 

sa
m

p
le

d
 

Fe
m

al
e 

sk
el

e
to

n
 f

ro
m

 

M
o

n
te

sc
ag

lio
so

, B
as

ili
ca

ta
, 

So
u

th
er

n
 It

al
y 

(6
th

 c
en

tu
ry

) 
– 

le
ft

 t
ib

ia
 s

am
p

le
d

 

St
u

d
y 

ty
p

e
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 A
 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

M
aa

t 
(2

0
0

4
) 

W
ap

le
r 

et
 a

l. 

(2
0

0
4

) 

C
an

ci
 e

t 
al

. (
2

0
0

5
) 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

42 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
e 

m
as

s 
o

f 
p

o
ro

u
s 

co
rt

ic
al

 b
o

n
e

 f
o

rm
ed

 a
 n

ew
 

la
ye

r 
o

n
 t

h
e 

to
p

 o
f 

th
e 

ex
is

ti
n

g 
b

o
n

e 
su

rf
ac

e.
 

Th
is

 la
ye

r 
w

as
 h

ig
h

ly
 v

as
cu

la
r 

w
it

h
 h

o
le

s 

p
en

e
tr

at
in

g 
th

e 
co

rt
ex

. B
o

n
e 

w
as

 n
o

t 
fo

rm
ed

 in
 

n
o

rm
al

 la
ye

rs
, s

u
gg

e
st

in
g 

a 
ra

p
id

 r
es

p
o

n
se

 t
o

 

in
fl

am
m

at
io

n
 o

r 
tr

au
m

a.
 T

h
e 

n
e

w
ly

 f
o

rm
ed

 b
o

n
e 

co
n

st
it

u
te

d
 a

 d
is

cr
et

e 
la

ye
r 

o
f 

sp
o

n
gy

 a
n

d
 

ir
re

gu
la

r 
ti

ss
u

e 
w

h
en

 c
o

m
p

ar
e

d
 w

it
h

 t
h

e 
n

o
rm

al
 

so
lid

 c
o

rt
ex

. T
h

e 
m

ar
gi

n
s 

w
er

e 
ir

re
gu

la
r 

an
d

 

sp
ic

u
la

te
d

. 

Ex
tr

em
el

y 
lo

w
 r

at
e 

o
f 

se
co

n
d

ar
y 

o
st

eo
n

s,
 n

am
el

y 
in

 y
o

u
n

g 
in

d
iv

id
u

al
s.

 H
ig

h
 d

eg
re

e
 o

f 
co

rt
ic

al
 b

o
n

e 

lo
ss

 in
 r

ib
s 

w
h

e
n

 c
o

m
p

ar
ed

 w
it

h
 o

th
er

 n
u

tr
it

io
n

al
 

d
is

ea
se

s.
 B

o
n

e 
re

m
o

d
el

lin
g 

h
ig

h
ly

 a
ff

ec
te

d
.  

Si
gn

s 
o

f 
sy

p
h

ili
s 

at
 t

h
e 

m
ic

ro
sc

o
p

y 
le

ve
l w

er
e 

fo
u

n
d

 in
 c

as
e 

#1
 a

n
d

 c
as

e 
#3

: G
re

n
zs

tr
ei

fe
n

 

an
d

/o
r 

ce
m

en
t 

lin
e

s 
se

p
ar

at
in

g 
th

e 
o

ri
gi

n
al

 b
o

n
e 

fr
o

m
 t

h
e 

n
ew

ly
 f

o
rm

ed
 b

o
n

e;
 s

in
u

s 
la

cu
n

ae
; 

p
o

ls
te

rs
 a

n
d

 a
re

as
 o

f 
fo

ca
l d

es
tr

u
ct

io
n

. 
G

re
n

zs
tr

ei
fe

n
 a

n
d

 p
o

ls
te

rs
 s

u
gg

e
st

 t
h

e 
p

re
se

n
ce

 

o
f 

a 
ch

ro
n

ic
, i

n
fl

am
m

at
o

ry
 c

o
n

d
it

io
n

. S
in

o
u

s 

la
cu

n
ae

 in
d

ic
at

e 
th

e 
p

re
se

n
ce

 o
f 

ly
ti

c 
ac

ti
vi

ty
 

(o
st

ei
ti

s)
. 

Th
e 

st
u

d
y 

sh
o

w
ed

 a
re

as
 o

f 
b

o
n

e 
re

so
rp

ti
o

n
 a

n
d

 

d
ef

ec
ti

ve
 m

in
er

al
iz

at
io

n
 o

f 
n

ew
ly

 f
o

rm
ed

 b
o

n
e,

 

es
p

ec
ia

lly
 in

 t
h

e 
ar

ea
s 

ad
ja

ce
n

t 
to

 t
h

e 
ce

m
en

t 

lin
es

 in
 H

av
er

si
an

 c
an

al
s.

 S
m

al
l f

ra
gm

en
ts

 o
f 

n
ew

 

b
o

n
e 

w
er

e 
le

ft
 u

n
co

n
n

ec
te

d
 t

o
 p

re
-e

xi
st

in
g 

b
o

n
e.

 In
 s

o
m

e 
ca

se
s,

 e
n

la
rg

ed
 o

st
eo

cy
te

 la
cu

n
ae

 

w
er

e 
o

b
se

rv
e

d
, s

o
m

et
im

es
 s

u
rr

o
u

n
d

ed
 b

y 
p

o
o

rl
y 

m
in

er
al

iz
e

d
 b

o
n

e.
 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Li
gh

t 
m

ic
ro

sc
o

p
y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 
(S

EM
) 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

Sc
u

rv
y 

P
el

la
gr

a 

Sy
p

h
ili

s 

O
st

eo
m

al
ac

ia
 

Sa
m

p
le

 ID
 

Si
x 

n
o

n
-a

d
u

lt
s 

fr
o

m
 S

t.
 M

ar
ti

n
’s

 

ce
m

et
er

y,
 B

ir
m

in
gh

am
, 

En
gl

an
d

 (
1

8
th

-1
9

th
 c

en
tu

ri
es

) 
– 

o
rb

it
s 

an
d

 s
ca

p
u

la
 s

am
p

le
d

 

Sa
m

p
le

 c
o

m
p

o
se

d
 o

f 
3

4
 

in
d

iv
id

u
al

s 
(1

1
 f

em
al

es
; 2

3
 m

al
es

 

fr
o

m
 d

if
fe

re
n

t 
ag

e 
gr

o
u

p
s)

 f
ro

m
 

th
e 

R
ay

m
o

n
d

 D
ar

t 
Sk

el
et

al
 

C
o

lle
ct

io
n

, J
o

h
an

n
es

b
u

rg
, S

o
u

th
 

A
fr

ic
a 

(2
0

th
 c

en
tu

ry
) 

- 
4

-6
th

 r
ib

s 

sa
m

p
le

d
 

P
re

-C
o

lu
m

b
ia

n
 s

ke
le

to
n

s 
fr

o
m

 

a 
m

ed
ie

va
l A

u
gu

st
in

ia
n

 f
ri

ar
y,

 

K
in

gs
to

n
 u

p
o

n
 H

u
ll,

 E
n

gl
an

d
. 

C
as

e 
#1

: A
d

u
lt

 m
al

e 
fi

b
u

la
; 

C
as

e#
 2

: A
d

u
lt

 m
al

e 
p

ro
xi

m
al

 
ri

gh
t 

h
u

m
er

u
s;

 

C
as

e 
#3

: A
d

u
lt

 f
em

al
e 

ti
b

ia
 a

n
d

 

fi
b

u
la

; 

C
as

e 
#4

: A
d

u
lt

 m
al

e 
ti

b
ia

l 

fr
ag

m
en

ts
 

2
9

1
 a

d
u

lt
 s

ke
le

to
n

s 
fr

o
m

 t
h

e 

ch
u

rc
h

ya
rd

 o
f 

St
. M

ar
ti

n
’s

, 

B
ir

m
in

gh
am

, E
n

gl
an

d
 (

1
8

th
-1

9
th

 

ce
n

tu
ry

) 
– 

ri
b

 a
n

d
 f

em
u

r 

sa
m

p
le

s 
w

e
re

 c
o

lle
ct

ed
 f

ro
m

 7
 

in
d

iv
id

u
al

s 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

P
o

p
u

la
ti

o
n

 
st

u
d

y 

 A
 

C
as

e-
st

u
d

y 

 A
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

  

A
u

th
o

rs
/y

e
ar

 

B
ri

ck
le

y 
an

d
 Iv

e
s 

(2
0

0
6

) 

P
ai

n
e 

an
d

 B
re

n
to

n
 

(2
0

0
6

) 

V
o

n
 H

u
n

n
iu

s 
et

 a
l. 

(2
0

0
6

) 

B
ri

ck
le

y 
et

 a
l. 

(2
0

0
7

) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

43 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Fl
u

o
re

sc
e

n
ce

 d
u

e 
to

 t
et

ra
cy

cl
in

e 
co

n
ta

m
in

at
io

n
 

w
as

 o
b

se
rv

ed
 in

: o
st

eo
n

s 
th

at
 w

e
re

 in
 t

h
e 

re
m

o
d

el
lin

g 
p

h
as

e 
at

 t
h

e 
ti

m
e 

o
f 

d
ea

th
; l

am
el

la
r 

b
o

n
e;

 w
al

ls
 o

f 
so

m
e 

o
st

eo
cy

ti
c 

la
cu

n
ae

 a
n

d
 in

 

so
m

e 
V

o
lk

m
an

n
’s

 a
n

d
 H

av
er

si
an

 c
an

al
 w

al
ls

. T
h

e 
si

gn
s 

o
f 

th
is

 n
at

u
ra

l c
o

n
ta

m
in

at
io

n
 s

ee
m

 t
o

 

ex
p

la
in

 t
h

e 
lo

w
 p

re
va

le
n

ce
 o

f 
in

fe
ct

io
u

s 
le

si
o

n
s.

 

C
as

e#
 1

: A
b

se
n

ce
 o

f 
th

e 
ex

te
rn

al
 c

ir
cu

m
fe

re
n

ti
al

 

la
m

el
la

 w
h

ic
h

 w
as

 s
u

b
st

it
u

te
d

 b
y 

sm
al

l o
st

eo
n

s 

w
it

h
 H

av
er

si
an

 c
h

an
n

e
ls

 w
it

h
 s

m
al

l l
u

m
in

a.
 S

ig
n

s 

o
f 

st
ro

n
g 

va
sc

u
la

ri
za

ti
o

n
 (

la
rg

e 
ve

ss
e

ls
).

 

H
o

w
sh

ip
’s

 la
cu

n
ae

 r
ar

e.
 T

ra
b

ec
u

la
e 

co
m

p
o

se
d

 

m
ai

n
ly

 o
f 

la
m

el
la

r 
b

o
n

e 
(e

n
d

 o
f 

re
m

o
d

el
lin

g)
; 

C
as

e#
 2

: A
b

se
n

ce
 o

f 
re

gu
la

r 
ex

te
rn

al
 

ci
rc

u
m

fe
re

n
ti

al
 la

m
el

la
e.

 A
ct

iv
e 

re
m

o
d

el
lin

g.
 

H
ig

h
 n

u
m

b
er

 o
f 

H
o

w
sh

ip
’s

 la
cu

n
ae

. L
ar

ge
 a

re
as

 
o

f 
sp

o
n

gy
 b

o
n

e 
co

m
p

o
se

d
 o

f 
w

o
ve

n
 b

o
n

e;
 

C
as

e#
 3

: B
o

n
e 

ca
llu

s 
co

m
p

o
se

d
 m

ai
n

ly
 o

f 
w

o
ve

n
 

b
o

n
e.

 L
ar

ge
 r

e
so

rp
ti

o
n

 h
o

le
s 

w
it

h
 H

o
w

sh
ip

’s
 

la
cu

n
ae

 in
 t

h
e 

co
m

p
ac

t 
b

o
n

e;
 

C
as

e#
 4

: L
ar

ge
 t

u
m

o
r 

in
fi

lt
ra

ti
o

n
 c

o
m

b
in

in
g 

o
ri

gi
n

al
 la

m
e

lla
r 

b
o

n
e 

w
it

h
 ir

re
gu

la
r 

st
ru

ct
u

re
s.

 

N
o

 H
o

w
sh

ip
’s

 la
cu

n
ae

 a
re

 p
re

se
n

t.
 T

u
m

o
r 

w
o

ve
n

 

b
o

n
e 

ex
te

n
d

ed
 b

et
w

e
en

 t
ra

b
ec

u
la

e;
 

C
as

e#
 5

: T
h

e 
o

ri
gi

n
al

 b
o

n
e 

su
rf

ac
e 

is
 c

o
ve

re
d

 
w

it
h

 n
ew

 b
o

n
e 

(e
sp

ec
ia

lly
 w

o
ve

n
 b

o
n

e)
 w

it
h

 a
 

sp
o

n
gy

 a
p

p
ea

ra
n

ce
. B

lo
o

d
 v

es
se

ls
 c

h
an

n
e

ls
 

b
ri

d
ge

 c
o

m
p

ac
t 

an
d

 n
ew

ly
 f

o
rm

ed
 b

o
n

e.
 

Se
co

n
d

ar
y 

re
p

la
ce

m
e

n
t 

o
f 

en
d

o
st

ea
l c

o
m

p
ac

t 

b
o

n
e 

b
y 

w
o

ve
n

 b
o

n
e.

 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t 

st
er

eo
m

ic
ro

sc
o

p
e,

 

sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y,
 m

ic
ro

-

co
m

p
u

te
d

 t
o

m
o

gr
ap

h
y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

C
o

n
ta

m
in

at
io

n
 b

y 

n
at

u
ra

l t
et

ra
cy

cl
in

e 

(a
n

ti
b

io
ti

c)
 

C
as

e#
 1

: 

O
st

eo
m

ye
lit

is
 

C
as

e#
 2

: T
B

 

C
as

e#
 3

: T
ra

u
m

a 

C
as

e#
 4

: 

O
st

eo
ge

n
ic

 

sa
rc

o
m

a 

C
as

e#
 5

: H
O

A
 

Sa
m

p
le

 ID
 

Sa
m

p
le

 o
f 

1
6

2
 s

ke
le

to
n

s 
(8

3
 

m
al

es
, 6

1
 f

em
al

es
, 1

8
 u

n
se

xe
d

 

ad
u

lt
s)

 f
ro

m
 H

er
cu

la
n

eu
m

, 

It
al

y 
(1

st
 c

en
tu

ry
 A

.D
.)

 –
 1

2
 

sa
m

p
le

s 
fr

o
m

 d
is

ta
l f

ib
u

la
 (

8
 

m
al

es
, 4

 f
em

al
es

) 

Fi
ve

 p
o

st
cr

an
ia

l b
o

n
e 

sa
m

p
le

s 

fr
o

m
 t

h
e 

G
al

le
r 

C
o

lle
ct

io
n

, 

Sw
it

ze
rl

an
d

 (
2

0
th

 c
e

n
tu

ry
) 

: 

C
as

e#
 1

: A
d

u
lt

 m
al

e 
ti

b
ia

; 

C
as

e#
 2

: A
d

u
lt

 f
em

u
r;

 

C
as

e#
 3

: A
d

u
lt

 f
em

al
e 

h
u

m
er

u
s;

 

C
as

e#
 4

: Y
o

u
n

g 
ad

u
lt

 m
al

e 

fe
m

u
r;

 
C

as
e#

 5
: A

d
u

lt
 m

al
e 

ti
b

ia
 

St
u

d
y 

ty
p

e
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

C
as

e-
st

u
d

y 

 A
 

A
u

th
o

rs
/y

e
ar

 

C
ap

as
so

 (
2

0
0

7
) 

K
u

h
n

 e
t 

al
. (

2
0

0
7

) 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

44 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

R
ed

u
ct

io
n

 o
f 

tr
ab

ec
u

la
r 

si
ze

 b
y 

o
st

eo
cl

as
t 

re
so

rp
ti

o
n

. A
re

as
 o

f 
d

e
n

se
 n

ew
 b

o
n

e 
fo

rm
at

io
n

 

b
u

t 
le

ss
 w

el
l-

m
in

er
al

iz
ed

. B
it

e-
lik

e 
d

ef
ec

ts
 a

n
d

 

er
o

d
ed

 s
u

rf
ac

es
. E

n
la

rg
ed

 v
as

cu
la

r 
sp

ac
es

. 

Th
e 

ex
te

rn
al

 a
n

d
 in

te
rn

al
 la

m
in

a 
fe

at
u

re
s 

o
f 

th
e 

cr
an

ia
l b

o
n

e 
ca

n
 b

e 
vi

su
al

iz
ed

 b
y 

µ
C

T 
an

d
 

p
o

la
ri

ze
d

 h
is

to
lo

gy
. B

o
th

 t
ec

h
n

iq
u

es
 p

er
m

it
 t

h
e 

o
b

se
rv

at
io

n
 o

f 
H

o
w

sh
ip

’s
 la

cu
n

ae
, a

ss
es

sm
en

t 
o

f 

th
e 

b
o

n
e 

m
at

u
ri

ty
, o

ri
e

n
ta

ti
o

n
 o

f 
th

e 
tr

ab
ec

u
la

e 
an

d
 c

o
lla

ge
n

 f
ib

er
s.

 µ
C

T 
is

 le
ss

 t
im

e-
co

n
su

m
in

g 

an
d

 t
h

e 
3

D
 im

ag
e 

p
ro

d
u

ce
d

 is
 b

e
tt

er
 t

o
 a

n
al

yz
e 

su
rf

ac
e 

ch
an

ge
s.

 P
o

la
ri

ze
d

 m
ic

ro
sc

o
p

y 
al

lo
w

s 
a 

b
et

te
r 

im
ag

e 
o

f 
b

o
n

e 
re

so
rp

ti
o

n
 a

n
d

 w
h

en
 t

h
e 

d
ia

gn
o

si
s 

b
y 

µ
C

T 
is

 u
n

cl
ea

r,
 it

 is
 t

h
e 

b
e

st
 w

ay
 t

o
 

co
n

fi
rm

 it
. 

A
rc

h
ae

o
lo

gi
ca

l c
as

e:
 n

o
 o

ri
gi

n
al

 b
o

n
e 

st
ru

ct
u

re
 

w
as

 p
re

se
rv

ed
. S

ig
n

s 
o

f 
ir

re
gu

la
r 

ra
p

id
 b

o
n

e 

gr
o

w
th

 c
h

ar
ac

te
ri

ze
d

 b
y 

a 
p

ri
m

ar
y 

o
st

eo
cl

as
ti

c 

an
d

 a
 s

ec
o

n
d

ar
y 

d
o

m
in

at
in

g 
o

st
e

o
b

la
st

ic
 p

ro
ce

ss
 

w
er

e 
o

b
se

rv
e

d
. I

n
 t

h
e 

sk
u

ll,
 t

h
e 

o
ri

gi
n

al
 b

o
n

e 
w

as
 s

u
b

st
it

u
te

d
 b

y 
a 

b
u

lk
y,

 a
lm

o
st

 c
o

m
p

ac
t 

st
ru

ct
u

re
 t

h
at

 c
au

se
d

 t
h

e 
lo

ss
 o

f 
th

e 
d

ip
lo

ic
 

m
o

d
u

le
. O

n
 t

h
e 

lo
n

g 
b

o
n

es
, t

h
e 

co
m

p
ac

t 
ti

ss
u

e 

w
as

 la
rg

el
y 

d
es

tr
o

ye
d

 b
y 

o
st

eo
cl

as
ti

c 
ac

ti
vi

ty
, 

b
ei

n
g 

re
p

la
ce

d
 in

 s
o

m
e 

ar
ea

s 
b

y 
se

co
n

d
ar

y 
b

u
ilt

 

p
ri

m
it

iv
e 

w
o

ve
n

 b
o

n
e.

 Id
e

n
ti

ca
l b

o
n

e 
ch

an
ge

s 

w
er

e 
o

b
se

rv
e

d
 o

n
 v

er
te

b
ra

e 
an

d
 r

ib
s.

 

Th
e 

h
is

to
lo

gi
ca

l a
n

al
ys

is
 r

ev
ea

le
d

 t
h

in
n

in
g 

o
f 

th
e 

co
rt

ic
al

 la
m

in
a 

w
it

h
 p

o
ro

si
ty

 in
 t

h
e 

af
fe

ct
ed

 a
re

a,
 

en
la

rg
em

en
t 

o
f 

th
e 

in
te

rt
ra

b
ec

u
la

r 
sp

ac
e,

 a
n

d
 

gr
o

w
th

 o
f 

th
e 

tr
ab

ec
u

la
e 

p
er

p
e

n
d

ic
u

la
r 

to
 t

h
e 

b
o

n
e 

su
rf

ac
e

. I
n

 s
o

m
e 

ca
se

s,
 t

h
e 

co
m

p
ac

t 

co
rt

ic
al

 b
o

n
e 

is
 c

o
m

p
le

te
ly

 a
b

se
n

t 
in

 t
h

e 

af
fe

ct
ed

 a
re

as
. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

P
o

la
ri

ze
d

 li
gh

t 

m
ic

ro
sc

o
p

y,
 

m
ic

ro
-c

o
m

p
u

te
d

 

to
m

o
gr

ap
h

y 
(µ

C
T)

 

  Li
gh

t,
 p

o
la

ri
ze

, 

sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

H
yp

er
p

ar
at

h
yr

o
id

is
m

 

C
h

ro
n

ic
 

o
st

eo
m

ye
lit

is
; 

sy
p

h
ili

s;
 h

yp
er

o
st

o
si

s 

fr
o

n
ta

lis
 in

te
rn

a;
 

h
yp

er
p

ar
at

h
yr

o
id

is
m

; 
tr

au
m

a;
 o

st
eo

- 

m
ye

lo
sc

le
ro

si
s 

M
et

as
ta

si
zi

n
g 

p
ro

st
at

e 
ca

rc
in

o
m

a 

P
o

ro
ti

c 
le

si
o

n
s:

 

h
u

m
er

al
 a

n
d

 f
em

o
ra

l 

cr
ib

ra
 

Sa
m

p
le

 ID
 

N
o

n
-a

d
u

lt
 f

ro
m

 S
t.

 M
ar

ti
n

’s
 

C
h

u
rc

h
, B

ir
m

in
gh

am
, U

K
 (

1
9

th
 

ce
n

tu
ry

) 
– 

d
is

ta
l r

ad
iu

s 

sa
m

p
le

d
 

Se
ve

n
 a

d
u

lt
 s

ku
lls

 f
ro

m
 t

h
e 

G
al

le
r 

C
o

lle
ct

io
n

, N
at

u
ra

l 

H
is

to
ry

 M
u

se
u

m
 B

as
el

, 

Sw
it

ze
rl

an
d

 (
2

0
th

 c
e

n
tu

ry
) 

A
d

u
lt

 S
cy

th
ia

n
 K

in
g 

fr
o

m
 

A
rz

h
an

, S
ib

er
ia

, R
u

ss
ia

 (
7

th
 

ce
n

tu
ry

) 
–r

ig
h

t 
p

ar
ie

ta
l b

o
n

e,
 

ri
gh

t 
h

u
m

er
u

s 
an

d
 f

em
u

r,
 b

o
d

y 

o
f 

th
e 

7
th

 t
h

o
ra

ci
c 

ve
rt

eb
ra

 a
n

d
 

le
ft

 4
th

 a
n

d
 5

th
 r

ib
 s

am
p

le
d

 

 Tw
o

 r
ec

en
t 

ad
u

lt
 m

al
es

, 

D
ep

ar
tm

e
n

t 
o

f 
A

n
at

o
m

y,
 

U
n

iv
er

si
ty

 o
f 

G
ö

tt
in

ge
n

, 

G
er

m
an

y 
–r

ig
h

t 
fe

m
u

r 
sa

m
p

le
d

 

3
2

7
 in

d
iv

id
u

al
s 

(<
 1

4
 y

ea
rs

 o
ld

) 

fr
o

m
 S

ta
ra

 T
o

ri
n

a,
 S

er
b

ia
 (

9
th

-

1
1

th
 c

en
tu

ri
es

) 
– 

1
2

 f
em

o
ra

l 

cr
ib

ra
 s

am
p

le
d

; 1
2

 h
u

m
er

al
 

cr
ib

ra
 s

am
p

le
d

  

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

C
o

m
p

ar
at

iv
e 

st
u

d
y 

 A
 

C
as

e-
st

u
d

y 

 A
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

A
u

th
o

rs
/y

e
ar

 

M
ay

s 
et

 a
l. 

(2
0

0
7

) 

R
ü

h
li 

et
 a

l. 
(2

0
0

7
) 

Sc
h

u
lt

z 
et

 a
l. 

(2
0

0
7

) 

D
ju

ri
ć 

et
 a

l. 
(2

0
0

8
) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

45 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
e 

m
ic

ro
sc

o
p

ic
 s

tu
d

y 
re

ve
al

ed
 a

 r
u

p
tu

re
 o

f 
th

e 

in
n

er
 t

ab
le

 b
y 

an
 o

st
eo

ly
ti

c 
p

ro
ce

ss
, d

is
p

la
yi

n
g 

th
e 

d
ip

lo
ic

 t
ra

b
ec

u
la

e.
 S

in
ce

 n
o

 s
ig

n
if

ic
an

t 
re

-

va
sc

u
la

ri
sa

ti
o

n
 in

 t
h

e 
p

o
ro

ti
c 

ap
p

ea
ra

n
ce

 w
as

 

o
b

se
rv

ed
, t

h
e 

h
is

to
lo

gi
ca

l f
ea

tu
re

s 
ar

e 
in

 

ac
co

rd
an

ce
 w

it
h

 a
 s

u
b

ac
u

te
 p

ac
h

ym
en

in
ge

al
 

in
fe

ct
io

n
.  

Th
e 

tr
ab

ec
u

la
e 

o
f 

th
e 

sp
o

n
gy

 b
o

n
e 

sh
o

w
ed

 
m

u
lt

ip
le

 d
e

st
ru

ct
iv

e 
ca

vi
ti

es
 (

H
o

w
sh

ip
’s

 

la
cu

n
ae

),
 ir

re
gu

la
rl

y 
lo

ca
te

d
 b

y 
o

st
eo

cl
as

ti
c 

ac
ti

vi
ty

. T
h

e 
b

o
rd

er
s 

o
f 

th
e 

le
si

o
n

s 
ar

e 
sm

o
o

th
 

w
it

h
o

u
t 

si
gn

s 
o

f 
b

o
n

e 
re

m
o

d
el

lin
g.

 

Th
e 

ri
b

s 
sh

o
w

ed
 a

n
 in

cr
ea

se
 in

 c
an

ce
llo

u
s 

b
o

n
e,

 

w
h

ic
h

 d
if

fe
rs

 b
o

th
 in

 m
o

rp
h

o
lo

gy
 a

n
d

 in
 

q
u

an
ti

ty
. C

o
n

tr
ar

y 
to

 t
h

e 
h

o
n

ey
co

m
b

 s
tr

u
ct

u
re

 

ch
ar

ac
te

ri
st

ic
 o

f 
th

e 
h

ea
lt

h
y 

ri
b

s,
 t

h
e 

p
at

h
o

lo
gi

ca
l o

n
es

 s
h

o
w

ed
 a

 c
h

ao
ti

c 
m

as
s 

o
f 

ra
n

d
o

m
, f

in
el

y 
b

ra
n

ch
in

g 
b

o
n

e 
sp

ic
u

la
e 

th
at

 

fi
lle

d
 t

h
e 

e
n

d
o

st
ea

l s
p

ac
e.

 T
h

e 
ri

b
 c

o
rt

ic
al

 b
o

n
e 

w
as

 t
h

ic
ke

r 
an

d
 s

h
o

w
ed

 in
cr

ea
se

d
 p

o
ro

si
ty

 d
u

e 

to
 t

h
e 

p
re

se
n

ce
 o

f 
re

so
rp

ti
ve

 s
p

ac
es

. T
h

e 

re
so

rp
ti

o
n

 s
p

ac
es

 s
h

o
w

ed
 s

ca
llo

p
ed

 b
o

rd
er

s 
o

f 

cl
o

se
ly

-s
p

ac
ed

 H
o

w
sh

ip
’s

 la
cu

n
ae

. S
u

b
p

er
io

st
ea

l 

b
o

n
e 

d
e

p
o

si
ti

o
n

 w
as

 o
b

se
rv

ed
. 

G
ra

n
u

lo
m

at
o

si
s 

ti
ss

u
e 

o
n

 t
h

e 
an

te
ri

o
r 

ri
m

 o
f 

th
e 

ve
rt

eb
ra

l b
o

d
y.

 B
o

n
e 

d
e

st
ru

ct
io

n
 m

ed
ia

te
d

 b
y 

o
st

eo
cl

as
ts

 w
as

 c
o

n
fi

rm
ed

 d
u

e 
to

 t
h

e 
p

re
se

n
ce

 

o
f 

H
o

w
sh

ip
’s

 la
cu

n
ae

. 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t 
m

ic
ro

sc
o

p
y 

Sc
an

n
in

g 
el

ec
tr

o
n

 
m

ic
ro

sc
o

p
y 

(S
EM

) 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 
(S

EM
) 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

Su
b

ac
u

te
 

p
ac

h
ym

en
in

ge
al

 

in
fe

ct
io

n
 s

ec
o

n
d

ar
y 

to
 a

 t
re

p
h

in
at

io
n

 

M
u

lt
ip

le
 m

et
as

ta
si

s 

R
en

al
 

o
st

eo
d

ys
tr

o
p

h
y 

 

B
ru

ce
llo

si
s 

Sa
m

p
le

 ID
 

A
d

u
lt

 m
al

e 
fr

o
m

 t
h

e 
m

e
d

ie
va

l 

ci
ty

 o
f 

H
am

ar
, N

o
rw

ay
 (

1
2

th
 

ce
n

tu
ry

) 
– 

o
cc

ip
it

al
 b

o
n

e 

sa
m

p
le

d
 

A
d

u
lt

 m
al

e 
fr

o
m

 C
h

en
q

u
e 

I s
it

e 
fr

o
m

 L
ih

u
é 

C
al

el
 N

at
io

n
al

 P
ar

k 

(L
a 

P
am

p
a 

p
ro

vi
n

ce
),

 A
rg

en
ti

n
a 

(1
0

3
0

-3
7

0
 B

.P
.)

 

N
o

n
 a

d
u

lt
 s

ke
le

to
n

 f
ro

m
 

W
h

ar
ra

m
 P

er
cy

, U
.K

. (
9

6
0

-1
7

0
0

 

A
.D

.)
 –

 r
ib

s 
sa

m
p

le
d

 

A
u

st
ra

lo
p

it
h

ec
u

s 
a

fr
ic

a
n

u
s 

(S
tw

 

4
3

1
) 

fr
o

m
 S

te
rk

fo
n

te
in

, S
o

u
th

 

A
fr

ic
a 

(1
.5

-2
.5

 M
a.

) 
– 

Lu
m

b
ar

 

ve
rt

eb
ra

 L
4

 s
am

p
le

d
 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 
 B

 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 

 B
 

A
u

th
o

rs
/y

e
ar

 

H
o

lc
k 

(2
0

0
8

) 

Lu
n

a 
et

 a
l. 

(2
0

0
8

) 

M
ay

s 
an

d
 T

u
rn

er
-

W
al

ke
r 

(2
0

0
8

) 

D
’ A

n
as

ta
si

o
 e

t 
al

. 

(2
0

0
9

) 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

46 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

P
re

se
n

ce
 o

f 
H

o
w

sh
ip

’s
 la

cu
n

ae
 a

ss
o

ci
at

ed
 w

it
h

 

sp
ic

u
la

r 
st

ru
ct

u
re

s 
in

 t
h

e 
b

o
rd

er
 b

et
w

ee
n

 t
h

e 

fo
rm

er
 b

o
n

e 
su

rf
ac

e 
an

d
 t

h
e 

n
ew

ly
-b

u
ilt

 b
o

n
e.

 

Fo
rm

at
io

n
 o

f 
b

o
n

y 
la

ye
rs

 d
u

o
 t

o
 p

ro
lif

er
at

io
n

 o
f 

p
n

e
u

m
at

is
e

d
 c

el
ls

. S
lig

h
t 

e
n

la
rg

e
m

en
t 

o
f 

ai
r 

ce
lls

. P
la

te
-l

ik
e 

p
ro

lif
er

at
io

n
s 

ar
e 

p
re

se
n

t.
 T

h
e

se
 

st
ru

ct
u

re
s 

ar
e 

at
ta

ch
ed

 t
o

 t
h

e 
w

al
l o

f 
th

e 

p
n

e
u

m
at

is
e

d
 c

el
ls

 b
y 

p
in

-l
ik

e 
o

r 
sp

ic
u

la
r 

st
ru

ct
u

re
s.

 

V
is

ib
le

 d
em

ar
ca

ti
o

n
 b

et
w

ee
n

 t
h

e
 o

ri
gi

n
al

 c
o

rt
ex

 
an

d
 t

h
e 

n
ew

ly
 p

at
h

o
lo

gi
ca

l b
o

n
e.

 B
o

n
e 

ch
an

ge
s 

vi
si

b
le

 m
o

st
ly

 in
 t

h
e 

p
er

io
st

ea
l l

ay
er

: e
le

va
te

d
, 

ir
re

gu
la

r 
an

d
 s

ca
llo

p
e

d
 b

o
rd

e
r 

w
it

h
 la

cy
 in

te
ri

o
r 

al
te

ra
ti

o
n

s.
 P

re
se

n
ce

 o
f 

a 
m

es
h

-l
ik

e 
b

ri
d

gi
n

g 
o

f 

tr
ab

ec
u

la
e 

w
it

h
in

 t
h

e 
n

ew
ly

-b
u

ilt
 b

o
n

e.
  

Th
e 

an
al

ys
is

 r
ev

ea
le

d
 t

h
at

 t
h

e 
h

is
to

lo
gi

ca
l 

fe
at

u
re

s 
co

n
si

d
e

re
d

 a
s 

sp
ec

if
ic

 t
o

 p
ar

ti
cu

la
r 

co
n

d
it

io
n

s,
 s

u
ch

 a
s 

tr
e

p
o

n
em

al
 d

is
ea

se
s 

(e
.g

. 

gr
en

zs
tr

ei
fe

n
, p

o
ls

te
rs

 a
n

d
 s

in
u

o
u

s 
la

cu
n

ae
) 

ar
e 

al
so

 f
o

u
n

d
 in

 o
th

er
 in

fl
am

m
at

o
ry

 p
ro

ce
ss

es
. 

Th
ei

r 
sp

ec
if

ic
 d

ia
gn

o
st

ic
 v

al
u

e 
is

 q
u

es
ti

o
n

ed
. 

O
st

eo
p

o
ro

si
s 

w
as

 m
o

re
 f

re
q

u
en

t 
am

o
n

g 
m

al
e 

w
o

rk
er

s 
an

d
 in

 h
ig

h
 o

ff
ic

ia
l f

em
al

es
. N

u
tr

it
io

n
al

 
st

re
ss

 a
n

d
 w

o
rk

lo
ad

 is
 a

rg
u

e
d

 t
o

 b
e 

re
sp

o
n

si
b

le
 

fo
r 

th
e 

fi
rs

t 
re

su
lt

, s
ed

en
ta

ry
 li

fe
st

yl
e 

fo
r 

th
e 

se
co

n
d

. S
EM

 a
n

al
ys

is
 r

ev
ea

le
d

 t
h

at
 h

o
ri

zo
n

ta
l 

tr
ab

ec
u

la
e 

ar
e 

m
o

re
 a

ff
ec

te
d

 t
h

an
 v

er
ti

ca
l 

tr
ab

ec
u

la
e 

in
 o

st
eo

p
o

ro
ti

c 
ca

se
s.

 

H
is

to
lo

gi
ca

l s
ec

ti
o

n
s 

o
f 

th
e 

su
b

p
e

ri
o

st
ea

l a
re

a 

d
em

o
n

st
ra

te
d

 ir
re

gu
la

r 
b

o
n

e 
ar

ra
n

ge
m

e
n

t,
 

en
la

rg
ed

 H
av

er
si

an
 c

an
al

s 
an

d
 t

ra
b

ec
u

la
e 

p
er

p
en

d
ic

u
la

r 
to

 t
h

e 
b

o
n

e 
su

rf
ac

e.
 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t,
 p

o
la

ri
ze

d
 a

n
d

 

sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 
 

Sc
an

n
in

g 
el

ec
tr

o
n

 

m
ic

ro
sc

o
p

y 
(S

EM
) 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

M
as

to
id

it
is

 

H
yp

er
tr

o
p

h
ic

 
o

st
eo

ar
th

ro
p

at
h

y 

(H
O

A
) 

In
fe

ct
io

u
s 

co
n

d
it

io
n

s 

O
st

eo
p

o
ro

si
s 

P
er

io
st

ea
l 

in
fl

am
m

at
o

ry
 

re
ac

ti
o

n
s 

– 
ac

u
te

 

o
st

eo
m

ye
lit

is
 

Sa
m

p
le

 ID
 

1
5

1
 m

as
to

id
s 

o
f 

1
0

4
 in

d
iv

id
u

al
s 

fr
o

m
 a

n
 e

ar
ly

 m
ed

ie
va

l 

Fr
an

ki
sh

 p
o

p
u

la
ti

o
n

 f
ro

m
 

D
ir

m
st

ei
n

, G
er

m
an

y 
- 

1
2

 

sa
m

p
le

s 
fo

r 
tr

an
sm

it
te

d
 li

gh
t 

m
ic

ro
sc

o
p

y 
an

d
 7

 s
am

p
le

s 
fo

r 

SE
M

 a
n

al
ys

is
 w

e
re

 c
h

o
se

n
 

Le
ft

 f
if

th
 m

et
ac

ar
p

al
 b

o
n

e 
fr

o
m

 
an

 Ir
o

q
u

o
ia

n
 d

o
g,

 C
le

ve
la

n
d

 

si
te

, O
n

ta
ri

o
, C

an
ad

a 
(1

6
th

 

ce
n

tu
ry

) 

D
ia

gn
o

se
d

 b
o

n
e 

sp
ec

im
e

n
s 

fr
o

m
 S

t.
 G

eo
rg

e’
s 

H
o

sp
it

al
 

P
at

h
o

lo
gy

 M
u

se
u

m
, L

o
n

d
o

n
, 

U
.K

. 

7
4

 a
d

u
lt

 in
d

iv
id

u
al

s 
(4

3
 m

al
es

, 

3
1

 f
em

al
es

) 
re

p
re

se
n

ti
n

g 
h

ig
h

 
o

ff
ic

ia
ls

 a
n

d
 w

o
rk

er
s 

fr
o

m
 t

h
e 

G
iz

a 
n

ec
ro

p
o

lis
, E

gy
p

t 
(2

6
8

7
-

2
1

9
1

 B
.C

.)
 –

 2
2

 in
d

iv
id

u
al

s 

w
er

e 
sa

m
p

le
d

 (
1

0
 n

o
rm

al
, 8

 

o
st

eo
p

en
ia

, 4
 o

st
eo

p
o

ro
si

s)
 

8
1

 a
d

o
le

sc
en

t 
in

d
iv

id
u

al
s 

(2
1

 

m
al

es
, 2

3
 f

em
al

es
, 3

7
 u

n
se

xe
d

) 

fr
o

m
 S

ta
ra

 T
o

ri
n

a,
 N

o
rt

h
er

n
 

Se
rb

ia
 (

9
th

-1
3

th
 c

en
tu

ri
es

) 

St
u

d
y 

ty
p

e
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 A
 

C
as

e-
st

u
d

y 
 A

 

C
as

e-
st

u
d

y 

 A
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

A
u

th
o

rs
/y

e
ar

 

Fl
o

h
r 

an
d

 S
ch

u
lt

z 

(2
0

0
9

a)
 

 Fl
o

h
r 

an
d

 S
ch

u
lt

z 

(2
0

0
9

b
) 

 Fl
o

h
r 

et
 a

l. 
(2

0
0

9
) 

  V
o

n
 H

u
n

n
iu

s 
(2

0
0

9
) 

W
es

to
n

 (
2

0
0

9
) 

Za
ki

 e
t 

al
. (

2
0

0
9

) 

D
ju

ri
ć 

et
 a

l. 
(2

0
1

0
) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

47 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
e 

h
is

to
lo

gi
ca

l m
o

sa
ic

 p
at

te
rn

 c
h

ar
ac

te
ri

st
ic

 o
f 

P
ag

et
’s

 d
is

ea
se

 w
as

 n
o

t 
o

b
se

rv
e

d
 d

u
e 

to
 

ex
te

n
si

ve
 d

ia
ge

n
e

si
s.

 

O
ss

if
ie

d
 h

ae
m

at
o

m
a:

 le
si

o
n

s 
w

er
e 

p
o

si
ti

o
n

e
d

 o
n

 

th
e 

to
p

 o
f 

n
o

rm
al

 c
o

rt
ic

al
 b

o
n

e 
th

at
 w

as
 n

o
t 

af
fe

ct
ed

 b
y 

th
e 

co
n

d
it

io
n

. T
h

e 
o

ri
gi

n
al

 p
er

io
st

ea
l 

su
rf

ac
e 

re
p

re
se

n
te

d
 b

y 
th

e 
o

ri
gi

n
al

 e
xt

er
n

al
 

ci
rc

u
m

fe
re

n
ti

al
 la

m
el

la
e 

w
as

 n
o

t 
co

m
p

ro
m

is
ed

. 

Th
e 

n
ew

ly
 f

o
rm

ed
 b

o
n

e 
o

n
 t

h
e 

o
u

ts
id

e 
o

f 
th

e 
o

ri
gi

n
al

 p
er

io
st

ea
l s

u
rf

ac
e 

w
as

 c
o

m
p

o
se

d
 o

f 

ra
d

ia
ti

n
g 

tr
ab

ec
u

la
e,

 p
er

p
e

n
d

ic
u

la
r 

to
 t

h
e 

p
er

io
st

ea
l s

u
rf

ac
e.

 N
ew

ly
 f

o
rm

ed
 b

o
n

e 
in

 d
is

ti
n

ct
 

st
ag

es
 o

f 
re

m
o

d
e

lli
n

g 
w

as
 o

b
se

rv
ed

.  

O
st

eo
m

ye
lit

is
: 

in
te

n
se

 r
em

o
d

el
lin

g 
o

f 
th

e 

co
rt

ic
al

 b
o

n
e 

w
it

h
 n

u
m

er
o

u
s 

re
so

rp
ti

o
n

 h
o

le
s.

 

P
o

ro
u

s 
ap

p
ea

ra
n

ce
 m

ad
e 

d
is

ti
n

ct
io

n
 b

et
w

ee
n

 

co
rt

ic
al

 a
n

d
 c

an
ce

llo
u

s 
b

o
n

e 
im

p
o

ss
ib

le
. N

o
 

o
ri

gi
n

al
 c

ir
cu

m
fe

re
n

ti
al

 la
m

el
la

 w
as

 o
b

se
rv

e
d

. 

H
em

o
rr

h
ag

ic
 b

o
n

e 
ap

p
o

si
ti

o
n

 a
n

d
 in

fl
am

m
at

o
ry

 
b

o
n

e 
re

ac
ti

o
n

s:
 c

o
rt

ic
al

 b
o

n
e 

w
it

h
 d

if
fe

re
n

t 

d
eg

re
es

 o
f 

re
so

rp
ti

o
n

. M
ai

n
te

n
an

ce
 o

f 
th

e 

o
ri

gi
n

al
 p

er
io

st
ea

l b
o

n
e 

re
p

re
se

n
te

d
 b

y 
it

s 

o
ri

gi
n

al
 c

ir
cu

m
fe

re
n

ti
al

 la
m

el
la

e 
w

it
h

 r
ad

ia
ti

n
g 

ap
p

o
si

ti
o

n
al

 b
o

n
e 

in
 t

h
e 

to
p

. 

P
re

se
n

ce
 o

f 
th

ic
ke

n
e

d
 t

ra
b

ec
u

la
e

 w
it

h
 a

re
as

 

co
n

ta
in

in
g 

w
o

ve
n

 a
n

d
 la

m
el

la
r 

b
o

n
e.

 P
re

se
n

ce
 

o
f 

re
so

rp
ti

o
n

 s
p

ac
e

s 
in

 t
h

e 
tr

ab
e

cu
la

r 
b

o
n

e.
 

M
ix

tu
re

 o
f 

re
so

rp
ti

o
n

 a
n

d
 p

ro
d

u
ct

io
n

 a
re

as
. 

 

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t 
m

ic
ro

sc
o

p
y 

(?
) 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

Li
gh

t,
 p

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

P
ag

et
’s

 d
is

ea
se

 

O
ss

if
ie

d
 h

em
at

o
m

a,
 

O
st

eo
m

ye
lit

is
, N

o
n

-

sp
ec

if
ic

 

p
er

io
st

it
is

 

 

P
o

ly
o

st
o

ti
c 

P
ag

et
’s

 

d
is

ea
se

 

 

Sa
m

p
le

 ID
 

A
d

u
lt

 s
ke

le
ta

l r
em

ai
n

s 
fr

o
m

 

p
re

-c
o

n
ta

ct
 S

af
et

y 
H

ar
b

o
u

r 

B
ri

ar
w

o
o

d
s 

si
te

, P
as

co
 C

o
u

n
ty

, 

G
u

lf
 c

o
as

t 
Fl

o
ri

d
a,

 U
.S

.A
. 

(1
0

0
0

-1
5

0
0

 A
. D

.)
 

1
0

7
 a

d
u

lt
 s

ke
le

to
n

s 
(8

6
 m

al
es

, 

1
5

, f
em

al
es

, 6
 u

n
kn

o
w

n
 s

ex
);

 

1
2

 n
o

n
-a

d
u

lt
 s

ke
le

to
n

s:
 1

4
 

ad
u

lt
 s

am
p

le
s 

w
e

re
 c

o
lle

ct
ed

 

fr
o

m
 t

h
e 

an
te

ri
o

r 
ti

b
ia

 

C
o

m
m

in
gl

ed
 b

o
n

e 
re

m
ai

n
s 

fr
o

m
 a

 N
eo

lit
h

ic
 n

ec
ro

p
o

lis
 

fr
o

m
 S

o
u

th
er

n
 F

ra
n

ce
 (

3
3

5
0

 

B
.C

.)
 –

 r
ib

 s
am

p
le

d
 

St
u

d
y 

ty
p

e
 

C
as

e-
st

u
d

y 

 A
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 A
 

C
as

e-
st

u
d

y 
 

 B
 

A
u

th
o

rs
/y

e
ar

 

P
in

to
 a

n
d

 S
to

u
t 

(2
0

1
0

) 

V
an

 D
er

 M
er

w
e 

et
 

al
. (

2
0

1
0

) 

A
rn

au
to

u
 e

t 
al

. 

(2
0

1
1

) 

 



 

CHAPTER 2 

PALEOHISTOPATHOLOGY: A LITERATURE REVIEW 
 
 

 

48 

P
al

e
o

h
is

to
p

at
h

o
lo

gi
ca

l r
e

su
lt

s 

Th
e 

h
is

to
lo

gi
ca

l a
n

al
ys

is
 r

ev
ea

le
d

 n
o

rm
al

 a
ge

 –

as
so

ci
at

ed
 b

o
n

e 
lo

ss
 v

ia
 in

cr
ea

se
d

 in
tr

ac
o

rt
ic

al
 

p
o

ro
si

ty
 a

n
d

 e
n

d
o

st
ea

l e
xp

an
si

o
n

 (
b

o
n

e 

tu
rn

o
ve

r 
gr

ea
te

r 
in

 f
em

al
e

s 
th

an
 m

al
es

).
 

D
if

fe
re

n
t 

re
m

o
d

el
lin

g 
ra

te
s 

in
 r

ib
s 

an
d

 f
em

o
ra

, 
p

ro
b

ab
ly

 r
ef

le
ct

in
g 

d
if

fe
re

n
t 

ag
e 

o
f 

ad
u

lt
s 

o
r 

lo
ad

in
g 

e
n

vi
ro

n
m

e
n

ts
. 

 

Th
e 

h
is

to
lo

gi
ca

l a
n

al
ys

is
 r

ev
ea

le
d

 t
h

e 
ty

p
ic

al
 

tr
ai

ts
 o

f 
th

e 
co

n
d

it
io

n
: c

o
m

p
le

te
 r

e
m

o
d

el
lin

g 
o

f 

th
e 

in
te

rn
al

 t
ab

le
; h

o
w

ev
er

 it
 is

 p
o

ss
ib

le
 t

o
 

id
en

ti
fy

 it
s 

o
ri

gi
n

al
 p

o
si

ti
o

n
. T

h
e 

m
ic

ro
st

ru
ct

u
re

 

o
f 

th
e 

n
ew

ly
 b

u
ilt

 b
o

n
e 

p
re

se
n

ts
 a

 w
el

l-
o

rg
an

iz
ed

 la
m

el
la

r 
st

ru
ct

u
re

. 
 

In
 t

h
e 

b
o

n
e 

gr
o

u
n

d
 s

ec
ti

o
n

s 
o

f 
th

e 
ju

ve
n

ile
s 

an
d

 

ad
u

lt
 lo

n
g 

b
o

n
es

 w
as

 o
b

se
rv

e
d

: i
n

cr
ea

se
d

 

co
rt

ic
al

 a
n

d
 t

ra
b

ec
u

la
r 

th
ic

kn
es

s;
 m

as
si

ve
 

fo
rm

at
io

n
 o

f 
ex

o
st

o
si

s 
o

n
 t

h
e 

p
er

io
st

ea
l b

o
n

e 

m
ar

gi
n

; l
o

st
 o

r 
p

o
o

rl
y 

fo
rm

ed
 H

av
er

si
an

 la
m

el
la

r 

sy
st

em
; a

n
d

 e
xt

en
si

ve
 m

o
tt

le
d

 b
o

n
e 

m
at

ri
x 

an
d

 

en
la

rg
ed

 H
av

er
si

an
 c

an
al

s.
 

Th
e 

m
ic

ro
-C

T 
sc

an
 o

f 
th

e 
le

ft
 p

u
b

is
 s

h
o

w
ed

 f
o

ci
 

o
f 

gr
ea

tl
y 

in
cr

ea
se

d
 s

cl
er

o
si

s,
 a

re
as

 o
f 

m
ar

ro
w

 

w
it

h
 li

tt
le

 o
r 

n
o

 t
ra

b
ec

u
la

ti
o

n
, a

n
d

 a
re

as
 s

h
o

w
in

g 

an
 in

cr
ea

se
 a

n
d

 d
ec

re
as

e 
o

f 
ra

d
io

d
en

si
ty

. I
n

 

so
m

e 
ar

ea
s 

in
cr

ea
se

d
 c

o
rt

ic
al

 t
h

ic
kn

es
s 

an
d

 
gr

ea
tl

y 
d

ec
re

as
e

d
 t

ra
b

ec
u

la
e 

w
er

e 
o

b
se

rv
e

d
. 

Th
e 

le
si

o
n

 o
n

 t
h

e 
fr

o
n

ta
l b

o
n

e 
is

 c
h

ar
ac

te
ri

ze
d

 
b

y 
a 

d
ep

re
ss

io
n

 in
 t

h
e 

ec
to

cr
an

ia
l b

o
n

e 
th

at
 

ex
te

n
d

e
d

 t
h

ro
u

gh
 d

ip
lo

ë 
an

d
 t

ab
le

s,
 g

en
er

at
in

g 

an
 in

te
rn

al
 b

u
lg

e 
w

it
h

 s
ec

o
n

d
ar

y 
re

m
o

d
el

lin
g 

o
f 

th
e 

ex
te

rn
al

 t
ab

le
. 

  

H
is

to
lo

gi
ca

l 

Te
ch

n
iq

u
e

 

Li
gh

t 
m

ic
ro

sc
o

p
y 

P
o

la
ri

ze
d

 m
ic

ro
sc

o
p

e 

Li
gh

t,
 P

o
la

ri
ze

d
 

m
ic

ro
sc

o
p

y 

M
ic

ro
-C

T 
sc

an
 

St
er

eo
m

ic
ro

sc
o

p
y 

an
d

 
h

ig
h

-r
es

o
lu

ti
o

n
 

in
d

u
st

ri
al

 C
T 

sc
an

n
er

 

P
at

h
o

lo
gi

ca
l 

co
n

d
it

io
n

 

O
st

eo
p

o
ro

si
s 

H
yp

er
o

st
o

si
s 

fr
o

n
ta

lis
 in

te
rn

a 

(H
FI

) 

En
d

em
ic

 F
lu

o
ro

si
s 

P
ag

et
’s

 d
is

ea
se

 

Tr
au

m
a 

Sa
m

p
le

 ID
 

1
4

9
 in

d
iv

id
u

al
s 

o
ld

er
 t

h
an

 1
7

 

ye
ar

s 
o

ld
 (

b
o

th
 s

ex
es

) 
w

er
e 

se
le

ct
e

d
 f

ro
m

 t
h

e 
Is

o
la

 S
ac

ra
 

n
ec

ro
p

o
lis

, I
ta

ly
 (

1
0

0
-3

0
0

A
.D

.)
 

– 
ri

b
s 

an
d

 f
em

u
r 

sa
m

p
le

d
 

7
0

 in
d

iv
id

u
al

 f
ro

m
 t

h
e 

an
ci

e
n

t 

ci
ty

 o
f 

Q
at

n
a,

 S
yr

ia
 (

B
ro

n
ze

 

A
ge

) 
w

er
e 

st
u

d
ie

d
. N

in
e 

re
ve

al
e

d
 h

yp
er

o
st

o
si

s 
fr

o
n

ta
lis

 

in
te

rn
a

 (
H

FI
) 

– 
o

n
ly

 o
n

e 
ca

se
 

an
al

yz
ed

 t
h

ro
u

gh
 m

ic
ro

sc
o

p
e

 

7
6

 s
ke

le
to

n
s 

fr
o

m
 t

h
e 

vi
ct

im
s 

o
f 

th
e 

V
es

u
vi

u
s,

 It
al

y 
(A

.D
. 7

9
) 

– 
sa

m
p

le
s 

ex
tr

ac
te

d
 f

ro
m

 t
h

e 

lo
n

g 
b

o
n

es
 o

f 
ad

u
lt

 a
n

d
 

ju
ve

n
ile

 s
ke

le
to

n
s 

A
d

u
lt

 m
al

e 
fr

o
m

 t
h

e 
G

ra
n

t 

Sk
el

e
ta

l C
o

lle
ct

io
n

 f
ro

m
 t

h
e 

D
ep

ar
tm

e
n

t 
o

f 
A

n
at

o
m

y 
fr

o
m

 

th
e 

U
n

iv
er

si
ty

 o
f 

To
ro

n
to

, 

C
an

ad
a 

(2
0

th
 c

en
tu

ry
) 

H
u

m
an

 s
ku

ll 
fr

o
m

 M
ab

a,
 S

o
u

th
 

C
h

in
a 

(M
id

d
le

 P
le

is
to

ce
n

e
-L

at
e 

P
le

is
to

ce
n

e)
 

St
u

d
y 

ty
p

e
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 A
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 B
 

P
o

p
u

la
ti

o
n

 

st
u

d
y 

 

 B
 

C
as

e-
st

u
d

y 

 B
 

C
as

e-
st

u
d

y 
 B

 

A
u

th
o

rs
/y

e
ar

 

C
h

o
 a

n
d

 S
to

u
t 

(2
0

1
1

) 

Fl
o

h
r 

an
d

 W
it

ze
l 

(2
0

1
1

) 

P
et

ro
n

e 
et

 a
l. 

(2
0

1
1

) 

W
ad

e 
et

 a
l. 

(2
0

1
1

) 

W
u

 e
t 

al
. (

2
0

1
1

) 

 



 

CHAPTER 2 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

49 

An examination of the distribution of the 94 paleohistopathological studies by year of 

publication revealed that in the past two decades a non linear increase in the number of 

papers published has occurred (Figure 2.2).  

 

 

Figure 2.2: Distribution of the 94 paleohistopathological papers by interval of publication. 

 

The publication intervals that gathered the high number of references are those 

between the years of 1996-2000 (20 papers) and 2006-2012 (27 papers). But are these 

numbers representative? The answer is probably not. For instance, and using the International 

Journal of Osteoarchaeology as a reference, a search of the total number of paleopathological 

studies published in the interval of 2006-2012 was made. The survey revealed 177 papers; 

nevertheless, only 12 considered the application of histology to their differential diagnosis, 

which represents only 6.8%. The period of time with the smallest number of references is 

located between the years of 1966-1990. This reduced number of publications may not signify 

an absence of paleohistopathological studies, but a dispersion of references in reviews not 

indexed or not easily available to the public. It is important to note that this systematic search 

only included papers in English and French. The paucity of paleohistopathological studies is 

also observed in the type of research conducted.  
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Figure 2.3: Distribution of the 94 published papers by type of study. 

 

As portrayed in Figure 2.3, the majority of papers published are case-studies (72.3%, 

68/94), followed by population level studies (24.5%, 23/94). Only in 3.2% of the studies (3/94) 

was microscopy used as a comparative tool. When considering the “weight” of the 

palaeohistopathological survey it is clear that this technique was mostly used as an auxiliary 

diagnostic tool and not as a primary source for paleopathological evidence (Figure 2.4). This is 

particularly evident for case-studies where only 15 papers based their research on histology, 

compared to 53 that have used this technique as a complement to macroscopic and/or 

radiologic analysis. 

With regard to the type of paleopathological conditions published (Figure 2.5), histology 

was essentially applied to the study of metabolic conditions (e.g. Paget’s disease, osteoporosis, 

anemia, amongst others), 34% (32/94), benign and malign tumors, 27% (25/94), and specific 

and non-specific infectious diseases, 23%. The analysis of miscellaneous conditions (e.g. 

Caffey’s disease, melorheostosis, endemic fluoride, psoriatic arthritis, symmetrical erosive 

polyarthropathy) was recorded in 6.4% of the papers. The lower values were obtained in the 

analysis of combined pathologies (5.3%) and bone trauma (4.3%).  
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Figure 2.4: Distribution of the 94 papers by type of histological study: type A - used as primary source of 

evidence; Type B - used as a secondary tool.  

 

 

Figure 2.5: Distribution of the studies recorded by paleopathological condition analysed. 

 

The remaining papers targeted in this survey (n=536) focused on other applications of 

paleohistology to bioarchaeology and forensic sciences, such as the study of:  

1. Tooth alterations (n=131). Histological techniques are applied to the analysis of tooth 

remains to make inferences about diet, behavior and the impact of physiological stress on an 

individual’s development. Dental microwear texture is studied to assess and compare dietary 
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habits and seasonal changes in food resources among fossil hominins (e.g. Puech and Albertini, 

1984; Lalueza et al., 1996; Pérez-Pérez et al., 1999; Ungar et al., 2006; Estebaranz et al., 2009; 

Rivals et al., 2009), modern humans (e.g. Bullington, 1991; Teaford and Lytle, 1996; Schmidt, 

2001; Macchiarelli et al., 2006; Mahoney, 2006; Patrick, 2006; Mahoney, 2007; Polo-Cerda et 

al., 2007; Hogue and Melsheimer, 2008; Ma and Teaford, 2010; Schmidt, 2010) and nonhuman 

primates (e.g. Ryan, 1979; Gordon, 1982; Teaford and Robinson, 1989; Teaford and Runestad, 

1992; Teaford et al., 1996; Nystrom et al., 2004; El-Zaatari et al., 2005; Scott et al., 2006; 

Merceron et al., 2009). Certain patterns of microwear also reveal information about behavioral 

or “cultural” practices linked to the use of the teeth as a third hand (e.g. Fox and Frayer, 1997; 

Ungar and Spencer, 1999; Minozzi et al., 2003; Lozano et al., 2008). The microscopic 

examination of linear enamel defects is also an important tool to understand the physiological 

mechanisms responsible for growth disruptions during dental development (e.g. Rose, 1977; 

Rose et al., 1978; Marks and Rose, 1985; Goodman and Rose, 1990; Reid and Dean, 2000; King 

et al., 2005; FitzGerald et al., 2006; Ritzman et al., 2008; Witzel et al., 2008).  

2. Ontogeny, phylogeny and human evolution skeletal dynamics (n=94). Histology gives 

insights into the dynamic of bone growth and remodelling in the course of human ontogeny 

and evolution (e.g. Martin and Armelagos, 1979; Oyen et al., 1979; Ricqlès, 1993; Abbott et al., 

1996; Streeter, 2005; Martínez-Maza et al., 2006; Gosman and Ketcham, 2009; Harrington, 

2010; Martínez-Maza et al., 2010). Furthermore, it allows for the development of standards for 

comparison with other non-human primates (e.g. Schaffler and Burr, 1984; Havill, 2003; 

Mulhern and Ubelaker, 2003; Mulhern and Ubelaker, 2009; Reinholt et al., 2009). A similar 

contribution is made by the histological study of dentition (e.g. Molnar and Gantt, 1977; 

Molnar et al., 1981; Keene, 1982; Hildebolt et al., 1986, Mann et al., 1991; Maas, 1993 and 

1994; Anemone et al., 1996; Hillson and Bond, 1997; Darnell et al., 2010). 

3. Age at death estimation (n=90). Several histological methods have been developed to 

estimate age at death using bone and dental remains. Bone growth, modelling and 

remodelling are responsible for a mature cortex with particular features that can be 

quantifiable through histomorphometric analysis20 (Schultz, 1997; Meindl and Russell, 1998; 

Pfeiffer, 2000; Robling and Stout, 2008; Pickering and Bachman, 2009; Shih, 2009). The 

histological indicators of age are based on the grade of remodelling of osteons and their 

respective quantification in adult cortical bone (Bass, 1979; Simmons, 1985; Frost, 1987; Stout 

and Paine, 1992; Schultz, 1997; Meindl and Russell, 1998; Mulhern and Ubelaker, 2003; 

                                                           
20

 Quoting Boivin and Meunier (1993: 137): «[h]istomorphometry, or quantitative histology, consists of 

counting or measuring tissue components: the cells or the extracellular constituents or both». 
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Pickering and Bachman, 2009). Different skeletal elements have been considered in these 

studies, namely ribs and clavicle (e.g. Stout and Paine, 1992; Stout et al., 1996; Paine and 

Brenton, 2006; Crowder and Rosella, 2007; Kim et al., 2007; Cannet et al., 2010; Pavón et al., 

2010; Cho and Stout, 2011), long bones (e.g. Kerley, 1965; Singh and Gunberg, 1970; Kerley 

and Ubelaker, 1978; Pfeiffer, 1980; Stout and Gehlert, 1982; Frost, 1987; Stout and Stanley, 

1991; Wallin et al., 1994; Ericksen, 1991 and 1997; Ericksen and Stix, 1991; Thomas et al., 

2000; Lynnerup et al., 2006; Maat et al., 2006b; Chan et al., 2007; Keough, 2007; Robling and 

Stout, 2008; De Donno et al., 2009; Han et al., 2009; Martrille et al., 2009; Villa and Lynnerup, 

2010) and ilium (e.g. Boel et al., 2007). The reliability of using weight-bearing bones, as well as 

the effect of intrinsic (sex and population variability) and extrinsic (adequate bone sampling) 

factors on age at death estimation has also been discussed in the literature (e.g. Martin et al., 

1981b; Neill, 1983; Aiello and Molleson, 1993; Pfeiffer et al., 1995; Drusini, 1996; Iwaniec et al., 

1998; Macho et al., 2005; Paine and Brenton, 2006; Robling and Stout, 2008; Henning and 

Cooper, 2011). Dental histological techniques have been developed based on the study of 

secondary dentin formation, cementum annulation (e.g, Charles et al., 1986; Martin, 1996; 

Jankauskas et al., 2001; Kagerer and Grupe, 2001; Wittwer-Backofen et al., 2004; Maat et al., 

2006a; Renz and Radlanski, 2006; Roksandic et al. 2009), enamel striae and linear formation 

(e.g. FitzGerald and Saunders, 2005; Katzenberg et al., 2005; Martin et al., 2008), root dentine 

translucency (e.g. Chandler and Fyfe, 1997) amongst others (Meindl and Russell, 1998; Hillson 

and Antoine, 2003). Similar methods have been created for the study of faunal remains (e.g. 

Beasley et al., 1992; Burke and Castanet, 1995; Wendy, 1998; Dirks et al., 2002; Havill, 2004). 

4. Taphonomic processes and identification of burned remains (n=82). Microscopy has 

been used to evaluate the integrity of bone microstructure in different environmental contexts 

(e.g. Stout, 1978; Hermann, 1986; Hanson and Buikstra, 1987; Garland, 1993; Hedges et al., 

1995; Bell et al., 1996; Nicholson, 1998; Nielsen-Marsh and Hedges, 2000; Pfeiffer and Varney, 

2000; Roberts et al., 2002; Jans et al., 2004; Guarino et al., 2006; Schmidt-Schultz and Schultz, 

2007; Tersigni, 2007; Monsalve et al., 2008; Jans, 2008; Turner-Walker and Jans, 2008; Reiche 

et al., 2010; Maurer et al., 2011; Bell, 2012; Hollund et al., 2012). When bone is exposed to the 

burial environment it may experience structural changes induced by physical, chemical or 

biological agents (Stout, 1978; Garland, 1993; Bell at al., 1996; Schultz, 1997; Collins, 2002; 

Jans, 2008; Turner-Walker and Jans, 2008; Reiche et al., 2010). The study of postmortem 

alterations is important to differentiate decomposition phenomena from normal physiological 

processes or disease lesions (e.g. Stout, 1978; Lynne, 1990; Grupe and Dreses-Werringloer, 
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1993; Jackes et al., 2001; Turner-Walker and Jans, 2008). Microscopic methods are also of 

great value in identifying and studying cremated human remains (e.g. Herrmann, 1977; Holden 

et al., 1995; Hanson and Cain, 2007; Schmidt, 2007; Warren, 2008; Squires et al., 2011) during 

paleopathological analysis (Schultz, 1997) or to age at death estimation (Hummel and 

Schutkowski, 1993; Fairgrieve, 2008). In zooarchaeological studies they also help in 

understanding the diagenetic processes that operate on buried bones and teeth (Haynes et al., 

2002; Stutz, 2002). 

5. Cutmarks (n=32). Distinct microscopic techniques, such as scanning electron 

microscopy, are employed in the study of cutmarks in human and nonhuman bone remains. 

These techniques are important to obtain evidence of hacking trauma and dismemberment in 

past population and forensic contexts (Hutchinson, 1996; Cox and Bell, 1999; Haverkort and 

Lubell, 1999; Bartelink et al., 2001; Tucker et al., 2001; Orschiedt et al., 2003; Alunni-Perret et 

al., 2005); traits of defleshing in hominin fossil remains (e.g. White, 1986); and marks of 

butchering on faunal remains and their role in understanding the evolution of hominin 

handedness (e.g. Shipman and Rose, 1983; Bromage and Boyde, 1984; Bello and Soligo, 2008; 

Pickering and Hensley-Marschand, 2008). Cutmark micromorphology is also considered in the 

study of chirurgical or ritual bone incisions, such as trephinations, and their differentiation 

from taphonomic changes (e.g. Stevens and Wakely, 1993; Fabbri et al., 2012). 

6. Differentiation between human and non-human remains (n=31). Histology is a useful 

tool to distinguish between human and nonhuman bone remains, especially when bone is 

fragmentary (Harsányi, 1993; Horni, 2002; Dupras et al., 2006; Klepinger, 2006; Hillier and Bell, 

2007; Croker et al., 2009; Greenlee and Dunnell, 2009; Hollund et al., 2012; Mulhern and 

Ubelaker, 2012). This differentiation is possible because humans have a unique pattern of 

cortical osteons, as well of primary bone types, when compared with other mature mammals 

(e.g. Davies and Fearnhead, 1960; Pfeiffer, 2000; Thomas, 2003; Cuijpers, 2006; Klepinger, 

2006; Pfeiffer, 2006; Rosado et al., 2007; Cattaneo et al., 2009). The distinguishing features of 

bone histomorphometry also allow for the taxonomic classification of zooarchaeological 

remains (e.g. Powell et al., 1973; den Heuvel et al., 1991; Barnes et al., 2000; Miles, 2001; 

Horni, 2002; Dittmann, 2003; Dittmann et al., 2006; Martiniaková et al., 2007; Paral et al., 

2007). Another role of histology is in the identification of strange bodies found associated with 

human skeletal remains, such as renal and biliary calculus (e.g. Morris and Rodgers, 1989; 

Sanchez and Etxeberria, 1991), calcified tissues and organisms (e.g. Perry et al., 2008; 

Quintelier, 2009; Cook and Patrick, 2011), fossilized body fluids and faecal deposits (Maat, 
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1991; Blondiaux and Charlier, 2008; Shillito et al., 2011), parasites and contaminating 

substances (e.g. Nelson et al., 2010; Oh et al., 2010). 

7. Mummies (n=30). The analysis of mummified tissues was one of first applications of 

histology to the study of ancient remains. Nowadays it continues to fascinate researchers in a 

variety of subjects that range from the simple identification of soft tissues (e.g. Post and 

Daniels, 1969; Rabino-Massa and Chiarelli, 1972; Lamendin, 1974; Walker et al., 1987; Shin et 

al., 2003; Mekota et al., 2005; Kim et al., 2008; Pabst et al., 2009) to the study of abnormal 

lesions (e.g. Brothwell et al., 1969; Bellard and Cortés, 1991; Ciranni et al., 1999; Ciranni and 

Fornaciari, 2004; Bianucci et al., 2008), taphomic changes (Aufderheide, 2011) and replication 

of mummifying techniques (e.g. Zimmerman, 1979; Zimmerman et al., 1998). 

8. Bone tissue dynamics and variability in modern and prehistoric populations (n=29). 

The skeleton has the capability to adapt itself to biomechanical stress, increasing bone mass 

when activity increases or reducing bone tissue due to inactivity (Schultz, 1997; Pearson and 

Lieberman, 2004; Peck and Stout, 2007). Through histomorphometric analysis it is possible to 

infer strain levels and bone dynamics within populations or among human groups from 

different chronologies and geographic provenances (e.g. Martin and Armelagos, 1985; Martin 

et al., 1987; Mulhern and van Gerven, 1997; Pfeiffer, 1998; Velasco-Vázquez et al., 1999; 

Mulhern, 2000; Cho et al., 2006; Drapeau and Streeter, 2006; Pfeiffer et al., 2006; Maggiano et 

al., 2011).  

8. Methods (n=17). As pointed out previously, the literature review also showed the 

efforts made in the development of new histological methods and techniques for bone and 

teeth analysis (e.g. Marks et al., 1996; Scherf and Tilgner, 2009). 

 

The data presented is a clear indicator that paleohistopathology has, in some way, been 

neglected in paleopathological analysis. Nevertheless, this is not the only sign of its scientific 

fragility; another indicator is the absence of a clear definition for palaeohistopathology. 

Contrary to modern medicine where histopathology is a branch of pathology defined as the 

microscopic examination of a biopsy specimen in order to study and diagnose the 

manifestation of disease (Bell and Piper, 2000), there is no formal definition of 

paleohistopathology. An approach is given by Bell and Piper (2000: 258): paleohistopathology 

is the microscopic study of pathological material in opposition to paleohistology that is the 

microscopic study of non-pathological skeletal material. Even so, this subdivision is not widely 

used because in many studies paleohistology and disease appear side by side (e.g. Aaron et al., 
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1992). There are also uncertainties about who introduced the concept and when it was 

introduced in the paleopathological literature. Macadam and Sandison (1969) used the term to 

emphasize the role of electron microscopy in disease diagnosis. Bianco and Ascenzi (1993) also 

apply the concept in a mummy case-study. Nevertheless, only after the publication of Schultz’s 

(2001) article entitled “Paleohistopathology of bone: a new approach to the study of ancient 

diseases” in the Yearbook of Physical Anthropology, has the concept acquired a new relevance, 

being used by other researchers (e.g. Tamarit, 2003; Weston, 2009). In fact, any survey on the 

ISI Web of Knowledge, Medline or PuBMed databases using the term “paleohistopathology” 

automatically redirects the search to Schultz’s article. Since the early 1980’s, Prof. Michael 

Schultz from the University of Göttingen, Germany, has played an important role in the 

development of palaeohistopathology, publishing reviews and syntheses of methods used 

based on the application of light and polarized microscopy (e.g. Schultz, 1993, 1997, 2001, 

2003 and 2012). 

In the next section the chief reasons that might explain the non-systematic use of 

paleohistopathology, as well as the unexploited potential of the discipline will be presented 

and discussed.  

 

 

2.3. LIMITATIONS AND ACHIEVEMENTS OF PALEOHISTOPATHOLOGY  

 

In 1981, Ortner and Putschar proffered, in the monograph “Identification of pathological 

conditions in human skeletal remains”, a non-enthusiastic sentence that reflects the skepticism 

that surrounded paleohistopathological studies during that time: 

«Microscopic study of bone, like chemical analysis, is limited in its application. As a 

general rule, in archeological skeletal material, microscopic data add little to what can be seen 

grossly or on X-ray films. Because microscopic examination does involve destruction of some of 

the bone, it should only be applied when diagnosis is likely to be aided. It should not be 

considered a routine procedure» (page 52). In the last decades, this skepticism has been 

progressively reduced. For instance, in the re-edition of the monograph by Ortner (2003) the 

quoted sentence was removed and a full chapter is dedicated to paleohistopathology. Despite 

that, the initial point of view shared by Ortner and Putschar (1981) is useful because it 

enunciates two of the recurring limitations attached to paleohistopathology: (1) its reliability in 

the differential diagnosis of pathological conditions; and (2) its destructive nature (Bell and 
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Piper, 2000; Ortner, 2003b; Turner-Walker and Mays, 2008; Pfeiffer and Pinto, 2012). In 

addition to these limitations, two more can be added: (3) the time consuming and technically 

high demanding procedures required for thin section preparation; and (4) the high scientific 

proficiency needed to interpret bone morphology at the microscopic level (Bell and Piper, 

2000; Schultz, 2012). 

With concern to the first limitation, Schultz (1993, 1997, 2001, 2003, and 2012) strongly 

suggests that paleohistopathology is a determinant to disease diagnosis in archaeological 

remains. The author subscribes to the idea that histology, especially light-polarized 

microscopic investigation, is an indispensable tool to attain reliable diagnoses that are 

essential for reconstructing the etiology and epidemiology of diseases in the past (Schultz, 

2001, 2003 and 2012). Responding to the initial reluctance of Ortner and Putschar (1981), 

Schultz (2012) emphasizes that in the past years more data have been added to the knowledge 

of dry bone microarchitecture. Thus, by studying the orientation of collagen fibers; the size, 

thickness and orientation of trabeculae; the thickness of external and internal circumferential 

lamellae; the size and number of Haversian systems and their canals; the number of interstitial 

lamellae and fragmented osteons; the presence of special cement lines and Howship’s 

lacunae, it is possible to identify a disease group or even a particular condition, such as 

anemia, scurvy, rickets, osteomyelitis, and external periostitis (Schultz, 2012). In seeking a 

reliable diagnosis in paleohistopathology, a broad difficulty is pinpointed by researchers: the 

absence of soft tissues, body fluids and cells (Bianco and Ascenzi, 1993; Turner-Walker and 

Mays, 2008). As pointed out by Schultz (2012), the lack of particular cells, such as granulocytes, 

osteoblasts, osteoclasts and other macrophages, as well as fibrous connective tissue, makes 

any cytological and pathophysiological analysis impossible in archaeological skeletal remains. 

Accordingly, the differential diagnosis conducted by paleohistopathologists must follow a 

distinct pathway when compared with the evaluation made by clinicians (Bell and Piper, 2000; 

Turner-Walker and Mays, 2008; Schultz, 2001, 2003 and 2012). For researchers, the future of 

paleohistopathology, and paleohistology, depends on the development of uniform methods, 

as well as the application of a proper nomenclature to describe and characterize pathological 

bone at the microscopic level. This achievement will improve scientific standards and reduce 

potential errors and/or semantic barriers (Pfeiffer and Pinto, 2012; Schultz, 2012; Stout and 

Crowder, 2012).  

Another drawback attributed to paleohistopathology is its invasive and apparent 

destructive nature (Grupe and Garland, 1993; Ortner, 2003b). Many museum curators and 
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osteologists have an understandable reluctance in damaging, or allowing the destruction of 

skeletonized remains in order to obtain samples (Turner-Walker and Mays, 2008). Bell and 

Piper (2000) justify this generalized feeling as a result of a misinterpretation of the meaning of 

invasive and destructive concepts. In many museums’ sampling protocols, invasive analysis is 

used as a synonym for destructive handling, which is not completely true. Quoting Bell and 

Piper (2000: 258): «While histopathology is undoubtedly invasive, it is not destructive in this 

way [referring to the total “combustion” of samples during dating or isotopic studies], since a 

section may be preserved and archived indefinitely. This is an extremely important distinction, 

not just in terms of the management of skeletal collections, but also as a recoverable resource 

or archive of paleopathological information». Highlighting the role of histological collections, 

Spatola and co-authors (2012) have recently published a work describing the potential of using 

one of the largest bone slide collections in the world (with more than 10,000 slides of stained 

and undecalcified bone and joint specimens) housed at the Anatomical Division of the National 

Museum of Health and Medicine (NMHM)21 at the Armed Force Institute of Pathology (AFIP), 

Washington, DC, for research in paleopathology, bioarchaeology and forensic science research. 

Similar histological collections are also curated at European universities and museums, for 

example, the Collection of the Department of Legal Medicine at the University of Vienna, 

Austria, and the Collection of the Department of Pathology at the University of Göttingen, 

Germany (Schultz, 2012). According to Pfeiffer (2000) the progress of paleohistopathology is 

dependent on a change in the curatorial rules. Before refusing access to skeletal collections, 

curators and researchers may be aware that the preparation of thin sections represents the 

transformation of material rather than its destruction (Pfeiffer, 2000). Sampling damaged 

bones and/or small bone elements such as ribs, metacarpals or metatarsals is regarded as a 

solution to expedite lab work and reduce the degree of disruption of curated material (Pfeiffer, 

2000). To compensate for bone sectioning, Schultz (2012) suggests the use of a true-to-life or a 

plaster complement to restore the bone pieces that were removed. This procedure was 

already used by Wapler et al. (2004) after the extraction of skull samples that presented cribra 

                                                           
21

 This large collection was constituted through donation of other small collections: the Johnson-Sweet 

Whole-Mount Collection of Orthopedic Pathology was started after World War II by Dr. Donald Sweet and Dr. Bruce 

Ragsdale and comprises several diagnosed rare cases (e.g. osteosarcoma, chondrosarcoma, giant cell tumor, 

osteomyelitis, carcinoma, fracture, Paget’s disease, amongst others); the Historic Collections (or Codman and 

Phemister) was donated by the American College of Surgeons in 1953 and is composed of 2.300 bone tumors from 

the former Codman Registry of Bone Sarcoma; and the Kerley Collection was started as a result of Dr. Ellis Kerley’s 

research on the study of age-related changes in the bone microstructure of humans and chimpanzees. The 

collection is growing through new acquisitions or donations; the latest included samples of human and nonhuman 

specimens, namely 300 slides from human long bones (Spatola et al., 2012).  
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orbitalia. In this case, the sample gaps were filled with pieces of tightly adjusted plaster 

(Wapler et al., 2004). 

The third limitation concerns the highly time-consuming nature of the histological 

techniques, which require expensive and sophisticated supplies (Schultz, 2012). This 

generalization is not completely true because there are simple methods, like those published 

by Frost (1958) and Maat et al. (2001) that researchers can easily reproduce. The selection of a 

particular method is, of course, not random and depends on extrinsic (design and goals of the 

research) and intrinsic factors (preservation of the bone samples). Whenever bone samples are 

small or belong to fragile skeletonized pieces, the use of more time-consuming techniques in 

order to guarantee high quality thin-sections is preferred (Schultz, 2012).  

The last, and perhaps, the broader obstacle to paleohistopathological analysis is the lack 

of training of paleopathologists (Bell and Piper, 2000; Pfeiffer and Pinto, 2012; Schultz, 2012). 

However, taking into account recent publications (e.g. Schultz, 1986, 1993, 2001 and 2003; 

Hershkovitz et al., 1999; Eshed et al., 2002; Hershkovitz et al., 2002; Wapler et al., 2004; Von 

Hunnius et al., 2006; Brickley et al., 2007; Kuhn et al., 2007; Zaki et al., 2009; Weston, 2009; 

Van Der Merwe et al., 2010; Crowder and Stout, 2012) and the growing expertise in diagnosing 

disease at the microscopic level, researchers must be encouraged to employ histological 

techniques (Schultz, 2012). Additionally, a deep understanding of the typical mosaic patterns 

found in normal and pathological cortical and trabeculae bone throughout life will certainly 

make the interpretation of dry bone remains easier (Heuck, 1993).  

Because macroscopic and radiologic analyses are sometimes obscured by similarities in 

the macromorphology of lesions, the microscopic inspection of bone tissue is regarded as the 

remaining solution to produce reliable diagnosis (Schultz, 1993, 2001, 2003 and 2012). In spite 

of some criticisms (e.g. Weston, 2004 and 2009), this assertion is advanced because certain 

pathological conditions seem to leave an individual mark on the bone microstructure, such as 

the radial orientation of trabeculae in subperiosteal hematomas (Van Der Merwe et al., 2010); 

the grenzstreifen in treponematosis and leprosy, or the fasefilz in slowly growing primary 

osteoblastic bone tumors (Schultz, 2001, 2003 and 2012). To demonstrate the importance of 

histology for the epidemiology of diseases in past population, Schultz (1993) gives the example 

of an investigation carried out in a sample of individuals with signs of anemia, rickets, 

osteomyelitis and irritation of meninges from the early Bronze Age site of Ikiztepe, Anatolia. 

The comparison between macroscopic and histological analysis revealed striking results: three 

cases macroscopically diagnosed as osteomyelities were histologically identified as irritation of 
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meninges; three cases grossly identified as anemia were in fact osteomyelitis, and five cases 

diagnosed as osteomyelitis were microscopically described as rickets (Schultz, 1993).  

Related to the histological analysis of taphonomic changes, two other potentials emerge 

in disease diagnosis: the ability to differentiate between lesions and pseudopathologies, and it 

usefulness to access bone quality in disease rate quantification. Some authors (e.g. Grupe and 

Dreses-Werringloer, 1993) consider thin sectioning essential to differentiate between 

decomposition phenomena and physiological or pathological signs; otherwise any attempted 

diagnosis will be biased. Bianco and Ascenzi (1993) stressed that histology reveals the two-way 

interaction between bone lesions and taphonomic changes. According to them, histology is 

important to ascertain the impact of diagenetic factors in the architecture of normal and 

pathological bone, as it is to infer the role that bone abnormalities have in the non-random 

progression of diagenesis (Bianco and Ascenzi, 1993). The use of histology to evaluate the 

preservation of bone remains was broadly discussed by Stout (1978). According to this author, 

the application of histology as a technique to evaluate bone preservation is fundamental 

before any differential diagnoses because there is a substantial risk of evaluating differences in 

preservation instead of the effects of aging or pathology. Turner-Walker (2008) states that 

diagenesis not only contributes to macroscopic alterations, but also alters the chemistry and 

microstructure of the tissues, leading to biased diagnosis, for example in the interpretation of 

radiodensitometry and measurements of bone density. Still on the topic of bone integrity, the 

histological analysis may reveal surprising results. This happened with Bell and Jones’ (1991) 

study of two possible cases of Paget’s disease. The analysis by SEM/BSE techniques revealed 

that the bone fragment considered poorly preserved macroscopically, had extensive areas 

unaffected by diagenesis, whereas the piece regarded as in excellent state of macroscopic 

preservation, showed profound diagenetic changes at the microscopic level (Bell and Jones, 

1991). This result reinforces the usefulness of histology in distinguishing between disease and 

diagenesis. 

Despite the limitations currently addressed in palaeohistopathological analysis, it is clear 

that histological investigation can provide important data that would be otherwise unavailable 

through other methods (Pfeiffer and Pinto, 2012). In the words of Martin (1991: 58), «(…) its 

seems timely for histology to enter the mainstream of skeletal analysis in anthropology». 
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 ““(...) BONE IS NOT AN IMPENETRABLE SOLID; IT IS A METROPOLIS OF HIGHWAYS AND 

FREEWAYS, TURNPIKES AND UNDERGROUND RAILWAYS; A HOUSE OF MANY ROOMS AND 

CORRIDORS, WITH FLUID-FILLED CANALS AND CANALICULI, WIRED WITH NERVE FIBRES, FED WITH A 

VASCULATURE NO LESS COMPLEX THAN THAT OF THE HEPATOBILIARY, PULMONARY-ALVEOLAR OR 

RENAL GLOMERULOTUBULAR SYSTEMS.” 

(SEEMAN, 2007: 123) 
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3. INCURSION TO THE BIOLOGY OF BONE AND DISEASE  

 

 

Talking about diseases that affect the human skeleton without mentioning the 

marvellous architecture of the bone tissue is the same as writing a poem without knowing the 

meaning of the words.  

The interest in understanding the structure and function of the skeleton, especially the 

disorders that affect it, is remarkably ancient dating nearly five thousand years (Beasley, 

1982a). Several iconographic and documentary sources from different chronological periods 

(e.g. Egyptian and Greek civilizations)22 corroborate this assumption (Beasley, 1982a; Whiting 

and Zernicke, 1998). In the 17th century, the invention of the microscope was crucial to 

understanding the ultrastructure of bone in both normal and pathological cases. Even 

rudimentarily, the “histology of bone” was firstly portrayed in 1691 by Clopton Havers (1657-

1702, U.K.) in his book “Osteologia Nova, or some New observations of the bones, and the 

parts belonging to them, with the manner of their accretion and nutrition” (Dobson, 1952; 

Hall, 2005). Havers identified and described the spaces or canals that traverse the compact 

bone tissues which now bear his name, the Haversian canals23 (Dobson, 1952; Beasley, 1986). 

                                                           
22

 The first attempt to explain the origin of bone tissue was made by the Greek philosopher Plato (429–347 

B.C) in the latter part of the fifth century B.C.. Centuries later, fundamental discoveries regarding the anatomy and 

physiology of the skeleton based essentially on the dissection of pigs and apes (the study of human cadavers was 

proscribed at that time) were made by Galen (A.D. 129-199/217, Greece) (Beasley, 1982a; Whiting and Zernicke, 

1998). In the fifteenth century, numerous artists such as the Italians Leonardo da Vinci (1452-1519), Michelangelo 

(1475-1564) and Raphael (1483-1520) contributed actively, not only to the Renaissance of art, but also to the 

renaissance of the studies on human anatomy, which greatly inspired their works (Beasley, 1982b). This relationship 

with art was extremely important leading to the publication of the first illustrated books of human anatomy. One of 

the most impressive monographs entitled De Humani Corporis Fabrica was written by Andreas Vesalius of Brussels 

(1514-1564), who is also considered the reformer of anatomy (Ball, 1910; Whiting and Zernicke, 1998).  
23

 «In the bones, thro’ and between the plates, are formed pores, besides those which are made for the 

passage of the blood-vessels, which are of two sorts; some penetrate the laminae, and are transverse, looking from 

the cavity to the external superficies of the bone; the second sort are form’d between the plates, which are 
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Almost two decades earlier, Anthon van Leeuwenhoek (1632-1723, Netherlands) had already 

made some incursions in the microstructure of bone, though paying more attention to the 

structure of periosteum than to the significance of vessels and canals alike (Beasley, 1986). 

Since the very first descriptions many discoveries of bone microstructure have been 

made. Although all of them enhance our understanding, many issues related to the physiology 

of bone and cell metabolism remain unresolved. 

In the following pages, an introduction to the biology of bone tissue, giving particular 

attention to the latest discoveries, will be presented. This preamble will be followed by an 

approach to periosteal new bone formations (PNBFs) or periosteal reactions (PRs) focusing on 

their clinical meaning, mechanisms of regulation, pathophysiology and classification. Finally, a 

clinical and paleopathological overview regarding the main conditions that produce periosteal 

new bone lesions will be provided  

 

 

3.1. THE HUMAN SKELETON: AN INVISIBLE FRAMEWORK 

 

There are many ways of introducing the bone morphology, microstructure and function. 

For this thesis, the model of organization for a typical long bone presented by Chappard and 

co-authors (2011) was selected because it more clearly fits the key components of bone and its 

distinct roles (Figure 3.1). Since the sample under analysis in the present research is mostly 

composed of ribs, particular attention will be given to the rib’s microstructure and 

development. 

                                                                                                                                                                          
longitudinal and straight, tending from one end of the bone towards the other, and observing the course of the 

bony strings» (Havers, 1691 in Dobson, 1952: 706). 
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Figure 3.1: The five levels of organization of the structure of a long bone (after Chappard et al., 2011: 

2227). 
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3.1.1. The Nature of Bone: a Double Composition with an Organic 

and Inorganic Substrate 

Bone is frequently perceived as a static, hard and unchanging structure (Franz-Odendaal 

et al., 2006; Seeman, 2007), but this is a misleading view since bone is a living, dynamic, and 

highly specialized type of connective tissue (Martin, 1991; Cullinane and Einhorn, 2002; Marks 

and Odgren, 2002; Young et al. 2006) composed of an organic matrix (about 30%) that is 

strengthened by calcium and phosphate minerals (about 70%) (Young et al. 2006). Ninety 

percent of the organic component of bone is formed by type I collagen (Proff and Römer, 

2009), a double chain protein synthesized by osteoblasts and coded by two different genes in 

chromosomes 17 and 7 (Chappard et al., 2011). The mineral phase is composed of poorly 

crystalline hydroxyapatite tablets (Ca10[PO4]6[OH]2) with hydrogen phosphate (HPO4) and 

carbonate (CO3) groups showing distinct anisotropic shapes, which are claimed to be 

responsible for the anisotropic24 properties of bone (Iyo et al., 2004; Chappard et al., 2011). 

Both components have a well defined function: the inorganic confers the rigidity that 

characterizes bone, whereas the network of collagen fibres (matrix) allows some degree of 

flexibility25 (Lieberman, 1997; Jee, 2001; Marks and Odgren, 2002; Iyo et al., 2004; Seeman, 

2007; Young et al. 2006). Furthermore, their interaction is not random. Since deposition of 

new bone occurs at distinct rates, the process of mineralization is not simultaneous (Chappard 

et al., 2011). It normally starts 15 days after the deposition of the first collagen fibers and non-

collagenous proteins by osteoblasts, forming the osteoid seam (Chappard et al., 2011). In the 

initial stage, hydroxyapatite appears at the mineralization front in the form of small crystals 

that will increase in size during calcification and through incorporation of new crystals 

between the collagen fibrils (Gupta et al., 2006; Chappard et al., 2011). These newly 

mineralized fibrils are then arranged into different motifs such as fibril arrays and lamellae 

(Gupta et al., 2006).  

 

 

                                                           
24

 According to Qin and Zhang (2005: 203), «[B]one is an anisotropic or heterogeneous structure because its 

basic components are assembled in different ways». Biomechanically, it means that bone strength properties are 

different for each major direction of load (Knudson, 2007). 
25

 The viscoelasticity of materials is related to their mechanical properties. In bones, the mechanical 

property is strain-rate dependent: if strain increases, the bone tissue become stiffer and stronger. This is possible 

because bone consists of both solid and fluid components (Qin and Zhang, 2005). 
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3.1.2. The Texture of Bone: a Woven or Lamellar Arrangement of 

the Matrix 

At the microscopic level, two forms of bone exist: immature or woven bone26 and 

mature or lamellar bone (Junqueira and Carneiro, 2005) (Table 3.1).  

Woven bone is a type of primary bone formed by a matrix with an anarchic texture in 

which the mineralized collagen fibrils are randomly organized (Ortner and Turner-Walker, 

2003; Steiniche and Hauge, 2003; Junqueira and Carneiro, 2005; Young et al., 2006; Chappard 

et al., 2011). This lack of organization is the result of a rapid and haphazard production of 

osteoid by osteoblasts, as observed during foetal bone development (Young et al., 2006), and 

in adults following tumours and some metabolic (e.g. Paget’s disease) and infectious 

conditions, as well as during fracture healing (Steiniche and Hauge, 2003; Ortner and Turner-

Walker, 2003; Young et al., 2006). Other features include a lower mineral content, reduced 

biomechanical properties (Chappard et al., 2011) and a higher number of osteocytes (Ortner 

and Turner-Walker, 2003; Junqueira and Carneiro, 2005). During normal growth, the woven 

bone is replaced in adults by a more organized tissue called lamellar bone (Ortner and Turner-

Walker, 2003; Junqueira and Carneiro, 2005). The only exceptions are found near the cranial 

sutures, in the tooth sockets, and at the sites of insertion of tendons and ligaments (Ortner 

and Turner-Walker, 2003; Junqueira and Carneiro, 2005).  

Lamellar bone is a mature, highly organized and densely packed tissue (Su et al., 2003; 

Junqueira and Carneiro, 2005) characterized by “regular parallel bands [or lamellae] of 

collagen arranged in sheets” (Young et al., 2006: 191). These lamellae may extend parallel to 

the bone surface originating in the circumferential lamellar bone (Weiner et al., 1999), or may 

lie concentrically around the Haversian canal of the osteon (Junqueira and Carneiro, 2005). 

Within each lamella, the collagen fibres run in opposite directions, crossing between 

neighbouring lamellae (Schultz, 1997). This typical fibrous network can be identified through 

polarized light as the “Maltese cross”, which is characterized by an alternate pattern of light 

and dark bands (Schultz, 1997; Ortner and Turner-Walker, 2003). The lamellar bone is found 

only in adults and is the key component of both compact and spongy tissue (Schultz, 1997). 

                                                           
26

 There is some disagreement regarding the best term to describe this type of bone. Ortner and Turner-

Walker (2003) note that the word “woven” may lead to some misconceptions since it creates a visual image of 

organization of the fibrils, similar to fabric that is incompatible with the random orientation that they actually 

exhibit. As an alternative, Ortner and Turner-Walker (2003: 19) suggest the use of the concept of “fiber bone”. 

Besides woven and immature bone, Pfeiffer (2006: 17) also uses the term “bundle bone” as synonymous.  
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Although the synthesis of lamellar bone is frequently described as secondary to a pre-

existing tissue, it is important to note that it might have a primary origin. Contrary to the 

secondary type, the primary lamellar bone is produced de novo on an existing bone surface 

(Mulhern and Ubelaker, 2012), being found in the form of superimposed lamellae around the 

periosteal and endosteal circumferences of long bones (Pfeiffer, 2006).  

 

Table 3.1: Different types of bone and their main components (after Pfeiffer, 2006: 17, with additional 

information added from Pfeiffer, 2000; Ortner and Turner-Walker, 2003; Hall, 2005; Mulhern and 

Ubelaker, 2012). 

Type of bone Major macroscopic and histological distinguishing features 

 
 
 
Woven bone 

 Deposited de novo 

 Forms more rapidly than other types 

 Most disappears by four years of age 

 Random orientation of collagen fibres 

 More lacunae per unit volume 

 Weaker than other types of bone 

 
 
 
Plexiform bone 

 Must be deposited on a pre-existing substrate 

 Forms more rapidly than other types, except woven bone 

 Increased mechanical strength relative to woven bone 

 Lamellar bone present 

 Bricklike structure: lamellar bone is sandwiched by non-lamellar bone 

 Observed in human infants and in children during growth spurts post-
infancy 

 
 
 
Primary lamellar 
bone 

 Must be deposited on a pre-existing substrate 

 Forms more slowly than woven or plexiform bone 

 Superior mechanical strength 

 Lamellae are organized parallel to endosteal and periosteal surfaces 

 Can become very dense and can include primary osteons 

 Includes circumferential lamellar bone, seen in adult cortical bone as thin 
periosteal and endosteal layers 

 
Cement line 

 Formed during bone remodelling (reversal phase) 

 Corresponds to the initial layer of bone matrix deposited on the walls of the 
resorption space 

 High mineralization and high proportion of noncollageneous proteins 

 
 
 
Primary osteon 

 Requires a vascular space for formation 

 Fewer concentric lamellae than secondary osteon 

 Smaller vascular canal (diameter less than 100 µm). No cement (reversal) 
line 

 May be found in association with plexiform bone 

 Formed during rapid growth periods 

 
 
Secondary osteon 

 Requires pre-existing bone for formation 

 Cement (reversal) line present 

 Forms more slowly than immature bone types 

 More concentric lamellae compared to primary osteon 

 Larger vascular canals crossed by a single blood vessel  

 Predominant structure within adult cortical bone 

 
Interstitial bone 

 Lamellar remnants of pre-existing bone separated from the bone surface 
and vascular canals by the cement lines 

 Most commonly found in adult cortical bone 
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Primary lamellar bone occupies the greater part of the width of the diaphysis and 

presents superior biomechanical properties (Pfeiffer, 2006). In this type of bone, the 

incorporation of vascular spaces may lead to the formation of primary osteons (Martin et al., 

1998 in Pfeiffer, 2006). Besides woven and lamellar bone, another type of tissue called 

plexiform bone can be described. The histology of plexiform bone, also called fibrolamellar 

bone, is well known for many non-human mammals, especially in those whose body weight 

increases rapidly during development, requiring their bones to grow quickly in diameter (e.g. 

bovines, pigs and horses) (Dittmann et al., 2006). This type of bone has also been reported in 

children associated with major growth spurts (Pfeiffer, 2006). Nevertheless, this relationship is 

not consistently described, leading some authors to consider its presence or absence as a good 

way of distinguishing between human and non-human bone remains (Pfeiffer, 2006). 

Plexiform bone is characterized by a bricklike appearance that forms when woven bone is 

precipitated on the surface and the gaps fill with lamellar bone (Dittmann et al., 2006; Mulhern 

and Ubelaker, 2012).  

 

3.1.3. The Structure of Bone: Osteons, Arch-like Bone Structures 

and Cell Components 

The most striking differences between cortical and spongy bone tissue are of a structural 

and functional nature (Marks and Odgren, 2002).  

Structurally, cortical bone is made of columns arranged parallel to its long axis (Schultz, 

1997; Young et al., 2006). In each column, several concentric layers (or lamellae) are arranged 

around a neurovascular channel known as the Haversian canal (Wynsberghe et al., 1995; 

Schultz, 1997; Pfeiffer, 2000; Young et al., 2006; Chappard et al., 2011). These cylindrical units 

of calcified bone are named osteons or Haversian systems (Wynsberghe et al., 1995; Young et 

al., 2006). The osteons are considered the “cornerstones” of the cortical bone (Steiniche and 

Hauge, 2003: 62) or their structural unit (BSU – Bone Structure Units) (Chappard et al., 2011: 

2227), being subdivided into primary and secondary osteons (Table 3.1).  

Primary osteons are formed during the first generation of bone (Steiniche and Hauge, 

2003). In contrast, secondary osteons result from osteoclastic tunnelling of a mass of compact 

bone to produce a canal into which blood vessels and nerves grow (Young et al., 2006). These 

canals are lined internally by active osteoblasts whose function is to deposit concentric 

lamellae of bone (Young et al., 2006). During the appositional synthesis, the diameter of the 

osteon canal decreases and the osteoblasts become trapped as osteocytes in the lacunae 
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(Young et al., 2006). This means that the growth occurs from the periphery to the Haversian 

canal, with the number of lamellae per osteon varying between 2 and 20 (Schultz, 1997). A 

typical secondary osteon is demarcated from the surrounding bone by a cement or reversal 

line (Schultz, 1997; Pfeiffer et al., 2006). This line signifies where bone lysis stopped and 

osteoblast production occurred (Pfeiffer, 2000; Ortner and Turner-Walker, 2003; Steiniche and 

Hauge, 2003). Thus, the maximum diameter of an osteon is determined by the resorption 

process, as well as by the cement line (Pfeiffer, 2000) (Figure 3.2). In the human skeleton, the 

size of osteons varies from bone to bone (Pfeiffer, 2000). Nevertheless, a diameter that ranges 

between approximately 180 and 250 µm is commonly found (Ortner and Turner-Walker, 

2003)27. From the Haversian canal, multiple branches called perforating or Volkmann’s canals 

spread at right angles to extend the system of nerves and vessels outward and inward through 

the cortical tissue (Wynsberghe et al., 1995; Schultz, 1997; Steiniche and Hauge, 2003), and 

between periosteal and endosteal spaces (Chappard et al., 2011). As a result of the continuous 

production and resorption of bone, newly formed osteons are dispersed between partly 

resorbed systems in a process called internal or osteon remodelling (Schultz, 1997; Pfeiffer, 

2000). These remnants of osteons left by osteoclasts during the internal remodelling of bone 

are usually referred to as interstitial systems or lamellae (Schultz, 1997; Pfeiffer, 2000). 

Approximately two-thirds of cortical volume is formed by intact secondary osteons, and the 

remainder is filled with interstitial bone (Steiniche and Hauge, 2003).  

Unlike cortical bone, spongy or cancellous tissue has a loosely organized, porous matrix 

with few vascular channels (Ortner and Turner-Walker, 2003). Despite this, its BSUs are 

comparable to incomplete osteons with an arch-like appearance. Nevertheless, in developing 

individuals, intratrabecular Haversian systems are also observed (Chappard et al., 2011). In 

cancellous tissue, BSU’s form two types of trabeculae: large plates (arranged along the stress 

lines), connected laterally by pillars and rods that ensure cohesion, forming a honeycomb 

network structure (Chappard et al., 2011). The author points out that this characteristic 

structure varies, not only between different bones, but also with age. As in cortical bone, the 

cancellous remodelling occurs through the production of new bone and its deposition onto the 

surface of trabeculae previously eroded by osteoclasts. Between the newly formed bone, 

remnants of the eroded tissue persist, constituting the interstitial trabecular bone (Chappard 

et al., 2011). Thus, the only difference between cortical and trabeculae BSUs is the shape; the 

                                                           
27

 Several histomorphometric studies have shown that the size of osteons has changed through time, with 

past populations exhibiting small osteons when compared with modern groups. Additionally, there is some 

disagreement about the possible differences observed between sexes (Pfeiffer, 2000). 
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trabecular osteons are broad-lined because of the parallel lamellae (Steiniche and Hauge, 

2003). Additionally, they possess a reduced thickness (approximately 40-45 µm) and irregular 

cement lines (Steiniche and Hauge, 2003; Boel et al., 2007; Chappard et al., 2011).  

 

 

 

Figure 3.2: Micrography of a rib section of an adult male [SK.1235] from the Bocage Museum, Lisbon 

(Nikon Eclipse 80i®). A: Transmitted microscopy: 1. Secondary osteon with a well-defined cement line 

(white arrow); 2. Interstitial lamellae; 3. Secondary osteon partially resorbed. B: Same bone 

microstructure under polarized microscopy. Magnification 40x.  
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Functionally, the size and thickness of the cortex and the architecture of the spongy 

bone are optimally designed to support the biomechanical forces that bones must resist 

(Steiniche and Hauge, 2003), providing «(...) maximum strength for the least weight» (Young et 

al., 2006: 189). In the compact bone, the structure of osteons is designed to resist compressive 

forces, while the spongy bone is designed to support shifts in weight distribution (Wynsberghe 

et al., 1995). 

At the microscopic level, five different types of cells populate the bone tissue, namely 

the osteoprogenitor cells, osteoblasts, osteocytes, bone-lining cells and osteoclasts (Ortner 

and Turner-Walker, 2003; Robling et al., 2006). 

The osteoprogenitor cells are located in the bone marrow and result from the 

differentiation of non-hematopoietic mesenchymal stem cells (MSCs)28 (Ortner and Turner-

Walker, 2003). They can also be defined as pre-osteoblast precursors, which then differentiate 

into mature osteoblasts (Ortner and Turner-Walker, 2003). As starting units of the osteogenic 

process, the osteoprogenitor cells are abundant in growing individuals, decreasing in number 

with age (Jilka, 2002; Ortner and Turner-Walker, 2003). Jilka (2002: 581) points out that age 

has a deleterious effect on MSCs number through a reduction in the self-renewal capacity. 

Although the origin of osteoblasts recruited for bone synthesis in later life is unclear, there is 

some evidence that these stem cells are also present in the periosteum and endosteum 

(Ortner and Turner-Walker, 2003) (Figure 3.3). 

Osteoblasts are fully differentiated cells responsible for the formation of osteoid - the 

organic or unmineralized component of bone matrix (type I collagen, proteoglycans, and 

glycoproteins) (Schultz, 1997; Marks and Odgren, 2002; Ortner and Turner-Walker, 2003; 

Junqueira and Carneiro, 2005, Young et al., 2006). They are mononucleated cells with a well-

developed endoplasmic reticulum, a prominent Golgi apparatus, and numerous ribosomes and 

mitochondria that reflect the requirement for abundant protein production (Marks and 

Odgren, 2002; Ortner and Turner-Walker, 2003). When active, osteoblasts have a cuboidal to 

columnar shape with abundant basophilic cytoplasm (Junqueira and Carneiro, 2005; Young et 

al., 2006). Once their activity declines, they become flattened (Junqueira and Carneiro, 2005) 

and “spindle-shaped” (Young et al., 2006: 189). Osteoblasts are exclusively observed on the 

bone surface (Junqueira and Carneiro, 2005: 190), lying beneath the periosteum and on the 

                                                           
28

 Non-hematopoietic mesenchymal stem cells (or MSCs) are pluripotent units that have the ability to 

differentiate into multilineage cells, forming distinct types of mesenchymal tissues, such as bone, cartilage, ligament 

or muscle (Gregory et al., 2005; George et al., 2006). Due to its pluripotent nature, these cells are currently used in 

tissue engineering as a clinical solution to improve tissue and organ transplantation (George et al., 2006).  
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outer shell of trabeculae (Schultz, 1997). During osteoid synthesis, some osteoblasts may 

become enclosed by newly formed matrix, turning into osteocytes (Junqueira and Carneiro, 

2005). Others may be transformed in bone-lining cells (resting osteoblasts) or undergo 

apoptosis (Jee, 2001). Another function advanced by researchers is their transdifferentiation 

into cells that deposit chondroid or chondroid bone (Franz-Odendaal et al., 2006). 

 

  

Figure 3.3: Schematic diagram of the genesis of osteoblast and osteoclast cells in their role in bone 

formation and resorption (content from Price et al. 1993; design reproduction by Sandra Assis). 

 

Mature osteocytes are stellated or dendritic-shaped cells formed during the last 

differentiation stage of the osteoblastic lineage (Nijweide et al., 2002). They can be described 

as inactive osteoblasts that become trapped in the newly formed bone (Young et al., 2006)  

The transformation from osteoblasts to osteocytes is accompanied by several cellular 

changes (Figure 3.4). At the early stage of cell differentiation, the newly formed osteocytes, 

also called osteoid-osteocytes, are larger than mature or “older” osteocytes and possess well-

developed Golgi apparatus for collagen storage (Franz-Odendaal et al., 2006). After 

mineralization of the osteoid, the osteocytes undergo structural changes characterized by a 

reduction in the endoplasmic reticulum and Golgi apparatus due to a decrease in the synthesis 

of proteins (Franz-Odendaal et al., 2006). The authors also note that the size and shape of the 
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newly formed osteocytes vary according to the activity and size of the committed osteoblasts, 

as well as with the type of bone formed; for instance, in woven bone the osteocytes are 

isodiametric, whereas in lamellar bone they are flattened and oblate with their long axis 

parallel to the thickness of the lamellae (Franz-Odendaal et al., 2006). Osteocytes are long-

living cells (Junqueira and Carneiro, 2005) whose life span is largely determined by bone 

turnover (Nijweide et al., 2002). They are also the most abundant cell type in bone (Klein-

Nulend and Bakker, 2007). Osteocytes reside in oval cavities within the bone matrix that are 

called lacunae (Marks and Odgren, 2002; Ortner and Turner-Walker, 2003; Young et al., 2006). 

From the cell bodies, long filopodia-like cytoplasmic processes spread radially through small 

channels named canaliculi (Marks and Odgren, 2002; Nejweide et al., 2002; Ortner and Turner-

Walker, 2003; Young et al., 2006). These cytoplasmic extensions are used by mature cells to 

communicate with neighbouring osteocytes (Figure 3.4), bone-lining cells, and osteoblasts, 

forming a complex network or syncytium (Nejweide et al., 2002; Ortner and Turner-Walker, 

2003; Klein-Nulend and Bakker, 2007; Qing and Bonewald, 2009). The lacunocanalicular system 

described allows the transport of nutrients, waste products, and chemical signals between the 

Haversian blood vessels and the bone cells (Nejweide et al., 2002; Ortner and Turner-Walker, 

2003; Young et al., 2006). Two main functions can be ascribed to osteocytes: blood-calcium 

homeostasis and mechanosensory regulation (Cullinane and Einhorn, 2002; Nejweide et al., 

2002). Osteocytes seem to have a key role in the regulation of calcium and phosphorus levels 

into and out of the bone matrix, and for the bloodstream (Nejweide et al., 2002; Ortner and 

Turner-Walker, 2003; Klein-Nulend and Bakker, 2007). Additionally, they are considered the 

mechanosensors of bone, being responsible for the maintenance of its osteonic and trabecular 

architecture (Nejweide et al., 2002)29. Thus, a frequent question is postulated by researchers: 

«are the osteocytes the “nerve cells” of the mineralized bone matrix?» (Nijweide et al., 2002: 

93). Recent studies indicate that osteocytes form a neuralgic centre “(...) where bone is 

informed about local osteopenia or bone redundancy in relation to its usage” (Nejweide et al., 

2002: 103). Nevertheless, and contrary to neurons, this transmission of signals is made by gap 

junctions instead of synapses (Marotti, 2000; Junqueira and Carneiro, 2005; Young et al., 

2006). Specific neurotransmitters like nitric oxide and amino acid glutamate are synthesised as 

messengers (Marotti, 2000; Cullinane and Einhorn, 2002). According to Seeman (2006: 1443), 

                                                           
29

 The apoptosis of osteocytes, which may occur through microdamage, estrogen deprivation, elevated 

cytokines, glucocorticoid treatment, osteoporosis, osteoarthritis, aging, and after immobilization, has the opposite 

effect: a decrease in bone mechanoregulation and an activation of bone resorption by osteoclasts (Klein-Nulend and 

Bakker, 2007).  



 

CHAPTER 3 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

75 

osteocytes orchestrate focal modelling and remodelling by detecting strain, modify the 

distribution of bone tissue focally to accommodate stress, and produce the diversity of 

contours and shapes that characterize bones. To a limited extent, these cells also have the 

capacity to synthesize and to resorb their perilacunar matrix (Marks and Odgren, 2002; Franz-

Odendaal et al., 2006) through a process called osteocytic osteolysis (Qing and Bonewald, 

2009). For decades, the “digestive” function of osteocytes was coupled with bone remodelling 

(Cullinane and Einhorn, 2002). Current understanding is that the lytic activity of these cells 

plays a role, not in the bone matrix remodelling but in the systemic mineral homeostasis 

(Cullinane and Einhorn, 2002; Qing and Bonewald, 2009).  

Bone-lining cells can be described as flat, elongated and inactive cells that cover the 

bone surface (Marks and Odgren, 2002; Walsh et al., 2003), laying in close proximity to the 

osteoblasts (Walsh et al., 2003). Additionally, they have also been identified adjacent to the 

Haversian canal wall (Miller and Jee, 1987 in Walsh et al., 2003). Apparently the bone-lining 

cells are not directly involved in bone formation or resorption (Marks and Odgren, 2002; Walsh 

et al., 2003), since they possess few cytoplasmic organelles (Marks and Odgren, 2002; Ortner 

and Turner-Walker, 2003). For that reason they have received little attention in the study of 

bone microstructure. Marotti (2000) claims that one of the biggest mistakes made by 

researchers was to consider the bone only in its productive and destructive stage (or transient 

phase), neglecting the intermediate steps where bone-lining cells seem to have an important 

role. According to Everts et al. (2002: 85): «(...) bone-lining cells exert a series of activities 

crucial for remodelling of bone: after withdrawal of the osteoclast from the resorption pit, 

bone-lining cells enter the lacuna and clean its bottom from matrix leftovers. This cleaning 

proves to be a prerequisite for the subsequent deposition of a first layer of (collagenous) 

proteins in the resorption pits». Therefore bone-lining cells are important for modulating 

osteoclast activity (Everts et al., 2002). Other authors, such as Burger and Klein-Nulend (1999), 

describe bone-lining cells as being part of the osteocyte network that guarantees the 

functional integrity and mechanical adequacy of a bone organ. 
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Figure 3.4: Micrography of a rib sample of an adult female [Sk. 119] from the Bocage Museum, Lisbon 

(Nikon Eclipse 80i®). A: Light microscopy. 1. Periosteal circumferential lamellae; 2. Endosteal 

circumferential lamellae; 3. Abnormal periosteal new bone deposition (woven bone); 4. Secondary 

osteon; 5. Multiple osteoid-osteocyte lacunae (elliptical black spots); 6. Lamellar osteocyte lacunae 

(enlongated black spots). Magnification 40X B: Polarized microscopy. 1. High concentration of 

disorganized osteoid-osteocyte lacunae (woven bone); 2. Flattened osteocyte lacunae in an almost 

linear arrangement; 3. Osteocyte lacunae exhibiting their canaliculi and the formation of a syncytium; 4. 

Small lamellar osteocytes. Magnification 100X. 
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Originating from the hematopoietic cells of the monocyte-macrophage lineage, the 

osteoclasts constitute a group of cells responsible for the breakdown and resorption of bone 

(Marks and Odgren, 2002; Takahashi et al., 2002; Ortner and Turner-Walker, 2003; Novack and 

Teitelbaum, 2008; Proff and Römer, 2009). Thus, their differentiation pathway is common to 

that of macrophages and other cells that practice phagocytosis (Schultz, 1997; Väänänen et al., 

2000; Väänänen and Zhao, 2002; Young et al., 2006). Osteoclasts are mobile, multinucleated30 

giant cells that are seen lying in etched depressions in the bone matrix called Howship’s 

lacunae (Schultz, 1997; Junqueira and Carneiro, 2005; Young et al., 2006). Nuclei are typically 

located toward the antiresorptive surface (Marks and Odgren, 2002; Novack and Teitelbaum, 

2008). In the cytoplasm, multiple circumnuclear Golgi stacks, a high density of mitochondria 

and abundant lysosomal vesicles are present (Marks and Odgren, 2002). The high number of 

lysosomes reflects the potential of these cells for destruction of bone tissue (Ortner and 

Turner-Walker, 2003). When active, osteoclasts rest on the bone surface and possess two 

distinct plasma membranes: a ruffled border and a clear zone (Marks and Odgren, 2002; 

Junqueira and Carneiro, 2005). The ruffled border is the central, highly infolded area of the 

plasma membrane composed of fine microvilli (Marks and Odgren, 2002; Young et al., 2006). 

From this area, several organic acids and lysosomal proteolytic enzymes which will dissolve the 

mineral and the organic components of bone, respectively, are produced (Young et al., 2006). 

Therefore, the ruffled border is commonly considered the “resorptive organelle” par 

excellence (Väänänen and Zhao, 2002; Novack and Teitelbaum, 2008: 462). After migration to 

the resorption site, a specific membrane domain, the sealing zone or actin ring, forms under 

the osteoclast body (Väänänen et al., 2000; Novack and Teitelbaum, 2008). This zone is a 

microfilament-rich, organelle-free structure that serves as the point of attachment of the 

osteoclast to the underlying bone matrix (Marks and Odgren, 2002; Junqueira and Carneiro, 

2005). Additionally, it creates an isolated extracellular microenvironment, sealing the 

resorption site from its surroundings (Väänänen et al., 2000; Novack and Teitelbaum, 2008). 

There is an unanimous consensus among biologists that the main physiological function of 

osteoclasts is to degrade mineralized bone matrix, as well as dentine and calcified cartilage 

(Väänänen et al., 2000; Väänänen and Zhao, 2002). Proff and Römer (2009) point out that the 

mineral component of bone and teeth is dissolved through the secretion of hydrochloric acid, 

whereas the organic phase is degraded by specific enzymes, such as the lysosomal cathepsin K 

and, to a lesser extent, by the matrix metalloproteinases. Osteoclastic bone resorption is a 

                                                           
30

 Each cell may contain from 5 to 50 (or more) nuclei (Junqueiro and Carneiro, 2005). 
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cyclical phenomenon – also called a resorption cycle - in which the cells converge on the target 

area, degrade the underlying matrix, detach and finally suffer apoptosis or return to their non-

resorbing stage to restart the process (Väänänen et al., 2000; Novack and Teitelbaum, 2008). 

The cycle is regulated by systemic and local chemical signals (Ortner and Turner-Walker, 2003). 

After matrix degradation, the waste products are removed from the lacuna via the ruffled 

border and deposited into the extracellular space (Väänänen et al., 2000). Resorption of 

mineralized tissues is crucial for normal skeletal maturation that includes bone growth and 

remodelling, as well as tooth eruption and fracture healing (Väänänen et al., 2000; Väänänen 

and Zhao, 2002). Additionally, this process has an unquestionable role in the maintenance of 

blood calcium homeostasis (Väänänen et al., 2000; Väänänen and Zhao, 2002; Young et al., 

2006).  

 

3.1.4. The Microarchitecture of Bone: Bone Dynamics and Tissue 

Envelopes  

Bone development and maintenance comprises three distinct but interconnected 

phases: growth, modelation and remodelation (Robling and Stout, 2008).  

During individual growth, bone can be formed through intramembranous ossification 

that results from the direct mineralization of matrix secreted by osteoblasts, or by 

endochondral ossification, which occurs by deposition of bone matrix over a pre-existing 

cartilage matrix (Junqueira and Carneiro, 2005).  

Intramembranous ossification has its onset during the embryonic development of the 

skeleton (Marks and Odgren, 2002) and at the primary centres of ossification (Junqueira and 

Carneiro, 2005). In these islands of developing bone, the osteoprogenitor cells differentiate 

into osteoblasts which begin the synthesis of osteoid. Mineralization then follows, converting 

the trapped osteoblasts into osteocytes (Karaplis, 2002; Young et al., 2006). As a consequence 

of the radial growth and fusion of neighbouring ossification centres, the primitive 

mesenchymal tissue is replaced by woven bone (Junqueira and Carneiro, 2005; Young et al., 

2006). Finally, the primary bone is extensively remodelled to form mature or lamellar bone 

(Junqueira and Carneiro, 2005). Intramembranous ossification underlies the formation of most 

of the flat bones of the skull, maxillary bones and parts of the mandible and clavicle (Karaplis, 

2002; Marks and Odgren, 2002; Junqueira and Carneiro, 2005; Young et al., 2006). 

Additionally, it contributes to the growth of short bones and thickening of long bones 

(Junqueira and Carneiro, 2005). 
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In contrast, endochondral ossification occurs within a portion of hyaline cartilage whose 

shape resembles the bone to be formed (Junqueira and Carneiro, 2005; Young et al., 2006). 

The process follows a complex and predefined sequence of events that begin in the diaphyseal 

area, as described below (Wynsberghe et al., 1995; Karaplis, 2002; Junqueira and Carneiro, 

2005; Young et al., 2006):  

i. About 6 to 8 weeks after conception, the mesenchymal stem cells of the embryo 

multiply rapidly and cluster together to form a cartilage model; 

ii. This bone prototype undergoes appositional growth to form a more stretched mass of 

cartilage composed of a central shaft (pre-diaphysis) and two extremities (pre-

epiphyses); 

iii. Soon after, a thin layer of primitive perichondrium appears covering the outer surface of 

cartilage; this is responsible for the appositional growth, serving as a source for 

chondroblasts;  

iv. As the cartilage grows, the perichondrium is replaced by a fibrous membrane called 

periosteum. Beneath periosteum, the osteoprogenitor cells differentiate into 

osteoblasts, and matrix synthesis occurs. Furthermore, a hollow cylinder of trabecular 

bone called a bone collar is formed;  

v. In the next step, a primary centre of ossification is produced near the central portion of 

the cartilage model (diaphysis). This occurs by osteoclast tunnelling of the bone collar 

that allows not only the spread of capillaries throughout the matrix, but also the 

transport of osteoprogenitor cells into the middle of the diaphysis, leading to the 

formation of the marrow cavity; 

vi. After birth, blood vessels enter the extremities of the cartilage model (epiphyseal 

cartilage), giving rise to the secondary centres of ossification. During their expansion 

both primary and secondary centres form cavities that are gradually filled with bone 

marrow; 

vii. Under the influence of biomechanical stress, the remnants of cartilage and the 

surrounding woven bone are remodelled to form the outer shell of compact bone; 

viii. Nevertheless, some cartilage is retained in joints and at the epiphyseal or growth 

plate31, which is responsible for the longitudinal growth of a long bone. When growth 

                                                           
31

 The growth plate is composed of five major zones: (1) resting zone, where chondrocytes are arranged 

randomly and separated by large amounts of matrix; (2) zone of proliferation, characterized by columns of discoid 

cells which result from the rapid division of chondrocytes; (3) hypertrophic cartilage zone, which allows the 

maturation and enlargement of chondrocytes and matrix synthesis; (4) calcified cartilage zone, where after 



 

CHAPTER 3 

INCURSION TO THE BIOLOGY OF BONE AND DISEASE 
 
 

 

80 

stops, the epiphysis fuses to the diaphysis leaving an epiphyseal line which eventually 

disappears. 

 

Endochondral ossification is responsible for the formation of long bones, as well as the 

vertebrae, pelvis and bones of the base of the skull (Young et al., 2006). Despite the value of 

endochondral ossification in foetal osteogenesis, the synthesis of ossifying bone on a cartilage 

scaffold is also an essential part of postnatal growth, bone modelling and fracture repair 

(Karaplis, 2002). In a growing skeleton, the normal architecture is achieved by bone modelling 

(Gross and Bain, 1993; Marks and Odgren, 2002; Pfeiffer et al., 2006). This process insures the 

“transverse and longitudinal bone geometries” (Gross and Bain, 1993: 152), which are crucial 

to sustaining biomechanical load (Robling et al., 2006; Robling and Stout, 2008; Safadi et al., 

2009). During this period, which occurs in the first two decades of life, bone synthesis 

necessarily precedes and exceeds bone resorption (Marks and Odgren, 2002; Seeman, 2006). 

All processes that regulate bone development pre- and post-natally are under the influence of 

a variety of humoral and local factors (Marks and Odgren, 2002). Among these are growth, 

thyroid, glucocorticoid, vitamin D and sex hormones (Karaplis, 2002; Nijweide et al., 2002; 

Young et al., 2006: 197). Once skeletal maturity is reached, modelling is reduced to a residual 

level and remodelling takes place; however, modelling can be activated later in life in 

association with some diseases or when biomechanical constraints change drastically (Robling 

et al., 2006). 

Bone remodelling, also called bone turnover is a dynamic process not related to growth 

that may occur simultaneously in different locations of the skeleton (Junqueira and Carneiro, 

2005). It is a complex phenomenon responsible for the continuous change of the internal 

structure of bone, which involves two steps: removal of existing bone by osteoclasts and 

replacement of new bone by osteoblasts (Ott, 2002; Seeman, 2006). Nevertheless, and in 

contrast to modelling, the amount of bone formed equals the quantity of bone removed, in a 

process called bone coupling (Marks and Odgren, 2002). Any change in this perfect equilibrium 

can lead to several metabolic conditions (Ott, 2002), and other inflammatory processes, since 

bone remodelling is considered “an inflammatory repair response” (Martin, 2003: 105). 

                                                                                                                                                                          
mineralization, the chondrocytes undergo apoptosis, leaving irregular lacunae in the ossifying cartilage. These 

cavities are then invaded by blood vessels originating in the bone marrow; (5) ossification zone, characterized by 

the formation of endochondral bone. Osteoprogenitor cells lining the lacunae start to differentiate into osteoblasts 

and osteocytes. The osteoblasts deposit osteoid which calcifies into woven bone, whereas osteoclasts are involved 

in bone resorption (Wynsberghe et al., 1995; Karaplis, 2002). 



 

CHAPTER 3 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

81 

Bone is remodelled by a team of cells derived from distinct lineages called the basic 

multicellular unit (BMU) (Robling et al., 2006). The BMUs are not permanent units (Ott, 2002). 

They consist of coupled osteoclasts and osteoblasts that act in response to external signals or 

stimuli, eroding and refilling the bone surface (Ott, 2002; Ortner and Turner-Walker, 2003; 

Robling et al., 2006; Robling and Stout, 2008). A fundamental property is that remodelling 

occurs in specific locations following the same sequence: «(...) origination and organization of 

BMU, activation of osteoclasts, resorption of old bone, recruitment of osteoblasts, formation 

of new bone matrix, and mineralization» (Ott, 2002: 304). These steps comprise the bone 

remodelling cycle (Figure 3.5), which takes 4 or 5 years to be completed (Ott, 2002). During a 

person’s lifetime many cycles of bone turnover may occur (Carter and Beaupré, 2001), as the 

BMUs are responsible for the appositional growth of long bones (Marks and Odgren, 2002). 

The appositional growth is responsible for the resorption of compact and cancellous bone in 

the marrow cavity (endosteal surface) and by its addition externally (periosteal surface) (Marks 

and Odgren, 2002; Ortner and Turner-Walker, 2003). Bone periosteal deposition and endosteal 

removal must be conducted in balance in order to maintain the mechanical integrity of bone 

(Ortner and Turner-Walker, 2003). Thus, BMUs can be ascribed as mediator mechanisms that 

bridge individual cellular activity to whole bone morphology (Robling et al., 2006). The 

remodelling cycle operates on the periosteal and endosteal surfaces, as well as on the surface 

of bone trabeculae, and at the linings of vascular channels in compact bone (Ortner and 

Turner-Walker, 2003: 22). However, there are a number of differences between cortical and 

cancellous remodelling (Ott, 2002). The renewal of cancellous bone is made along the surface 

either through bone channelling or by extending out over a certain area (Ott, 2002). This 

potentially increases the bone volume, a process that cannot occur in cortical tissue (Ott, 

2002). In cortical and intracortical remodelling, tunnels are produced throughout the bone 

cortex (Ott, 2002). Additionally, woven bone can be added to its periosteal surface in response 

to mechanical loading, an event not observed in cancellous bone (Ott, 2002). Other features of 

trabecular bone remodelling include the formation of microcalluses and a more ready access 

to marrow cells (Ott, 2002).  
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Figure 3.5: Classical scheme of bone remodelling process comprising the four stages of cell interplay 

(content from: http://www.ns.umich.edu/Releases/2005/Feb05/img/bone.jpg; design reproduction by 

Sandra Assis). 
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Remodelling is essential to repair fatigue microdamage and thus maintain bone strength 

(Ott, 2002; Martin 2003; Seeman, 2006). In addition, it also contributes to mineral metabolism 

(Ott, 2002) and ionic balance (Hall, 2005). Histologically, the remodelling cycle produces 

secondary osteons (Pfeiffer et al., 2006). Foremost, it is a complex process determined by the 

mutual interaction of osteoblasts and osteoclasts. Any disturbance in this perfect balance will 

affect remodelling leading to the development of severe bone diseases, such as osteoporosis 

(Proff and Römer, 2009).  

Bone is composed by two envelopes of condensed fibrous tissue: an external, the 

periosteum; and an internal, the endosteum (Junqueira and Carneiro, 2005; Young et al., 

2006). The periosteum32 is a thin membrane of connective tissue that covers the outer surface 

of long bones except for tendon insertions, joint surfaces and sesamoid bones (Wynsberghe et 

al., 1995; McWhinney et al., 2001; Allen et al., 2004). In mature individuals this dynamic tissue 

is subdivided into two levels: an outer layer named the stratum fibrosum, which is composed 

of a complex network of fibroblasts and collagenous fibers – Sharpey’s fibers that anchor the 

membrane to the underlying bone; and an inner layer (or stratum osteogenicum) that retains a 

highly osteogenic potential33 (Schultz, 1997; Junqueira and Carneiro, 2005; Ortner, 2008). This 

germinative or “cambium” layer (Ito et al., 2001: 215) is composed of cells in distinct stages of 

maturation, such as mesenchymal progenitor cells, differentiated osteogenic progenitor cells, 

osteoblasts and fibroblasts, as well as nerves and capillaries that supply the periosteum in a 

sparse collagenous matrix (Ellender et al., 1988; Squier et al., 1990; Fang and Hall, 1997; 

Schultz, 1997; McWhinney et al., 2001; Aubin and Triffitt, 2002; Junqueira and Carneiro, 2005; 

                                                           
32

 The first description of the microstructure of the periosteum was made by Anthon van Leeuwenhoek 

(1632-1723, Netherlands). As can be read in his letter to the Royal Society: «[t]o the cortex of the bone, the 

periosteum is united, not only on the outside, but even by entering in many places into the very substance of the 

bone, and join’d to it by the vessels, which issue out from the bone, in such at sometimes one cannot determine 

which is the bone, and which belongs to the membrane investing it, they both appearing in the microscope to 

consist alike of exceeding small vessels» (Leeuwenhoek, 1720: 93). In 1739, Henri-Louis Duhamel du Monceau 

(1700-1782, France) recognized the capability of periosteum to form new bone (Dwek, 2010). By embedding silver 

wires in the bones of growing animals, he found out that after some time the metallic object became completely 

covered by bone, concluding that periosteum is osteogenetic and operates similarly to the cambium layer of the 

trees (Dwek, 2010).  
33

 The assertion that the periosteum has osteogenic capabilities was not consensual throughout time. In 

1800, Baron Guillaume Dupuytren (1777 – 1835, France) suggested that the periosteum plays an important role in 

fracture repair (Altun, 2008). A century later, Sir William Macewan (1848 – 1924, U.K.) described in his work “The 

Growth of Bone”, published in 1912, that periosteum cannot be viewed as osteogenic, but merely as a limiting 

membrane (Gallie and Robertson, 1914; Altun, 2008). In 1928, Emil Geist (U.S.A) published a short report entitled 

“Does periosteum form bone?”, in which he concludes that the new bone formed during bone repair has a 

periosteal origin (Geist, 1928). However, only in 1945 were the first impressions of Duhamel definitely confirmed by 

John Victor Lacroix (Altun, 2008). 
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Dwek, 2010). According to Schultz (1997: 197) the inner layer of the periosteum is the most 

important structure for bone regeneration (e.g. following fractures). 

The endosteum covers all of the internal cavities within bone, including the trabeculae 

of spongy bone and the walls of the blood vessels, and is formed by a single layer of flattened 

cells (Schultz, 1997; Junqueira and Carneiro, 2005). This membrane possesses small amounts 

of connective tissue and is smaller than periosteum (Junqueira and Carneiro, 2005).  

On the cortical bone, the osteons are located between the periosteal and endosteal 

envelops forming the circumferential lamellae. Under the periosteum and above the 

endosteum, the osteon layer is doubled by a number of parallel lamellae that constitute, 

respectively, the periosteal and endosteal bone tissue (Chappard et al., 2011). The main 

functions of periosteum and endosteum are to nourish the osseous tissue as well as to restore 

the number of osteoblasts needed for bone growth, remodelling and repair (Junqueira and 

Carneiro, 2005; Young et al., 2006), especially during fracture healing (Dwek, 2010).  

 

3.1.5. The Macroarchitecture of Bone: a Perfect Scaffold 

A typical long bone is composed of a tubular shaft called the diaphysis, which houses the 

medullary cavity, and by two roughly spherical extremities called the epiphyses (Wynsberghe 

et al., 1995; Schultz, 1997). Between the epiphyses and the diaphysis there is a transitional 

region named the metaphysis (Wynsberghe et al., 1995; Schultz, 1997; Carter and Beaupré, 

2001). In the growing individual the epiphysis and metaphysis are separated by the physis 

(Carter and Beaupré, 2001). The physis (or growing plate) is a cartilage platform that allows for 

longitudinal growth during an individual’s development (Wynsberghe et al., 1995; McGuinnis, 

1999; Scheuer and Black, 2000; Carter and Beaupré, 2001; Young et al., 2006).  

In cross section, two distinct types of bone are distinguishable: cortical (or compact) and 

spongy (or cancellous) (Marks and Odgren, 2002; Ortner and Turner-Walker, 2003; Steiniche 

and Hauge, 2003; Young et al., 2006). Cortical tissue appears as a solid continuous mass that 

makes up the thick-walled cylinder (diaphysis) of the long bones (Wynsberghe et al., 1995; 

Ortner and Turner-Walker, 2003; Steiniche and Hauge, 2003). In contrast, spongy bone is a 

reticulate tissue that consists of thin trabeculae arranged in a three-dimensional (3D) network 

(Steiniche and Hauge, 2003; Young et al., 2006). This bony tissue is primarily observed in the 

roughly spherical extremities (epiphyses) of the tubular bones (Wynsberghe et al., 1995; 

Ortner and Turner-Walker, 2003). Other common places for spongy tissue are the bodies of 

vertebrae and the flat bones of the pelvis and skull (Ortner and Turner-Walker, 2003).  
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All bony elements are involved in two important life processes: mechanical and 

homeostatic (Pfeiffer, 2000; Pfeiffer et al., 2006). The bone tissue supports the soft structures 

and protects major organs such as those in the cranial and thoracic cavities (Cullinane and 

Einhorn, 2002; Karaplis, 2002; Hall, 2005; Junqueira and Carneiro, 2005). In addition, other 

skeletal functions can be highlighted, such as the ability to produce movement and to store 

calcium and other minerals (Karaplis, 2002; Marks and Odgren, 2002; Junqueira and Carneiro, 

2005; Pfeiffer et al., 2006). It also serves an important role in calcium metabolism and in body 

haematopoiesis34 (Gross and Bain, 1993; Frassico et al. 1997; Cullinane and Einhorn, 2002; 

Marks and Odgren, 2002; Karaplis, 2002; Pearson and Lieberman, 2004; Hall, 2005). 

In summary, bone is a multifunctional and physiologically dynamic tissue that is in 

continuous adaptation to the surrounding environment (Gross and Bain, 1993; Lieberman, 

1997; Cullinane and Einhorn, 2002; Roberts et al., 2004). An awareness of how the external 

forces interact with the skeletal tissue is useful to understanding the mechanics of bone 

lesions (Carter and Beaupré, 2001).  

 

3.1.6. The Human Ribs: Gross Anatomy, Development and 

Microstructure  

In general, an adult individual possesses 12 pairs of ribs (a total of 24) that articulate, on 

the posterior plane, with the thoracic vertebrae via synovial joints, and on the anterior plane, 

with the ventral hyaline costal cartilage, encircling the rib cage (Scheuer and Black, 2000). 

Nevertheless, the number of ribs may vary due to the presence of an additional cervical or 

lumbar pair, or by the agenesis of the twelfth pair (Scheuer and Black, 2000). Developmental 

errors during growth and ossification processes can lead to ribs agenesis (Glass et al., 2002; 

Castriota-Scanderbeg and Dallapiccola, 2005). Despite the apparent singularity, bilateral 

agenesis of ribs is a common occurrence in a normal individual.  

Ribs can be subdivided into typical and atypical according to their morphology. The 

typical ribs are the most numerous in the chest wall and include the ribs number 3 to 9 (R3-

R9). The atypical or special ribs are the 1st, 2nd and the 10th to 12th (R1, R2 and R10-R12) 

(Scheuer and Black, 2000; White and Folkens, 2005). Ribs can also be grouped in relation to 

the anterior point of articulation. The first seven ribs (R1-R7) articulate directly with the sternal 

                                                           
34

 According to Travlos (2006: 549) “hematopoiesis is a compartmentalized process within the 

hematopoietic tissue (…)” that is responsible for the production of the blood compounds. This type of tissue is 

found in the bone marrow located in the central cavities of axial and long bones, and is composed by blood cells, 

barrier cells, adipocytes and macrophages. 
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costal notches via cartilage. Ribs 8, 9 and 10 are interconnected by common cartilage that 

anchors them to the sternum. The remaining ribs (R11 and R12), also called free-floating ribs, 

do not articulate with any anatomical structure (White and Folkens, 2005).  

Broadly, ribs are composed of the following anatomical structures (Figure 3.6):  

 Head, an enlarged posterior portion that articulates with the thoracic vertebrae 

by one (R1, R10-12), or two (R2-R9) joints;  

 Neck, a short segment between the head and the rib’s joint that articulates with 

the transverse process of the thoracic vertebra;  

 Interarticular crest, a bony structure that separates the joint facets;  

 Tubercle, located at the posteroinferior corner of each rib, being the point of 

contact between the shaft and the neck;  

 Shaft or body, which constitutes the remaining portion of the rib extending from 

the tubercle to the sterna end. The shaft of ribs 3 to 6 is thicker and rounder in 

cross section compared to ribs 7 to 12; 

 Body angle, represented by a sharp curve in the bone lateral to the tubercle. On 

the inferior border of ribs, there is a subcostal groove, which is more pronounced 

posteriorly, especially between ribs 5-7, and houses the intercostal neurovascular 

bundle (Scheuer and Black, 2000; White and Folkens, 2005).  

 

 

Figure 3.6: Example of the morphology of a typical human adult rib (adapted from Scheuer and Black, 

2000: 233).  
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In terms of texture (Figure 3.7), the ribs present an inner smooth surface covered by 

parietal pleura – the pleural surface, and an outer rugous surface that bears various insertion 

marks to the attachment of muscles, and the cutaneous surface (Scheuer and Black, 2000). 

 

 

Figure 3.7: Rib cross-section illustrating the location of the cutaneous and pleural surfaces (3
rd

 right rib 

from the adult male Sk. 102 from the Bocage Museum, Lisbon).  

 

The growth and development of ribs occur, with the exception of the eleventh and 

twelfth ribs, from four centres of ossification (White and Folkens, 2005) (Table 3.2). The first 

centres emerge early in foetal life and are fully developed at birth (Scheuer and Black, 2000; 

Pfeiffer, 2006). During puberty (12-14 yrs), the secondary centres of ossification appear in the 

rib’s head at the sites of articulation. Additionally, other centres may occur at the non-

articulating areas of the tubercle (Scheuer and Black, 2000; White and Folkens, 2005). Also in 

early puberty, the epiphysis for the articulating region starts to develop (Scheuer and Black, 

2000). The costal groove, normally absent at birth, becomes prominent on the inferior border 

of ribs during childhood (Pfeiffer, 2006). The epiphyses of the head of the ribs are the last to 

form, being fused around 17 yrs. All epiphyses are fused to the rib body in early adulthood 

(White and Folkens, 2005).  
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Table 3.2: Summary of the main morphological changes observed on ribs during growth and 

development (adapted from Scheuer and Black, 2000: 242). 

Period Morphological Changes  

Foetal 

Wks 8-9 Primary centres of ossification appear in ribs 5-7 

Wks 11-12 All ribs exhibit ossification centres 

Non-adults 

Birth All primary ossification centres are present 

12-14 yrs Epiphyses appear in the non-articular region of the tubercle 

Adult 

18 yrs Epiphyses appear in the articular region of the tubercle 

17-25 yrs Epiphyses appear and fuse in the head region 

>25 yrs Ribs are fully adult 

 

The growth and ossification of the ribs is greatly controlled by the genetic pool of the 

individuals. Nevertheless, the morphology of ribs may be influenced during development by 

the surrounding environment. Thus, the upper ribs are modified by the shape of the lung buds 

and heart, whereas the lower ribs grow to house the abdominal viscera, such as the liver 

(Scheuer and Black, 2000). According to Pfeiffer (2006), the expansion of the rib cage follows 

the development of the lungs, with a rapid increase in size after birth, then a slow growth 

during mid-childhood, and a rapid period of growth at puberty. This evidence indicates that 

the rib cage not only protects vital organs but is also shaped by them.  

At the microscopic level, ribs are composed of cancellous bone surrounded by a thin rim 

of cortical tissue (Figure 3.7). As in the long bones, the spongy core is composed of plates and 

columns of trabeculae filled with bone marrow (Cormier, 2003). Similarly, the cortical or 

compact bone is formed by an array of osteons or Haversian systems connected by lamellar 

bone (Cormier, 2003). Between birth and adulthood, a set of important transformations occur 

in the microstructure of ribs, both at the cutaneous and pleural surfaces (Table 3.3).  
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Table 3.3: Summary of the microstructural changes observed on ribs during growth and development 

(adapted from Streeter, 2012). 

Rib phases Microstructural changes observed on ribs  

 
 
 
 
 
 
 
 
Phase I: 
< 5 yrs  

 
 
 
General considerations 

The primordial cortex is mostly composed of woven bone. The 
margins of the medullar cavity initially indistinct become more 
clearly defined at the end of this phase. Modelling drift

35
 is 

discernible as the deposition of circumferential lamellae replaces 
the woven bone. This transition starts first at the pleural surface and 
later in the cutaneous periosteal cortex 

 
Cutaneous cortex 

Thinner, mostly woven bone, many primary vascular canals. 
Osteoclastic resorption is evident at the scalloped surfaces 
(Howship’s lacunae) 

 
Pleural cortex 

Thicker, some woven bone, primary lamellae initially form 
endosteally. Presence of many Volkmann’s canals. Osteoclastic 
resorption is evident at the scalloped surfaces (Howship’s lacunae). 

Woven bone Most of both cortices 

Primary lamellar bone Rare, small areas on pleural endosteal and cutaneous periosteal 
surfaces initially 

Remodelling  Rare 

 
 
 
 
 
 
 
 
 
Phase II: 
5-9 yrs  

 
 
 
General considerations 

Presence of drifting osteons aligned in parallel rows from the 
periosteum and the endosteum. These osteons are normally 
incompletely formed and eccentrically orientated. Signs of 
resorption are indicated by the presence of scalloped Howship’s 
lacunae on the opposite site of the vascular canal 

Cutaneous cortex Thinner, mostly intracortical woven bone with many primary 
vascular canals 

Pleural cortex Thicker (two to three times the width of the cutaneous cortex), 
largely primary lamellar bone, few drifting osteons, many 
Volkmann’s canals 

Woven bone In some areas of the cutaneous cortex, rare woven bone on pleural 
cortex 

Primary lamellar bone Primarily in pleural cortex 

 
Remodelling 

Intracortical remodelling in the form of large drifting osteons on 
pleural cortex originating from the primary lamellar bone near the 
periosteal surface of the pleural cortex 

 
 
 
 
 
Phase III: 
10-17 yrs  

 
 
 
General considerations 

Primary lamellar bone increasingly remodelled in both cortices with 
drifting osteons more deeply located. Presence of a thin rind of 
primary lamellar or woven bone that develop along the cutaneous-
periosteal surface. At some points, this unremodelled bone is 
crossed with primary vascular canals, indicating an accelerated 
cortical modelling typical of the puberty growth spurt 

Cutaneous cortex Thinner, mostly lamellar bone with some remodelling, periosteal 
woven bone, and more porous with large resorptive bays (drifting 
osteons) 

Pleural cortex Thicker, denser remodelling, still some areas of primary lamellar 
bone 

Woven bone Thin rind on cutaneous periosteal surface 

Primary lamellar bone Both cortices intracortically and often on cutaneous periosteal 
surface 

Remodelling Drifting osteons on both cortices. 
 

                                                           
35

 Modelling drift, or osseous drift (as enunciated by Enlow in 1962), is the phenomenon that controls the 

spatial distribution of bone in response to physiological and biomechanical stimuli (Maggiano, 2012: 140). At this 

stage, the bone moves in anatomical space-time so dramatically to accommodate the rates of formation and 

resorption along the periosteum and endosteum that its adult position is far removed from its initial immature 

position (Maggiano, 2012).  
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Phase IV: 
18-21 yrs 

General considerations Rib cortices with a more adult morphology characterized by the 
presence of secondary osteons (type I) 

Cutaneous cortex Thinner, dense remodelling, osteons three to four rows deep, rarely 
primary lamellar bone periosteally 

Pleural cortex Thicker, dense remodelling, osteons three to five rows deep, 
occasional areas of primary lamellar bone intracortically 

Woven bone None or rare 

Primary lamellar bone Isolated areas on both cortices intracortically 

Remodelling Both cortices, fewer drifting osteons more type I (secondary) 
osteons. 

 

The microanatomy of the subadult and adult ribs is substantially different. In subadults, 

the distinct features observed are closely related with the ongoing process of growth and 

modelling (Streeter, 2012). During the early stages of growth, ribs are formed by woven bone 

that is progressively replaced by primary lamellar bone deposited as circumferential lamellae 

on both the periosteal and endosteal surfaces (Streeter, 2012). Pfeiffer (2006), studying the rib 

microstructure of an identified juvenile skeletal sample (Spitalfields, U.k., 18th-19th centuries), 

concluded that during infancy through mid-childhood, and later in adolescence, structures 

similar to “plexiform bone” can be observed.  

From birth to maturity, important changes also occur at the total area of the rib cross-

section (Pfeiffer, 2006). Before the second decade of life, an increase in the cortical thickness is 

observed through bone formation at the periosteum (Streeter, 2012). When adulthood is 

reached, the periosteal expansion slows and the rate of marrow cavity expansion increases, 

leading to a reduction in the cortical area and an increment of the medullary space (Pfeiffer, 

2006; Streeter, 2012). This growth dynamic is under rule of a process called “modelling drifts” 

(Streeter, 2012: 140). This process is responsible for the resorption of older bone at the 

pleural-endosteal and cutaneous-periosteal surfaces (Streeter, 2012). A similar mechanism 

occurs for the trabecular bone. Cancellization or trabecularization takes place at the 

cutaneous-endosteal surface after the partial digestion of peripheral osteons, whose remnants 

are then converted into cancellous bone (Streeter, 2012). Remodelling of ribs occurs by 

replacement of primary lamellar bone and formation of secondary osteons, which constitute 

the dominant feature of the adult ribs (Pfeiffer, 2006; Streeter, 2012).  
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3.2. PERIOSTEAL NEW BONE FORMATION (PNBF): BONY CHANGES 

AT THE SURFACE 

 

Many pathological conditions leave their testimony in human bones. Although a true 

statement, the precise diagnosis of the numerous conditions that affect the skeleton is far 

from being easy or even consensual. This reality is the result of the limited response of bone 

tissue to internal or external assaults. In fact, it is well recognized by researchers that bone 

only has three types of response: abnormal bone production; excessive bone resorption, or a 

combination of both (Ortner, 2003b; Ortner, 2008). 

The formation of deposits of new bone, also called periosteal new bone formations 

(PNBF) or periosteal reactions (PR) is a common finding in a large spectrum of conditions 

(Ortner, 2003d). Nevertheless, the knowledge about this bone response is not proportional to 

its occurrence. Thus, in the next pages an approach to the study of periosteal new bone 

formations will be made, attending to its definition, regulation, pathophysiology, classification 

and etiology.  

 

3.2.1. PNBF in the Clinical Literature 

3.2.1.1. A Definition 

Periosteal reaction (PR) constitutes a bone response of the periosteum to a variety of 

pathological conditions (e.g. osteitis, syphilis, leprosy, tumours, venous lesions, developmental 

disorders, endocrine disturbances), as well as to normal growth and stress injury (Edeiken et 

al., 1966; Steinbock, 1976; Burgener et al., 1991; Aufderheide and Rodríguez-Martín, 1998; 

Gladykowska-Rzeczycka, 1998; Ortner, 2003d; Wenaden et al., 2005; Haun et al., 2006; Tong et 

al., 2006; Rana et al., 2009; Nogueira-Barbosa et al. 2010). 

 

3.2.1.2. Mechanisms of Regulation and Pathophysiology 

During normal growth and remodelling, new bone is produced through a balanced 

interplay between the bone-forming (osteoblast) and bone-resorbing (osteoclast) cells 

(Weston, 2004; Robling et al., 2006; Bielby et al., 2007). This mechanism is extensive to all 

bone tissue, including the periosteal membrane, and is crucial for maintaining bone strength 

throughout life, as well as to regulate its metabolic functions (Raisz, 1999; Rauch et al., 2007; 

Seeman, 2007). An example of the active role of periosteum during early development is given 
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by a phenomenon called physiological periostitis (or physiological subperiosteal new bone 

formation). Physiological periostitis is a common finding in paediatric radiology, especially in 

preterm and newborn individuals aged 1-6 months (with a peak between 2 and 3 months) 

(Shopfner, 1966). Wrongly interpreted during decades as a component of some diseases (e.g. 

congenital syphilis and other infections, infantile cortical hyperostosis, unrecognized trauma, 

hypervitaminosis A, leukemia, and neuroblastoma), it is currently viewed as a manifestation of 

normal periosteal bone growth (Shopfner, 1966; de Silva et al., 2003) via intramembranous 

ossification, which leads to the rapid formation of a double cortical layer that is progressively 

incorporated into the pre-existing cortex (Kwon et al., 2002).36  

In general, periosteal new bone production occurs by induction of fibroblasts into 

osteogenic precursor cells, which then suffer progressive modulation to develop into active 

osteogenic cells in the cambium layer (Wenaden et al., 2005: 439). In contrast, osteoclasts 

have their origin by migration from the marrow through cortical bone (Vigorita, 2008). Allen et 

al. (2004) note that the potential of the cambium layer to generate new cells is age dependent, 

which affects not only the morphology but also the number of cells produced. For example, in 

immature bone the osteoblasts are cuboidal in shape and quite numerous, whereas in the 

mature skeleton they are more elongated and less numerous (Allen et al., 2004). The number 

of fibroblasts and the thickness of the fibrous layer also decrease with age (Allen et al., 2004). 

Fan and co-authors (2008) studying different aged rats also concluded that the structure and 

composition of the cells of the periosteum are age-related and site-specific. These age-related 

changes are also present in the vessel density; however the periosteum retains the capacity to 

increase the number of vessels when stimulated by mechanical loading (Allen et al., 2004). In 

addition to age, other systemic factors seem to play an important role in cell metabolism and 

regulation (Weston, 2004; Karaplis, 2002; Rauch et al., 2007) (Table 3.4).  

 

 

 

 

 

                                                           
36

 Physiological periostitis is frequently symmetrical and affects more often the diaphysis of the long bones, 

namely the femur, humerus and tibia (Kwon et al., 2002; de Silva et al., 2003). Usually, it is not concentric, affecting 

only one aspect of the bone diaphysis (de Silva et al., 2003). The average thickness of the new bone deposition 

ranges from 0.7 to 0.9 mm, being never higher than 1.8 mm (Kwon et al., 2002). Kwon and co-authors (2002) state 

that a similar new bone distribution in individuals older than 4 months or with a thickness exceeding 2 mm should 

be careful analyzed as a sign of a potential abnormality.  
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Table 3.4: Regulators of bone metabolism (after Weston, 2004: 30, with additions from Raisz, 1999). 

Bone regulators Hormones and minerals Effect 

 
Calcium-regulating 
hormones 

Parathyroid hormone Stimulates resorption and has direct 
inhibitory effect on osteoblasts 

1,25-Dihydroxyvitamin D3 Interferes in the differentiation of 
osteoblasts and osteoclasts 

Calcitonin Inhibitor of bone resorption 

 
Systemic hormones 

Estrogen Normal bone turnover 

Growth hormone/ Insulin Bone formation and resorption 

Thyroid hormones Bone formation and resorption and 
homeostasis of remodelling 

Glucocorticoids Inhibit bone formation 

 
Growth factors 

insulin-like growth factor (IGF) Local and physiologic remodelling 
and skeletal repair Fibroblast-derived growth factor 

Platelet-derived growth factor 

 
Local factors  

Prostaglandin Stimulator of bone resorption 

Osteoclast activating factor 

Mechanical load Periosteal apposition or resorption 

 
Ions  

Calcium Exerts direct effects on the function 
of osteoblasts and osteoclasts Phosphate 

Magnesium 

 

Three major calcium-regulating hormones largely serve the metabolic functions of the 

skeleton: the parathyroid hormone (PTH), 1.25-Dihydroxyvitamin D3 and calcitonin (Raisz, 

1999). PTH has a crucial function in the regulation of the serum calcium concentration, being a 

potent stimulator of bone resorption (Raisz, 1999; Karaplis, 2002; Safadi et al., 2009). This 

hormone has a biphasic effect: in high plasma concentrations it inhibits the collagen synthesis, 

and after long administration it induces bone formation (Raisz, 1999). Besides its importance in 

the intestinal absorption of calcium and phosphate, 1.25-Dihydroxyvitamin D3 also has a 

critical role in the differentiation of both osteoblasts and osteoclasts (Raisz, 1999). Calcitonin, a 

peptide hormone, is a potent inhibitor of bone resorption, being used clinically in the drug 

therapy of osteoporosis (Raisz, 1999). It is regulated by the extracellular calcium level and has 

receptors on osteoclasts, preosteoclasts, monocytes and certain tumour cells (Safadi et al., 

2009). 

In the regulation and maintenance of bone tissue integrity, several systemic hormones, 

can be highlighted. Estrogen is a determinant in maintaining normal bone turnover. In its 

absence, an exaggerated remodelling in which resorption overlaps bone formation may occur 

(Raisz, 1999). Moreover, it exerts direct effects on the growth plate, being crucial for 

peripubertal growth and epiphyseal fusion (Karaplis, 2002). The growth hormone, acting in the 

systemic pathway, or locally through insulin-like growth factor (IGF), stimulates both bone 

formation and resorption (Raisz, 1999). The thyroid hormone, which has a similar effect, is also 

crucial for the homeostasis of bone remodelling (Raisz, 1999). During development, 
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glucocorticoid hormone is necessary for cell differentiation, especially for chondrocyte 

proliferation, maturation and differentiation earlier in life; after birth it inhibits bone formation 

(Karaplis, 2002).  

Numerous local factors have been described in the last 30 years as having an important 

role in bone remodelling (Raisz, 1999). Cytokines, also called “osteoclastic-activating factors”, 

and prostaglandins, namely prostaglandin E2, are viewed as active stimulators of bone 

resorption (Raisz, 1999). Recently, some proteins and molecules linked to the function of these 

substances have been identified, such as TRANCE (produced by the osteoblast precursors), 

RANK (osteoclast differentiation factor) and OPG (osteoprotegerin), this last produced by the 

osteoblastic lineage and marrow cells (Raisz, 1999). Under the scope of the growth factors, the 

insulin-like growth factor (IGF) which is a determinant of local bone remodelling, and the 

platelet-derived growth factor and fibroblast growth factor, are crucial not only in physiologic 

remodelling, but also in skeletal repair (Raisz, 1999). Locally, the production of new bone may 

also be modulated by mechanical loading (Rauch et al., 2007). According to Robling et al. 

(2006), mechanical load is a powerful stimulus for bone cells, improving bone strength and 

preventing bone loss with age. In addition to the previous bone regulators, the concentration 

of some plasma ions such as calcium, phosphate and magnesium, can also affect bone 

metabolism. Calcium is the main mineral component of the skeleton; it simultaneously plays 

an important role in several physiological and biochemical processes, namely in the regulation 

of nerve excitability, muscle contraction, and blood coagulation (Civitelli et al., 1998). Calcium 

absorption occurs in the intestine and is regulated by vitamin D. In this process, the active 

metabolite of vitamin D, 1.25(OH)2D3 is responsible for several steps of the calcium transport 

process (Civitelli et al., 1998). The estrogen hormone is also involved in the physiological 

regulation of calcium absorption (Civitelli et al., 1998). At the bone level, calcium can affect 

bone formation by controlling the secretion of calcium-regulating hormones, by mediating the 

intracellular effects of these hormones, by accelerating mineralisation, and by directly 

stimulating matrix formation and cell proliferation (Raisz and Krean, 1983b in Weston, 2004). 

Furthermore, the accumulation of high concentrations of calcium in the resorption lacunae 

during the reversal phase seems to have a direct control over osteoclast activity, causing cell 

retraction and in the long term, inhibiting bone resorption (Hill et al., 1998). Phosphate is not 

only the major component of apatite crystals but also a mediator of energy transfer, 

participating in numerous intracellular metabolic processes (Civitelli et al., 1998). In the 

skeleton, it stimulates both mineralisation and matrix formation, inhibiting bone resorption 
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when it occurs in high plasma concentrations (Raisz and Krean, 1983b in Weston, 2004). 

Magnesium is involved in many cellular functions, including production and utilization of 

energy, regulation of enzymatic activities, and control of intracellular and extracellular 

electrolyte concentration (Civitelli et al., 1998: 190). Magnesium seems to have an important 

role in bone mineralization: in high concentrations it decreases mineralisation; in lower 

concentrations it increases the rate of mineralisation (Raisz and Krean, 1983b in Weston, 

2004). 

Beyond normal development and remodelling, what are the pathological mechanisms of 

PNBF? Richardson (2001) points out that PNBF may be caused by any mechanism that breaks, 

tears, stretches, inflames, or even touches the periosteum. Here, three examples of 

interconnected factors that may induce PNBF, such as stress injury, bone healing and bone 

inflammation will be given. 

 

1. Stress Injury 

The overuse of bone may cause tissue damage, which, in turn, stimulates bone 

remodelling (Robling et al., 2006). The relationship between PNBF and excessive mechanical 

load is documented in the clinical literature; particularly in relation to the medial tibial stress 

syndrome. This syndrome, also called shin splints, is a type of overuse stress injury frequently 

observed in recreational and competitive athletes, such as runners, occurring after repetitive 

and strenuous activities (Gaeta et al., 2006; Tweed et al., 2008). In addition to pain along the 

distal posterior-medial aspect of the tibia (Mubarak et al., 1982), the increased muscle and 

fascial tension also provokes stress-induced periosteal and marrow reactions (Jose et al., 

2011). Identical bone response was reported by Nielsen et al. (1991) in twenty-two soldiers 

from the Royal Danish Lifeguard with lower leg pain. Although the mechanism that underlies 

the formation of bone lesions remains unknown, some studies pointed to the involvement of 

the soleus muscle. Disruption of the Sharpey fibers that connect the medial soleus fascia 

through the periosteum and into the bone, stress forces that eccentrically fatigue the soleus 

and/or microfractures have been advanced as possible aetiologies (Craig, 2008: 316).  

 

2. Bone healing 

Acute bone trauma, such as fracture also stimulates the production of new bone. In fact, 

PNBF is an important component of fracture healing. Unlike soft tissues that heal through the 

formation of scar tissue, bone recovers from injury through the synthesis of new bone in a 
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process that resembles embryonic skeletal formation (Ferguson et al., 1999; Arican et al., 

2003; Sfeir et al., 2005).  

The biology of bone fracture repair can be divided into three phases: inflammatory, 

reparative and remodelling (Figure 3.8) each of which is characterized by the presence of 

different cellular features and extracellular matrix components (Sfeir et al., 2005).  

 

 

Figure 3.8: Schematic representation of the three phases of bone fracture healing (adapted from 

www.bonefixator.com). 

 

Following the injury, an immediate or inflammatory bone response is activated mainly 

locally, and through the vascular system (McKibbin, 1978; Malizos and Papatheodorou, 2005; 

Bullough, 2010). In this process not only are the bone tissue, cells and blood vessels (vascular 

endothelial damage) involved, but also the surrounding soft tissues, such as muscle and nerves 

(McKibbin, 1978; Sfeir et al., 2005). The main function of the inflammatory reaction is the 

complete immobilization of the fractured bone ends (Sfeir et al., 2005; Bullough, 2010). In 

nature this immobilization is achieved in two ways: pain that unable disrupting movements, 

and swelling of the affected area (Sfeir et al., 2005; Bullough, 2010). Simultaneously, a cascade 

of cellular and biochemical events occur that include: platelet degranulation and release of 

growth factors; aggregation of polymorphonuclear leukocytes (PMNs), lymphocytes, blood 

monocytes, and tissue macrophages in the injured area to stimulate the release of cytokines 
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and subsequent angiogenesis, and the formation of a subperiosteal hematoma between the 

fracture ends to limit further blood loss (Malizos and Papatheodorou, 2005; Sfeir et al., 2005; 

Bielby et al., 2007). The release of platelet-derived growth factor (PDGF) and basic fibroblast 

growth factor (bFGF) from the disrupted platelets seems to stimulate the proliferation of 

periosteal and mesenchymal cells in the fracture haematoma (Malizos and Papatheodorou, 

2005), which results in the formation of a reparative granuloma (Sfeir et al., 2005). 

The reparative phase starts in the first days after injury and lasts for several weeks (Sfeir 

et al., 2005). This process is characterized by the development of a reparative callus in and 

around the fracture site, which will eventually be replaced by new bone (Sfeir et al., 2005). The 

function of this immature tissue is to guarantee the mechanical stability of the injured area 

(Bullough, 2010). According to Bullough (2010), the amount of callus produced depends of 

several factors including the degree of instability of the fracture and the vascularity of the 

affected bone. Unstable fractures tend to produce an increasing amount of callus, whereas in 

the poorly vascularised areas of the skeleton (e.g. midshaft of the tibia) the production of 

callus is scarce (Bullough, 2010). The reparative phase involves two antagonistic events: bone 

cells apoptosis and tissue necrosis, and new bone formation. The damage of the soft tissues, 

periosteum and marrow along with the death of osteocytes will induce local necrosis 

(McKibbin, 1978; Sfeir et al., 2005). With the resorption of the necrotic tissue, new cells, such 

as fibroblasts, chondroblasts, and osteoblasts are produced in the cambial layers of the 

periosteum (Sfeir et al., 2005), and from undifferentiated mesenchymal cells that populate the 

unaffected soft tissues around the fracture (Bullough, 2010). Besides periosteum, the bone 

marrow also contributes progenitor cells for inflammation, matrix remodelling, and for 

cartilage and bone formation (Colnot et al., 2006). The presence of pluripontential 

mesenchymal cells in the cambium layer of the periosteum in combination with growth factors 

regularly produced or released after injury, confers to this membrane an important role in the 

healing processes (Arican et al., 2003; Malizos and Papatheodorou, 2005; Bielby et al., 2007). 

In fact, numerous studies agree that periosteum contributes to the formation of a callus, which 

is normally composed of fibrous connective tissue, blood vessels, cartilage, woven bone, and 

osteoid (Sfeir et al., 2005).  

During the reparative phase a recapitulation of the embryonic intramembranous and 

endochondral ossifications and chondrogenesis occurs (Ferguson et al., 1999; Arican et al., 

2003). The intramembranous ossification begins in the first days of fracture healing and is 

characterized by the differentiation of osteoblasts directly from precursor cells, without the 
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formation of cartilage as an intermediate step (Sfeir et al., 2005). Osteoblastic activity in the 

woven bone opposed to the cortex and close to the fracture site also occurs (Sfeir et al., 2005). 

This type of bony formation occurs externally and compounds the hard callus. Experimental 

studies have revealed the importance of woven bone in the repair, synthesis and maturation 

of the new lamellar bone (Figure 3.9). 

 

 

Figure 3.9: Schematic representation of bone canaliculi development by woven and lamellar osteocytes 

during fracture healing (after Kusuzaki et al., 2000: 658).  

 

Kusuzaki and co-authors (2000) used a fracture-like simulation model of the rat femur to 

ascertain the development of bone canaliculi during the process of intramembranous 

ossification, concluding that woven bone osteocytes may be necessary for the induction of the 

lamellar bone osteocytes. Their results showed that in the early phase of bone repair (5 days 

after injury), the woven bone osteoblasts connect to the surface of the injured cortical bone, 

creating a scaffold for the attachment and maturation of lamellar bone osteoblasts, which 

afterward differentiate into immature lamellar bone osteocytes and then into mature lamellar 

osteocytes (Kusuzaki et al., 2000). After becoming embedded in the matrix, the woven bone 

osteocytes may operate as a mediator, via canaliculi, between the cartilage or injured bone 

matrix and the lamellar bone osteocytes, eventually supplying nutrients and communicating 

with them and with osteoblasts in the bone marrow (Kusuzaki et al., 2000). This gives woven 

bone osteocytes an important role in the synthesis of new bone during the intramembranous 

ossification process (Kusuzaki et al., 2000).  
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At the periphery of the hard callus, chondrogenesis also begins (McKibbin, 1978; Sfeir et 

al., 2005). Mesenchymal or undifferentiated cells from the periosteum and adjacent external 

soft tissue located over the fracture become larger and start to acquire the appearance of 

cartilage (Sfeir et al., 2005). This region composed of fibrous tissue that will eventually be 

replaced by cartilage is termed soft callus. In the second week of the fracture repair there is 

sufficient cartilage covering the fracture, which will stimulate endochondral ossification (Sfeir 

et al., 2005). At this stage cells and later osteoblasts will release membrane-derived vesicles 

that contain calcium phosphate complexes into the matrix, activating the process of 

mineralization. As the callus becomes rigid the fracture is internally immobilized (Sfeir et al., 

2005). This callus will be invaded by capillaries from the adjacent bone and by osteoblasts 

which will form the primary spongiosa consisting of both cartilage and woven bone (McKibbin, 

1978; Sfeir et al., 2005). The woven bone will then connect the two fractured ends, preparing 

the area for the remodelling phase (Sfeir et al., 2005).  

The remodelling phase is characterized by the replacement of woven by lamellar bone 

and by the resorption of the remaining callus (McKibbin, 1978; Sfeir et al., 2005). This final 

stage is also responsible for the gradual modification of the fracture region under the influence 

of mechanical loads, and by the reestablishment of the skeletal integrity (Sfeir et al., 2005; 

Bielby et al., 2007). Contrary to foetal skeletogenesis, fracture bone repair is accompanied by 

inflammation and by the release of inflammatory cells which are an important source of 

osteoinductive signals for bone regeneration and healing (Ferguson et al., 1999). This means 

that inflammation of the periosteum or of the surrounding tissues may also induce PNBF.  

 

3. Bone inflammation 

Inflammation37 is a primordial response that protects our body from internal and 

external aggressions such as infection, cancer and tissue injury, and restores the physiological 

function of the damaged tissues (Štvrtinová et al., 1995; Sayler, 2005; Gilroy and Laurence, 

2008). This body response may be local or systemic depending on the type of the injurious 

agent (Bullough, 2010). Štvrtinová and co-authors (1995: 579) identify two categories of 

factors that may cause inflammatory responses: endogenous, that includes 

immunopathological reactions, and some neurological and genetic disorders; and exogenous, 

                                                           
37

 Incorrectly used as a synonym, it is important to highlight that inflammation and infection are distinct 

entities. Inflammation is an innate response of the body to tissue damage, whereas infection arises when the body 

is invaded by pathogenic organisms, such as bacteria. Normally infection is accompanied by an inflammatory 

response. In contrast, inflammation may occur in the absence of infection (Weston, 2004).  



 

CHAPTER 3 

INCURSION TO THE BIOLOGY OF BONE AND DISEASE 
 
 

 

100 

which can be divided into mechanical (traumatic injury); physical (temperature variation, 

ionising irradiation, microwaves); chemical (caustic agents, poisons, venoms, genotoxic and 

proteotoxic compounds); nutritive (deficiency of oxygen, vitamins and basic nutrients); and 

biological (viruses, microorganisms, protozoan, and metazoan parasites). According to Gilroy 

and Laurence (2008), our well-being and survival depends on a rapid and effective 

inflammatory response to these environmental aggressors. Normally, the inflammatory 

response is activated within minutes and resolves itself after a couple of hours. If the 

inflammation persists for weeks or months, it evolves into a chronic process (Tomkins, 2003; 

Gilroy and Laurence, 2008). According to Štvrtinová et al. (1995: 582), inflammation can be 

divided into four major phases: 

i. Acute vascular response: characterized by vasodilatation and vascular permeability that 

increases the blood supply to the affected area (hyperaemia), causing redness 

(erythema) and the entry of fluids into the tissues (oedema). This phase usually resolves 

after a few minutes38; 

ii. Acute cellular response: characterized by the appearance of granulocytes, particularly 

neutrophils, in the tissues. Following the retraction of the vascular endothelial cells, the 

blood vessels become permeable allowing the migration of different cell types such as 

neutrophils, monocytes and lymphocytes. Erythrocytes may also leak into the tissues 

leading to haemorrhages. When the vessels are damaged, fibrinogen, fibronectin and 

platelets are aggregated at the site of the injury to stop the bleeding and aid in clot 

formation. The death of cells will contribute to the formation of pus;  

iii. Chronic cellular response: occurs after severe damage and is characterized by the 

appearance of an infiltrate of mononuclear cells composed of macrophages and 

lymphocytes. These cells are involved in the destruction of microorganisms and in the 

cleaning of the affected area; 

iv. Resolution: occurs a few weeks after the injury and aims to restore the normal tissue 

architecture. During this phase the blood clots and other residual products are removed 

and the tissue acquires its original form and/or forms a scar.  

 

                                                           
38

 This initial response mirrors the four cardinal signs of inflammation first described by the ancient Roman 

Celsius: rubor (redness, caused by vasodilatation); calor (heat, the result of increased blood flow); tumor (swelling, 

caused by exudation of fluids and cells into the extravascular spaces) and dolor (pain, the result of irritation of the 

local nerve endings) (Bullough, 2010: 88). 



 

CHAPTER 3 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

101 

The vascular and cellular responses are mainly observed during the acute stage of 

inflammation. The chronic cellular response and the resolution phases are characteristic of the 

chronic stage of inflammation. Chronic inflammation is more prolonged and indicates an 

incomplete elimination of residual and foreign materials such as in infections (e.g. 

tuberculosis) or following the deposition of crystals (e.g. urate crystals), culminating with 

granuloma formation (Štvrtinová et al., 1995). A granuloma is formed when macrophages and 

lymphocytes accumulate around the residual product, together with epithelioid and giant cells 

(Štvrtinová et al., 1995).  

Inflammation of the bone and periosteum follows the same cascade of reactions 

observed in the soft tissues. According to the place of occurrence in the bone tissue, it may be 

classified as: (1) periostitis, when it affects the periosteum; (2) osteitis39, when it affects the 

cortical bone; and (3) osteomyelitis40, when it affects the medullar cavity.  

Periostitis is an old clinical entity frequently mentioned in the treatises of surgery and 

pathology, especially from the 19th century. For example, in 1817 the surgeon Philip Crampton 

published a medical report entitled “On Periostitis, or Inflammation of the Periosteum”, where 

the aetiology, development and treatment of this condition is described and the lack of 

attention given by other physicians is criticized: «[i]nflammation of the periosteum, 

unconnected with any known constitutional disease, is an affection with which practical 

surgeons are well acquainted. It is remarkable, however, that a disease so important in its 

consequences, and of such frequent occurrence, should not have been noticed in any 

systematic work, nor have been made the subject of any separate inquiry» (Crampton, 1817: 

331). Similar medical writings were also published by Usher Parsons (1839) and John Ashhurst 

(1871). In these medical compendia, periostitis is described as a reactive response of the 

periosteum to injury, infection and other inflammatory agents. It may be primary, when the 

injury directly affects the periosteum, or secondary, when the inflammation spreads from 

other locations, namely the cortical bone (osteitis) or medulla (osteomyelitis) (Ashhurst, 1871). 

                                                           
39

 Osteitis is a common complication of either periostitis or osteomyelitis and refers to an inflammation of 

the compact bone, including the Haversian canals, and the bone adjacent to the medullary cavity (Ortner, 2003b). It 

is characterized by a softening or medullization of the bone tissue, with absorption of the early constituents 

(Ashhurst, 1871). As a result, the bone becomes enlarged (though it loses weight), with the layers of the walls 

separated, and with a porous appearance (Ashhurst, 1871). If the inflammation progresses, it may lead to a necrotic 

state, or in other cases, to the formation of new bony matter giving bone an abnormally solid and heavy appearance 

with thickening and marrow-cavity encroachment (Ashhurst, 1871). 
40

 Osteomyelitis refers to an inflammation of the medullary or marrow cavity of bone (Ashhurst, 1871). A 

complete description of this condition will be given in Table 3.8.  
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The pathological changes observed in periostitis may consist of swelling of the periosteum, 

followed by cell-proliferation of its cambium layer, and/ or a rapid accumulation of wandering 

cells, which allows the formation of inflammatory lymph (Ashhurst, 1871). Likely soft tissue 

inflammation, periostitis may occur either in the acute, or in the chronic form (Crampton, 

1817). In the acute form, the residual products of inflammation are removed from the affected 

area and the structure of the periosteum is restored (Ashhurst, 1871). In some cases, a 

suppurative process may eventually develop (Crampton, 1817). The chronic form most 

frequently ends in cartilaginous thickening of the membrane, absorption of the subjacent 

bone, and/or formation of new bone upon its surface (Crampton, 1817). Expansion of the bone 

diaphysis is also a common finding (Druitt, 1860). The chronic form may also induce the 

formation of a granuloma under the periosteum containing osteoblasts (Weston, 2004). These 

bone forming cells will then produce a bony callus composed primarily of woven bone, which 

will gradually be converted into lamellar bone (Weston, 2004).  

The response of the periosteum with respect to the acute and chronic forms of 

inflammation and the severity of injury was experimentally tested in the 19th century by 

physiologists and anatomists. Parsons (1839: 22/23) describes the findings of the French 

anatomist Cruveilhier of Montpellier: «(…) Mr. Cruveilhier detached it [periosteum] from the 

tibia, in a great number of hares, to two thirds at least of the circumference and extent of the 

bone. After ten, twenty, thirty, and sixty days, he found the periosteum reunited, and scarcely 

any perceptible difference between the surface of the bone and that of the opposite site, 

excepting a slight increase in thickness. A haren, upon which he separated the periosteum 

from the whole circumference of the bone (…), [showed that] the external wound was 

cicatrized, but the denuded bone was surrounded two thirds of its circumference with a 

copious deposition of matter of a caseous appearance. The anterior face of the bone was 

covered by a thick bed of new formation which shot forth irregular sprouts (…)». Through 

these experiments Cruveilhier confirmed the osteogenic potential of periosteum and its 

capacity to secrete and deposit osseous matter on the internal surface when detached from 

the underlying cortical bone (Parsons, 1839). Despite the chronological distance, these findings 

are surprisingly up-to-date. In fact, the physical elevation of the periosteum is frequently 

described as a prerequisite for PNBF (Weston, 2004). Cruveilhier of Montpellier also presents 

an hypothesis based on the process of ossification to explain the physiological mechanism that 

underlies the new bone formation: «[t]he periosteum thus detached, swells and secretes from 

its internal face a small quantity of reddened fluid, at first very thin (…). Its quantity and 
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consistence gradually increase till that which was a limpid fluid becomes a jelly, which thickens 

daily and passes into a state of cartilage. In this, osseous fibres are deposited, and finally the 

fluid and cartilaginous substance disappear, leaving the new bone perfectly formed» (Parsons, 

1839: 24). Since this very beginning, the clinical meaning of periostitis has practically not 

changed. It continues to be described as a bone condition characterized by infiltration of the 

periosteum by inflammatory cells, elevation and/or violation of the periosteal membrane, and 

new bone deposition in the periosteum or in the surrounding soft tissues (Spjut and Dorfman, 

1981). Nevertheless, changes have occurred in the application of the concept of “periostitis”. 

As noted earlier, periostitis is used to describe an inflammatory process. However, it is now 

accepted that the periosteum has the capacity to respond to stimuli different from 

inflammation41. As a consequence, a broader term called “periosteal reactions” has been 

adopted in recent publications (e.g. Wenaden et al., 2005; Burgener et al., 2006; Rana et al., 

2009) and is being used in this thesis under the designation of PNBF (periosteal new bone 

formation) or PR (periosteal reaction). 

Periosteal reactions may be caused by any pathological process or disturbing agent that 

separates the periosteum from the underlying bone such as blood, pus, granulation tissue, 

haematoma, abscess, or tumor cells (Kenan et al., 1993; Weston, 2004). Other factors can also 

be identified, namely the mechanical adaptation or compensation for weakness secondary to 

osteolysis, attempts at tumour containment, disruption of blood circulation, and bone 

stimulating products derived from tumours (Weston, 2004 after Ragsdale, 1993; Ragsdale et 

al., 1981). Physiologically, the response of the periosteum occurs in three basic steps: 

activation of the periosteal osteoprogenitor cells, differentiation in osteoblasts and 

subsequent production of osteoid, and mineralization of the subperiosteal osteoid (Kenan et 

al., 1993). The clinical list of pathologies associated with periosteal new bone deposition is 

extensive and includes many infections (e.g. osteomyelitis, syphilis, tuberculosis, leprosy), 

metabolic and hormonal disorders (e.g. hyperphosphatasia, hyperparathyroidism, 

hyperthyroidism, rickets, scurvy, hypervitaminosis A), tumours (e.g. leukemia, lymphoma, 

metastases, primary bone tumors, eosinophilic granuloma), skin conditions (e.g. urticaria 

pigmentosa, pyoderma, burns, chronic cellulitis), trauma, juvenile rheumatoid arthritis, sickle 

cell anemia, dactylitis, venous insufficiency, and other bone disorders such as 

pachydermoperiostosis, secondary hypertrophic osteoarthropathy, idiopathic cortical 

                                                           
41 In paleopathology, several terms are used as synonymous, such as “periostitis” or “periostosis”. In order 

to clarify, Ortner (2003b; 2008) suggests the use of the term periostitis only when there is certainty about the 
infectious agent that underlies the bone response. In cases where the aetiology is unknown, the term periostosis is 
the most appropriate (Ortner, 2003b, 2008). 
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hyperostosis, fibrous dysplasia, and Paget’s disease, amongst others (Kenan et al., 1993). Table 

3.5 presents and describes by location, distribution and type, some of the conditions that 

exhibit periostitis in their clinical and radiographic spectrum.  

 

Table 3.5: List of conditions that frequently manifests new bone deposition (after Kenan et al., 1993; 

Burgener et al., 2006). 

Disease
 

Preferred 
Locations 

Distribution Periosteal reactions Comments 

I.
 T

u
m

o
rl

ik
e

 C
o

n
d

it
io

n
s 

Developmental periostitis 

Physiological 
periostitis in infants 

Long bones Generalized and 
symmetrical 

Solid thin or thick Develops in second or third 
month of life, especially in 
premature. 

Periosteal reaction in infectious conditions 

Acute 
hematogenous 
osteomyelitis 

 

--- Solitary, rarely 
multiple 

Solid thin and thick, 
laminated or 
perpendicular, 
Codman’s triangle  

After 1 week: 
 bone destruction 
After 2 weeks: PRs 
After 3 weeks: sequestrum 
formation. 

Chronic  
hematogenous 
osteomyelitis 

--- Solitary, rarely 
multiple 

Solid thick, often 
undulating and 
cloaking 

Thick PR with sclerosis. 
Scattered radiolucent areas 
which may contain a dense 
bone sequestrum. 

Osteomyelitis 
contiguous 
infection source 

Hands, feet  Localized Solid thin or thick PR, bone destruction and 
sclerosis. Common in 
diabetes mellitus, 
quadriplegia and vascular 
insufficiency. 

Tuberculous 
osteomyelitis 

--- Solitary, rarely 
multiple 

Solid thin or thick Pronounced osteopenia. 
PR and osteosclerosis less 
common. 

Congenital 
syphilis 

Long bones Generalized, 
symmetrical 

Solid thick or 
laminated 

Transverse striping of 
metaphyses and 
destructive lesions, initially 
involving the corners of the 
metaphyses. 

Acquired syphilis Long bones, skull Localized or 
generalized 

Solid thin or thick, 
often undulating 
and with squat 
spicules, or 
laminated 

Initial stages: extensive PR 
and cortical thickening. 
Tertiary stage: dense bony 
sclerosis with areas of 
destruction (gumma 
formation) – hallmark. 

Leprosy Hands, feet Solitary or 
multiple 

Solid thin or thick, 
or laminated 

Some bone destruction. 
Neuropathic bone 
manifestations more 
common. 

Periosteal reaction in joint conditions 

Rheumatoid 
arthritis 
(juvenile) 

Peripheral and 
axial skeleton: 
periarticular, 
tendon and 
ligament 
insertion 

Localized or 
generalized 

Solid thin or thick or 
laminated 

Common in juvenile 
rheumatoid arthritis; very 
rare in adults, and never a 
dominant feature. 

 Psoriatic 
arthritis 

As above 
(mostly hands) 

Localized or 
generalized 

Solid thin or thick or 
laminated 

PR not uncommon. 
Irregular bony 
excrescences common.  
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Reiter’s 
Syndrome 

Calcaneus, short 
tubular bones of 
foot, tibia and 
fibula 

Localized, 
seldom 
generalized 

Solid thin or thick 
(often “fluffy”) or 
laminated 

Periosteal reactions 
common. 

Polyarteritis 
nodosa 

Long tubular 
bones (+ lower 
limbs), 
metatarsals 

Generalized and 
symmetrical 

Solid thin or thick, 
characteristically 
undulating 

Radiological features 
similar to HOA. 

Periosteal reaction in metabolic conditions 

Dysproteinemia Tubular 
bones, 
mandible 

Generalized and 
symmetrical 

Solid thin or thick, 
or laminated 

In children: bone pain and 
fever. Hyperphosphatemia 
may be present. 

Hyper- 
Vitaminosis A 

Tubular bones 
(+ ulna) 
metatarsals, 
clavicle, tibia, 
fibula (limited 
to diaphyses) 

Generalized Solid, undulating or 
occasionally 
laminated 

In children (1-3 y.o.): 
associated with tender soft 
masses. Prostaglandin 
infusions in neonates and 
chronic administration of 
retinoid drugs in older 
children and adolescents 
may produce similar bony 
changes. 

Rickets  
(healing) 

Long bones Generalized Solid thin, thicker 
laminated 

Calcification of the 
subperiosteal osteoid. 
Appears as an irregular 
dense area in the 
epiphyseal cartilage, 
separated by a thin 
radiolucent line from the 
metaphysis. 

Scurvy (healing) Long bones Generalized Solid thick Caused by ossification of 
the subperiosteal 
haemorrhage. 

Fractures and stress 
fractures 

--- Solitary or 
multiple 

Solid thin or thick or 
laminated. 
Codman’s triangle  

Periosteal reactions similar 
in traumatic and pathologic 
fractures. 

Subperiosteal 
haemorrhage 

Long tubular 
bones 

Solitary or 
multiple 

Solid thin or thick or 
laminated. 
Codman’s triangle 
occurs 

Traumatic and 
haemophilia. 

Electrical and 
thermal injury 

Upper 
extremities 

Localized Solid thin Osteolysis, osteosclerosis, 
periarticular calcifications 
and heterotopic bone 
formation. 

II
. T

ru
e

 n
e

o
p

la
sm

s 

Osteosarcoma Femur, tibia, 
humerus, and 
mandible 

Localized Solid thin, 
laminated, 
perpendicular (thin 
spicules) or 
amorphous. 
Codman’s triangle 

Periosteal sarcoma: limited 
to the cortex of long bone 
diaphyses (especially femur 
and tibia). Perpendicular 
PR and Codman’s triangle 
are characteristic. 
Parosteal sarcoma: a large 
radiodense lesion with 
smooth lobulated or 
irregular to the external 
cortex. 

Ewing’s sarcoma Under 20 y.o.: 
tubular bones 
Over 20 y.o.: 
flat bones 

Localized Solid thin, 
laminated or 
perpendicular (thin 
spicules). Codman’s 
triangle occurs 
 

--- 
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Other sarcomas: 
chondrosarcoma, 
fibrosarcoma. 
Primary bone 
lymphoma: 
reticulum cell 
sarcoma 

Long bones, 
flat bones 

Localized Solid thin, thick or 
amorphous. Rarely 
solid thick, 
laminated, 
perpendicular or 
amorphous. 
Codman’s triangle is 
unusual 

PRs are rare in these 
conditions. Cortical 
thickening in a chondroid 
matrix tumor suggests low-
grade chondrosarcoma 
rather than enchondroma. 

Leukemia and 
metastases 

Long bones, 
ribs 

Multiple Solid thin or 
laminated. 
Perpendicular in 
skull. Rarely solid 
thick 

Interrupted PRs are 
common in children (e.g. 
leukemia and metastases 
from neuroblastomas). 
Solid PR or localized 
cortical thickening is 
associated with metastases 
from prostatic and breast 
carcinomas. 

Osteoid osteoma Femur, tibia, 
fibula, 
humerus, 
vertebral arch 

Localized Elliptical and dense. 
Rarely solid thin 

Radiolucent intracortical 
with and without central 
calcification is classic, but 
not always demonstrated. 

Other benign 
tumors and cysts 

--- 
 

Localized Solid thin or thick PR usually associated with 
bone expansions and/or 
pathological fractures. 

II
I.

 M
is

ce
lla

n
e

o
u

s 

Bone infarct Long tubular 
bones 

Solitary or 
multiple 

Solid thin or thick In sickle cell disease PR 
may be caused by 
osteomyelitis. Hand-foot 
syndrome: infarctions of 
the short tubular bone 
causing PR that is 
indistinguishable from 
osteomyelitis. Occurs in 
young children (average 
age 18 months). 

DISH (diffuse 
idiopathic skeletal 
hyperostosis) 

Spine, pelvis, 
lower 
extremity 
(commonly 
patella and 
calcaneus) 

Multiple and 
often 
symmetrical 

Solid thick Particularly at tendon and 
ligament insertions 
(“whiskering”). 

Eosinophilic 
granuloma 
(Langerhans cell 
histocytosis) 

--- Solitary or 
multiple 

Solid thin or thick. 
Rarely laminated 

Destructive bone lesions 
may contain bone 
sequestrum. 

Fluorosis Tubular bones Generalized and 
symmetrical 

Solid thick, often 
undulating and 
cloaking 

Osteosclerosis and 
ossification of ligaments 
and tendons at their 
insertion. 

 Infantile cortical 
hyperostosis 
(Caffey’s disease) 

Mandible, 
clavicle, 
scapula, ribs, 
tubular bones 
(diaphyses) 

Solitary or 
multiple 

Solid thick or 
laminated 

Clinically tender soft-tissue 
swellings are associated 
with the affected bone. 
Onset occurs in the first 
five months of life. 

Primary 
hypertrophic 
osteoarthropathy 
(HOA) 

Long tubular 
bones: (+) 
radius, ulna, 
tibia and 
fibula. (-) 
innominate, 
ribs and 
clavicles 

Generalized and 
symmetrical. 
From diaphyses 
into 
metaphyses and 
epiphyses  

Solid thick, often 
with shaggy, 
irregular 
excrescence 

Familiar condition with skin 
and cortical thickening. 
PNBF tends to blend with 
thickened cortex. Almost 
exclusively found in males. 
Onset in adolescence. 
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 Secondary 
hypertrophic 
osteoarthropathy 
(HOA) 

Diaphyses of 
tubular bones 

Generalized and 
symmetrical 

Solid thin or thick 
(often undulating 
and cloaking) or 
laminated 

In patients with 
bronchogenic carcinoma, 
and occasionally with 
chronic diseases of lung, 
gastrointestinal tract, or 
cardiovascular system. 

Renal 
osteodystrophy 

Long tubular 
bones, 
metatarsal, 
pubic rami 

Generalized and 
symmetrical 

Solid thin and thick, 
occasionally 
laminated 

Associated with 
hyperparathyroidism and 
osteosclerosis. Very rare in 
primary 
hyperparathyroidism. 

Tuberous sclerosis Tubular bones Solitary or 
multiple 

Solid thin or thick, 
often undulating 

--- 

Vascular and 
lymphatic disease 

Lower 
extremity 

Localized or 
generalized 

Solid thin or thick, 
often undulating 

Any disease associated 
with venous and /or 
lymphatic stasis. Vascular 
calcifications and 
phleboliths may be 
associated. 

 

It should be stated that the type and extension of the periosteal reactions depend not 

only on the nature of the stimuli, but also on a combination of factors that comprise the 

biological activity of the underlying process, the patient age and metabolic state, and the 

anatomical location (Kenan et al., 1993). For instance, only bones that are covered with 

periosteum can show PNBFs (Vigorita, 2008). Additionally, and since the periosteum ends at 

the perichondral ring, the deposition of new bone is only observed several millimetres short of 

the bone growth plate (Vigorita, 2008). Recent studies on rabbits have shown that the 

chondrogenic potential of periosteum varies, not only in different skeletal elements but also 

along the same bone (Vigorita, 2008). As an example, the chondrogenic potential of 

periosteum is higher in the ilium, followed by the scapula and tibia (Gallay et al., 1994). In the 

tibia, the upper portion is more chondrogenic than the lower part (Gallay et al., 1994). Other 

factors to consider include the intensity, aggressiveness and duration of the underlying insult 

or stimuli (Rana et al., 2009; Nogueira-Barbosa et al. 2010), as well as the patient response 

(Edeiken et al. 1966). According to Rana et al. (2009), processes that induce a rapid synthesis 

of woven bone over a short period of time produce more aggressive periosteal reaction. In 

contrast, conditions with a slow and less intense progression tend to develop periosteal 

reactions with a nonaggressive appearance. It is important to note that the appearance of the 

new bone may not be directly related to the malignancy of the condition. Burgener et al. 

(2006) note that a thin layer of new bone may signify an early stage of an aggressive lesion, or 

a chronic, benign process; whereas a thicker periosteal reaction usually suggests a benign 

condition. The individual’s skeleton may also behave differently in relation to the same 
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pathology, with the bone response ranging from minor periosteal deposits to more aggressive 

and thicker reactions (Edeiken et al. 1966).  

Focusing on the role of age, Kenan and co-authors (1993) and Vigorita (2008) state that 

periosteal lesions are more frequent in children, especially following fracture or infection (e.g. 

congenital syphilis) due to the nature of their periosteum (very thick, active and loosely 

attached to the cortical bone). In contrast, the less active and tightly attached periosteum of 

adults is responsible for a lower bone response (Wenaden et al., 2005; Rana et al., 2009). The 

relationship between age and the chondrogenic potential of periosteum has been extensively 

studied and tested in non-human (e.g. Gallay et al., 1994; O’Driscoll et al., 2001) and human 

bones (e.g. De Bari et al., 2001). 

 

3.2.1.3. Classification and Types 

PNBFs are diagnosed in the clinic through the application of radiographic techniques, 

such as conventional radiology, magnetic resonance imaging (MRI) and CT scan. However, this 

identification is only possible after mineralization of the new bone, a process that normally 

takes two to three weeks to occur after injury (Kenan et al., 1993; Wenaden et al., 2005; 

Burgener et al., 2006). 

In the medical literature, PNBFs are classified according to their location and 

morphology. Regarding the tissue location, Kenan and co-authors (1993) considers three 

anatomical layers in the study of new bone formation: the cortical bone, the periosteum and 

the adjacent soft tissues. Accordingly, PNBFs may be grouped as: 

i. Juxtacortical: a broad concept applied to surface lesions of extracortical origin. It is used 

to classify those bony changes whose exact anatomical relation to the periosteum is 

unknown; 

ii. Cortical: describe those lesions that may break through the cortex, affecting the 

subperiosteal space (e.g. osteofibrous dysplasia, osteoid osteoma, intracortical 

osteosarcoma, or cortical metastatic carcinoma); 

iii. Subperiosteal: describes the processes that separate the periosteum from the cortex, 

resulting in subperiosteal bone formation. This type of new bone formation is observed 

in post-traumatic reparative processes, such as subperiosteal hematoma or abscess; 

iv. Periosteal: defines the processes that have their origin in the deep layer of the 

periosteum. These lesions, very common in tumours, are firmly attached to the cortex, 

showing no cleavage line between the two tissues. In slow growing tumors, the 
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periosteum is pushed away from the cortex, producing a peripheral wedge-shaped bony 

reaction (or buttress) (e.g. periosteal chondroma). In aggressive lesions, the periosteal 

reaction is lamellated (Codman’s triangle). The presence of parallel and spiculated 

reaction (sunburst) indicates a rapid and aggressive process (e.g. periosteal 

osteosarcoma); 

v.  Parosteal: describes the processes that originate from the outer fibrous layer of the 

periosteum (e.g. parosteal osteosarcoma). These lesions do not elevate the cambium 

layer and are separated from the cortex by a thin radiolucent periosteal membrane. 

Absence of peripheral periosteal reaction; 

vi. Paraosseous: defines the processes that have their origin outside the periosteum. 

Separating the pathological mass from the adjacent cortex and periosteum, a cleavage 

plane of soft tissue is observed (e.g. myositis ossificans, soft tissue chondroma, and giant 

cell tumour). 

 

Periosteal reactions can also be classified according to their morphology (Table 3.5). 

Different nomenclatures have been used in the clinical literature to describe the morphology 

of PRs, such as continuous versus interrupted forms, single versus multiple layers, and 

aggressive versus nonaggressive subtypes (Rana et al. 2009). For instance, Edeiken et al. 

(1966), de Santos (1980) and Burgener et al. (2006) classify periosteal abnormalities into two 

categories: solid (also termed continuous or uninterrupted) and interrupted reactions, which 

are then divided into subcategories. The solid type occurs classically in slow and indolent 

processes and includes four subcategories: thin and dense undulating periosteal reaction; 

dense, elliptic periosteal reaction; periosteal cloaking; and Codman triangle (Edeiken et al. 

1966). The interrupted form is divided into three subcategories: lamellated periosteal 

reactions; perpendicular periosteal reactions (sunburst); and amorphous periosteal reactions 

(Edeiken et al. 1966; Burgener et al., 2006), and normally suggests the presence of a more 

aggressive process (Nogueira-Barbosa et al. 2010).  

Highlighting the role of magnetic resonance (MR) imaging in the study of bone lesions, 

Greenfield and co-authors (1991) presented a simple classificatory system for PNBF composed 

of four types: solid, laminated, spiculated and Codman triangle (Figure 3.10). With small 

adaptations, this system has been replicated by other authors such as Wenaden et al. (2005), 

Rana et al. (2009), and Nogueira-Barbosa et al. (2010), and will be described in more detail in 

this thesis. 



 

CHAPTER 3 

INCURSION TO THE BIOLOGY OF BONE AND DISEASE 
 
 

 

110 

The solid periosteal reactions (Figure 3.10 B) are described as a nonaggressive form 

primarily observed in slow and benign processes (Rana et al., 2009). Nevertheless, they can 

also emerge in malignant conditions (Wenaden et al., 2005). A periosteal reaction appears as a 

well-defined line of periosteal density that forms after mineralization of the new bone 

produced by the cambium layer of the periosteum (de Santos, 1980). Morphologically, it may 

be thin (1mm or less) or thick (2mm or more), of any degree of density, straight or undulating 

(Edeiken et al. 1966; Greenfield et al., 1991; Burgener et al., 2006; Haun et al., 2006). The thin 

form is observed in both benign and malignant lesions. The thick periosteal reaction (more 

than 1 mm) is normally associated with benign conditions (Greenfield et al., 1991). De Santos 

(1980: 72) states that a «(...) homogeneous, usually thick (although not necessarily), 

occasionally granular, and variable in length (...)» is the pattern classically seen in infectious 

processes (e.g. hypertrophic osteoarthropathy, osteomyelitis, haemorrhage, vascular 

diseases), benign tumors (e.g. osteoid osteoma, osteoblastoma, eosinophilic granuloma, 

among others), and healing fractures. Despite some variations, PNBF with a uniform density 

and solid appearance that remains relatively unchanged for weeks is normally considered “the 

hallmark of benign process” (Edeiken et al. 1966: 710; Wenaden et al., 2005). This relationship 

has been proven through histological analysis. In a sample composed of 78 lesions with solid 

periosteal reactions, Wenaden et al. (2005) established a positive diagnosis in 15 (19.2%) with 

osteoid osteoma, and in 10 (12.8%) with osteomyelitis.  

In laminated bone (Figure 3.10 E), a variable pattern composed of one single layer 

(linear-simple) or multilamellae may be observed (Edeiken et al., 1966; Wenaden et al., 2005; 

Nogueira-Barbosa et al. 2010): 

i. In the linear-simple type, a thin layer of new bone is formed in the space adjacent to the 

cortex (Wenaden et al., 2005). Morphologically, it appears as a well-defined, uniformly 

dense line of radiodensity (Wenaden et al., 2005). Despite being commonly observed in 

benign conditions, such as physiological periosteal reactions, early fracture healing and 

osteomyelitis, it is also present in malignant diseases (Wenaden et al., 2005). Apart from 

Ewing’s sarcoma, the single layer PR was histologically diagnosed in 23.6% (13/55) of 

individuals with osteosarcoma (Wenaden et al., 2005). 

ii. In the multilamellae type, numerous parallel layers of new bone are deposited 

concentrically around the cortex, originating from an “onionskin like” periosteal reaction 

(Wenaden et al., 2005; Rana et al., 2009; Nogueira-Barbosa et al., 2010). The layers of 

mineralized PNBF are normally separated by vascular dilations and loose connective 
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tissue. When associated with malignant tumours, these spaces may be filled or 

infiltrated by malignant cells (Nogueira-Barbosa et al., 2010). Multilamellae bone has 

been interpreted as the result of an intermittent or cyclic process that combines periods 

of rapid (no new bone is formed) and slow growth (a layer of bone similar to the 

involucrum of the infection is produced by the periosteum), as a result of the lifting of 

the periosteum by a tumour, pus or blood accumulation (Edeiken et al., 1966; Greenfield 

et al., 1991; Wenaden et al., 2005). This hypothesis is not supported by recent findings 

that show a space between layers free of tumour and normally filled by connective 

tissue and vessels (Wenaden et al., 2005). Other studies point out that the modulation 

of sheets of fibroblasts from the parosteal soft tissues, or the stimulation of the inner 

cambium layer may increase the osteoblastic potential leading to the formation of 

successive layers of new bone (Wenaden et al., 2005; Rana et al., 2009).  

 

Despite the evidence it is accepted that a number of different mechanisms may induce 

the development of this type of PR (Wenaden et al., 2005). In general, laminated periosteal 

reactions are found in both benign (e.g. osteomyelitis, aneurysmal bone cyst) and malignant 

conditions (e.g. Ewing sarcoma, osteosarcoma, and chondroblastoma) (Wenaden et al., 2005; 

Rana et al., 2009; Nogueira-Barbosa et al., 2010). 

Spiculated periosteal reaction is observed in rapid and aggressive conditions, most often 

in primary malignant bone tumours (Haun et al., 2006), being characterized by fine spicules of 

new bone that project from the underlying cortex (De Santos, 1980; Wenaden et al., 2005; 

Rana et al., 2009; Nogueira-Barbosa et al., 2010). Spicules are not neoplastic, originating from 

the ossification along periosteal vascular channels and fibrous bands (Sharpey fibers) which are 

stretched away from the cortex (Edeiken et al., 1966; Wenaden et al., 2005; Nogueira-Barbosa 

et al., 2010). A disruption of the reparative process that follows periosteal elevation is 

identified as the major cause (Greenfield et al., 1991). Depending on the size and orientation 

of the spicules, three subtypes may be identified: hair-on-end and sunburst pattern 

(Greenfield et al., 1991; Wenaden et al., 2005; Rana et al., 2009); velvet; and disorganised 

pattern (Wenaden et al., 2005).  

i. In the hair-on-end pattern (Figure 3.10 F), parallel bone spicules are projected 

perpendicularly from the cortex (Greenfield et al., 1991; Wenaden et al., 2005; Rana et 

al., 2009). These spicules develop along radially oriented blood vessels that emerge from 

the cortex in a honeycomb structure (Wenaden et al., 2005: 450). In some cases, the 
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space between spicules may be filled by tumour or other tissues (Nogueira-Barbosa et 

al., 2010). The spicules tend to be long and thin in the centre of the lesions, decreasing 

in height in the extremities (Wenaden et al., 2005). This type of PR is frequently 

observed in the aggressive forms of osteosarcoma and Ewing’s sarcoma (86%, 6/7) 

(Wenaden et al., 2005). Some infections and healing fractures may also stimulate a hair-

on-end PR pattern (Wenaden et al., 2005); 

ii. The sunburst subtype (Figure 3.10 G) is characterized by the development of spicules 

with a divergent orientation (Wenaden et al., 2005; Rana et al., 2009) that extends into 

an epicentre in the bone tissue (Nogueira-Barbosa et al., 2010). No perpendicular 

spicules are observed (Rana et al., 2009). This type of PR is normally perceived as a sign 

of malignancy (Nogueira-Barbosa et al., 2010). In fact, Wenaden et al. (2005) reported a 

high number of cases in osteosarcoma. Moreover, it can also be observed in 

haemangiomas and aggressive osteoblastic metastases, especially in those secondary to 

prostatic and bronchus cancer, and in advanced retinoblastoma (Lehrer et al., 1970; 

Wenaden et al., 2005). Less common is their occurrence in stress episodes or trauma; 

iii. Sloping or velvet periosteal reaction is composed of short and focal gently sloping 

spicules that give the lesion a smooth or “velvet” appearance (Wenaden et al., 2005); 

iv. The disorganized or complex periosteal reaction is formed by randomly distributed 

spicules that lead to a bizarre and disorganized appearance (Wenaden et al., 2005). It is 

associated with the acceleration of tumour growth, especially when malignant tumours 

originate from benign ones (Wenaden et al., 2005). The authors report a high number of 

cases associated with osteosarcoma (22.8%, 21/92); metastasis (15.2%, 14/92); and 

osteomyelitis (12%, 11/92).  

 

The Codman’s triangle PR (Figure 3.10 I) was firstly described by the surgeon Ernest 

Amory Codman (1869-1940, USA) and refers to a triangular-shaped elevation that develops 

away from the cortex in response to osseous destruction (Hwang and Schneider, 2010). It 

indicates an aggressive process in which bone resorption occurs faster than the capacity of the 

periosteum to regenerate it (De Santos et al., 1980). According to Nogueira-Barbosa et al. 

(2010), Codman’s triangle PR is the interrupted version of the single or multiple layer 

lamellated bone. It probably results from anything that lifts the periosteum, such as the 

accumulation of pus, blood or a neoplastic lesion (Edeiken et al. 1966; Wenaden et al., 2005). 

Codman’s triangle is frequently recorded in malignant tumours, namely osteosarcoma (56%, 
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48/85) and Ewing’s sarcoma (14%, 12/85) (Wenaden et al., 2005). Nevertheless, it is also 

observed in benign conditions, such osteomyelities, subperiosteal haemorrhage, and fractures 

(Burgener et al., 2006). 

 

 

Figure 3.10: The various types of periosteal new bone formations. (A) Thin; (B) Solid; (C) Thick irregular; 

(D) Septated; (E) laminated (onionskin); (F) perpendicular (hair-on-end); (G) sunburst; (H) disorganized; 

(I) Codman triangle (adapted from Rana et al., 2009: w260). 
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3.2.2. PNBF in the Paleopathological Literature 

3.2.2.1. Macroscopic and Histological Manifestations 

Periosteal new bone formation is a common occurrence in human skeletal remains from 

archaeological contexts (Ortner, 2008; Weston, 2008). It may affect individuals of both sexes 

and distinct age groups (Larsen, 1997). As for the clinics, several options must be considered in 

their differential diagnosis such as focal and systemic infections, trauma and tumours (Ortner, 

2008). However, in the paleopathological literature there is some misunderstanding 

concerning its aetiology, since it is frequently associated with infectious conditions. In fact, 

many paleopathological studies consider PNBF as an important index of health for past 

populations (e.g. Bennike et al., 2005; Buzon, 2006; DeWitte, 2010). Regarding this issue, 

Ortner (2003d: 209) advises that: «[a]lthough it is highly probable that the most common 

cause of periostitis is infection, we simply do not have a good basis for estimating what 

percentage of the cases in an archaeological skeletal sample is due to infection», which 

reinforces the need for a deep understanding of the nature of the PR.  

In periosteal reactions two types of new bone can be observed. In acute conditions the 

new bone formed is the woven type (Ortner, 2008). Macroscopically, the woven bone shows a 

porous appearance increased by the proliferation of vascular channels, similar to froth (Ortner, 

2003b and 2008). The presence of woven bone is normally indicative of an active condition at 

the time of the death (Roberts and Manchester, 2005; Ortner, 2008). In chronic conditions, 

woven bone tends to be remodelled into lamellar or compact bone, which is a stronger type of 

tissue (Ortner, 2008). Chronic conditions may also stimulate the formation of compact bone 

(Ortner, 2008). This type of bone is denser and less porous and may indicate a condition that 

was quiescent or overcome at the time of death (Robers and Manchester, 2005). It should be 

pointed out that a chronic condition may have several episodes of acute new bone formation 

(Ortner, 2008). As observed in the radiographic characterization, PNBF may also assume 

distinct patterns (Table 3.6) that range from solid layers of lamellar bone added directly to the 

cortical surface to fine spicules connecting a fairly solid layer of woven or lamellar bone 

(Aufderheide and Rodríguez-Martín, 1998; Ortner, 2008). Other manifestations include fine 

pitting, porosity, longitudinal striation and plaque-like new bone formation (Roberts and 

Manchester, 2005; Ortner, 2003b). In numerous conditions (e.g. tuberculosis, osteomyelitis 

and some carcinomas) PNBFs develop in association with erosive lesions that may assume 

different configurations and sizes. These erosive lesions result from the abnormal interplay 

between osteoblasts and osteoclasts. Ortner (2003b: 50) identifies four common 
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manifestations/types: 1) an abnormal increase in osteoclast activity with normal osteoblast 

activity; 2) an abnormal decrease in osteoblast activity with normal osteoclast function; 3) a 

combination of increased osteoclast activity and decreased osteoblast activity; and 4) normal 

osteoclast and osteoblast function but an inability to mineralize the matrix. A summary of the 

most common types is described in the Table 3.6.  

 

Table 3.6: Different types of abnormal bone formation and resorption.  

Macroscopic abnormal bone formation (after Ortner, 2003b: 50) 

Lesions composed of woven bone 
(fiberbone) 

General woven bone (no clear pattern of pores or striations, often 
transitional to compact bone) 

Porous bone 

Striated bone 

Spiculated bone 

Lesions composed of lamellar bone Smooth compact bone 
(lesions other than plaque, e.g. osteoma) 

Porous compact bone 

Striated compact bone 

Spiculated compact bone 

Plaque (relatively flat, thin areas of smooth compact bone on a normal 
bone surface 

Lesions composed of spongy bone Enlargement of the diploë 

Radiographic abnormal bone resorption (after O’Donnell, 2003: 300-302) 

Geographic Bone destruction is confined to one area, within which all the bone 
tissue is destroyed. The lesion has a well-defined margin separating it 
from the surrounding normal bone. The sclerotic border that 
surrounds the lesions may have various thicknesses. This pattern may 
be found in infections, particularly granulomatous and benign 
tumours. Multiple myeloma and metastases may also show similar 
lesions. 

Moth-eaten Represent a poorly demarcated focus of bone destruction with a long 
zone of transition between normal and abnormal bone, which 
indicates its aggressiveness and rapid growth potential. It is frequently 
observed in malignant bone tumors, osteomyelitis and eosinophilic 
granuloma. 

Permeative  Aggressive bone destruction with rapid growth. The lesion tends to 
merge almost imperceptibly with the normal bone. It is observed in 
highly malignant tumours infiltrating the bone marrow (e.g. Ewing’s 
sarcoma and lymphomas). Other conditions include acute 
osteomyelitis and rapidly developing osteoporosis. 

No margin or clear border The distinction between normal and destroyed bone is ill-defined or 
well-demarcated, with a wide zone of transition. Radiographically, this 
pattern is associated with the process of rapid growth. 

Clear border but no repair  
(no sclerosis) 

The interface between normal and abnormal bone is sharply defined, 
but the new bone formed in response to the lesion is destroyed 
before it becomes radiographically visible. 

Clear border but evidence of repair 
(sclerosis) 

The host bone responds to a focal lesion through new bone formation. 
In this case there is a sharply defined interface between normal and 
abnormal bone with a well-defined transition zone. 
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PNBFs may occur as an isolated finding, affecting only a single element, or present a 

broader distribution. In both cases, the lesions may be localized to a particular bone segment 

or show a more diffuse distribution affecting a large portion of the shaft. The dispersion of 

lesions is sometimes interpreted as the result of a longstanding condition (Gall et al., 1951). 

Lesions with a symmetric and bilateral distribution can also be encountered (e.g. syphilis, 

hypertrophic osteoarthropathy). The same can be said for those with a randomly distributed 

pattern. Normally, the presence of PNBF in different bones may suggest a systemic condition 

(e.g. syphilis, leprosy, tumours). On the contrary, isolated occurrences are usually found in 

non-specific conditions, such as osteomyelitis, or in trauma and leg ulcers. The tibial diaphysis 

is the most common site of periosteal reactions in archaeological material (Aufderheide and 

Rodríguez-Martín, 1998; Ortner, 2003d). A complete explanation for this phenomenon has not 

yet been achieved; however several hypotheses have been advanced over time. One of the 

most commonly accepted relates PNBF to the fact that the tibia, especially its anterior surface, 

is closest to the skin surface and thus more exposed to blunt trauma than those bones 

enclosed in a heavy mass of muscles (Ortner, 2003d; Roberts and Manchester, 2005). In most 

cases, PNBF is not a disease by itself but part of a disease syndrome as in syphilis. In these 

cases, periosteal reactions are a secondary response to a specific disease process. Primary new 

bone formation is most commonly found in trauma (e.g. fracture and calcified haematomas) 

and in cases of primary infection of the periosteum (Ortner, 2003d).  

According to Schultz (2001 and 2003), at the microscopic level different types of new 

bone formations may also be observed in response to the type of pathological stimuli (Table 

3.7). In spite of the abnormalities depicted in Table 3.7, the author notes that PNBFs of 

hemorrhagic and circulatory origin do not normally affect the underlying cortical bone. On the 

contrary, an involvement of the cortex and of the deep structures of bone is seen in 

inflammatory and tumour lesions (Schultz, 2001 and 2003). 
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Table 3.7: Different types of new bone abnormalities observed at microscopic level (after Schultz, 2001 

and 2003: 84).  

Histologic abnormal bone formation 

External periosteal 
reactions of the long 
bones and skull 

Hemorrhagic origin  
(e.g. subperiosteal haematoma or scurvy) 

 Thin layer of new bone with a splitlike appearance (observed on the periphery of 
large lesions or in less severe cases) 

 Short, bulky trabeculae showing extensive bridging and, more rarely, deposition 
of several layers of new bone (observed in the centre of large lesions) 

Inflammatory origin 
(e.g. nonspecific and specific PNBF) 

 Thin layer of new bone with a splitlike appearance (observed on the periphery of 
large lesions or in less severe cases) 

 Relatively long and thin bone trabeculae that are irregularly oriented in parallel 
order. In some cases, several layers may develop with extensive bridging 
(observed in the centre of large lesions) 

Tumour origin 

 Similar to the inflammatory changes, however, the trabeculae present a more 
regular development 

Circulatory origin (e.g. HOA) 

 Presence of thick secondary layers of new bone over the original cortical surface. 
In some cases, short and bulky trabeculae may also be observed 

 

In the Table 3.8, a set of pathological conditions manifesting new bone formation will be 

reviewed and summarized. Since the record is extensive, only those disorders most frequently 

encountered in the archaeological remains, and that match with the skeletal sample under 

analysis (see Chapter 4) will be outlined. The paleopathological description will be 

complemented by paleohistopathological data. 

In the Chapter 4, it will be presented and discussed the methods used to investigate the 

macroscopic and microscopic characteristics of the periosteal new bone formation among the 

skeletal samples considered. 
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Table 3.8: List of paleopathological conditions that frequently manifests new bone deposition. 

 Paleopathological conditions 

 Gross morphology 
a, b, c, d 

Tu
b

e
rc

u
lo

si
s 

(T
B

) 

TB of the vertebral column: 

 Abscess formation;  

 Prevalence of bone destruction over bone formation;  

 Anterior portion of the vertebral bodies more affected than the spinous and transverse processes;  

 Minimal bone regeneration;  

 Sclerosis of the trabeculae that surround the tubercular abscess;  

 Collapse of one or more vertebrae: Pott’s deformity. 

TB of the joints: 

 Lesions localized or diffuse and regularly symmetrical; 

 Osteopenia; 

 Marginal bone erosion and destruction of the subchondral bone;  

 Massive joint destruction, subluxation and ankylosis (severe cases); 

 Diaphyseal extension of the abscess; 

 Sequestration is infrequent and when present is smaller; 

 Presence of periosteal reactions. 

TB dactylitis: 

 Thickening of the periosteum of the metacarpals and phalanges, generating a fusiform appearance; 

 Destruction of the growth plate can induce bone shortening. 

Rib lesions: 

 Erosive lesions (head of the ribs); 

 New bone deposition (woven, lamellar or both) along the body of the rib. 

Paleohistopathological changes 
e, f

 

Long bones PNBFs: 

 Slight periosteal changes on the external surface of long bones; 

 Mild osteoclast resorption revealed by the presence of Howship’s lacunae. 

Rib Lesions: 

 Active deposition of new bone around a network of vascular grooves. These grooves exhibit different 
stages of enclosure; 

 Presence of superimposed layers of new bone; 

 Evidences of osteoblastic and osteoclastic (Howships lacunae) activity. 

C
o

n
ge

n
it

al
 s

yp
h

ili
s 

Gross bone changes 
a, b, d

 

Early osseous changes (from birth to very young infants) 
Skull 

 Necrotizing osteitis and hypertrophic periostitis 
Long bones 

 Syphilitic osteochondritis (also known as metaphysitis): symmetrical involvement of the sites of 
endochondral ossification (e.g. epiphyseal-metaphyseal junction of the tubular bones, the 
costochondral region, the short and flat tubular bones, and the centres of ossification of the sternum 
and vertebrae) causing widening of the provisional calcification zone, serration, and adjacent osseous 
irregularities, especially in the growing metaphyses (saw-toothed metaphysis). In severe cases, 
irregular erosive lesions develop along the contours of the growth plates, with possible displacement of 
the epiphyses. The bones more affected are the tibia, followed by the ulna, radius, femur, humerus, 
and fibula. 

 Diaphyseal osteomyelitis (osteitis): granulation tissue may extend from the metaphysis into the 
diaphysis. Presence of osteolytic lesions overlying periostitis. 

 Periostitis: less frequent than the above conditions, however it can be observed in the long bones. It 
represents a reactive and reparative process characterized by the deposition of one or more layers of 
new bone over the affected region.

 
This may be gradually converted into lamellar bone, leading to an 

increase in cortical thickening.
 
The massive periosteal reaction is called “periosteal cloaking”. 

Late osseous changes (from infancy to adulthood - 5-20 y.o.) 
Skull 

 Destruction of the nasal bones (“saddle nose”), calvarial gumma, and Hutchinson’s teeth  
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Long bones 

 Hyperplastic osteoperiostitis: affects primarily the diaphysis of the long bones, rather than the 
metaphyses. Marked subperioteal new bone production that is laid down parallel to the cortex and 
tends to remain separate from it. On the tibia, the new bone is deposited on the anterior surface (shin) 
of the shaft, creating a typical bending called “saber shin”.

 
The thickening produced is usually fusiform, 

creating an enlarged, undulating and dense osseous contour that involves the middle third of the 
diaphyses. Endosteal bone proliferation with subsequent narrowing of the medullary cavity can also be 
observed.

 
The original cortex may maintain its normal appearance or be affected by gummatous 

osteomyelitis. 

 Gummatous osteomyelitis: chronic and diffuse condition that produces dense and irregular 
trabeculae. Destructive foci are normally localized at the sites of gummata.

 
Sequestrum and sinus 

formation are rarely seen. The tibia is the most frequently affected bone. 
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Gross bone changes 
a, b, d

 

Late stages of acquired syphilis 
Skull 

 Cranial vault gumma: starts almost invariably on the external surface of calvarium, especially in the 
frontal bone. It is characterized by multiple, scattered areas of destruction that may coalesce. Two 
processes are involved: bone destruction that can reach the diploë, forming cranial depressions; and 
bone remodelling that occurs around the eroded areas. After the complete resorption, a stellate lesion 
called “caries sicca” is left. Lesions may also affect the endocranial surface. 

Long bones 

 Proliferative periostitis: it is the most frequent bone lesion, especially in the tibia, skull, ribs, and 
sternum. Other bones can also be affected such as the clavicle, femur, fibula, and osseous structures of 
the hand and foot. It is characterized by subperiosteal new bone formation that starts at the 
metaphyseal portion of the long bones. The subperiosteal involvement may be limited to a part of the 
shaft (e.g. medial third of the clavicle or distal portion of the tibia) or diffuse, leading to an increased 
thickening and even deformation of the bones. The new bone deposited is not connected with the 
cortex, but with the progression of the condition it starts to merge with the underlying cortex. 

 Osteitis and osteoperiostitis: occurs when the infection extends from the periosteum to the 
underlying bone tissue.

 
The major bone changes observed are: increased thickening with subsequent 

narrowing of the medullary cavity, especially in the tibia and femur; bone destruction in the form of 
pitting, namely on the surface of the skull and long bones; and a mixture of reactive and irregular new 
bone with destructive granulation produced by gummata. 

 Formation of gummatous bone lesions: the formation of gummata normally begins in the 
metaphyseal portion of long bones, constituting a mixture of necrotizing tissue with the toxic products 
of the treponema degeneration.

 
Gummata are normally small, but may coalesce to form large masses 

that fill the medullary cavity. Despite the destruction generated by gummata, the surrounding necrotic 
cavity may exhibit some bone sclerosis. Osteophytic overgrowths may be formed as a result of the soft 
tissue gummata. 

Paleohistopathological changes
 f, g 

Venereal syphilis: 

 Presence of polsters: pillow-like newly built bone formations; 

 Presence of grenzstreifen: a very fine or a narrow, band-like structure that represents the original 
external surface of the bone shaft; 

 Presence of sinuous lacunae: similar to a resorption lacuna it is found between the cortical bone and 
the pathological periosteal deposition. 
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Gross bone changes 
a, b, c, d

 

Primary bone involvement (skull) 
Rhinomaxillary syndrome or “facies leprosa” characterized by:  

 Atrophy of the anterior nasal spine;  

 Atrophy and recession of the maxillary alveolar margin with possible antemortem loss of the incisors; 

 Inflammatory changes on the superior surface of the hard palate with thinning, pitting, or perforation. 
Primary and secondary bone involvement (hand and foot) 

 Enlargement of the nutrient foramina;  

 Bone resorption with little reactive bone formation that starts in the hand, in the distal phalanges, and 
in the foot in the metatarsophalangeal joint; pencilling of the metatarsals;  

 Arthritic changes;  

 Ankylosis (uncommon) and osteitis (rare). 
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Primary and secondary bone involvement (tibia and fibula) 

 Irregular deposits of subperiosteal new bone: distal third of the tibia and fibula on adjacent surfaces; 

 The tibia is more affected than the fibula; 

 Prominent transverse striation and vascular grooves may cross the PNBF. 

Paleohistopathological changes 
f
 

 Presence of grenzstreifen; 

 Presence of several layers of new bone deposition at the same place.  
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Gross bone changes
 a, b, c, d

 

Less severe cases:  

 New bone deposition limited to the metaphyseal area. 
Most severe cases:  

 Massive bone apposition along the bone surface forming an involucrum. This bony shell may have a 
lamellated appearance resembling Ewing’s sarcoma or a bulky and very irregular outline; 

 Several cloacae perforating the involucrum may also be present; 

 Even in well-healed cases the bone exhibits irregularities characterized by different degrees of sclerosis 
and sharply defined cavities with lack of bone matrix. 

Following a compound fractures:  

 Sequestration due to infection or to the splintering of bone; 

 Involucrum and cloacae formation, as well as improper union of the broken ends. 

Paleohistopathology changes 
h
 

 Extensive osteolytic bone loss and enormous osteoblastic bone reaction, a response to the rapid 
growth of the condition; 

 Presence of small foci of decayed bone matrix located within the region of the former original compact 
bone or in the area of the secondarily filled medullary cavity; 

 Osteolytic focus containing necrotic material; 

 Grenzstreifen and sinuous lacunae may be present; 

 Various layers of new bone may formed in the same place (similar to leprosy);  

 Presence of a clear line of separation between the periosteal new bone and the underlying cortical 
tissue; 

 Evidence of osteoclastic resorption previous to new bone deposition.  
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Gross bone changes 
b, c, d, i, j, k, l

 

 PNBFs presents “a dense and lumpy” appearance with a multi layered laminated structure, being 
normally symmetrical; 

 New bone separated from the underlying cortex by a thin and fibrous layer; 

 The general appearance may range from a laminated or “onion-skin” shape, with smooth relief, to 
dense and irregular areas showing wavy contours; 

 New bone deposition occurs normally at both the ends and shafts of long and short tubular bones; 

 Absence of cortical involvement; 

 Skull, scapulae, patellae, ribs, and pubic and iliac bones are the bone elements less affected. 

Paleohistopathology changes
 m 

 Hypertrophic bone apposition with an irregular and scalloped border and constructed with fibrous 
layers;  

 A relatively clear demarcation between the newly formed bone and the original cortex;  

 New bone layers with a disorganized and woven nature; 

 Areas of bone resorption with widening of the Haversian canals indicating a chronic condition.  
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Gross bone changes 
c, n 

 Lesions are most frequently observed on the anterior and medial surface of the tibial diaphysis;  

 The margins of the lesions are frequently sharply demarcated with plaquelike deposition of periosteal 
bone of considerable thickness, roughly copying the outline of the ulcer. Lytic lesions may also be 
present; 

 Cortical thickening with thickened bark-like bone formation affecting a portion or all of the diaphysis 
may also develop; 

 Bone bridging between adjacent bones, such as the tibia and fibula may occur. 

Paleohistopathology changes 
h 

 Clear line of separation between the periosteal new bone and the underlying cortex (grenzstreifen), in 
some areas mimicking sinuous lacunae; 

 Presence of numerous osteocyte lacunae in the new bone formation.  
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Gross bone changes 

b, c 

 Subperiosteal haematomas are usually diaphyseal, of a moderate size and with an outer layer 
composed of lamellar bone (after healing); 

 Other skeletal elements frequently affected by subperiosteal haemorrhages are the skull, mandible, 
vertebrae, ribs and pelvis; 

 Subperiosteal hematomas of traumatic origin are formed by new bone whose shape may be solididly 
thin or thick, laminated or in Codman’s triangle. In scorbutic individual the new bone is regularly solidly 
thick. 

Paleohistopathology changes 
f, o 

 Newly formed bone may range from thin layers in the form of a sliplike cover to relatively short, bulky 
bone trabeculae with extensive bridging formation and /or with multiple layers (rare); 

 Demarcated and radiating bone apposition perpendicular to the periosteal surface of bone may be 
observed. In completely remodelled hematomas, the distinction between the bone lesion and the 
underlying cortex is less clear;  

 Grenzstreifen and polsters may also be present.  
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Gross bone changes 
b, c 

Early stage of fracture healing 

 Bone callus is mostly composed of woven bone with a porous appearance. 
Well-consolidated calluses 

 Bone callus formed by compact, lamellar bone. The periosteal bone produced may be solid, thin or 
thick, laminated or in Codman’s triangle. 

Paleohistopathology changes
 f 

 Woven bone composed of trabeculae oriented parallel. 
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Gross bone changes 
b, c, p 

 Bone metastases vary amongst solitary, or commonly, multiple osteolytic, osteoblastic or mixed 
osteolytic-osteoblastic lesions. Osteolytic metastases may be well or poorly marginated, whereas the 
osteoblastic ones may be focal or diffuse. Periosteal new bone deposition is highly unusual in 
metastatic disease, except in prostatic and breast carcinoma, gastrointestinal malignancies and 
neuroblastoma.  

Paleohistopathology changes 
f, q, r, s, t, u 

 Microscopic pattern characterized by the presence of Howship’s lacunae formed by osteoclastic 
resorption, especially at trabeculae, in some cases combined with deposits of woven bone. 

Data retrieved from: (a) Steinbock (1976); (b) Aufderheide and Rodríguez-Martín (1998); (c) Ortner (2003e); (d) 

Resnick and Kransdorf (2005); (e) Wakely et al. (1991); (f) Schultz (1993; 2001; 2003; and 2012); (g) von Hunnius et 

al. (2006); (h) Weston (2004 and 2009); (i) Cavanaugh and Holman (1965); (j) Ali et al. (1980); (k) Balaji et al. (2006); 

(l) Martínez-Lavín (2007); (m) von Hunnius (2009); (n) Boel and Ortner (2011); (o) van der Merwe et al. (2010); (p) 

Burgener et al. (2006); (q) De La Rúa et al. (1995); (r) Wakely et al. (1995); (s) Mays et al. (1996); (t) Šefčáková et al. 

(2001); (u) Luna et al., (2008). 
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“(...) THERE IS AN INTIMATE LINK BETWEEN HOW WE COLLECT AND ANALYSE SKELETAL DATA, THE 

RESEARCH TRADITION WE WORK IN AND THE HISTORICAL MOMENT WE ARE WORKING AT. [...] 

INDEED, ONE GOAL OF DRAWING THE LINKAGE BETWEEN RESEARCH CONTEXTS AND METHODS 

EXPLICITLY IS TO MAKE US REALISE THAT ALTERNATIVE METHODS AND QUESTIONS ARE POSSIBLE.”  

(ROBB, 2000: 477) 
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4. MATERIALS AND METHODS 

Based on an integrative approach that combines two complementary lines of enquiry – 

gross inspection and histology, this section aims to present and characterize the samples 

selected for study and to describe the procedures involved in the macroscopic and histological 

analysis of the specimens.  

 

 

4.1. MATERIAL 

4.1.1. Macroscopic Analysis 

For the macroscopic analysis an assemblage of 253 individuals, 138 males and 115 

females, comprising individuals with an age at death ranging from 2.5 months to 94 years old, 

was chosen (Figure 4.1).  

The sample was retrieved from the Lisbon Human Identified Skeletal Collection, also 

called the Luis Lopes Collection housed at the Bocage Museum, the official designation for the 

Department of Zoology and Anthropology of the National Museum of Natural History in 

Lisbon, Portugal (Cardoso, 2005 and 2006)42. This large identified human collection is made up 

of 1692 skeletons and is considered one of the most important in the country (Cardoso, 2005 

and 2006) and worldwide. The skeletons were collected from five cemeteries from Lisbon and 

belong to individuals who passed away between 1880 and 1975 (Cardoso, 2005 and 2006). 

Despite its size, an almost complete biographic profile, including name, birthplace, sex, age-at-

death, occupation and cause of death is available for only 699 (41.3 %) skeletons (Cardoso, 

                                                           
42

 It is important to note that the Bocage Museum possesses two collections (Cardoso, 2006). One is 

composed of the remnants of Ferraz de Macedo collection, almost completely consumed by a fire in 1978 (Cardoso, 

2005 and 2006).This collection, consisting mainly of human skulls, was initiated in the 19th century by the 

Portuguese physician Francisco Ferraz de Macedo, and was donated to Bocage Museum by its collector in the 

beginning of the 20
th

 century. The second human collection was started by Luis Lopes between 1981 and 1992 and 

was continued by Hugo Cardoso in 2000 (Cardoso, 2005 and 2006). 
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2006)43. At the Museum, the collection is organized in cabinets, and each skeleton is stored in 

a drawer. Most individuals were labelled with a collection number, and the bones, especially 

those of small size, were packed in plastic bags. All skeletons are accompanied by a paper 

form, containing the identifying data related to the individual’s biological profile (Figure 4.2). 

 

 

Figure 4.1: Sample distribution by sex and age at death. 

 

Taking into account the major goal of the research, which consists of testing the 

differences in bone macro- and microstructure in distinct infectious and non-infectious 

nosologies, the criterion that guided the sample selection was the cause of death reported. 

Based on the Museum digital database, composed of data transcribed from the original paper 

forms, individuals who died from the following diseases were selected (table I.I, I.II, I.III; 

appendices): 

I. Tuberculosis, in its multiple expressions (i.e. pulmonary and extra-pulmonary);  

II. Non-TB infections (i.e. pneumonia, bronchitis, bronchopneumonia, leprosy, syphilis, 

typhoid fever, osteomyelitis, gangrene and septicaemia, among others); 

III. Other systemic conditions of different aetiologies (i.e. arteriosclerosis, diabetes, 

tumours, etc.) that potentially may have induced bone periosteal changes.  

                                                           
43

 There are individuals who possess only elementary data (i.e. name, sex, age at death and cause of death). 

In these cases, the data related to the birthplace, age of birth or occupations is missing.  
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Thus, the total sample was divided into three groups. Group 1 contained all individuals 

from the collection who suffered from TB (N=114). Group 2 consisted of 89 individuals, all of 

whom had a non-TB infectious disease as a cause of death. The remaining group, composed of 

50 skeletons, was chosen randomly between different non-infectious pathological conditions. 

The sample distribution (N=253) by cause of death, sex and age at death is illustrated in Table 

4.1.  

 

Table 4.1: Distribution of individuals by cause of death, sex and age at death intervals. 

Cause of death Sex 
Age classes (years) 

Total 
0.2-44 45-94 

 
Group 1 - Tuberculous infections (TB) 

F 40 12 52 

M 39 23 62 

Subtotal 79 35 114 

Group 2 - Non-TB infections 

F 8 32 40 

M 19 30 49 

Subtotal 27 62 89 

Group 3 - Other pathological conditions 

F 1 22 23 

M 4 23 27 

Subtotal 5 45 50 

Total 111 142 253 

 

Regarding the age at death averages, Group 1 had the lowest mean overall (x =25.9), 

and the lowest mean for females (x=19.1), whereas Group 3 had the highest mean for both 

sexes (x= 60.6). The Group 2 (non-TB infections) had not only an intermediate mean age at 

death (x=50.6), but also the greatest discrepancy between the minimum and maximum values 

per age, 0.2 and 89 years old respectively (Table 4.2). 

 

Table 4.2: Maximum, minimum and mean age at death values by cause of death and sex groups. 

Cause of death Sex 

Age classes (years) 

Maximum 
value 

Minimum 
value 

Mean value 
(x) 

 
Group 1 - Tuberculous infections (TB) 

F 66 9 19.1 

M 78 14 29.4 

Subtotal   25.9 

Group 2 - Non-TB infections 

F 89 0.3 60.5 

M 86 0.2 42.5 

Subtotal   50.6 

Group 3 - Other pathological conditions 

F 94 21 65.5 

M 86 26 56.1 

Subtotal   60.6 
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Concerning the chronological distribution of the sample, it was possible to ascertain this 

parameter based on the direct or indirect analysis of the birth date44 and date of death for only 

229 skeletons (Figure 4.3). For the remaining 24 individuals, this information was not available. 

From Figure 4.3 it is clear that the majority of the sampled individuals were born between the 

years of 1861 and 1900. The temporal period that recorded the largest number (54.1 %) of 

obituaries was the period from 1941 to 1960.  

Despite the place of exhumation – the Lisbon cemeteries, not all individuals where born 

in Lisbon or even in Portugal. From the total sample (N=253), 230 (90.9%) were born in the 

Portuguese continental territory, two individuals were recorded as having their birthplace in 

the Portuguese former colonies (0.8%), namely Mozambique and São Tomé and Principe, one 

was born in Brazil (0.4%), and 7 (2.8%) were born in other European countries, such as Austria, 

France, Italy, and Spain. For 13 (5.1%) individuals it was impossible to infer the birthplace. 

Figure 4.4 shows the geographic provenience of the individuals from the assemblage, taking 

into account the administrative division of continental Portugal. 

 

 

Figure 4.3: Chronological distribution of the individuals who show a complete record for birth and 

death dates (n=229).  

 

                                                           
44

 For the individuals who did not have the birth date recorded, this information was determined by 

subtracting the age at death from the year of death.  
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 Figure 4.4: Geographic distribution of the sample by Portuguese districts. 

 

As illustrated in the graph, the largest number of individuals in the sample (55.7%, 

128/230) were born in the district of Lisbon, followed by the contiguous district of Santarém, 

(7.8%, 18/230), and the main districts from the centre of Portugal, namely, Viseu (5.2%, 

12/230), Aveiro, Coimbra and Leiria, all of them with 3.5% (8/230). The lowest number of 

individuals came from the districts of Viana do Castelo and Bragança, in the Northwest of 

Portugal, both with (0.4%, 1/230) each. 

 

4.1.2. Paleohistological Analysis 

For the histological analysis, 34 bone samples, 26 from the Lisbon Human Identified 

Skeletal Collection from the Bocage Museum and eight from archaeological skeletons were 

collected. The archaeological samples were selected to complement the comparative study of 

the identified sections, as well as to test the differences found in bone microstructure. 
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4.1.2.1. Identified Bone Samples 

The identified bone samples (n=26) were collected from the Bocage Museum and 

belong to 23 individuals (table I.IV, appendices). For skeleton numbers 1196 and 1534-A, 

permission was granted to take two samples from each of these individuals. Unfortunately, it 

was impossible to extract bone samples from all individuals studied, for two reasons: firstly, 

full access to the individuals was limited by the museum rules45; and secondly, bone sampling 

had to be adjusted based on time and supplies in order to avoid needless damage to the 

skeletons. As a consequence, the sectioning of specimens was done according to the following 

criteria:  

I. Only visible pathological lesions repeated in more than one bone piece and/or individual 

were considered;  

II. Only bones with taphonomic alterations and postmortem breakage were authorized for 

sampling; 

III. When possible the cutting procedures were taken close to damaged areas, avoiding 

zones of well preserved bone. 

The above constraints have undoubtedly conditioned the sample selection. Therefore, 

70.4% (19/27) of the bone pieces selected were exclusively ribs (Figure 4.5). Anatomically, the 

thoracic cage was the region that showed the highest number of deposits of new bone; 

furthermore it was also more affected by postmortem damage. For the remaining bones, 

namely the radius, femur, tibia, fibula and metatarsals, the percentage of sampling ranged 

between 3.7% (1/27) and 7.4% (2/27) (Figures 4.6 and 4.7).  

The selection of bone samples for histological analysis followed some of the 

recommendations of Turner-Walker and Mays (2008: 124), such as: i) minimizing damage to 

the specimens; ii) avoiding critical bone features that may hinder other researchers’ work, as in 

the case of morphometric studies; and iii) sectioning different skeletons in the same 

anatomical location to facilitate comparisons. 

                                                           
45

According to the new policies from the Bocage Musem available at: 

http://www.mnhn.ul.pt/zoologia/col_form/Regulamento_de_Emprestimo_das_Coleccoes_Zoologicas_e_An

tropologicas.pdf, accessed on 5
th

 August, 2011, extraction of biological samples is conditional. The approval 

obtained for the present study was unprecedented since the formal application occurred during a transitional 

period in the museum’s organizational model. 



 

CHAPTER 4 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

131 

 

 

Figure 4.5: Anatomical distribution of the bone samples collected (skeletal frame obtained at Google 

images on 5
th

 August, 2011).  

 

In the course of the research, efforts were also made to obtain the same number of 

bone sections from each of the three pathological groups created. The sample distribution 

obtained was as follows (figure 4.8): 

 

 

Figure 4.8: Distribution of bone samples by cause of death groups. 
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Each cause-of-death group includes bone segments without macroscopic evidence of 

periosteal reactions, as well as sections containing bone callus in different stages of healing 

that operates as control specimens (Group 1 = 1; Group 2 = 2; Group 3 = 3).  

 

4.1.2.2. Archaeological Bone Samples 

The archaeological bone samples (n=8) were retrieved from three distinct skeletal 

assemblages: Constância necropolis; the cemetery of the hospital of the Ordem do Carmo in 

Oporto, and the cemetery of the Royal Hospital of All Saints in Lisbon (Figure 4.9 and table I.V, 

appendices). 

 

1. Ancient necropolis of the Constância village 

Constância is a small village located in the centre of Portugal. In 2002 and 2003, during 

the environmental and urban renewal of the historical centre of the village, human skeletons 

were brought to light in the Alexandre Herculano’s square, the area occupied in the past by 

the former necropolis and São Julião Church, both dated from the 14th-19th centuries (Assis, 

2006). This finding led to an extensive archaeological excavation that resulted in the recovery 

of 151 skeletons: 106 adults and 45 non adults (Assis, 2006). From this skeletal series, three 

distinct individuals, designated PAH/C.02 SG24 E1, PAH/C.02 SG25-26 E2, and PAH/C.02 SG19 

E7 were chosen for sampling. The criterion used was based on the pattern of bone lesions 

observed and respective differential diagnosis.  

The skeleton PAH/C.02 SG24 E1 belongs to a young individual with an age at death 

estimated between 14 and 18 years old. New bone deposition was observed on the visceral 

surface of both left and right ribs. Similar lesions were noticed on the visceral surface of the 

sternum and on the anterior body of the vertebrae (Assis, 2006). The differential diagnosis 

proposed in this case points to a pulmonary infection, such as tuberculosis (Assis, 2006). From 

this young individual, a costal fragment of a right rib was extracted. The PAH/C.02 SG25-26 E2 

skeleton belongs to a young female with an age at death estimated between 18 and 25 years 

old (Assis, 2006). Despite some postmortem damage, paleopathological lesions also 

compatible with a possible case of respiratory infection (e.g. TB) were observed, namely new 

bone deposition on the visceral surface of ribs, hypervascularization of the anterior surface of 

vertebrae, and the presence of serpens endocrania symmetrica (SES) (Assis, 2006). From this 



 

CHAPTER 4 

BEYOND THE VISIBLE WORLD: BRIDGING MACROSCOPIC AND PALEOHISTOPATHOLOGICAL TECHNIQUES    
 
 

 

133 

individual a costal fragment of a left rib was collected46. The last skeleton used for sampling 

(PAH/C.02 SG19 E7) was that of a middle-aged to old female, which showed a distinct pattern 

of bone lesions distributed over several bone elements (Assis, 2006). This specimen, previously 

described in the literature (Assis and Codinha, 2010), has been diagnosed as a possible case of 

metastatic carcinoma. A fragment of a left rib was extracted for histological analysis. 

 

2. Cemetery from the hospital from the Ordem do Carmo in Oporto 

From the old hospital of the Ordem do Carmo, located in the Carlos Alberto Square in 

the city of Oporto, approximately 480 human skeletons were unearthed in 2006 (Menéndez 

and Teixeira, 2008). These remains belong to individuals who lived and died in Oporto 

between 1801 and 1869 (Menéndez and Teixeira, 2008). From this skeletal assemblage two 

samples with unspecific periosteal reactions were collected. Besides the presence of bone 

lesions, the criterion that guided sample selection was the existence of some degree of 

postmortem damage to reduce the amount of bone destroyed. From the adult individual Porto 

UE 5041-7047 a portion of a massive bone outgrowth with a flowing appearance located near 

the site of attachment of the tibiofibular ligament of the left tibia was collected. Despite being 

detached from the remaining shaft by postmortem breakage, the bone piece showed a 

horizontal orientation, forming a crest. A case of talocalcaneal coalition on the left foot was 

also observed (Sardoeira, 2011). The other sample was retrieved from the middle diaphysis of 

the left fibula of the adult male - Porto UE 6451.65, which exhibited extensive periosteal bone 

reaction. This condition extended to the adjacent tibia and was thus asymmetrical in its 

distribution (Sardoeira, 2011). 

 

3. Cemetery of the extinct Royal Hospital of All Saints in Lisbon 

The remaining archaeological samples were collected from three adult individuals 

exhumed from the extinct Royal Hospital of All Saints in Lisbon. Similar to the previous 

assemblages described above, bone selection was based on the presence of bone lesions, as 

well as some degree of postmortem destruction.  

The Royal Hospital of All Saints opened in 1504 with the aim of centralizing the Lisbon 

city´s health services, replacing about 43 small hospitals as well as hostels, leper houses and 

                                                           
46

 Due to the pattern of bone lesions recorded and possible differential diagnosis, identical rib samples were 

collected from individuals PAH/C.02 SG24 E1 and PAH/C.02 SG25-26 E2, for ancient pathogen DNA analysis on the 

scope of the UK’s project entitled “Biomolecular archaeology of tuberculosis in ancient Britain and Europe”. 
47

 This skeleton was fairly incomplete, represented only by the tibiae, fibulae and feet bones. Due to the 

scarcity of bone elements the sex and age at death were not estimated (Sardoeira, 2011). 
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hospices (Panarra, 1994; Ramos, 1994). The hospital was organized in three major wards, one 

of them focused on the care and treatment of syphilis patients (Panarra, 1994; Ramos, 1994). 

The building was severely damaged by a fire in 1750, and in 1755 as a consequence of the 

Lisbon earthquake it ceased to exist (Ramos, 1994). In its place the Figueira’s Square was built. 

Between the years of 1999 and 2001, during an archaeological survey 14 skeletons 

representing both sexes and different age groups and dating from the 18th century were 

exhumed. From the skeleton of a young adult male with the designation Praça da Figueira 

[1492] a bone section was removed from the middle diaphysis of the left femur, which 

contained a calcified hematoma approximately 4 cm in length. From the skeleton Praça da 

Figueira [1429], also an adult male, a portion of fibula with unspecific periosteal bone 

deposition was collected. A similar bone sample was extracted from the left fibula of the 

skeleton Praça da Figueira [1310]. This individual, an adult female (< 40 years old), showed 

multiple bone lesions characterized by new bone deposition with a bilateral pattern in several 

bone pieces (skull, upper and lower limbs). The macroscopic, radiological and CT-scan analysis 

are compatible with a case of acquired syphilis (Assis et al., 2010)48. 

 

 

4.2. METHODS 

4.2.1. Macroscopic Analysis 

All bones from the 253 individuals from the identified collection were scrutinized with 

the help of a magnifying lens. Due to the subtle nature of some of the bone lesions, a lamp was 

placed a few centimetres from the bone surface to look for the presence of irregularities or 

texture changes compatible with periosteal bone reactions. The data observed were 

documented in a visual recording form (Figure I.I, appendices) and later transferred to a 

Microsoft Office Excel 2007® database. In addition to the individual biological profile (i.e. sex, 

age at death, cause of death and collection number), the recording form contained specific 

data concerning the type, distribution and location of lesions in the bone shaft. Thus, the 

periosteal reactions were classified according to their presence or absence, symmetry, side 

affected, extent (localized/diffuse), type of new bone observed (woven/lamellar/ or both) and 

bone segment affected (Table 4.3).  

 

                                                           
48

This paleopathological case was presented, in 2010, at the 18th European Meeting of the Paleopathology 

Association. Vienna, Austria (August 23rd – 26
th

). 
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Table 4.3: Grade system used to rank periosteal bone lesions by location and type. 

General Extent Laterality Symmetry Bone type 

0=absent 0=absent 0=absent 0=absent 1=woven 

1=present 1=localized 1=unilateral 1=symmetric 2=lamellar 

7=N.O.
1 

2=diffuse 2=bilateral 2=asymmetric 3=Both 

9=B.A.
2
 7= N.O. 7= N.O. 7= N.O. 7= N.O.

 

12=N.A.
3
 9= B.A. 9= B.A. 9= B.A. 9= B.A. 

--- 12= N.A. 12= N.A. 12= N.A. 12= N.A. 
1
Non-observable (N.O.), when postmortem destruction has made the complete observation of periosteum 

impossible; 
2
Bone absent (B.A.), when the bone piece was not available for study; 

3
Non-applicable (N.A.), when the 

classificatory system could not be used, as occurred in the cases of asymmetrical and irregular bones. 

 

Descriptive analysis of the resulting data was performed, and Chi-square and odds 

ratio testing data were carried out using SPSS 16.0 and Epi Info7, with the level of significance 

set at p < 0.05. 

 

4.2.2. Paleohistological Analysis 

The methods used in paleohistological analysis were characterized by a particular 

sequence of steps that ran from the simple sample selection and finished with the digital 

record of all bone slides.  

The archaeological samples were collected at the place where the skeletal assemblages 

are stored. Regarding the osteological material from Constância, the bone sampling was 

undertaken at the Department of Life Sciences (Anthropology) from the University of Coimbra. 

Since the bone elements targeted were already fragmented postmortem, no special saw was 

used to cut them off. The bone samples from the cemetery of the hospital of the Ordem do 

Carmo were collected at the Oporto head office of the archaeological company responsible for 

the excavation, Vessants arqueologia i cultura SL. The samples from the Royal Hospital of All 

Saints were gathered at the Faculty of Humanities and Social Sciences from the New University 

of Lisbon. In both cases, a hacksaw was used for sampling. In better preserved bones, the 

areas to be cut were first measured with a ruler and marked with a pencil. It is important to 

highlight that all bone pieces were recorded photographically before and after the appliance of 

the cutting measures. Each sample was later stored in a plastic bag previously identified with 

the individual designation, type of bone, laterality and possible differential diagnosis of the 

lesions observed. 

The identified samples were exclusively collected from the Lisbon Human Identified 

Skeletal Collection located at the Bocage Museum. The procedures linked with sample 
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processing of both archaeological and identified samples took place in the Bioarchaeological 

Laboratory of the Department of Anthropology, Trent University, Peterborough - Ontario, 

Canada, under the direction of Prof. Anne Keenleyside (Figure 4.10).  

 

 

 

Figure 4.10: Summary of all procedures used in the production of bone histological sections for 

microscopic analysis. 

 

Taking into account the characteristics of the sample selected in this study for 

histological analyses, a modified version of the protocol developed by Fitzgerald and Saunders 

(2007) for the preparation of undecalcified ground tooth sections was adopted. In spite of 

being more complex, requiring several technological devices, this protocol was chosen because 

it «(…) overcome the tendency for archaeological bone or tooth specimens to crumble or 

shatter during cutting and gridding (…) [since they are first] embedded in a penetrating resin 

with hardness similar to that of the mineralized tissue. Specimens thus embedded in epoxy or 

other resins can be sectioned by a variety of techniques (…)» (Turner-Walker and Mays, 2008: 

124), producing samples with a more reduced thickness and therefore easy to grind and 

observe. 
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In the following section, all of the procedures used during the preparation of the bone 

samples will be described. It is important to note that a number of health and safety measures 

were adopted during the course of the laboratory work, such as the use of the fume hood, 

gloves, eye protection and dust masks every time hazardous substances were handled. 

 

1. Sample sectioning I  

i. After marking the bone pieces to be sampled, the process of sectioning started with the 

measurement of the bony area to be cut. To accomplish this step a regular ruler was 

placed on the bone surface and a length of approximately 1-1.5 cm was measured, 

which corresponds to the estimated size chosen for each sample. Subsequently, and to 

help in the cutting process, a line delimiting the bone surface to be handled was drawn 

with the help of a soft pencil (Figure 4.11); 

ii. Finally, the bone samples were carefully extracted using a small hacksaw. In ribs the 

incision was made perpendicular to the bone shaft, whereas for the remaining bones a 

“V-shaped” cut was made. The samples extracted were then measured and stored in a 

previously identified plastic bag. It is important to note that all bone specimens, prior to 

and after sampling, were recorded photographically for future reference. 

 

2. Sample cleaning 

i. Each sample was cleaned, first in tap water and then in alcohol using 100 ml grade glass 

beakers (Pyrex®); an ultrasonicator (Fisher Scientific 30®); tap water and 95% ethyl 

alcohol 95% (Figure 4.12);  

ii. The cleaning process started with three cycles of 20 minutes each in a sonic bath, where 

the bone samples were immersed in glass beakers containing tap water (50 ml). All glass 

beakers were labeled with the ID from the skeleton; 

iii. After drying at room temperature, they were dehydrated in ethyl alcohol (20 ml) and 

sonicated for 15 minutes. They were left to dry at room temperature for almost 12 

hours. 

 

3. Sample embedding 

i. The embedding procedures started with the preparation of the plastic medium 

substance. For this stage paper cups; plastic pipettes; wooden sticks; an electronic 

balance (Adventurertm SL Ohaus®); mounting cups (Buehler® Samplkup®; 11/4’’ID); and 
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Epo-kwick® resin and hardener (Buehler®) were used. To help with the removal of the 

embedded blocks from the mounting cups, a release agent (Buehler®) was also applied 

(Figure 4.13); 

ii. The embedding solution was prepared by adding hardener to the epoxy resin following a 

5:1 dilution ratio. To achieve this goal a paper cup was placed on the balance and its 

weight was adjusted so that the balance displayed zero weight. Using a disposable 

plastic pipette, the required quantity of resin was added to the paper cup. After that, 

and to achieve the exact proportion, the hardener was added using a clean pipette; 

iii. Next, the substances were mixed with a wooden stick until the mixture become 

transparent. To avoid bubble formation, the paper cup was tilted at a 45o angle. Before 

adding the embedding solution, the mounting caps were greased with the release agent. 

In the case of the small samples, the plastic moulds were divided in two equal portions; 

iv. After that, a small amount of epoxy was dropped into the cups until it covered 1 cm of 

the bottom. This process was conducted to avoid direct contact of the bone sample with 

the plastic container. The cups were left to dry overnight; 

v. The next step started with the preparation of a new mixture that was carefully poured 

over the sample, from the bottom to the top of the cup. The orientation of the bone 

samples in the cups is very important to allow a perpendicular cut in relation to the long 

axis of the bone. Efforts were made to remove all the air bubbles. The epoxy was left to 

cure overnight; 

vi. After they were completely hardened, the bone blocks were gently removed from the 

mounting cups. In the cases where the formation of a slight rim occurred, it was cut with 

an electric scalpel. All the procedures described were carried out under the fume hood. 

 

4. Sample sectioning II 

i. Since bone blocks are very hard, the thin sections were cut with a slow speed saw 

(IsoMet® 1000 precision saw). To maximize and to improve the sectioning, a wafer chuck 

device was used to attach the block against the IsoMet® blade. Thus, one of the surfaces 

of the embedded bone was fixed to the wafer chuck, and the opposite to a clean slide, 

using a generous amount of dental sticky wax (DENTSPLY® sticky wax) previously melted 

on a hot plate (figure 4.14); 
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ii. After the wax had hardened, the chuck was attached to the saw arm and orientated 

parallel to the blade. The sample positioning knob was then rotated until the blade lay 

close to the “cutting-line”; 

iii. Next, the blade was reset to the zero position and the thickness of the section (1-2mm) 

was chosen rotating the sample knob. The speed of the saw (~100) and the loading used 

(~50-150) were also adjusted; 

iv. From each block three distinct slides were made49; however only two were completely 

processed. The cuts were made by adjusting the blade to the point of attachment 

between the embedded block and the slide; 

v. Then, the sample was positioned moving the knob until it reached 1.0 or 1.5 mm (the 

thicknesses selected for samples). After each cut, the chuck was dismounted from the 

saw and a new slide was glued to the embedding block; 

vi. Each slide was then labeled with the acronyms of the place from its provenience, as well 

as with the number of the skeleton; 

vii. When necessary, and to improve the cutting efficiency, the blade was dressed with a 

dressing stick50 in order to remove epoxy resin and sticky wax deposits on the blade; 

viii. At the end of each work day the blade was dismounted and the Isomet® 1000 was 

cleaned. 

 

5. Sample grinding 

i. The main proposes of the grinding process are twofold: firstly, to reduce the thickness of 

the bone samples to 100 µm (0.01 mm); and secondly, to eliminate possible scratch 

marks produced by the saw. To achieve this, the following equipment was used: a 

MiniMet® 1000 Grinder-Polisher (Buehler®); polishing bowls; glass plates for the bowls; 

Carbimet ® paper discs (600 grift-P1200) (Buehler®); Carbimet® paper discs (400 grift-

P600); Microcloth PSA 2-7/8’’ 20/PK (Buehler®); Aluminium Oxide (Al2O3) abrasive 

powders in 12.5 µm, 9.5 µm and 5.0 µm particle size powder in the form of slurry (a 

liquid containing indissoluble solids in suspension), three plastic water bottles for mixing 

slurry with distilled or milli-q water and a digital caliper (Figure 4.15); 

                                                           
49

 This methodological option had two purposes, firstly to describe the microstructure variance found in 

each bone sample, and secondly to guarantee the integrity of two samples, if some of them became damaged. 
50

 A dressing stick is “ (…) a rectangular block made from carborundum-type material used to grind or 

sharpen blades” (FitzGerald and Saunders, 2007: 25). 
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ii. The grinding process started with the attachment of a piece of 600 grit paper to the 

glass plate from the plastic bowl. Some care was taken to insure that the glass plate was 

completely clean and dry to guarantee a perfect attachment; 

iii. Before the attachment of the slide to the slide holder from the grinder, some 

measurements were taken using a digital caliper; firstly in a clean slide setting up the 

digital caliper to zero, and then in a slide sample. Three measures we made, two on each 

side of the specimen, and one on the bottom, avoiding touching the bone with the 

caliper extremities. All measures were then recorded individually in a Microsoft Office 

Excel 2007® database; 

iv. To hold the slide sample to the slide holder from the grinder, a bit of distilled water was 

dropped to create a suction effect. Another drop of water, about 1-2 cm in diameter, 

was also added to the grit paper. After that the MiniMet was turned on and the speed 

(between 3.0 and 3.5), force (between 0.02 and 0.05) and duration of each cycle (~4 

min.) were adjusted. It is important to highlight that the running cycles were frequently 

interrupted and the sample slides removed to control their thickness; 

v. In the case of thick or asymmetrical samples, the polishing was made by hand adding a 

vacuum adaptor to the slide and using synchronized movements in the shape of a figure 

eight. The base for polishing was created by attaching the grid paper to a glass disc. This 

measure was also used to optimize the time available. For both manual and mechanical 

procedures, the grinding value expected for each slide was ranked between 0.86 and 

0.76 mm. After reaching this mark, the grinding procedure moved to a 400 grit paper 

(more softly) and the process started all over again until a rank of 0.6 to 0.4 mm was 

reached; 

vi. Once desired thickness was obtained, the grid paper was replaced with a Microcloth, a 

type of paper with soft texture. At this stage, instead of using distilled water, a batch of 

slurry51 was created to help in the polishing process, first with 12.5 powder grit and then 

moving sequentially to the 9.5 and to the 5.0 powder grit. In this phase of the grinding 

process a very small amount of the sample is removed; however, the scratch marks are 

                                                           
51

 Fitzgerald and Saunders (2007: 10) describe the preparation of slurry in four steps, all of them carried out 

under the fume hood or using a dust mask: firstly, to «[w]eight out the required quantity of Aluminium Oxide 

abrasive powder for the amount of slurry to be mixed (20 g Al2O3 : 100 ml H2O); [secondly to], add the weighed 

quantity of Al2O3 to the appropriate amount of distilled water measured into a glass or plastic bottle; [thirdly to] cap 

the bottle and agitate until well mixed; and [finally] a large batch may be made up and stored. For use, shake the 

mixture well before decanting an aliquot of the slurry into a refillable plastic “squeeze bottle”. 
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softened. Between each type of grit paper and slurry used, the specimens were 

ultrasonicated in a bath of tap water for 15 minutes to remove grit.  

 

6. Sample flipping and grinding   

i. The flipping phase started with the transfer of the bone sample to a second (and final) 

glass slide, followed by additional grinding until the bone specimen reached the 

desirable thickness of 0.1 mm. The supplies required were the same as those used in the 

grinding and embedding process. Additional supplies included an electric scalpel, new 

slides, wooden tweezers, a diamond pencil and a transmitted light /polarized 

microscope Nikon Eclipse 80i® (Figure 4.16); 

ii. Firstly, a diamond pencil was used to mark the ID of the bone samples on the new slide. 

After that, the slide was cleaned with a soft paper soaked in alcohol to remove dust and 

glass particles, and then left to dry; 

iii. Secondly, a solution of resin mixed with hardener was prepared following the protocol 

for sample embedding. After finishing the mixture, a clean plastic pipette was used to 

drop a small quantity of epoxy onto the clean slide, avoiding the formation of bubbles. 

In the meantime, the respective slide containing the bone sample was left on the hot 

plate to melt the wax. After melting, the slide was held carefully with the help of 

tweezers and its bone sample was transferred gently to the second slide. In this delicate 

stage, particular attention was paid to removing air bubbles, since their presence may 

obscure one’s view of it. To facilitate the attachment of the bone sample to the new 

slide, an electric scalpel was used to cut the excess resin on the sample edges; 

iv. After transferring all bone samples to the second slides, they were left to dry under the 

fume hood for 12 hours. When dried, the second set of samples was submitted to a new 

set of polishing, following the same steps described above. Since at this stage the 

samples were thinner, increased attention was paid during the grinding process by using 

a microscope to evaluate the thickness of the samples; 

v. Once the expected thickness was reached, grinding ceased and the samples were ready 

for the next step. 

 

7. Sample cover slip 

i. The cover slip is the ultimate stage in the sample processing and the more time-

consuming. The supplies needed at this phase were: 50 ml grade glass beakers (Pyrex®); 
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ethyl alcohol 95%; a vacuum pump; Drierite – versatile desiccators of anhydrous calcium 

sulfate (Buehler®, Canada); a high vacuum grease Dow Corning ® (a silicone lubricant for 

glass stopcocks; joints and glass-rubber connections); a bottle of xylene; mounting 

medium liquid; plastic pipette; wooden and metal tweezers and cover slips (figure 4.17); 

ii. The process started with dehydration of the final slides in three distinct sonic baths of 

ethyl alcohol (ETOH), each of them with distinct dilutions, for a total of 8 minutes 

following the diluting method outlined in the Fitzgerald and Saunders (2007) protocol; 

iii. Meanwhile, the vacuum chamber was prepared and stabilized by adding Drierite to the 

plastic bottle, as well as covering the edges of the vacuum container with the vacuum 

grease; 

iv. Following dehydration, the samples were immersed in xylene (in glass beakers without 

cover) under vacuum. Since xylene is highly hazardous to health, all procedures that 

involved its handling were carried out under the fume hood using gloves, eye protection 

and powder mask; 

v. The chamber vacuum was sealed and the pump turned on until the pressure inside 

reached a value close to 96. When that rate was achieved, the pump was shut down and 

the chamber put on rest until no more air bubbles were seen emerging from the bone 

samples; 

vi. After the removal of slides from the vacuum chamber, a small amount of mounting 

medium was put over the samples using a clean plastic pipette. Finally, and with the 

help of tweezers, a cover slip was gently put over the samples. Special care was taken to 

do this to prevent air bubbles from occurring between the sample and the cover slip. If 

this occurred it would hinder microscopic observation of the sample; 

vii. All samples were then left to dry. 

 

8. Slide record 

i. Because of the time scheduled for the histological analysis, the final slides were carefully 

observed under the microscope even prior to being completely dried (Figure 4.18); 

ii. The microscopic observation was made using a high resolution microscope with an 

incorporated digital camera - Nikon Eclipse 80i® and a computer. The observations were 

made first with transmitted light and then with polarized light52, by adjusting the 

                                                           
52

 Polarized light was used to compensate for some degree of glare or distortion of the object image 

associated with the use of transmitted light (Lovell, 2000). According to the same author (Lovell, 2000: 227): 

«[p]olarized light is generally considered more useful than ordinary light for obtaining a detailed picture of cell and 
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analyzer and the polarizer devices in the microscope. All samples were then scrutinized 

using magnifying objectives of 2X, 4X and 10X; 

iii. Stereologer 2000® software was used to capture the bone images. For each sample, 

individual folders were created to store all images taken in regular and polarized light. 

Once photographed, all samples were carefully packed in a slide storage box. 

 

9. Slide analysis 

Three distinct softwares were used to process the microscope images, namely: the 

IrfanView 4.33©, 1996-2012 (to convert multiple photos from BMP to JPEG format); the 

Autostitch V2.2©, 2004 (to merge multiple photos in a plan); and the Image J 1.44p© (to 

calibrate photos). Photographs from both light and polarized images were qualitatively 

analyzed for particularities in bone microstructure such as: 

a. Type of bone activity observed: resorption, formation, or both; 

b. Type of new bone produced: woven, lamellar or both; 

c. Location of microstructure changes: periosteum, cortex, endosteum; 

d. Microstructure of the periosteal new bone formation; 

e. Type of mineralized bone: normal versus presence of structural defects; 

f. Density and prevalence of osteocyte lacunae; 

g. Presence of Howship’s lacunae, a sign of osteoclast activity; 

h. Signs of bone tissue remodelling: formation of secondary Haversian systems  

 

Qualitative differences and similarities of the bone microstructure were recorded among 

control samples and in those affected by lesions. A comparative analysis was also undertaken 

between bone specimens exhibiting the same pathological condition and samples with distinct 

bone conditions. Additionally, the incorporation of fractured bones in distinct stages of healing 

allowed for the study of the mechanisms that mediate bone callus formation. A complete 

description of all taphonomic alterations observed in the bone samples, such as encrustation 

by mineral soil, bacterial activity, presence of fungus and microfractures, was also made. 

Concerning this topic, a qualitative comparison among archaeological and identified samples 

was also conducted.  

                                                                                                                                                                          
tissue structure in transparent specimens by revealing the birefringence of long molecules, such as those 

characteristic of collagen fibers». 
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“[T]HE BRIDGING OF MACROSCOPIC DATA WITH MICROSCOPIC DATA IS SEEN AS AN ESSENTIAL STEP 

TOWARD ADDRESSING DIFFERENTIAL HEALTH STATUS ACROSS AGE, SEX AND CULTURE” 

MARTIN (1991: 55) 
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5. RESULTS 

This chapter will present the results of the investigation into the macroscopic and 

paleohistopathological characteristics of periosteal new bone formation (PNBF) conducted in 

an identified skeletal sample from the Bocage Museum, Lisbon (Portugal), as well as in bone 

specimens derived from archaeological contexts53. Since taphonomy has a deleterious effect 

on bone tissue integrity, the first step in the macroscopic analysis will be to consider the bone 

representativeness and preservation by individual and element. This analysis will be 

complemented by the description of the main diagenetic changes observed in the histological 

samples.  

 

 

5.1. MACROSCOPIC ANALYSIS 

 

Two hundred and fifty-three skeletons belonging to the Lisbon Human Identified 

Skeletal Collection were examined macroscopically and the characteristics of the PNBF were 

recorded as outlined in Chapter 4. The presence of skeletal lesions was investigated in the total 

number of affected bones and individuals in the sample, and the prevalence of bone 

involvement was analyzed by sex, age-at-death, cause of death, anatomical distribution, and 

type of new bone observed. All skeletal elements were systematically examined for 

pathological changes, and the data obtained were entered into a database specifically 

designed for this research.  

 

 

 

                                                           
53

As pointed out in the previous chapter, the archaeological samples were only considered in the 

paleohistopathological study. 
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5.1.1. Representativeness and Preservation of the Skeletal Sample 

The rib cage 

In the sample under study, a total of 4895 well-preserved ribs were identified, which 

represents 80.6% of the total number expected if all individuals possessed twelve pairs of ribs 

(Table 5.1 and Figure 5.1).  

 

Table 5.1: Distribution of the total number of ribs observed by side (P=bone present; NO=bone present 

but with taphonomic changes; A=bone absent) and for the overall sample (P=bone preserved/Exp= 

expected bone in each individual assuming 12 pairs of ribs).  

Rib cage  

Bone 
element 

Left Right Total 

P NO Absent P NO Absent P/Exp (%)
 

R1 214 6 33 216 7 30 430/506 (85.0) 

R2 226 9 18 232 7 14 458/506 (90.5) 

R3 216 8 29 227 5 21 443/506 (87.5) 

R4 222 7 24 229 5 19 451/506 (89.1) 

R5 218 10 25 214 7 32 432/506 (85.4) 

R6
 

210 14 29 207 13 33 417/506 (82.4) 

R7 213 14 26 210 15 28 423/506 (83.6) 

R8 209 20 24 208 17 28 417/506 (82.4) 

R9 204 23 26 205 22 26 409/506 (80.8) 

R10 189 24 40 191 25 37 380/506 (75.1) 

R11 190 23 40 192 23 38 382/506 (75.5) 

R12 126 13 114 127 14 112 253/506 (50.0) 

Total 4895/6072 (80.6) 

 

In the rib cage, the first four pairs of ribs (R1R4) were the best preserved on both 

sides. In this subgroup, the 2nd (90.5%), 4th (89.1%), and 3rd (87.5%) ribs displayed the highest 

preservation scores. In contrast, the ribs that were less well-preserved were those from the 

lower thorax (R10R12), namely the 12th rib (50%, 253/506), a significant number of which 

were missing (n=226). The most poorly preserved ribs (<25% of preservation) were the 10th (in 

429 observed bones, 49 were excluded due to postmortem damage), the 11th (in 428 observed 

bones, 46 were not considered), and the 9th rib (in 454 bones recovered, 45 were excluded 

from the analysis). Two factors may explain the above observations, namely the incomplete 

recovery of all bones during the individual’s exhumation, and the severe damage imposed by 

taphonomic agents that made the correct identification of each element impossible. With 

regard to the low representativeness of the twelfth rib, the possibility of rib agenesis in some 

individuals should also be considered since it most frequently affects the last pair (see Chapter 

3, section 3.1.6).  
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Superficial erosion on the visceral surface of ribs was the most common taphonomic 

change observed (Figure 5.2). Besides erosion, flaking of the periosteum affecting, in some 

cases, the entire rib with exposure of the cancellous bone at the sternal and vertebral ends 

was also recorded. Furthermore, postmortem fissuring along the rib shaft with total or partial 

displacement of both the visceral and dorsal surfaces was observed in some individuals. Other 

common alterations included color changes and presence of dried soft tissues and evidence of 

chirurgical procedures (e.g. autopsy cut marks). 

 

Figure 5.1: Classification of the ribs according to four grades of preservation (Grade 1 - >75% preserved; 

Grade 2 – 25-75% preserved; Grade 3 - <25% preserved; Grade 4 – bone absent). Only bones classified 

with grade 1 and 2 preservation were considered suitable for analysis. 
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Appendicular skeleton 

In the 253 individuals that comprise the sample, only 8211 bones from the upper and 

lower limb were fully preserved, which corresponds to 81.1% of the total number expected if 

the skeletons were complete. Approximately 1189 bones were counted as absent and 720 

were not included in the sample because they showed significant postmortem changes. When 

the preservation and representativeness of each bone element was scrutinized (Table 5.2 and 

Figure 5.3), the scapula (87.9%, 445/506) and the innominate (96%, 486/506) were more 

frequently represented and had fewer taphonomic changes than other bones in the sample, 

followed, in the upper limb, by the clavicle (80.0%) and the 2nd metacarpal (78.5%), and in the 

lower limb by the femur (95.3%), tibia and calcaneus (both with 91.3%). In contrast, the most 

poorly preserved bones were the remaining tubular bones of the hand, namely the 1st 

metacarpal (66%, 334/506), the humerus (70.9%, 359/506), the ulna (77.3%, 391/506), and the 

5th metatarsal (75.7%, 383/506).  

 

Table 5.2: Number of bones of the appendicular skeleton observed by side (P=bone present; NO=bone 

present but with significant taphonomic changes; A=bone absent) and in the overall sample (P=number 

of bones preserved/Exp= number of bones expected).  

  Upper limb  

Bone 
element 

Left Right Total 

P NO Absent P NO Absent P/Exp (%)
 

Clavicle 203 32 18 202 30 21 405/506 (80.0) 

Scapula 221 26 6 224 22 7 445/506 (87.9) 

Humerus 177 66 10 182 67 4 359/506 (70.9) 

Radius 197 46 10 196 51 6 393/506 (77.7) 

Ulna 193 53 7 198 51 4 391/506 (77.3) 

1
st

 Metc
1 

161 11 81 173 8 72 334/506 (66.0) 

2
nd

 Metc 195 8 50 202 5 46 397/506 (78.5) 

3
rd

 Metc 190 7 56 203 6 44 393/506 (77.7) 

4
th

 Metc 173 9 71 178 9 66 351/506 (69.4) 

5
th

 Metc 166 11 76 170 8 75 336/506 (66.4) 

Lower Limb 

Innominate 242 6 5 244 4 5 486/506 (96.0) 

Femur 241 10 2 241 10 2 482/506 (95.3) 

Tibia 231 20 2 231 20 2 462/506 (91.3) 

Fibula 224 22 7 221 25 7 445/506 (87.9) 

1
st

 Mett
2 

215 8 30 219 4 30 434/506 (85.8) 

2
nd

 Mett 210 7 36 211 5 37 421/506 (83.2) 

3
rd

 Mett 207 7 39 210 7 36 417/506 (82.4) 

4
th

 Mett 201 9 43 214 4 35 415/506 (82.0) 

5
th

 Mett 185 15 53 198 10 45 383/506 (75.7) 

Calcaneus 228 1 24 234 0 19 462/506 (91.3) 

Total 8211/10120 (81.1) 
1Metc= Metacarpal bones; 2Mett= Metatarsal bones 
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Figure 5.3: Classification of the bones of the upper and lower limb according to four grades of 

preservation (Grade 1 - >75% preserved; Grade 2 – 25-75% preserved; Grade 3 - <25% preserved; Grade 

4 – bone absent). Only bones classified as having grade 1 and 2 preservation were considered suitable 

for analysis. 
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In some individuals complete destruction of the outer surface of the bones was 

observed, which made the analysis of PNBF impossible. Erosion and cortical detachment of the 

outer shell were the most visible postmortem changes (Figure 5.4 and Figure 5.5). These 

conditions were particularly apparent on the upper limb bones, namely the humerus (in 492 

recovered bones, 133 were excluded due to the presence of significant taphonomic changes) 

and the ulna (in 495 recovered bones, 104 were not considered in the analysis due to their 

destruction). Additionally, some destruction of the bone epiphyses was also recorded (Figure 

5.6). The skeletal elements that were less well-represented were the 1st metacarpal (n=153), 

the 5th metacarpal (n=151), and 4th metacarpal (n=137).  

 

5.1.2. Periosteal New Bone Formation (PNBF): Gross Morphology 

5.1.2.1. General Distribution by Sex and Age at Death 

In the 253 individuals observed, 61.3% (155/253) presented periosteal new bone 

formation in one or more bones. Considering the overall prevalence by sex, more males (n=89) 

were affected than females (n=66) (Table 5.3), but the difference was not statistically 

significant. When the distribution of PNBF was examined by age at death, the frequency of 

cases was found to be significantly higher in the younger group (0.2 months to 44 years; 

mean=22.64 years old and SD=10.81) compared to the older group (45 to 94 years; 

mean=63.36 years old and SD= 12.71) (χ2 = 7.451, df =1, p= 0.006). 

   

Table 5.3: Distribution of cases of periosteal new bone formation (PNBF) by sex and age at death 

(F=female, M=male). 

 
PNBF 

 
Sex 

Age range (years)  
Total 0.2-44  45-94  

 
Absent 

F 14  35  49  

M 18  31  49  

Subtotal 32 (28.8%) 66 (46.5%) 98 (38.7%) 

 
Present 

F 35  31 66  

M 44  45  89 

Subtotal 79 (71.2%) 76 (53.5%) 155 (61.3%) 

Total  111  142  253 

 

5.1.2.2. Distribution by Cause of Death 

An examination of PNBF by cause of death (Table 5.4) revealed a higher prevalence of 

PNBF (82.5%, 94/114) in individuals who died from tuberculosis (TB) (Group 1), followed by 

those with other conditions (46%, 23/50) (Group 3) and non-TB infection (42.7%, 38/89) 
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(Group 2). These differences were highly significant (χ2 = 39.413, df =2, p= 0.000), and in fact, 

individuals who died from TB were 5.51 times more likely (OR=5.51, CI=95%: 2.6420 to 11. 

5223) to develop PNBF than those who died from other causes (χ2=20.8452, df=1, p=0.000). 

Furthermore, the TB group (Group 1) also had a 1.79 times increased risk (RR=1.7925, CI=95%: 

1.3121 to 2.4489) of developing PNBF than the Group 3. In contrast, no statistically significant 

association with PNBF was observed within the non-TB group (OR= 0.8747, CI=95%: 0.4357 to 

1.7560) (χ2=0.0395, df=1, p=0.8426). The relative risk of developing this type of bone lesion 

was also lower (RR=0.9282, CI=95%: 0.6317 to 1.3639). When combined, the TB and the non-

TB infection groups revealed an association with PNBF 2.18 times higher (OR=2.1825, CI=95%: 

1.1664 to 4.0836) than in the Group 3 (χ2=5.3433, df=1, p=0.02). The relative risk of 

developing new bone lesions was calculated as 1.41 (RR=1.4136, CI=95%: 1.0297 to 1.9405). 

 

Table 5.4: Distribution of individuals affected and unaffected by PNBF according to the cause of death. 

Cause of death   PNBF  Unaffected  Total 

 n %  n %  N 

Group 1. Tuberculosis infection (TB)  94 82.5  20 17.5  114 

Group 2. Non-TB infection   38 42.7  51 57.3  89 

Group 3. Other conditions  23 46  27 54  50 

Total  155 61.3  98 38.7  253 

 

5.1.2.3. Distribution Pattern within the Skeleton  

Amongst the 155 individuals affected with PNBF, 42.6% showed traits of the condition in 

the ribs (R), 31.6% in the bones of the appendicular skeleton (AB), and the remaining 25.8% in 

the ribs and appendicular bones (R+AB) (Figure 5.7).  

The anatomical distribution of PNBF by age group revealed a high percentage of rib 

lesions in individuals younger than 45 years of age (56.8%), when compared with the older 

group (26.7%), a difference that was statistically significant (χ2=14.064, df=1, p=0.000)(Table 

5.5). Similarly, the frequency of lesions in the ribs and appendicular bones combined was 

significantly higher in younger individuals (χ2=7.714, df=1, p=0.005). The frequency of 

individuals with PNBF in the appendicular bones was higher in the older age group (36/102, 

35.3%); however this difference was not statistically significant.  
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Figure 5.7: Number and frequency of individuals affected with PNBF by anatomical location (R: ribs, AB: 

appendicular bones; R+AB: ribs and appendicular bones). 

 

 

Table 5.5: Distribution of individuals affected with PNBF by age and anatomical location (n=number of 

individuals affected; N=total number of individuals observed). 

 
Anatomical 

region 

 Age range (years)  Chi-square 

0.2-44  45-94  Total χ2 P 

n/N % n/N % n/N % 

R  42/74 56.8  24/90 26.7  66/164 40.2  14.064 0.000 

AB  13/45 28.9  36/102 35.3  49/147 33.3  0.324 0.569 

R+AB  24/56 42.9  16/82 19.5  40/138 29  7.713 0.005 

Total  79   76   155   25.688 0.000 

 

When the anatomical distribution of the lesions was examined by cause of death (Table 

5.6), a significantly higher frequency of rib lesions was observed in individuals who died from 

TB infection (56.4%) in comparison with other conditions (18.4%) and non-TB infection (26.1%) 

(χ2=57.610, df=2, p=0.000). Similarly, statistically significant differences (χ2=50.016, df=2, 

p=0.000) were found in individuals who died from TB infection (Group 1) and showed PNBF in 

the ribs and appendicular bones (36.2%), in comparison with individuals from Group 2 and 

Group 3. The frequency of PNBF in the appendicular bones was higher in individuals who died 

from other conditions (69.6%) and lower in those who suffered from TB infection (7.4%); 

however, these differences were not statistically significant.  
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Table 5.6: Distribution of PNBF by cause of death and anatomical location (n=number of individuals 

affected; N=total number of individuals affected). 

 
Cause of death 

 PNBF  

R  AB  R+AB Total 

n % n % N % 

1. TB infection  53 56.4  7 7.4  34 36.2 94 

2. Non-TB infection   7 18.4  26 68.4  5 13.2 38 

3. Other conditions  6 26.1  16 69.6  1 4.3 23 

Total  66   49   40  155 

 

The anatomical distribution of lesions and its impact on the cause of death was 

measured by odds ratio. Regarding the presence of PNBF in the ribs, the results showed that 

individuals who died from TB infection had a 11.9 times greater risk (OR=11.93; CI=95%: 

4.2860 to 33.1791) of developing rib lesions than those who died from other conditions, with a 

significance of χ2=25.112 (df=1, p=0.000). The relative risk was calculated as 3.9 (CI=95%: 

1.9102-8.3474). No statistically significant relationships were observed between the presence 

of rib lesions and non-TB causes of death (p=0.624).  

When PNBF of the appendicular bone was considered, the analysis showed that its 

occurrence was less likely in individuals who died from TB infection (OR=0.5906, CI=95%: 

0.2047-1.7045) with a χ2=0.514 (df=1, p=0.473) when compared with other conditions. The 

presence of appendicular lesions was also less expected in individuals who perished from non-

TB causes of death (OR=0.8603; CI=95%: 0.3951-1.8732), and the results were not statistically 

significant (p=0.857). 

The risk of developing PNBF in the ribs and appendicular bones was 45.9 times higher in 

individuals who died from TB infection (OR=45.900, Cl=95%: 5.786-364.105), and this 

difference was statistically significant (χ2=24.214, df=1, p=0.00) in comparison with other 

causes of death. The probability of exhibiting a broader distribution of lesions was also 17.6 

times more likely in individuals with TB infection (RR=17.6296; Cl=95%: 2.545-122.132) than in 

those with other conditions. The predicted odds for the individuals who presented bone 

lesions in the ribs and appendicular skeleton and died from non-TB infections was 2.6 times 

the odds (OR=2.6471; Cl=95%: 0.2941-23.8221) of those who perished from other conditions, 

with a relative risk that was quite similar (RR=2.5000, Cl=95%: 0.3066-20.3869). Despite that, 

the differences were not statistically significant (χ2=0.202, df=1, p=0.653). 
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5.1.2.3.1. Distribution of PNBF in the Ribs 

By individual 

In the 253 individuals who comprise the sample, 243 had preserved ribs that could be 

examined for PNBF. For the remaining ten individuals the analysis of PNBF was impossible due 

to the absence of ribs (n=7) or severe postmortem damage (n=3). In the 243 individuals 

considered, 106 (43.6%) exhibited deposits of new bone on at least one rib (Table 5.7). For the 

overall sample, the number of affected ribs ranged from 1 in 14 individuals to 22 in one 

individual, and the average number of ribs with lesions by individual was 2.77 (SD=4.35, 

Median=0.00). Regarding the frequency and the mean number of ribs affected by age and 

cause of death, a higher percentage of individuals who were younger than 45 years old and 

who had died from TB infection (80.3%) had rib lesions compared to older individuals and 

those who had died from other causes (Group 3). This age group also had a higher number of 

PNBF in ribs ( =5.45, SD=4.78, Median=5.0). In contrast, a lower frequency (14%) of affected 

ribs was observed in older individuals who had died from other causes ( =0.65, SD=3.36, 

Median=0.0). 

 

Table 5.7: Frequency and average number of ribs affected with PNBF by individual, age group and cause 

of death (n=number of individuals affected, N= total number of individuals observed).  

Cause 
of death 

Age range (years) 

0.2-44  45-94  Total 

n/N % 
 

SD n/N % 
 

SD n/N % 
 

SD 

Group 1  61/76 80.3 5.45 4.78  26/34 76.5 4.85 4.86  87/110 79.1 5.26 4.79 

Group 2  4/23 17.4 0.78 2.22 8/62 12.9 0.69 1.96 12/85 14.1 0.72 2.02 

Group 3 1/5 20 1.0 2.24 6/43 14 0.65 3.36 7/48 14.6 0.69 3.24 

Total 66/104 63.5 4.20 4.70  40/139 28.8 1.70 3.75  106/243 43.6 2.77 4.35 

 

The results shown above are in agreement with those in Figure 5.8. Accordingly, 

individuals who died from TB infection (Group 1) were not only those most affected by rib 

lesions but also those who showed a broader involvement of the rib cage. For example, 12 

individuals presented PNBF in seven ribs (11 died from pulmonary TB and one died from 

intestinal TB); eight individuals who suffered from pulmonary TB showed lesions in ten ribs, 

and three who also died from pulmonary TB exhibited lesions in 14 ribs. Finally, a young adult 

male (Sk. 1227, 21 y.o.) had diffuse lesions in eighteen ribs (Figure 5.9).  
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Figure 5.8: Number of ribs with PNBF in individuals with varying causes of death. 

 

In the non-TB infection group (Group 2), the most extensive involvement of the rib cage 

was recorded in a young male individual (Sk. 1534-A, 2 y.o.) who died from pneumonia (10 ribs 

affected), in a middle aged male (Sk. 270, 50 y.o.) who died from bronchopneumonia (9 ribs 

affected) (Figure 5.10), and in a middle aged male (Sk. 504, 59 y.o.) who died from bronchitis 

(7 ribs affected). The most widespread distribution in the entire sample (22 ribs affected) was 

an old male (Sk. 457, 66 y.o) who died from a rectum neoplasm (Group 3 cause of death) 

(Figure 5.11). 

 

By ribs affected and side  

Periosteal new bone formation was recorded in 673 (15.9%) out of the 4222 ribs 

examined (Table 5.8). Similar to previous analysis, younger individuals (<45 years old) who died 

from TB infection exhibited a higher percentage of rib lesions (35.7%) compared to older 

individuals from Group 2 and Group 3 (3.4%). In the overall sample, the largest number of ribs 

showing PNBF was recorded in the TB group (33.8%).  

With respect to the distribution of PNBF in the rib cage (Figure 5.12), the majority of 

cases involved the upper to middle segment (R1R6, 60.2% [405/673]) compared to the lower 

segment (R7R12, 39.8% [268/673]). A sharp increase in the number of lesions was observed 

from the first to the fourth and fifth ribs, followed by a more gradual decrease to the tenth rib. 

The least affected ribs were the first (n=7), eleventh (n=27) and twelfth (n=4) ribs. 
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Table 5.8: Number of rib lesions by age and cause of death [N(ob)=total number of ribs observed, 

n(PNBF)=total number of ribs affected with periosteal new bone formation]. 

Cause of 
death 

Age range (years) 

0.2-44  45-94  Total 

N(ob) n(PNBF) % N(ob) n(PNBF) % N(ob) n(PNBF) % 

Group 1  1161 414 35.7  551 165 30  1712 579 33.8 

Group 2  372 18 4.8 1250 43 3.4 1622 61 3.8 

Group 3 67 5 7.5 821 28 3.4 888 33 3.7 

Total 1600 437 27.3  2622 236 9.0  4222 673 15.9 

 

 

Figure 5.12: Distribution of ribs affected by PNBF (left and right ribs combined) by their anatomical 

order in the rib cage. 

 

An examination of the distribution of bone lesions by side was conducted on only 2255 

pairs of ribs (Table 5.9). Those pairs that were incomplete or showed at least one bone 

damaged postmortem by taphonomic processes were not included in the analysis. In the 

subgroup considered, PNBF was observed in 510 pairs of ribs, and was one-sided distributed in 

75.3 % (384/510) of the cases, compared to symmetrically in 24.7% (126/510) of cases. In 

general, left-sided lesions (41.2%) were slightly more frequent than those from the right-side 

(34.1%). The cross tabulation analysis of PNBF by side and cause of death revealed a higher 

frequency of one-sided lesions in individuals who died from TB infection (Group 1) and non-TB 

infections (Group 2) [76.3% (338/443) and 83% (39/47), respectively]. In Group 1 the lesions 

were predominantly located on the left-side (42.9%), whereas in Group 2 they were more 

often observed on the right-side (46.8%). Regarding individuals who died from other 

conditions (Group 3), the lesions recorded were essentially symmetrical (65%). 
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Table 5.9: Distribution of ribs affected with PNBF by side and cause of death [N(ob)= total number of 

ribs observed; n(PNBF)= total number of ribs with periosteal new bone formation]. 

 
Cause of 
death 

 
 

N(ob) 

  
n (PNBF) 

 Side and symmetry of the lesions 

Left  Right  Symmetric 

N % n % n % n % 

Group 1 1069  443 41.4  190 42.9  148 33.4  105 23.7 

Group 2 775 47 6.1 17 36.2  22 46.8  8 17 

Group 3 411 20 4.9 3 15  4 20  13 65 

Total 2255  510 22.6  210 41.2  174 34.1  126 24.7 

 

An analysis of lesions by their anatomical location and side in the rib cage (Figure 5.13) 

revealed a predominance of one-sided foci in the majority of ribs examined, with the 

exception of the first rib that displayed an equal number of one-sided and symmetrical 

occurrences. A dominance of left-sided lesions was also noted, especially in the fifth and sixth 

rib and between the eight and tenth ribs. For example, left-sided lesions were observed in 26 

pairs of rib number eight compared to right-sided lesions in only 17 pairs. More right-sided 

lesions were noted in the second rib (n=15) and the third rib had the highest frequency of 

symmetrical occurrences (n=18). 

 

 

Figure 5.13: Distribution of rib lesions by side and anatomical location in the rib cage. 

 

By ribs affected and anatomical location 

In the 673 affected ribs studied (Table 5.10), 48.9% exhibited intermittent or continuous 

deposits of new bone all along the visceral surface from the vertebral end (VE) to the sternal 
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end (SE). In comparison, 38.9% of ribs had PNBF at the vertebral end, and only 0.7% had 

lesions on the shaft. This general distribution was similar for each cause of death. However, 

individuals who died from TB infections (Group 1) exhibited a more varied distribution of 

lesions by bone segment. For example, rib lesions comprising the vertebral end and shaft 

(n=23), the sternal end and vertebral end (n=8), the sternal end and shaft (n=6), and the shaft 

(n=5) only were observed in individuals who died from TB infection. 

In addition to the analysis of the general distribution of PNBF within the ribs and by 

cause of death, the location of PNBF by rib order (Figure 5.14) was also examined. Apart from 

the fourth (n=39) and fifth (n=41) ribs whose lesions were found on the vertebral end, in the 

remaining bones the deposits of new bone were most often observed alongside the rib shaft, 

especially of the third (n=40) and the seventh (n=39) ribs. A broader dispersion of the lesions 

regarding the anatomical segment affected was also observed between the 3rd and the 7th ribs. 

The first rib only exhibited diffuse lesions. 
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Table 5.10: Distribution of the lesions observed by rib segment and cause of death. 

 
Anatomical location Cause of death 

Group 1 Group 2 Group 3 Total 

 

VE n 234 20 8 262 

% 89.3 7.6 3.1 38.9 

 

S n 5 0 0 5 

% 100 0 0 0.7 

 

SE n 34 6 0 40 

% 85 15 0 5.9 

 

VE+S n 23 0 0 23 

% 100 0 0 3.4 

 

S+SE n 6 0 0 6 

% 100 0 0 0.9 

 

VE+SE n 8 0 0 8 

% 100 0 0 1.2 

 

VE↔SE n 269 35 25 329 

% 81.8 10.6 7.6 48.9 

 

Total n 579 61 33 673 

% 86 9.1 4.9 100 
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Figure 5.14: Distribution of rib lesions by bony segment and anatomical order in the rib cage. 

 

By ribs affected and type of new bone  

On the ribs affected by PNBFs (n=673), a higher frequency of deposits of mixed woven 

and lamellar bone (50.7%, 341/673) was observed, followed by woven foci in 30.6% (206/673) 

of the cases. Lamellar deposition made up only 17.5% of the observations (Figure 5.15). In 

general, the type of bone reactions that had the lowest frequency (1.2%, 8/673) was 

proliferative (woven bone) and erosive lesions (Table 5.11).  

When the type of bone reaction was examined by cause of death, some differences 

were found. In the individuals who died from TB infection (Group 1), a high number of ribs 
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with mixed woven and lamellar reactions (93.5%), as well as with solitary lamellar (90.7%) and 

woven deposits (70.4%) were recorded. The combination of osteolytic and osteoproliferative 

lesions was also observed in three tuberculous individuals: two adult males, one of them 68 

years old (Sk. 470: one 6th left rib affected) (Figure 5.16) and the other one 53 years old (Sk. 

332: one 5th left rib affected), and a younger female 9 years old (Sk. 1583: three affected pairs, 

9th to 11th ribs). In this last case, the rib lesions observed seem to be associated with the bone 

changes observed in the thoracic column (Figure 5.17 and 5.18). Accordingly, from the 4th to 

12th thoracic vertebrae, a spectrum of lesions was recorded which were characterized by the 

complete destruction of the body of the 4th to 9th vertebrae, ankylosis of the spinous process of 

the 4th to 7th vertebrae and subsequent kyphosis formation. In skeleton no. 314, which belongs 

to a young adult female (20 y.o.) who died of Pott’s disease, similar lesions characterized by 

massive scalloping of the core of the vertebral body were observed in the first and second 

lumbar vertebrae. Moreover, new bone formation with a vascular and smooth appearance 

was observed on the lateral segment of the vertebral bodies. However, no signs of rib lesions 

were seen (Figure 5.19). 

 

Table 5.11: Distribution of the type of lesions observed in the ribs by cause of death (W=woven bone; 

L=lamellar bone; W+L=woven and lamellar bone; W+LT=woven bone and lytic lesions). 

Anatomical location Cause of death 

Group 1 Group 2 Group 3 Total 

  

W n 145 30 31 206 

% 70.4 14.6 15 30.6 

 

L n 107 11 0 118 

% 90.7 9.3 0 17.5 

 

W+L n 319 20 2 341 

% 93.5 5.9 0.6 50.7 

 

W+LT n 8 0 0 8 

% 100 0 0 1.2 

 

Total n 579 61 33 673 

% 86 9.1 4.9 100 

 

A similar distribution was recorded in the non-TB infection group (Group 2), however 

without the presence of both lytic and proliferative lesions. Inverse results were obtained for 

Group 3; these individuals showed a high percentage of woven bone lesions (15%), when 

compared with the mixed pattern of woven/lamellar deposits (0.6%). 
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The distribution of the type of rib lesions by their anatomical order followed the 

tendency already mentioned, which was characterized by a predominance of woven/lamellar 

deposits over the other types, particularly in the 3rd to 8th ribs. Only the 3rd and 4th ribs showed 

more cases of woven bone (Figure 5.20).  

 

 

Figure 5.20: Distribution of the ribs affected by type of new bone formed and anatomical order in the rib 

cage (W=woven bone; L=lamellar bone; W+L=woven and lamellar bone; W+LT=woven bone and lytic 

lesions). 

 

5.1.2.3.2. Distribution of PNBF in the Appendicular Skeleton 

By total number of bones affected 

In the 253 individuals that comprise the sample, PNBF was observed in 367 (4.7%) out of 

7844 bones examined from the appendicular skeleton (Table 5.12).  

In terms of the number of bones affected, a higher frequency of cases was observed in 

the lower limb (7.5%, 307/4100) in comparison with the upper limb (1.6%, 60/3744). In the 

lower limb, the lesions were recorded primarily in the tibia (23.5%), femur (16.1%), and fibula 

(9.9%), with minimal differences regarding the side of the condition. The bones least affected 

were the innominate (2.3%), the 4th metatarsal (2.7%), and the 3rd (3%) and 5th metatarsals 

(3.2%). In the upper limb, the humerus (3.2%) and the bones from the forearm (3.7%) and 

scapula (2.8%) presented more deposits of new bone than the other bones. A similar 

distribution with respect to the side of the lesions was also evident in the upper limb. The 

bones from the hands were less affected; for example, no evidence of periosteal reactions was 

observed in the 4th and 5th metacarpals. 
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Table 5.12: Distribution of the bones affected with PNBF in the upper and lower limbs by side and total 

sample (N=total number of individuals; n=number of individuals affected). 

 
 
BONES 

 Upper limb 

Left  Right  Total 

N(o) n(PNBF) % N(o) n(PNBF) % n(PNBF)/N(o) % 

Clavicle 202 1 0.5 201 1 0.5 2/403 0.5 

Scapula 214 7 3.3 219 5 2.3 12/433 2.8 

Humerus 173 4 2.3 175 7 4 11/348 3.2 

Radius 190 7 3.7 189 7 3.7 14/379 3.7 

Ulna 185 8 4.3 192 6 3.1 14/377 3.7 

1
st

 Metc
1 

160 1 0.6 172 1 0.6 2/332 0.6 

2
nd

 Metc 193 2 1 200 2 1 4/393 1 

3
rd

 Metc 190 0 0 202 1 0.5 1/392 0.3 

4
th

 Metc 173 0 0 178 0 0 0/351 0 

5
th

 Metc 166 0 0 170 0 0 0/336 0 

Subtotal  1846 30 1.6  1898 30 1.6  60/3744 1.6 

  Lower limb 

Innominate  236 6 2.5  239 5 2.1  11/475 2.3 

Femur 209 32 15.3 206 35 17 67/415 16.1 

Tibia 187 44 23.5 187 44 23.5 88/374 23.5 

Fibula 203 21 10.3 202 19 9.4 40/405 9.9 

1
st

 Mett
2 

205 10 4.9 208 11 5.3 21/413 5.1 

2
nd

 Mett 201 9 4.5 197 14 7.1 23/398 5.8 

3
rd

 Mett 202 5 2.5 203 7 3.4 12/405 3 

4
th

 Mett 197 4 2 207 7 3.4 11/404 2.7 

5
th

 Mett 180 5 2.8 191 7 3.7 12/371 3.2 

Calcaneus 218 10 4.6 222 12 5.4 22/440 5 

Subtotal   2038 146 7.2  2062 161 7.8  307/4100 7.5 

Total: 367/7844 4.7 

1Metc= Metacarpal bones; 2Mett= Metatarsal bones 

 

By individuals affected  

Periosteal reactions in the appendicular skeleton were recorded in 35.2% (89/253) of 

the individuals analyzed. In the individuals affected, the bones most frequently involved were 

those from the lower limb (Figure 5.21) such as the tibia (n=51, χ2=39.175, df=1, p=0.000), the 

femur (n=39, χ2=27.048, df=1, p=0.000), the fibula (n=24, χ2=15.123, df=1, p=0.000) and the 

2nd metatarsal (n=19, χ2=10.908, df=1, p=0.001) and these results were statistically significant 

in comparison with the results obtained in the remaining bones. Fewer deposits of new bone 

were observed on the innominate, with only six individuals affected, and in the remaining foot 

bones, and none of the differences were statistically significant. In the upper limb the most 

frequently affected bones were the ulna (10 individuals), humerus and radius (eight and nine 

individuals, respectively); nevertheless, no statistic significance was found. The clavicle and 

metacarpals were the least affected bones in the individuals studied. 
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Figure 5.21: Distribution of the individuals affected with PNBF by bone type (upper and lower limb). 

 

By age and cause of death of the individuals affected 

The frequency of PNBF in the appendicular bones by age of the individuals affected is 

illustrated in Table 5.13. In the individuals younger than 45 years of age, a higher prevalence of 

lesions was observed in the upper limb, with the highest rates recorded in the humerus 

(11.8%, 8/68), the radius and the ulna (both with 6.1%, 5/82). When compared with the older 

age group, however, no statistically significant differences were observed. On the tubular 

bones of the hands, lesions were mostly observed in the older group.  

In the lower limb, a similar distribution of bone lesions among age groups was observed 

in the femur (younger age group, 18.3% and older age group, 19.1%). In contrast, significantly 

more tibiae (38.8%, 38/98 with a χ2=6.927, df=1, p=0.008) and fibulae (17.5%, 20/114 with a 

χ2=6.403, df=1, p=0.011) were affected in older individuals than in younger ones. In the 

younger group, other bones such as the 2nd metatarsal (10.7%) and the calcaneus (8.9%) were 

frequently affected, but the differences were not statistically significant (p>0.05). 
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Table 5.13: Distribution of periosteal reactions in the bones from the upper and lower limb of the 

individuals affected by age groups (N=total number of individuals; n=number of individuals affected). 

 
Bones 

 Age range (years) 

0.2-44    45-94  Total   
P N(o) n(PNBF) % N(o) n(PNB

F) 
% n/N % 

Clavicle 89 0 0 129 1 0.8 1/218 0.5 --- 

Scapula 92 4 4.3 131 3 2.3 7/223 3.1 --- 

Humerus 68 8 11.8 119 0 0 8/187 4.3 ---
 

Radius 82 5 6.1 126 4 3.2 9/208 4.3 --- 

Ulna 82 5 6.1 125 5 4 10/207 4.8 --- 

1
st

 Metc
1 

81 0 0 116 1 0.9 1/197 0.5 --- 

2
nd

 Metc 88 1 1.1 134 1 0.8 2/222 0.9 --- 

3
rd

 Metc 87 0 0 132 1 0.8 1/219 0.5 --- 

4
th

 Metc 87 0 0 118 0 0 0/205 0 --- 

5
th

 Metc 80 0 0 121 0 0 0/201 0 --- 

Total   836 23 2.8  1251 16 1.3  39/2087 1.9   

Innominate  106 4 3.8  136 2 1.5  6/242 2.5  --- 

Femur 93 17 18.3 115 22 19.1 39/208 18.8 --- 

Tibia 88 13 14.8 98 38 38.8 51/186 27.4 0.008
* 

Fibula 97 4 4.1 114 20 17.5 24/211 11.4 0.011
* 

1
st

 Mett
2 

94 2 2.1 123 11 8.9 13/217 6 --- 

2
nd

 Mett 84 9 10.7 127 10 7.9 19/211 9 --- 

3
rd

 Mett 86 4 4.7 131 6 4.6 10/217 4.6 --- 

4
th

 Mett 89 3 3.4 127 6 4.7 9/216 4.2 --- 

5
th

 Mett 87 1 1.1 123 7 5.7 8/210 3.8 --- 

Calcaneus 90 8 8.9 136 4 2.9 12/226 5.3 --- 

Total  914 65 7.1  1230 126 10.2  191/2144 8.9   

*Chi-square with continuity correction 
1Metc= Metacarpal bones; 2Mett= Metatarsal bones 

 

The distribution of the bones affected by individual and cause of death (Table 5.14) 

revealed a high prevalence of PNBF in the ulna (7.9%), humerus (7.6%), and radius (6.5%) in 

the individuals who died of TB infection (Group 1), when compared with those who died from 

other causes (Group 3). In spite of the differences found among groups, the results were not 

significant. In the individuals who died from non-TB infections (Group 2), the most frequently 

affected bones in the upper limb were the radius (4.2%) and scapula (3.9%). Once again, no 

statistically significant differences were observed. For those who died of other conditions, the 

most frequently affected bones were the scapula (4.4%) and clavicle (2.3%), but the 

differences were not statistically significant. Regarding the bones from the lower limb, the 

femur showed a high percentage of lesions in individuals who died from other conditions 

(25%) compared to those who passed away from non-TB infections (20.8%) and TB infections 

(14.6); however, the differences were not statistically significant. The lesions of the tibia were 

more frequently observed in individuals from Group 3 (41.2%) and Group 2 (36.7%), than in 

those from Group 1 (16.3%), and the differences were statistically significant (χ2=6.596, df=2, 
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p=0.037). When the groups were compared separately for the presence of PNBF in the tibiae, 

significant differences were found between Group 1 and Group 2 (χ2=4.059, df=1, p=0.044), 

and between Group 1 and Group 3 (χ2=4.053, df=1, p=0.044). In contrast, no significant 

differences were noted between the non-TB infectious group and the group comprising 

individuals who died from other conditions (χ2=0.007, df=1, p=0.933). Similar results were 

obtained for the fibulae, which were most frequently affected in the individuals from Group 2 

and Group 3 compared to those who died from TB infection (χ2=6.362, df=2, 0.042). Significant 

differences were also observed between Group 1 and Group 2 (χ2=4.509, df=1, p=0.034), but 

not between Groups 1 and 3 or Groups 2 and 3 (p>0.05).  

 

Table 5.14: Distribution of periosteal reactions in the bones from the upper and lower limb of the 

individuals affected by cause of death (N=total number of individuals; n=number of individuals affected). 

 
Bones 

 Cause of death  

Group 1   Group 2   Group 3   
P N(o) n(PNB

F) 
% N(o) n(PNBF) % N(o) n(PNBF) % 

Clavicle 93 0 0 81 0 0 44 1 2.3 --- 

Scapula 102 2 2 76 3 3.9 45 2 4.4 --- 

Humerus 79 6 7.6 67 2 3 41 0 0 --- 

Radius 93 6 6.5 71 3 4.2 44 0 0 --- 

Ulna 89 7 7.9 73 2 2.7 45 1 2.2 --- 

1
st

 Metc
 

90 0 0 68 1 1.5 39 0 0 --- 

2
nd

 Metc 104 1 1 73 1 1.4 45 0 0 --- 

3
rd

 Metc 103 0 0 72 1 1.4 44 0 0 --- 

4
th

 Metc 99 0 0 64 0 0 42 0 0 --- 

5
th

 Metc 94 0 0 66 0 0 41 0 0 --- 

Total  946 22 2.3  711 13 1.8  430 4 0.9   

Innominate  112 0 0  83 4 4.8  47 2 4.3  --- 

Femur 96 14 14.6 72 15 20.8 40 10 25 --- 

Tibia 92 15 16.3 60 22 36.7 34 14 41.2 0.037 

Fibula 101 5 5 69 12 17.4 41 7 17.1 0.042 

1
st

 Mett
 

104 4 3.8 67 7 10.4 46 2 4.3 --- 

2
nd

 Mett 95 12 12.6 72 3 4.2 44 4 9.1 --- 

3
rd

 Mett 100 5 5 70 4 5.7 47 1 2.1 --- 

4
th

 Mett 101 3 3 69 5 7.2 46 1 2.2 --- 

5
th

 Mett 99 3 3 68 4 5.9 43 1 2.3 --- 

Calcaneus 103 7 6.8 76 4 5.3 47 1 2.1 --- 

Total  1003 68 6.8  706 80 11.3  435 43 9.9   

 

When the individuals in Groups 1 and 2 were combined and were compared with the 

individuals who died from other conditions (i.e. Group 3), no statistically significant differences 

were found in the distribution of bone lesions in the upper and lower limb.  
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By individuals affected, laterality and symmetry 

The distribution of the bone lesions in the upper limb (Figure 5.22) by side and 

symmetry revealed that most of the individuals presented symmetric foci of new bone, more 

frequent in the scapula (n=5) and radius (n=5) (Figure 5.23). The only exceptions were 

recorded in the ulna of five individuals who exhibited more left lesions and in the 3rd 

metacarpal of one skeleton that only presented right lesions. In the humerus, only three 

individuals presented symmetric lesions (Figure 5.24), the majority exhibiting one-sided foci.  

 

 

Figure 5.22: Distribution of the individuals affected with PNBF by the bones from the upper limb 

and laterality.  

 

In the lower limb (Figure 5.25), a high frequency of symmetric bone lesions was 

observed in the tibiae of 37 individuals (Figure 5.26), in the femurs of 28 individuals, in the 

fibulae of fifteen, in the calcaneus of ten, and in the innominate of five skeletons. With the 

exception of the 1st and 5th metatarsal (Figure 5.27), the remaining foot bones showed a 

predominance of one-sided lesions, more common in the right-side. For the tibia, an equal 

number of individuals affected by right and left lesions was observed (Figure 5.28). No 

significant differences in side were observed when analyzed by cause of death. 
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Figure 5.25: Distribution of individuals affected with PNBF in the lower limb bones by side.  

 

Identical results were obtained when the number of pairs of bones affected with 

symmetrical lesions per individual was investigated (Figure 5.29). Although the individuals who 

died of tuberculosis presented more pairs of bones affected in both categories (less and more 

than two symmetric bones involved), the differences were not statistically significant in 

relation to other causes of death. Even when the two infectious groups (Groups 1 and 2) were 

combined and compared with Group 3, no statistically significant differences were found.  

 

 

Figure 5.29: Distribution of individuals with two or less affected symmetrical bones by cause of death.  
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In fact, few differences were noticed amongst groups regarding individuals with a 

broader involvement of the skeleton. For example, in the TB infection group (Group 1), an 

extensive dispersion of lesions was observed in an adult female (Sk. 1604, 45 y.o.) who died of 

TB and who presented symmetrical involvement of the radius, ulna, femur, tibia, fibula, 

calcaneus and 1st and 5th metatarsals; in a young adult male (Sk. 684, 16 y.o.) who died of 

acute phthisis and showed symmetric lesions in the humerus, tibia, fibula and two asymmetric 

foci in the left ulna and in the 2nd right metatarsal; in a young male (Sk. 54, 23 y.o.) who died of 

pulmonary TB and exhibited symmetric lesions in the femur, tibia and calcaneus and an 

asymmetric foci in the right radius; and in an young adult male (Sk. 422, 21 y.o) who died of 

pulmonary TB and presented symmetric lesions in the ulna, femur and asymmetric foci in the 

left scapula and right humerus and radius.  

In the non-TB group (Group 2) , a broader involvement of the skeleton was recorded in a 

non-adult male (Sk. 1534-A, 14 months) who died of pneumonia and showed symmetric bone 

lesions in the scapula, humerus, innominate, femur, tibia and fibula; in an adult male (Sk. 312, 

69 y.o.) who died of pulmonary abscess and presented symmetric lesions in the radius, ulna, 

femur, tibia, 1st and 2nd metacarpals and 1st metatarsals; in an adult male (Sk. 507, 51 y.o.) who 

died of pulmonary emphysema and who exhibited symmetric new bone foci in the radius, 

femur, tibia, fibula and in the 1st metatarsals, and an asymmetric deposit on the left scapula 

(Figure 5.30). Slight new bone reactions with a symmetric involvement of the ulna, tibia and 1st 

metatarsal, and asymmetric distribution in the femur were observed in an adult male (Sk. 491, 

66 y.o.) who died of syphilis (Figure 5.31 and 5.32). PNBF with a symmetrical pattern affecting 

the tibiae and fibulae equally was also observed in an adult male (Sk. 35, 47 y.o) who died of 

leprosy (Figure 5.33). 

In the group of individuals who died of other causes, a major dispersion of the bone 

lesions was recorded in an adult male (Sk.457, 66 y.o) who died of rectum neoplasm, exhibiting 

symmetric lesions in the clavicle, scapula, innominate and femur, and in an adult male (Sk. 

1484, 73 y.o) who died of gastric ulcer, presenting symmetric lesions in the femur, tibia and 

fibula (Figure 5.34 and 5.35). An identical dispersion was observed in two adult females who 

died from arteriosclerosis (Sk. 429 - 67 y.o. and Sk.971 - 74 y.o).  

No significant differences were found when the distribution of individuals affected with 

symmetrical lesions was analyzed by age groups. 
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By individuals, dispersion of lesions and bone segment affected  

Regarding the dispersion of lesions along the bone surface, a distinct pattern in the 

upper and lower limb was observed (Figure 5.36).  

In the upper limb, a high number of individuals had localized lesions in the shaft of the 

ulna (n=9), radius (n=8) and humerus (n=6). The bone elements that exhibited more diffuse 

lesions were the scapula, present in five individuals, and the 2nd metacarpal, observed in only 

two individuals.  

 

 

Figure 5.36: Distribution of individuals affected with PNBF of the upper limb bones, according to the 

extent of lesions.  

 

A statistical comparison of the frequencies for each bone from the upper limb by age 

and cause of death did not yield any significant results. 

When the distribution of lesions by long bone segment (humerus, radius, ulna) and 

cause of death was analyzed (Table 5.15), individuals who died of TB showed more deposits of 

new bone localized on the lower portion of the humerus (n=4) and radius (n=4), and on the 

upper portion of the ulna (n=3), in comparison to those who died of other conditions (Group 

3). The lesions of the metacarpals were observed only on the medial portion of the diaphysis. 
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Table 5.15: Distribution of individuals affected with PNBF by cause of death (upper limb bones: 

humerus, radius and ulna) (S=bone segment; D=diffuse). 

 
 
Bone  

Number of 
segments 

affected (S) 

 Cause of death 

Group 1  Group 2  Group 3 

Location (n) Location (n) Location (n) 

 

 
 
Humerus 

One  S2 (1), S6 (4)  S6(1)  0 

Two  0  0  0 

Three or more 
 

 D(1)  D(1)  0 

 

 
Radius 

One  S6 (4), S7 (2)  S6(1), S7(1)  0 

Two  0  0  0 

Three or more 
 

 0  D(1)  0 

 

 
 
Ulna 

One  S1(3), S2(1)  0  S5(1) 

Two  S2+S3 (2) 
S4+S5(1) 

 S6+S7 (1)  0 

Three or more 
 

 0  D(1)  0 

 

In contrast to the results obtained for the upper limb, a high frequency of diffuse lesions 

were found on the shaft of the tibia, observed in 31 individuals, on the diaphysis of the fibula, 

noticed in 19 individuals, and on the shaft of the 2nd metatarsal, recorded in 15 individuals 

(Figure 5.37). Diffuse lesions were also observed on the body of the calcaneus of eleven 

individuals. Only the femur showed a high prevalence of localized lesions, present in 28 

individuals.  
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Figure 5.37: Distribution of individuals affected with PNBF in the lower limb bones, according to the 

extent of lesions.  

 

The dispersion of lesions in the shaft of the bones from the lower limb was examined by 

age and cause of death of the individuals. As indicated in Table 5.16, high frequencies of both 

focal or localized and diffuse lesions were observed in individuals older than 45 years of age. 

The only exceptions were the innominate (66.7%) and calcaneus (58.3%) of individuals from 

the younger group, which showed a high percentage of diffuse lesions.  

 

Table 5.16: Distribution of individuals affected with PNBF in the bones of the lower limb by age range 

(n=number of individuals with bone lesions). 

Bone 

 Age range (years)    
    

 

0.2.44  45-94    

Localized   
  

Diffuse   Localized   
  

Diffuse   Total P 

  n % n %  n % n %    

Innominate   0 0 

 

4 66.7  1 16.7 

 

1 16.7  6 --- 

Femur 14 35.9 3 7.7 14 35.9 8 20.5 39 --- 

Tibia 7 13.7 6 11.8 13 25.5 25 49 51 0.011 

Fibula 1 4.2 3 12.5 4 16.7 16 66.7 24 --- 

1st Mett 0 0 2 15.4 2 15.4 9 69.2 13 --- 

2nd Mett 1 5.3 8 42.1 3 15.8 7 36.8 19 --- 

3rd Mett 0 0 4 40 1 10 5 50 10 --- 

4th Mett 2 22.2 1 11.1 0 0 6 66.7 9 --- 

5th Mett 0 0 1 12.5 0 0 7 87.5 8 --- 

Calcaneus 1 8.3 7 58.3 0 0 4 33.3 12 --- 
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An equal number of individuals with focalized periosteal lesions in the femurs (35.9%) 

were observed in both age groups. In the older group, the bones most frequently affected with 

diffuse lesions were the 5th and 1st metatarsal (87.5% and 69.2%, respectively) and the fibula 

(66.7%). Although differences were observed between the age groups, only the results 

computed for the tibia were found to be statistically significant (χ2=9.011, df=2, p=0.011).  

Apart from the femur that showed more focal lesions in individuals who died from TB 

infection (30.8%) and non-TB infection (25.6%), the general pattern was characterized by 

diffuse foci of new bone, especially in Group 2 (Table 5.17). For example, the innominate was 

affected in 66.7% of the individuals, the 4th metatarsal in 55.6%, the 5th metatarsal in 50%, and 

the 1st metatarsal in 46.2% of the subjects analysed. The calcaneus and the 3rd metatarsal were 

more frequently affected by diffuse periosteal reactions in Group 1 (both with 50%), whereas 

the fibula was more frequently involved in Group 3 (29.2%). Like the previous analysis, only the 

differences recorded for the tibia were found to be statistically significant (χ2=10.979, df=4, 

p=0.027) among cause of death groups. 

 

Table 5.17: Distribution of individuals affected with PNBF in the bones of the lower limb by cause of 

death (n=number of individuals with bone lesions).  

 Bone   
  
  

  Cause of death     
  
  

Total 
  

P 
  

Group 1   Group 2   Group 3 

  Localized   
  

Diffuse   Localized   
  

Diffuse   Localized   
  

Diffuse 

  n % n %   n % n %   n % n %     

Innominate   0 0 

  

0 0   
  
  
  
  
  
  
  
  
  

0 0 

  

4 66.7   
  
  
  
  
  
  
  
  
  

1 16.7 

  

1 16.7   
  
  
  
  
  
  
  
  
  

6 --- 

Femur 12 30.8 2 5.1 10 25.6 5 12.8 6 15.4 4 10.3 39 --- 

Tibia 9 17.6 6 11.8 8 15.7 14 27.5 3 5.9 11 21.6 51 0.027 

Fibula 1 4.2 4 16.7 4 16.7 8 33.3 0 0 7 29.2 24 --- 

1st Mett 1 7.7 3 23.1 1 7.7 6 46.2 0 0 2 15.4 13 --- 

2nd Mett 3 15.8 9 47.4 0 0 3 15.8 1 5.3 3 15.8 19 --- 

3rd Mett 0 0 5 50 1 10 3 30 0 0 1 10 10 --- 

4th Mett 2 22.2 1 11.1 0 0 5 55.6 0 0 1 11.1 9 --- 

5th Mett 0 0 3 37.5 0 0 4 50 0 0 1 12.5 8 --- 

Calcaneus 1 8.3 6 50 0 0 4 33.3 0 0 1 8.3 12 --- 

 

As noted earlier, a high proportion of individuals with diffuse lesions in the tibia and 

fibula were observed in all three causes of death groups (Table 5.18). Focal lesions were 

essentially located on the lower third of the diaphysis of the tibia and fibula. For instance, 

three individuals who died from TB infections presented PNBF on the distal segment (S6) of 

the tibia. Regarding the femur, focal deposits of new bone were found to be randomly 

distributed, affecting almost equally the upper and lower third of the diaphysis. 
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Table 5.18: Distribution of individuals affected with PNBF by cause of death (lower limb bones: femur, 

tibia and fibula) (S= bone segment; D=diffuse). 

 
 
Bone  

Number of 
segments 

affected (S) 

 Cause of death 

Group 1  Group 2  Group 3 

Location (n) Location (n) Location (n) 

 

 
 
 
Femur 

One  S3 (3), S5 (1), 
S6 (1) 

 S1(1), S3(2), S5(2), 
S6(1), S7(2) 

 S5(1), S6(4) 

Two  S3+S4 (5) 
S5+S6 (2) 

 S4+S5(1) 
S5+S6 (1) 

 S6+S7(1) 

Three or more 
 

 D(2)  D(5)  D(4) 

 

 
 
Tibia 

One  S4(2), S5(1), 
S6(3) 

 S4(2), S6(1), S7(2)  S2(1), S6(1), 
S7(1) 

Two  S3+S4(1) 
S5+S6(2) 

 S2+S3(1) 
S3+S6(1) 
S4+S5(1) 

  
0 

Three or more 
 

 D(6)  D(14)  D(11) 

 

 
 
Fibula 

One  0  S3(1), S5(1)  0 

Two  S4+S6(1)  S2+S3(1) 
S4+S6(1) 

 0 

Three or more  
D(4)  D(8)  D(7) 

 

In the metatarsals, the periosteal lesions were essentially diffuse with the central 

portion of the shaft being regularly affected.  

 

By individual and type of bone response observed  

A distinct pattern of bone response was observed in the skeleton of affected individuals 

when the upper and lower limb bones were compared. The lesions recorded in the bones from 

the upper limb were essentially of the woven type. As illustrated in Figure 5.38, the humerus 

and radius were most frequently affected by deposits of woven bone, observed in five 

individuals, followed by the scapula and ulna, recorded in four individuals. Deposits of lamellar 
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or compact bone were most frequently observed in the humerus of three individuals. In the 

scapula of one individual, a combination of osteolytic and osteoproliferative lesions was 

observed. 

 

 

Figure 5.38: Distribution of the type of bone response in the bones from individuals affected (upper limb 

bones) (W=woven bone; L=lamellar bone; W+L=woven and lamellar bone; W+LT=woven bone and lytic 

lesions). 

 

When the distribution of the type of bone response was analyzed by cause of death 

(Table 5.19), deposits of woven and of woven and lamellar bone were found to occur most 

frequently in the bones of the arm and forearm in the group of individuals who died from TB 

infection (Group 1). For example, woven bone deposits were observed in the radius of 44.4% 

(4/9) of individuals, and in the ulna of 40% (4/10). Lesions of the clavicle were only recorded in 

one individual from Group 3, whereas those in the 2nd and 3rd metacarpals were observed in 

Group 2. The woven foci of the 2nd metacarpal were recorded in individuals who died from 

tuberculous (Group 1) and from non-tuberculous infections (Group 2). Despite the differences 

found, the results were not statistically significant. 
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Table 5.19: Distribution of the type of bone lesions by cause of death (upper limb bones) (W=woven 

bone; L=lamellar bone; W+L=woven and lamellar bone; W+LT=woven bone and lytic lesions). 

 
Bone  

Type of bone 
reaction 

 Cause of death Total 

Group 1  Group 2  Group 3 N 

n (%) n(%)  n(%) 

  

Clavicle W  0  0  1(100) 1 

 L  0  0  0 

 W+L  0  0  0 

 W+LT  0  0  0 

         

 
Scapula 

W  1(14.3)  2(28.6)  1(14.3) 7 

L  1(14.3)  1(14.3)  0 

W+L  0  0  0 

W+LT  0  0  1(14.3) 

  

Humerus W  3(37.5)  2(25)  0 8 

L  0  0  0 

W+L  3(37.5)  0  0 

W+LT  0  0  0 

  

Radius W  4(44.4)  1(11.1)  0 9 

L  0  0  0 

W+L  2(22.2)  2(22.2)  0 

W+LT  0  0  0 

  

Ulna W  4(40)  0  0 10 

L  0  1(10)  1(10) 

W+L  3(30)  1(10)  0 

W+LT  0  0  0 

         

1
st

 Metc W  0  0  0 1 

 L  0  0  0 

 W+L  0  1 (100)  0 

 W+LT  0  0  0 

         

2
nd

 Metc W  1 (50)  1 (50)  0 2 

 L  0  0  0 

 W+L  0  0  0 

 W+LT  0  0  0 

         

3
rd

 Metc W  0  0  0 1 

 L  0  1 (100)  0 

 W+L  0  0  0 

 W+LT  0  0  0 

         

4
th

 Metc W  0  0  0 0 

 L  0  0  0 

 W+L  0  0  0 

 W+LT  0  0  0 

         

5
th

 Metc W  0  0  0 0 

 L  0  0  0 

 W+L  0  0  0 

 W+LT  0  0  0 
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A high prevalence of combined woven and lamellar lesions was observed in the tibia of 

28 individuals and in the femur and fibula of 15 and 14 individuals, respectively (Figure 5.39). 

Lamellar lesions were also frequent in the femur and in the tibia of 17 individuals. The 

calcaneus showed a high number of woven bone deposits, present in eleven of the individuals 

analysed. A mixture of lytic and proliferative lesions was encountered in the innominate of one 

individual and in the femurs of two more (Figure 5.40).  

When considered by cause of death (Table 5.20), individuals who died of TB infection 

showed more lamellar and woven/lamellar lesions in the femurs and 2nd metatarsal and woven 

deposition in the calcaneus (50%) than those who died of other causes (Group 3). The 

woven/lamellar pattern was also frequent in the tibia (21.6%), fibula (20.8%), and in the 5th 

metatarsal (25%) in those individuals who died of non-TB infection (Group 2). An equal 

frequency of woven/lamellar lesions in the tibia (21.6%) was also observed in Group 3. 

Although differences were found, the results were not statistically significant. 

 

 

Figure 5.39: Distribution of the type of bone response in the bones from individuals affected (lower limb 

bones) (W=woven bone; L=lamellar bone; W+L=woven and lamellar bone; W+LT=woven bone and lytic 

lesions). 
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Table 5.20: Distribution of the type of bone lesions by cause of death (lower limb bones) (W=woven 

bone; L=lamellar bone; W+L=woven and lamellar bone; W+LT=woven bone and lytic lesions). 

 
Bone  

Type of bone 
reaction 

 Cause of death Total 

Group 1  Group 2  Group 3 N 

n (%) n (%)  n (%)  

  

 
 
Innominate 

W  0  4(66.7)  1(16.7) 6 

L  0  0  0 

W+L  0  0  0 

W+LT  0  0  1(16.7) 

  

 
 
Femur 

W  0  4(10.3)  1(2.6) 39 

L  7(17.9)  6(15.4)  4(10.3) 

W+L  7(17.9)  5(12.8)  3(7.7) 

W+LT  0  0  2(5.1) 

  

 
 
Tibia 

W  2(3.9)  4(7.8)  0 51 

L  7(13.7)  7(13.7)  3(5.9) 

W+L  6(11.8)  11(21.6)  11(21.6) 

W+LT  0  0  0 

  

 
 
Fibula 

W  0  2(8.3)  0 24 

L  2(8.3)  5(20.8)  1(4.2) 

W+L  3(12.5)  5(20.8)  6(25) 

W+LT  0  0  0 

         

 
 
1

st
 Mett 

W  1(7.7)  2(15.4)  1(7.7) 13 

L  1(7.7)  3(23.1)  0 

W+L  2(15.4)  2(15.4)  1(7.7) 

W+LT  0  0  0 

       

 
 
2

nd
 Mett 

W  4(21.1)  0  1(5.3) 19 

L  4(21.1)  0  3(15.8) 

W+L  4(21.1)  3(15.8)  0 

W+LT  0  0  0 

         

 
 
3

rd
 Mett 

W  2(20)  0  0 10 

L  1(10)  1(10)  1(10) 

W+L  2(20)  3(30)  0 

W+LT  0  0  0 

       

 
 
4

th
 Mett 

W  0  0  1(11.1) 9 

L  2(22.2)  3(33.3)  0 

W+L  1(11.1)  2(22.2)  0 

W+LT  0  0  0 

       

 
 
5

th
 Mett 

W  1(12.5)  0  1(12.5) 8 

L  0  2(25)  0 

W+L  2(25)  2(25)  0 

W+LT  0  0  0 

       

 
 
Calcaneus 

W  6(50)  4(33.3)  1(8.3) 12 

L  0  0  0 

W+L  1(8.3)  0  0 

W+LT  0  0  0 
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Next, the results of the paleohistological investigation on the PNBF microsctructure will 

be presented. 

 

 

5.2. PALEOHISTOPATHOLOGICAL ANALYSIS 

 

For the paleohistopathological analysis, a total of 34 bone specimens, 26 belonging to 23 

individuals from the Lisbon Human Identified Skeletal Collection, and eight extracted from 

archaeological skeletons, were sampled and prepared for histological examination as 

described in Chapter 4.  

In the following pages, a detailed micrographic and descriptive analysis of the 

histological bone features observed will be provided. This illustrative approach will consider 

not only the normal and abnormal bone microstructure but also any diagenetic changes that 

are present. To summarize the most striking features observed, a general Table will follow the 

descriptions.  

 

5.2.1. Group 1- Tuberculosis (TB) 

From the group of individuals who died of tuberculosis eleven samples were taken, one 

with no macroscopic evidence of periosteal new bone formation (Sk. 1242) used as a control 

sample, and ten showing evidence of new bone formation and/or a combination of erosive 

and proliferative lesions. Ten samples were collected from ribs and one from the 5th left 

metatarsal of Sk. 1604.  

A 2nd right rib with no visible lesions was sampled from the adult male Sk. 1242 (78 y.o.). 

Macroscopically, the rib specimen showed good preservation with minor taphonomic changes 

(Figure 5.41). Under polarized light, high levels of bone birefringence were recorded (Figure 

5.42). The detailed analyses of the rib microanatomy revealed intact secondary osteons with 

their cement line, circumferential lamellae and Haversian canals, as well as preserved 

interstitial lamellae and osteocyte lacunae (Figure 5.42 A and A1). Spaces of bone resorption or 

Howship’s lacunae were observed affecting the endosteal surface and/or the rib trabeculae 

(Figure 5.42 A). Figure 5.42 A1 exhibits a space of bone resorption due to osteoclastic activity 

that has destroyed half an osteon, as well as the contiguous interstitial lamellae. In spite of the 

features described that may be related to the regular process of bone remodelling, no deposits 

of new bone were observed on the pleural and cutaneous surfaces. For instance, Figure 5.42 B 



 

CHAPTER 5 

RESULTS 
 
 

 

182 

presents the close-up appearance of the pleural-endosteal surface, in which only two rows of 

osteons and interstitial bone delimited by regular periosteal and endosteal circumferential 

lamellae are seen. 

A 3rd right rib sample exhibiting woven and compact bone on the visceral surface was 

collected from the adult male Sk. 102 (48 y.o.). Apart from minor postmortem damage 

observed on the inferior border of the rib, the macroscopic and histological analyses revealed 

a relatively well-preserved thin section (Figure 5.43 and 5.44). Figure 5.44 also shows an 

increased thickness of the pleural-endosteal surface in relation to the cutaneous shell. In 

Figures 5.44 A and A1, the microstructure of the upper border of the pleural surface is shown. 

Here the rib cortex is composed of a row of secondary osteons and outlined by a dense layer 

of periosteal new bone. Dense agglomerates of osteocyte lacunae are also seen. From the 

upper to the lower borders of the pleural-endosteal surface, changes in the thickness and 

morphology of the newly built bone were observed. On the edges of the rib, no distinguishable 

features were observed separating the new bone from the underlying cortex (Figure 5.44 B 

and B1). As portrayed in Figure 5.44 B1, a dense layer of bone was deposited de novo partially 

submerging some cortical osteons. In this case, the innermost layers of periosteal bone are 

formed by collagen fibers and osteocyte lacunae structured in a lamellar fashion, whereas the 

outermost areas are composed of tissue with a random organization and erratic osteocyte 

lacunae. A different picture was gathered in the midsection of the pleural-endosteal surface. 

Accordingly, multiple foci of osteoclastic resorption were observed at the border between the 

newly formed bone and the underlying cortex (Figure 5.44 C, D and D1). Moreover, an 

increased thickness and high concentration of osteocyte lacunae without particular 

organization was noticed (Figure 5.44 C). At some points, a row of primary vascular canals is 

seen between the bulky body of the periosteal new bone and its outermost layers (5.44 D and 

D1). The different stages of tissue organization described at the periosteal level may suggest 

that the new bone was laid down in multiple episodes, in an almost appositional way. In the 

present rib sample, abnormal bone changes were only observed on the periosteal surface 

and/or at the interface between the newly formed bone and the cortex. The cortical tissue was 

maintained intact, with a structure composed of multiple rows of secondary osteons and 

interstitial lamellae. Regarding the cutaneous-endosteal surface, no particular changes were 

seen.  

A 6th right rib exhibiting periosteal new bone of woven and compact appearance on the 

visceral surface was collected from the adult male Sk. 154 (35 y.o.). Macroscopically, the bone 
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specimen was in excellent state of preservation (Figure 5.45). Under polarized light, the 

microscopic examination revealed a deformed rib microstructure characterized by an enlarged 

pleural-endosteal surface in relation to the cutaneous-endosteal shell. This abnormal 

distribution was caused by massive periosteal new bone production whose thickness has 

surpassed almost three times the thickness of the underlying cortical bone (Figure 5.46). A 

detailed scrutiny of the microanatomy of the pleural-endosteal surface revealed a cortex 

formed by multiple rows of secondary osteons with intact Haversian canals and interstitial 

lamellae. Particularly noticeable was the large number of osteocyte lacunae seen (Figure 5.46 

A). The considerable amount of interstitial lamellae observed in addition to the presence of 

secondary osteons with enlarged Haversian canals may indicate that remodelling was 

occurring (Figure 5.46 B, B1, C). In the sample under analysis, the main structural changes were 

recorded on the periosteal surface. On the edges of the pleural-endosteal surface the newly 

formed bone was characterized by a thick layer of primary lamellae with multiple osteocyte 

lacunae (Figure 5.46 B and B1). Figure 5.46 B1 provides a plain illustration of the orientation of 

the primary lamellae fibers and incorporated osteocyte lacunae. On the midsection of the 

pleural-endosteal surface, the periosteal new bone gained a tremendous thickness formed by 

multiple layers of deposition. Figures 5.46 B2 and C1 clearly exemplify the “appositional” 

layering of new bone with entrapped primary vascular canals. Here the innermost layers of 

bone present a more organized structure with a linear alignment of the collagen fibers. In 

contrast, the outermost areas of periosteal new bone appear more haphazard and populated 

by erratic osteocyte lacunae. Figure 5.46 D further elucidates the striking microstructure of the 

periosteal new bone composed of approximately ten distinct layers of deposition. In the Figure 

5.46 C, the lack of organization of the new bone, indicative of its woven nature, and the 

proliferation of multiple osteocyte lacunae are evident. Primary vascular canals, some of them 

enlarged and with signs of bone resorption and/or coalescence, were seen separating distinct 

layers of bone. A clear line of demarcation formed by osteoclastic lacunae was recorded 

between the newly deposited bone and the underlying cortex (Figure 5.46 E). The 

microanatomy of the cutaneous-endosteal surface showed distended Haversian canals and 

large spaces of resorption that may have their origin in the coalescence of neighboring osteon 

canals (Figure 5.46 F). This process led to the formation of cortical bone composed of 

peripheral osteons and parallel rows of interstitial lamellae. Figure 5.46 F1 show a detail of the 

cutaneous-endosteal cortex formed by osteons with enlarged Haversian canals, interstitial 

lamellae and osteocyte lacunae with their branching canaliculi.  
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A 5th left rib54 exhibiting erosive and proliferative lesions was collected from the adult 

male Sk. 332 (53 y.o.). The macroscopic analysis showed a well-preserved bone specimen 

(Figure 5.47). Under histological analysis, two thin sections with high bone birefringence were 

observed, which indicates good preservation of the bone tissue (Figure 5.48, 5.49 and 5.48 A). 

This assertion was broadly confirmed during the detailed analysis of the rib microanatomy. For 

instance, Figure 5.48 A shows a segment of the pleural surface under polarized light composed 

of a row of Haversian systems, with well-defined Maltese crosses, and layered by regular 

periosteal and endosteal circumferential lamellae. A set of bony abnormalities especially 

focused at the cortical and periosteal level were recorded on the rib midsections. On the 

pleural surface, a thick layer of newly formed bone with a dense and haphazard appearance 

was observed (Figure 5.48 B and 5.49). Figure 5.48 B1 highlights the periosteal new bone and 

the lack of alignment of the collagen fibers. The major microstructural changes were observed 

on the rib cortex. Here numerous foci of bone resorption (Howship’s lacunae), digested 

Haversian systems, and large extensions of interstitial lamellae were observed (Figure 5.48 B, 

B1, C, C1 and C2). A similar phenomenon occurred at the endosteal and periosteal level (Figure 

5.48 B and D, Figure 5.49 and Figure 5.50). Figure 5.48 C2 exemplifies the multiple bays of 

resorption formed by osteoclastic activity in the cortical bone and at the endosteal surface. In 

contrast, Figures 5.48 D, 5.49 and 5.50 A portray the bays of bone resorption produced on the 

pleural surface and cortical bone, identified macroscopically as osteolytic or erosive lesions. A 

mass of densely packed lamellae running parallel to the pleural surface and intersected by 

Howship’s lacunae was observed on the rib cortex (Figure 5.48 and 5.50). These lamellar units 

separated at some points by cement-like lines may constitute remains of the periosteal 

primary lamella that now occupy an intracortical position adjacent to several Haversian 

systems (Figure 5.48 C, C1 and D). Earlier episodes of new bone deposition, now completely 

remodeled, may also justify the lamellar formations.  

A rib fragment exhibiting erosive and proliferative lesions was sampled from the adult 

male Sk. 470 (68 y.o.). Macroscopically, no major diagenetic changes were noticed (Figure 

5.51). Under the microscope lens, an increased thickness of the pleura-endosteal surface was 

recorded in comparison to the cutaneous-endosteal shell (Figure 5.52). The detailed analysis of 

the affected area showed a thick, dense and haphazard layer of periosteal new bone deposited 

upon the rib cortex (Figure 5.52 A). Figure 5.52 B illustrates the thickness of the new periosteal 

bone that has surpassed the volume of the cortex. No clear line of demarcation was noticed 

                                                           
54

 Since the two thin sections prepared from the rib sample presented important structural features, the 

microanatomy of both will be described.  
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between the newly built bone and the underlying cortical tissue (Figure 5.52 A1, A1.1, A2 and 

B). At some points the periosteal new bone seems to be an extension of the rib cortex, 

however without the mature structure that characterizes the last (Figure 5.52 A1.1). In 

general, multiple rows of well-defined osteons, Haversian canals, interstitial lamellae and 

osteocyte lacunae comprised the cortical bone (Figure 5.52 A1, A1.1. and A2). In fact, a large 

number of osteocyte lacunae dispersed throughout the newly periosteal bone, cortex and rib 

trabeculae was observed (Figure 5.52 A2). Figure 5.52 B shows an enlargement of the 

Haversian canals near the endosteal surface. Differences in the organization of the periosteal 

new bone were found in the thin section represented by Figure 5.53. With a wave-like 

morphology, the newly formed periosteal bone gave an irregular appearance to the pleural 

surface. Under transmitted and polarized light, a dense layer of new bone formed by fibers 

and osteocyte lacunae oriented linearly and separated from the supporting cortex by 

punctuated resorption spaces was observed (Figure 5.53 A). Figure 5.53 A1 better illustrates 

the microstructure of this bone layer that may have functioned as a substrate for the 

apposition of new bone sheets separated by primary vascular canals. A high concentration of 

osteocyte lacunae was seen in the outermost layer of the periosteal new bone formation 

(Figure 5.53 A2). A close-up of the microanatomy of the rib also exhibited an intact cortical 

bone formed by multiple rows of osteons, interstitial lamellae and populated by osteocyte 

lacunae. In Figures 5.53 A and A1, numerous osteons present an enlarged Haversian canal 

which may indicate that bone remodelling was taking place. Bays of bone resorption were 

seen on the endosteal surface (Figure 5.53 A).  

A 5th left rib exhibiting new bone deposition of woven type on the visceral surface was 

sampled from the adult female Sk. 1383 (22 y.o.). Macroscopically, the sample was well-

preserved (Figure 5.54). The histological examination also showed an intact and regular rib 

microstructure. Nevertheless, on the pleural surface a thin rim of newly deposited bone was 

observed (Figure 5.55). The detailed observation of the periosteal new bone under transmitted 

and polarized light showed a ruffled rim of bone with an arc-like structure attached to a 

substrate layer by pedestals. Between the new periosteal bone and the rib cortex a small line 

of demarcation was observed, however with no formation of resorption spaces (Figure 5.55 A, 

A* and B). A proliferation of osteocyte lacunae was noticed, especially in the periosteal new 

bone (Figure 5.55 A*1, B and C). Figure 5.55 C exemplifies the type of bone bridging formed 

within the periosteal reaction. The microstructure of the cortex was maintained intact. The 

cortical tissue appeared formed by multiple rows of osteons with their preserved Haversian 
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canal and interstitial lamellae. Some drifting osteons eccentrically formed and Volkmann’s 

canals were noticed near the pleural surface, constituting remnants of the subadult cortex 

(Figure 5.55 B and B*). Figure 5.55 D illustrates the cutaneous-endosteal surface composed of 

numerous rows of secondary osteons with their circumferential lamellae, Haversian canals, 

and osteocyte lacunae. Some enlarged Haversian canals were seen indicating that remodelling 

was probably occurring. In Figure 5.55 D1, well-preserved drifting osteons and interstitial 

lamellae are visible. On the endosteal surface bone resorption was taking place (Figure 5.55 D 

and D1).  

A 7th left rib sample exhibiting new bone deposition of woven type was collected from 

the adult male individual Sk.1227 (21 y.o.). Macroscopically, some taphonomic changes were 

observed on the pleural surface (Figure 5.56). These changes gained expression at the 

microscopic level, especially in the thin section of Figure 5.57. For instance, some micro-cracks 

along the rib pleural-endosteal surface were noticed (Figure 5.57 A and B). The second thin 

section represented by Figure 5.58 appeared better preserved. In spite of the diagenetic 

changes, an increased thickness of the pleural-endosteal surface due to new bone deposition 

was observed. On the upper and lower edges of the pleural surface, numerous resorption 

spaces were signaled separating the cortical bone from the outermost layer of new bone 

formation (Figure 5.57 A and B). Figure 5.57 B shows a mass of dense intracortical lamellae 

deposited above a thin rim of periosteal new bone. A close-up view of the intracortical 

lamellae highlights the perfect arrangement of the mineralized collagen fibers, as well as the 

presence of Howship’s lacunae that digested portions of the lamellar structure (Figure 5.57 

B1). A plain illustration of the point of contact between the pleural and the cutaneous surfaces 

shows a branch-like layer of periosteal new bone populated by numerous osteocyte lacunae. 

Foci of bone resorption were noticed in the newly built bone and at the interface between the 

periosteal bone and the rib cortex (Figure 5.57 B2). Figure 5.57 C exemplifies the composition 

of the cutaneous-endosteal cortex formed by multiple rows of osteons (secondary and drifting) 

embedded in interstitial lamellae. Some Haversian canals appeared enlarged suggesting that 

bone remodelling was occurring (Figure 5.57 C1). The second thin section prepared from the 

Sk. 1227 rib revealed several abnormal changes mainly located at the periosteal level (Figure 

5.58). In fact, a thick mass of periosteal bone combining well-defined mature lamellae with 

more haphazard new bone tissue was recorded. Figure 5.58 A shows the outermost layers of 

periosteal new bone exhibiting primary vascular canals. Between the newly formed bone and 

the underneath cortex, several resorption spaces with a horizontal distribution were observed 
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(Figure 5.58 and 5.58 A). The cortical bone was composed of multiple rows of osteons and 

interstitial lamellae (Figure 5.58 A). 

A 5th right rib exhibiting new bone deposition of compact appearance was sampled from 

the adult male individual Sk. 1235 (50 y.0.). At first glance some taphonomic changes were 

noticed on the rib surface (Figure 5.59). A similar picture was gathered from the histological 

study. In fact a general lack of bone birefringence was found (Figure 5.60). Despite that, and 

through the analysis of the preserved microanatomy, two distinct layers of bone 

interconnected by pedestals are seen. The innermost layer corresponds to the rib cortex and is 

formed by Haversian canals and osteon shadows, whereas the outer layer is composed of 

periosteal new bone. Separating the two bone layers, resorption spaces were identified (Figure 

5.60 A and B). In Figure 5.60 B, damage of the cortical bone is visible with the formation of 

small portions resembling clay particles. A regular microanatomy was identified on the 

cutaneous-endosteal surface; however only poor-defined osteons and interstitial lamellae 

were seen. Only the Haversian canals and the foci of endosteal resorption exhibited well-

defined contours. Figure 5.60 C shows rib trabeculae with preserved osteocyte lacunae and 

mineralized collagen fibers, which indicates some degree of preservation. 

A 4th right rib sample presenting new bone with a compact appearance on the visceral 

surface was collected from the adult male Sk. 1299 (26 y.o.). Macroscopically, some superficial 

postmortem damage was noticed (Figure 5.61). The histological inspection revealed a regular 

microanatomy; however with a slight increase in thickness of the pleural surface (Figure 5.62). 

A detailed analysis of the rib thin section showed additional features. For example, on the 

lower border of the pleural-endosteal surface, resorption lacunae were seen between the 

endosteal and the periosteal circumferential lamellae (Figure 5.62 A and A1). On the rib 

midsection, a dense layer of new bone was noticed above the cortex (Figure 5.62 B, C and C1). 

The cortical bone appeared composed of rows of osteons embedded in interstitial lamellae. 

Signs of endosteal resorption and Haversian remodelling were also evident (Figure 5.62 C and 

C1). Figure 5.62 D clearly shows the increased thickness observed on the rib midsection. 

Figures 5.62 D1 and D2 better illustrate the microanatomy of the newly formed bone on the 

pleural surface. Figure 5.62 D1 shows the periosteal new bone composed of two different 

layers and with an irregular and wavy-like contour. Distinct colorations and densities were also 

noticed. The inner layer presents a linear orientation, whereas the outermost layer is denser 

and less organized. A similar picture was obtained in Figure 5.62 D2. In this case, the outer 

layer also exhibited primary vascular canals and a denser concentration of osteocyte lacunae. 
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Erratic micro-cracks associated with diagenetic changes were occasionally seen. Contrary to 

previous samples, no resorption lacunae were observed on the interface between the 

periosteal new bone and the cortex of the rib. 

An 11th right rib fragment showing lytic and productive lesions was sampled from the 

young female individual Sk.1583 (9 y.o.). The macroscopic and microscopic analysis showed 

some postmortem damage, especially around the lytic focus (Figure 5.63, 5.64 and 5.65). 

Figure 5.64 A highlights the differences between the cutaneous-endosteal surface and the 

pleural-endosteal shell. The cutaneous-endosteal surface is well-preserved. In contrast, the 

pleural-endosteal one is heavily destroyed not only by osteoclastic activity, but also by 

diagenetic changes. In the preserved remains of the pleural surface, an increased bone density 

incremented by the proliferation of osteocyte lacunae was seen. Multiple primary vascular 

canals of different sizes were observed near the surface. A similar bone microstructure was 

observed on the cutaneous-endosteal surface. Here the bone tissue presented the haphazard 

structure characteristic of woven bone, and a high concentration of osteocyte lacunae (Figure 

5.64 A and B). Under polarized light, a general lack of bone organization is evident (Figure 5.65 

A and B). Figure 5.65 A presents multiple bays of bone resorption associated with the process 

of trabecularization. The coexistence of intracortical primary lamellae with primary vascular 

canals was observed on the cutaneous surface (Figure 5.65 B and B1). A well-defined primary 

vascular canal (primary osteon) occupying a central position on the rib thin section was 

recorded. Under polarized light, thin circumferential lamellae were observed surrounding the 

Haversian canal (Figure 5.65 B1). Note the dispersion of osteocyte lacunae, at some points 

showing a linear organization. In contrast with the woven bone, the primary lamellar bone 

presented a well-defined structure (Figure 5.65 C). It is important to note that all the 

aforementioned features observed on the cutaneous-endosteal surface are considered normal 

taking into account the age of the individual (see Chapter 3).  

A sample from the distal extremity of the 5th left metatarsal showing new bone 

deposition was collected from the adult female Sk. 1604 (45 y.o.). The macroscopic 

examination revealed a well-preserved bone sample (Figure 5.66). The histological analysis 

showed a thin section with good bone birefringence (Figure 5.67). Nevertheless, a detailed 

inspection of the bone sample revealed diagenetic changes such as micro-cracks, responsible 

for the detachment of the periosteal new bone (Figure 5.67 A). The cortical tissue was intact 

and composed of secondary osteons, interstitial lamellae and intracortical lamellar bone 

(Figure 5.67 A and A1). The intracortical lamellae were particularly evident on the endosteal 
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surface, being intersected by complete or partially complete Haversian systems (Figure 5.67 B 

and B1). Under polarized light, a clear demarcation was observed between the cortex and the 

periosteal new bone. Figures 5.67 B and B2 show the newly built bone composed of primary 

vascular canals.  

To summarize (Table 5.21), in eleven samples studied from the TB group (Group 1), ten 

presented histological evidence of periosteal new bone formation. Only the sample used as a 

control (Sk.1242) did not show new bone deposition, corroborating the macroscopic 

inspection. In general, the samples were well-preserved and had good bone birefringence. One 

sample, Sk.1235, was particularly affected by diagenetic changes, which made the detailed 

analysis of its structure impossible. Regarding the bone microanatomy, a number of qualitative 

features were shared. Most bone samples presented a mature bone microstructure composed 

of multiple rows of secondary osteons (n=10) and interstitial lamellae (n=9). The only 

exception was found in Sk. 1583 rib specimen that presented an immature bone structure 

composed of primary lamellar bone, woven bone and erratic primary osteons. Despite the 

differences, the microstructure of Sk. 1583 is regular considering the age of the individual. 

Drifting osteons were observed in Sk.1383 rib sample, which constitute a remnant of the 

subadult cortex. In numerous samples, the periosteal (n=5) and endosteal (n=5) 

circumferential lamellae were preserved. Eight specimens showed enlarged Haversian canals, 

which may suggest that bone remodelling was occurring. Signs of endosteal bone resorption 

were recorded in nine samples. Nevertheless, only Sk.332 specimen showed massive 

Howship’s lacunae affecting the endosteal surface, cortical bone and periosteal surface. Bone 

resorption was also evident on the periosteal surface of Sk. 1583 sample, in this case 

associated with small foci of new bone. All foci of periosteal new bone were recorded on the 

pleural surface of ribs and in the diaphysis of the 5th metatarsal (Sk. 1604). When the 

appearance is considered, some differences were found in the organization and behavior of 

the PNBF in relation to the underlying cortex.  
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 Table 5.21: Summary of the histological analysis of Group 1 samples (
1
).  
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Four samples shared a number of distinctive features characterized by multiple layers of 

appositional newly formed bone with a lamellar and woven appearance and separated from 

the underlying cortical tissue by resorption spaces. Sk. 1299 rib sample also presented 

appositional new bone formation; however no physical demarcation was recorded between 

the newly built bone and the cortex. In two samples, the periosteal new bone appeared as a 

thick and continuous layer of bone deposited upon the cortex, and in another two as an arc-

like structure linked to the underlying bone by pedestal structures. A common finding was the 

proliferation of osteocyte lacunae in the newly formed bone.  

 

5.2.2. Group 2 – Non-Tuberculosis (non-TB) 

From the group of individuals who died from non-tuberculosis diseases, five samples 

exhibiting periosteal new bone formation were collected from four different individuals. Two 

samples were retrieved from the non-adult individual Sk. 1534-A, namely a vertebral portion 

of a right rib and a fragment of the diaphysis of the right fibula. 

A 7th right rib specimen exhibiting new bone deposition of woven and compact type was 

sampled from the adult male Sk. 270 (50 y.o) who died from bronchopneumonia. 

Macroscopically, the sample was in a good state of preservation. Only a small layer of new 

bone was missing from the pleural surface (Figure 5.68). The microscopic view revealed a well-

preserved microanatomy and good birefringence. The pleural-endosteal and cutaneous-

endosteal surfaces were intact, and a thin rim of bone was observed on the pleural surface 

(Figure 5.69). The detailed analysis of the rib microstructure revealed multiple foci of bone 

resorption affecting the cortex and the underlying endosteal surface (Figure 5.69 A, B and C). 

Figure 5.69 B illustrates a portion of the pleural-endosteal surface formed by cortical osteons 

partially digested by osteoclastic activity and dense areas of disorganized bone with multiple 

Legend (1): 
General microanatomy 

PCL-periosteal circumferential lamellae  
Cortical bone (PO-primary osteons, DO – drifting osteons, SO – secondary osteons, IL – intestitila lamellae) 
ECL- endosteal circumferential lamellae 

Bone resorption 
PS – periosteal surface 
HC – Haversian canals 
CB – cortical bone 
ES – endosteal surface 

Periosteal new bone 
Location (PS – periosteal surface, CS – cutaneous surface, D - diaphysis) 
Appearance (TL – thick layer, A-L- arc-like structure, A – appositional bone) 
Organization (L-lamellae, W-woven, M- mist, OL – osteocyte lacunae) 

 
(+) isolated foci 
(++) severe foci 
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osteocyte lacunae. The outer layer of the cortical bone is visible, with new bone being laid 

down in some areas (Figure 5.69 B). In spite of the postmortem damage of the periosteal new 

bone, an almost arc-like structure composed of a unique layer of bone on the edges (Figure 

5.69 A, C and C*) and by two rows of new bone in the center (Figure 5.69 B) can be seen. 

Connecting the newly built structure and the underlying cortex, a set of bony columns were 

identified. Figures 5.69 B and C show the periosteal new bone composed of primary vascular 

canals. In Figures 5.69 C* and D, the unaffected cortex of the pleural surface can be seen. In 

both Figures, the outer and inner cortical lamellae were maintained intact. Only small foci of 

bone resorption were noticed on the endosteal surface (Figure 5.69 C*).  

A left rib specimen presenting new bone of compact appearance was collected from the 

adult male Sk. 1429 (26 y.o) who died from pulmonary congestion. As in previous cases, the 

bony features observed in the two thin sections will be described since the differences found 

were remarkable. Macroscopically, the surface of the rib showed some postmortem erosion 

(Figure 5.70). The histological analysis revealed a well-preserved rib microanatomy and good 

bone birefringence (Figure 5.71). The detailed analysis of one of the thin sections showed a 

massive periosteal new bone formation with an amorphous appearance (Figure 5.71 A). In 

fact, a close-up of the affected area revealed a highly disorganized arrangement of the bone 

fibers intersected by multiple osteocyte lacunae. Between the newly built bone and the 

supporting cortex, no apparent line of demarcation was seen (Figure 5.71 B). The innermost 

cortex presented a regular structure composed of multiple rows of well-defined osteons 

embedded in interstitial lamellae (Figure 5.71 A). A more haphazard structure combining 

dense intracortical lamellae, interstitial lamellae and incomplete osteons was observed in the 

outer cortex (Figure 5.71 B and B1). A very different scenario was obtained from the analysis of 

the second thin section, mainly at the periosteal and cortical level (Figure 5.72). Accordingly, 

the study of the pleural-endosteal surface revealed cortical tissue affected by large spaces of 

osteoclastic resorption that have destroyed some Haversian systems and interstitial lamellae 

(Figure 5.72 A and 5.72 A*). At some points in the pleural midsection, an unclear distinction 

between the original cortex and the newly built bone was evident due to massive invasion of 

osteocyte lacunae (Figure 5.72 A and 5.72 A*). Above the rib cortex, five layers of appositional 

new bone separated by primary vascular canals and resorption lacunae were identified. The 

outer layers of the periosteal new bone presented a poor organization of the collagen fibers 

(Figure 5.72 A*). An increased number of osteocyte lacunae were observed in all layers of the 

periosteal new bone. Figure 5.72 B highlights the microstructure of the distinct layers of new 
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bone: the innermost layers exhibit a better arrangement of the collagen fibers with parallel 

osteocyte lacunae and well-defined primary vascular canals; in contrast, the outermost layers 

of periosteal new bone are denser with a cotton-like appearance and less defined vascular 

canals. 

Two distinct samples were collected from the non-adult male Sk. 1534-A (2 y.o.) who 

died from pneumonia: a right rib exhibiting new bone deposition of woven type on the visceral 

surface, and a fragment of the right fibula also showing new bone formation in the diaphysis. 

Regarding the rib sample, the macroscopic inspection showed a bone specimen in relatively 

good state of preservation. Nevertheless, some periosteal new bone detachment due to 

taphonomic factors was observed on the pleural surface (Figure 5.73). Microscopically, the 

thin section was well-preserved (Figure 5.74). The detailed histological analysis revealed a rib 

microstructure consistent with the age at death of the individual. This assertion is justified by 

the woven nature of the pleural-endosteal and cutaneous-endosteal cortices. For example, in 

Figures 5.74 A and A*, the lack of components of the mature cortical bone, such as the 

secondary osteons and interstitial lamellae, is evident. In fact, only localized systems of 

primary lamellar bone were observed close to the endosteal surface (Figure 5.74 A*). On the 

pleural-endosteal surface, only few primary vascular canals were seen. A large and circular 

focus of bone resorption was seen in the subadult cortex (Figure 5.74 A). The cutaneous-

endosteal surface was formed by woven bone with an amorphous structure and numerous 

osteocyte lacunae. Multiple primary vascular canals and areas of bone resorption were seen 

randomly distributed (Figure 5.74 C). Although the microstructure of the pleural and 

cutaneous cortex was normal in appearance, an abnormal and dense ridge of periosteal new 

bone was recorded above the pleural surface (Figures 5.74 A and A*). A close inspection of the 

newly built bone revealed a wavy-like structure with multiple primary vascular canals and 

osteocyte lacunae. The periosteal new bone was observed to be broadly attached to the 

cortical tissue (Figure 5.74 B).  

Macroscopically, the right fibula was well-preserved (Figure 5.75). The histological study 

revealed the presence of some diagenetic damage (Figure 5.76). Under polarized light, a layer 

of periosteal new bone was observed on the surface of the fibula diaphysis. The edges of the 

newly formed bone present an arc-like structure (Figure 5.76 A and B). At the middle portion, a 

thick and branch-like microstructure is recorded (Figure 5.76 C). The presence of multiple 

osteocyte lacunae and the lack of lamellar organization point to a composition rich in woven 

bone. Figure 5.76 A better illustrates the structure of the periosteal new bone with numerous 
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primary vascular canals in the innermost layers. In Figures 5.76 B and C, resorption spaces are 

observed separating the periosteal new bone from the cortex. Some well-defined primary 

lamellae were observed on the endosteal surface (Figure 5.76 A). 

A 5th left metatarsal sample showing periosteal reactions with a compact appearance 

was collected from the adult female Sk. 119 (64 y.o.) who died from bronchopneumonia. 

Macroscopically, the sample and the thin section prepared revealed good preservation (Figure 

5.77). The same results were obtained during the histological study (Figure 5.78). The detailed 

analysis of the 5th metatarsal microanatomy showed cortical bone in excellent state of 

preservation and with good bone birefringence. Figure 5.78 A clearly shows the presence of 

several Maltese crosses intersecting the Haversian systems. Multiple rows of osteons with 

well-defined contours and embedded in interstitial lamellae were identified in the mature 

cortex (Figure 5.78 A and D). Enlargement of Haversian canals was regularly seen suggesting 

that bone remodelling was occurring (Figure 5.78 A, B, D and D1). Moreover, larger areas of 

localized resorption in the endosteal surface and in the interface zone between the cortical 

bone and the newly built bone were seen (Figure 5.78 C). Figures 5.78 B and D1 illustrate the 

structure of the periosteal new bone. Composed of a thick and dense layer of bone, the newly 

deposited bone was observed closely attached to the underlying cortex; however a clear line 

of demarcation was noticed between tissues (Figure 5.78 B, D and D1). Some newly formed 

primary vascular canals (Figure 5.78 B) and developed primary osteons (Figure 5.78 D1) were 

observed throughout the periosteal new bone. 

To summarize, all Group 2 – non-TB samples presented histological evidence of 

periosteal new bone formation (Table 5.22). One sample (Sk. 1534-A, fibula) exhibited some 

diagenetic changes. The remaining specimens were in excellent state of preservation. Sk. 1534-

A bone samples displayed an age-related microstructure mainly composed of woven bone and 

multiple primary vascular canals. A mature bone microstructure formed by secondary osteons 

and interstitial lamellae was observed in the remaining samples. Foci of bone resorption were 

observed affecting the Haversian canals (n=3), cortical bone (n=5) and endosteal surface (n=4). 

Major foci of osteoclastic activity were recorded in the cortical bone of specimens Sk. 270, Sk. 

1429, and Sk. 1534-A. In ribs, new periosteal formation was observed on the pleural surface, 

whereas in the tubular/long bones the diaphysis was the area affected.  
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Table 5.22: Summary of the histological analysis of Group 2 samples (
1
).  
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Legend (1): 
General microanatomy 

PCL-periosteal circumferential lamellae  
Cortical bone (PO-primary osteons, DO – 
drifting osteons, SO – secondary 
osteons, IL – interstitial lamellae) 
ECL- endosteal circumferential lamellae 

Bone resorption 
PS – periosteal surface 
HC – Haversian canals 
CB – cortical bone 
ES – endosteal surface 

Periosteal new bone 
Location (PS – periosteal surface, CS – 
cutaneous surface, D - diaphysis) 
Appearance (TL – thick layer, A-L- arc-like 
structure, A – appositional bone) 
Organization (L-lamellae, W-woven, M- 
mist, OL – osteocyte lacunae) 

 
(+) isolated foci 
(++) severe foci 



 

CHAPTER 5 

RESULTS 
 
 

 

196 

Newly built bone with an arc-like structure was the more frequently observed type of 

deposition (n=3). In only two samples was a clear demarcation between the periosteal new 

bone and the underlying cortex observed (Sk. 270 and Sk. 1429). New bone formation of 

woven type and populated with multiple osteocyte lacunae was also common (n=3). 

 

5.2.3. Group 3 – Other conditions 

Group 3 is composed of samples collected from individuals who died from conditions 

other than TB and non-TB diseases (four samples), and of specimens that exhibited fractures in 

different stages of bone healing (six samples). In this last subgroup, three samples were taken 

from individuals who died from bronchopneumonia and pulmonary tuberculosis. 

A lower third of a right fibula showing a bone callus was sampled from the adult male 

Sk.198 (68 y.o.) who died of urinary sepsis. Macroscopically, the bone fragment was in 

excellent state of preservation and the bone callus seemed to be almost completely 

remodeled (Figure 5.79). Under polarized light, a well-defined thin section formed by a 

network of lamellae, resembling trabeculae, and with good bone birefringence was seen. This 

observation was the same for the two thin sections observed (Figure 5.80 and 5.81). A detailed 

examination of the rib cortex showed an intricate system of lamellae, comparable to bone 

trabeculae, that probably was formed by resorption of previous Haversian systems and 

interstitial lamellae (Figure 5.80 A and B). The presence of partially digested osteons, large 

resorption spaces and enlarged Haversian canals may support this hypothesis. A thin rim of 

bone with a regular appearance forms the outermost layer of the cortical bone (Figure 5.80 A 

and B). No clear medullary cavity is seen. In fact, all of the internal bone microstructure seems 

to be formed by a network of lamellae and/or trabeculae in distinct stages of maturation. 

Figure 5.80 B exhibits a mesh of superimposed lamellae with no apparent organization above 

the periosteal edge that merges with remnants of mature lamellae and osteons. When 

compared, the mature lamellae are densely packed, whereas the most recent units show a 

poor alignment of their mineralized collagen fibers. Multiple spaces of osteoclastic resorption 

are visible. While some of these spaces are empty, others appeared totally or partially filled 

with a blue-grey substance. The origin of this substance is uncertain; however a correlation 

with the contiguous lamellae seems to exist. Figure 5.80 C exemplifies this apparent 

interaction. A similar appearance was evident in the second thin section prepared (Figure 

5.81). For example, Figure 5.81 A presents the inner cortex formed by multiple branches and 

islands of old lamellae interconnected with immature bone and embedded in the blue-grey 
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substance. Figure 5.81 A1 shows the close-up microstructure of the immature bone, which at 

some points is almost indistinguishable from the surrounding substance. The absence of a 

clear lamellar structure and the presence of multiple osteocyte lacunae are indicative of the 

woven nature of the newly formed bone. In contrast with the inner cortex that is scarce in 

bone tissue, the outermost areas that border the periosteal surface are composed of a mesh 

of random lamellae (Figure 5.81 A).  

A right tibia specimen exhibiting signs of a healed fracture was sampled from the young 

adult male Sk.54 (24 y.o.) who died from pulmonary tuberculosis. The macroscopic analysis 

revealed a thin section composed of dense cortical tissue and in good state of preservation 

(Figure 5.82). Under polarized light, a well-preserved microanatomy with good bone 

birefringence was seen. Nevertheless, some differences were found when the lateral and the 

medial surfaces of the bone callus were compared (Figure 5.83). The detailed analysis of the 

lateral portion of the healed callus revealed a cortical microstructure formed by multiple rows 

of osteons with different sizes and shapes embedded in interstitial lamellae. Separating the 

inner cortex from the outermost layers of bone, dense sheets of lamellae occupying an 

intracortical position were observed. At some points, erratic resorption lacunae parallel to the 

intracortical lamellae were seen (Figure 5.83 A and A1). Additionally, some foci of bone 

resorption due to osteoclastic activity were noticed at the periosteal level (Figure 5.83 A2). 

Figure 5.83 B clearly demonstrates the composition of the healed bone. Here the cortex is 

portrayed as a dense lattice of osteons, some of them with enlarged Haversian canals, 

interstitial lamellae and Volkmann’s canals crossing multiple Haversian systems. This 

haphazard arrangement, in addition to the presence of enlarged vascular canals, clearly 

indicates that a great amount of remodelling was occurring and new Haversian systems were 

being formed or absorbed. Enclosing the cortical tissue a thin rim of periosteal circumferential 

lamellae was identified. In contrast to the lateral surface, the medial portion of the bone callus 

showed a thicker layer of periosteal bone and a more uneven organization of the cortical 

tissue (Figure 5.83 C). For example, Figure 5.83 C presents a cortex composed of multiple rows 

of well-defined osteons and interstitial lamellae, whereas Figure 5.83 D illustrates a more 

chaotic structure formed by osteons, resorption spaces and remnants of densely packed 

lamellae crossed by other randomly organized lamellar units. In spite of the increased 

thickness, the periosteal bone presented a regular appearance. 

A sternal portion of the 9th right rib showing a remodeled bone callus was collected from 

the adult female Sk.119 who died from bronchopneumonia. Macroscopically, the bone sample 
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and the thin section prepared were in excellent state of preservation (Figure 5.84). Figure 5.85 

and 5.86 provide an illustration of the general microanatomy of the rib, highlighting the good 

preservation as well as the abnormal enlargement of the pleural-endosteal surface in relation 

to the cutaneous-endosteal shell. This fact suggests that most of the structural changes related 

to the fracture healing were occurring on the pleural-endosteal surface, mainly at the cortical 

and periosteal level. In the upper border of the pleural-endosteal surface, a row of well-

defined osteons flanked by endosteal and periosteal circumferential lamellae was observed. 

Above the periosteal lamellae, a thick deposit of new bone showing a high concentration of 

osteocyte lacunae was seen (Figure 5.85 A). Figure 5.85 B illustrates the arrangement of the 

cortical bone. Here differences between the inner and the outermost areas are found. The 

inner cortex is composed of multiple rows of osteons and interstitial lamellae, whereas the 

outer cortex is formed by individualized sheets of lamellae randomly interconnected by 

Haversian systems. A large number of osteocyte lacunae invading not only the periosteal new 

bone, but also the innermost areas of the cortex was observed throughout. Under polarized 

light, the level of organization of the bone tissue was even more apparent. In Figures 5.86 A 

and B, a chromatic division between the mature cortical bone (brown) and the newly formed 

bone (blue) appears to exist. Furthermore, a lack of alignment of the mineralized collagen 

fibers and a more abundant number of osteocyte lacunae seem to distinguish the periosteal 

new bone from the underlying cortex. Structural differences were also observed in the same 

bone tissue. Figure 5.86 B1 clearly illustrates this observation, showing a bulk of new bone 

with distinct levels of organization. Accordingly, the deepest layer is formed by densely packed 

lamellae with small erratic osteocyte lacunae. In the core of the periosteal formation, a poor 

lamellar arrangement accompanied by elongated osteocyte lacunae with their branching 

canaliculi is seen. The outer shell exhibits a random structure with no lamellar organization 

and densely populated by circular osteocyte lacunae. All the aforementioned differences seem 

to reflect distinct stages of remodelling of the bone callus.  

A 4th right rib exhibiting an unhealed fracture was sampled from the adult male Sk.1138 

(86 y.o.) who died from bronchopneumonia. The macroscopic analysis showed a well-

preserved specimen with a thin layer of new bone near the edge of the fracture (Figure 5.87). 

In spite of the fracture and associated bone formation, no other lesions were recorded in the 

rib. Microscopically, an arc-like rim of newly built bone was observed on the pleural-endosteal 

surface. A profuse network of bone trabeculae with remnants of blood vessels was seen 

throughout the medullary cavity (Figure 5.88). Figure 5.88 A shows the arc-like structure of 
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new bone separated from the underlying cortex by resorption spaces. In another segment of 

the pleural-endosteal surface no spaces of bone resorption were recorded between tissues 

(Figure 5.88 B). In this particular case, the endosteal and periosteal circumferential lamellae 

remained intact. Below the periosteal reaction, enlarged Haversian canals were seen in the rib 

cortex (Figure 5.88 A and B). Figure 5.88 C exhibits a large micro-crack, probably of 

postmortem origin that caused a discontinuity in the rib cortex. Below the periosteal new bone 

deposition, enlarged Haversian canals and irregular resorption spaces occupy the cortical area 

(Figure 5.88 D and D1). A common observation in all segments analyzed was the existence of 

an intricate network formed by trabeculae and preserved blood vessels near the endosteal 

surface (Figure 5.88 A, B, D and D1). 

From the adult female Sk.1196 (75 y.o.) who died from arteriosclerosis and 

hypertension, two bone specimens exhibiting healed bone callus were collected: a middle 

portion of a right rib and a distal portion of a right radius. Gross inspection of the rib sample 

showed a well-preserved specimen with a residual bone callus (Figure 5.89). A similar picture 

was obtained from the histological study. Figure 5.90 provides a plain illustration of the rib 

microanatomy, highlighting the thin pleural-endosteal and cutaneous-endosteal surfaces, as 

well as the lack of bone trabeculae. No evidence of the process of bone healing was observed. 

On both the pleural and endosteal surfaces the cortical tissue appeared to be formed by a 

unique row of osteons and interstitial lamellae (Figure 5.90 A and C). Figure 5.90 C shows a 

segment of the pleural-endosteal surface preserving the periosteal and endosteal 

circumferential lamellae. Another common observation along the rib thin section was the 

presence of multiple foci of bone resorption, mainly on the endosteal surface (Figure 5.90 B 

and C). The detailed analysis did not show any evidence of new bone deposition. The 

macroscopic analysis of the radius sample revealed a relatively well-preserved bone specimen. 

Nevertheless, some taphonomic changes, such as bone erosion, were recorded on the anterior 

surface (Figure 5.91). Figure 5.92 illustrates the general structure of the radius. While the 

anterior surface is formed by a thin rim of cortical tissue, a bulky network of trabeculae occupy 

the cortex on the posterior surface of the bone shaft. This network of sparse trabeculae forms 

the bone callus. In Figure 5.92 A, a close-up of the system of trabeculae that forms the bone 

callus is shown. In general, bone trabeculae are characterized by a haphazard arrangement of 

their mineralized collagen fibers, as well as by the presence of numerous osteocyte lacunae. 

Multiple foci of bone resorption were observed throughout the network of bone trabeculae. In 

particular segments of the radius diaphysis, especially in the interface between the bone callus 
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and the unaffected cortex, multiple sheets of new bone densely populated by osteocytes 

lacunae were seen. Intersecting the newly built bone, numerous primary vascular canals and 

enlarged resorption spaces were also recorded (Figure 5.92 B). Figure 5.92 B1 further 

elucidates the structure of the new bone formation, with a rudimentary system of aligned 

lamellae and osteocyte lacunae. The outermost areas appear more disorganized in 

appearance, lacking the lamellae structure and indicating the woven nature of the bone. In 

Figure 5.92 C, an impressive plain illustration of the anterior cortical bone is presented. 

Multiple horizons of lamellae, probably suggesting distinct levels of bone deposition were 

noticed. The outermost layers presented a compact appearance. The sheets of lamellae close 

to the endosteal surface exhibited a more disorganized structure and a more abundant 

number of osteocyte lacunae. Running parallel to the periosteal-endosteal surface, two micro-

fractures not completely healed were seen separating layers of bone. No Haversian systems 

were observed in the anterior cortex of the radius.  

A right rib sample with no evidence of bone lesions was collected from the adult male 

Sk. 1484 (73 y.o.) who died from a gastric ulcer. The general macroscopic and microscopic 

views showed a bone specimen relatively well-preserved and with bone birefringence (Figure 

5.93 and 5.94). Under the microscope, the bone sample did not appear pathological. The 

regular rib microstructure formed by numerous rows of osteons and interstitial lamellae was 

maintained. The outer and inner lamellae of the cortical bone are visible in Figures 5.94 A and 

B. In Figure 5.94 C, diffuse diagenetic changes consisting of micro-cracks and generalized tissue 

disintegration are apparent. Major spaces of bone resorption, especially at the endosteal level, 

and enlarged Haversian canals were also recorded in Figures 5.94 D and D1. 

A sternal end of the 5th left rib showing massive bone deposition with a sunburst pattern 

was sampled from the adult male Sk. 457 who died from rectal neoplasm (66 y.o.). The 

macroscopic examination revealed a bone specimen in good stage of preservation (Figure 

5.95). The same picture was gathered through histological analysis (Figure 5.96). Under 

polarized light, a deformed rib microanatomy composed of multiple bone spikes of different 

sizes and shapes was recorded (Figure 5.96). Figures 5.96 A and C illustrate the appearance of 

the new periosteal bone, stressing the composition and orientation of the bony filaments 

formed. The spikes of new bone are organized in a parallel fashion, being thicker at the base 

and thinner at the extremity. No clear lamellar structure is present. A large number of 

osteocyte lacunae, equally distributed, were seen through the new bone formation. In contrast 

to the exuberant periosteal new bone, massive spaces of bone resorption were observed in 
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the rib cortex. Figure 5.96 B clearly illustrates the process of bone resorption that was 

occurring at the cortical level. At some points, the old structure composed of Haversian 

systems and interstitial lamellae was reduced to islands of partially digested osteons. Figure 

5.96 D shows another example of the striking changes that were taking place in the rib cortex. 

Here vast areas of bone resorption due to osteoclastic activity are apparent. In the preserved 

cortical tissue, enlarged Haversian canals and multiple osteocyte lacunae are also visible. 

A distal portion of the right femur combining proliferative and erosive lesions was 

sampled from the adult male Sk. 135 (86 y.o.) who died as a result of cachexia. The 

macroscopic and histological view revealed a relatively well-preserved reticulate 

microstructure (Figures 5.97 and 5.98). Figures 5.98 A and A1 illustrate the close-up 

appearance of fragments of the outer cortical lamellae interconnected with a network of 

newly built trabeculae. No clear system of osteons and interstitial lamellae was identified. 

Rather, multiple bays of bone resorption were seen in the femoral cortex. At some points, a 

geometric pattern made of trabeculae and resorption spaces was seen. Figures 5.98 B and B1 

are a good example of this bone arrangement. Here multiple squared bays of osteoclastic 

activity are seen shaping the morphology of the bone trabeculae. Under polarized light, the 

trabecular bone is composed of remnants of densely packed lamellae crossed by layers of 

randomly organized new bone. Accompanying this immature or woven tissue is a proliferation 

of osteocytes lacunae (Figure 5.98 B1 and C). 

A bone fragment of the distal portion of the right tibia showing a localized deposit of 

new bone was sampled from the adult female Sk. 1412 (81 y.o.) who died from 

arteriosclerosis. The gross inspection and the histological analysis revealed a thin section in 

good state of preservation (Figure 5.99 and 5.100). Figure 5.100 A further elucidates the well-

preserved microstructure of the tibia cortex, with multiple rows of osteons embedded in 

interstitial lamellae. Figures 5.100 B and C exemplify the periosteal new bone production that 

occurred at the outer shell of the cortex. The periosteal new bone is firmly attached to the 

cortex and is composed of a thick layer of bone with a haphazard appearance. No lines of 

separation or resorption spaces were found between the periosteal new bone and the 

underlying cortex.  

In summary, the histological analysis of Group 3 samples revealed striking results (Table 

5.23). Regarding the subgroup formed by fracture callus, periosteal new bone formation was 

only visible in the Sk. 1138 sample. In this case the newly built bone presented an arc-like 

microstructure, being separated from the underlying cortex by resorption spaces. In the 
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remaining fracture samples (n=5), the bone callus exhibited a healed and remodeled 

appearance almost indistinct from the surrounding bone tissue. However, a very different 

picture was gathered through histological analysis. In fact, and below the bony shell, many 

changes related to the healing process and not visible to the naked eye were found. For 

instance, Sk. 198 and Sk. 1196 revealed a bone callus microstructure composed of an intricate 

network of trabeculae and lamellae in distinct stages of maturation. In contrast, the Sk.54 

callus sample presented a more regular and mature structure, especially at the cortical level. 

Nevertheless, some evidence of fracture remodelling was observed. Features compatible with 

an incomplete healed fracture, such as the presence of a bulky mass of newly built bone in 

distinct stages of remodelling below the callus shell, were observed in the Sk. 119 sample. 

Another striking observation was made in the Sk.457 sample. In addition to the exuberant and 

spiky-like periosteal new bone formation, the histological analysis showed large bays of bone 

resorption that almost destroyed the cortical bone, not visible macroscopically. In the majority 

of the samples studied, the cortical bone appeared formed by multiple rows of secondary 

osteons and interstitial lamellae (n=8). Some evidence of Haversian remodelling (n= 7), and 

localized cortical (n=6) and endosteal resorption (n=4) were also observed. 
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Table 5.23: Summary of the histological analysis of Group 3 samples (
1
).  
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5.2.4. Group 4 – Archaeological samples 

Eight bone specimens exhibiting periosteal new bone formation were collected from 

human skeletal remains exhumed from three distinct archaeological sites: three samples were 

taken from two adults and from one non-adult individual unearthed from the ancient 

necropolis of the village of Constância (14th-19th centuries); three samples were collected from 

three adult individuals excavated from the necropolis of the extinct Royal Hospital of All Saints, 

Lisbon (18th century), and two samples were collected from two adult individuals exhumed 

from the cemetery of the hospital of the Ordem do Carmo, Oporto (19th century). 

 

Ancient necropolis of the village of Constância  

From the non-adult individual PAH/C-SG22-E4 (age at death estimated at 14-17 years 

old), a rib fragment exhibiting new bone deposition of woven type on the visceral surface was 

sampled.  

Macroscopically, the tridimensional structure of the bone was intact without major 

taphonomic changes, as seen in Figure 5.101. The rib sample revealed a normal cortical 

thickness for an individual of this age (Figure 5.101). A localized rim of new bone with irregular 

contours was observed attached to the cortex of the pleural surface, however without 

compromising the underlying bone tissue. Multiple vascular holes corresponding to Haversian 

canals were found randomly distributed alongside the rib cortex, being larger and more 

numerous on the cutaneous surface. The cortical bone on the pleural surface showed a more 

dense appearance (Figure 5.101). Beyond the macroscopic view, a very distinct picture 

characterized by heavy diagenetic changes of the bone tissue was observed (Figure 5.102). In 

fact, several close-ups of the rib microstructure (Figure 5.102 A, B and C) did not allow for the 

identification of Haversian systems, interstitial bone, osteocyte lacunae and endosteal and 

Legend (1): 
General microanatomy 

PCL-periosteal circumferential lamellae  
Cortical bone (PO-primary osteons, DO – drifting osteons, SO – secondary osteons, IL – intestitila lamellae) 
ECL- endosteal circumferential lamellae 

Bone resorption 
PS – periosteal surface 
HC – Haversian canals 
CB – cortical bone 
ES – endosteal surface 

Periosteal new bone 
Location (PS – periosteal surface, CS – cutaneous surface, D - diaphysis) 
Appearance (TL – thick layer, A-L- arc-like structure, A – appositional bone) 
Organization (L-lamellae, W-woven, M- mist, OL – osteocyte lacunae) 

 
(+) isolated foci 
(++) severe foci 
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periosteal lamellae. Rather, the rib cortex appeared filled by an indistinguishable mass of 

composites probably resulting from bacterial activity or chemical action. Despite the absence 

of the basic bone units, the Haversian canals and major spaces of bone resorption associated 

with the normal bone remodelling are still visible (Figure 5.102 A). A close-up of the pleural 

surface using transmitted and polarized light provided a clearer picture of the periosteal 

reaction (Figure 5.102 B and C). In both pictures, a layer of new bone above the rib cortex can 

be easily identified. From this new substrate, another periosteal layer formed around large 

spaces and attached to the underlying surface by pedestals or arcade-like structures is 

apparent. As observed on the rib cortex, the new bone formation is also characterized by a 

lack of visible histological structures due to diagenesis. Nevertheless, and under polarized light 

some areas seem to maintain their birefringence in the blue spectrum (Figure 5.102 B*) which 

may indicate some degree of preservation of the bone tissue and lamellae. An identical picture 

was noticed in small areas of the rib trabeculae (Figure 5.102 C). 

A rib sample exhibiting lytic and osteoblastic lesions probably associated with a case of 

metastatic carcinoma was collected from an adult female (PAH/C-SG19 E7). The general 

macroscopic and microscopic view revealed massive bone resorption, mainly at the endosteal 

level, with destruction of the rib trabeculae (Figure 5.103 and 5.104). At some portions of the 

rib body, the cortical bone disappeared or was reduced to a thin rim of bone (Figure 5.104). In 

fact, abnormal bone resorption associated with the activity of osteoclasts was the most 

commonly noted phenomenon at the microscopic level. For instance, a close-up of a section of 

the pleural surface (Figure 5.104 A) and of the cutaneous surface (Figure 5.104 B and C) 

revealed multiple bays of bone resorption (Howship’s lacunae) more numerous on the 

endosteal surface of the rib cortex. Some bone scalloping was also observed on the periosteal 

surface (Figure 5.104 A). A common occurrence in all segments analyzed was the presence of 

heavy diagenetic changes that prevented the identification of new bone deposits or other 

bone features (Figure 5.104 A, B, C and D). Figure 5.104 D shows a segment of the cutaneous 

surface with “shadows” of two Haversian systems. Here, only the contours of the osteons and 

their canals are visible. There is no evidence of the respective circumferential lamellae system. 

The application of polarized light revealed some trabecular birefringence which may indicate 

the preservation of some lamellae (Figure 5.104 D*). Enlarged Haversian canals were signaled 

which may suggest that bone remodelling was simultaneously occurring (Figure 5.104 A, D, 

D*).  
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A rib sample exhibiting new bone deposits with a woven appearance was collected from 

the skeleton of an adult female (PAH/C-SG25/26 E2). As observed in the previous cases, only 

the macroscopic tridimensional structure of the rib was preserved (Figure 5.105). The 

histological analysis showed severe diagenetic changes that have destroyed all of the 

structural units of bone (Figure 5.106). Accordingly, no Haversian systems, interstitial lamellae 

or osteocyte lacunae were observed. Nevertheless, it was possible to identify, at least, three 

distinct layers of new bone formed on the visceral surface (Figure 5.106 A, B and C). A close-up 

of the newly built bone revealed a primary layer that was denser and firmly attached to the 

underlying cortex by bone bridges (Figure 5.106 A). In other rib segment, a clear hiatus 

between the original rib structure and the newly deposited periosteal formation was seen 

(Figure 5.106 B). Multiple bridges or pedestal structures linking the different layers of new 

bone were observed (Figure 5.106 B and C). The pedestal structures were separated by large 

and irregular spaces (Figure 5.106 A, B and C). In the outermost layer, the periosteal new bone 

was essentially formed around small resorption spaces (Figure 5.106 B). This pattern of new 

bone formation is similar to the microstructure found in the sample of the PAH/C-SG22-E4 

individual.  

 

Cemetery of the extinct Royal Hospital of All Saints in Lisbon 

A rib fragment exhibiting periosteal new bone formation was sampled from the adult 

individual P. Fig. 1429 exhumed from the ancient necropolis of the Royal Hospital of All Saints. 

The macroscopic and the full microscopic view revealed a bone thin section relatively well-

preserved and with some signs of bone birefringence (Figure 5.107 and 5.108). In general, the 

rib sample is characterized by a thick pleural and cutaneous cortex, as well as by an intricate 

system of trabeculae (Figure 5.108). Several close-ups of the rib thin section allowed for the 

identification of some histological features, as well as areas of bone diagenesis. For example, in 

the cutaneous surface, some regions of bone birefringence, especially around the Haversian 

canals, were observed, which may indicate some degree of lamellae preservation. Numerous 

Haversian canals with different sizes and shapes were observed on the cutaneous surface. In 

Figures 5.108 A and B, an enlargement of the osteon canals is seen, suggesting that some 

degree of bone remodelling was taking place. A similar appearance was recorded on the 

pleural surface (Figure 5.108 C and D). Here, a thin layer of periosteal new bone is clearly 

distinguishable from the underlying cortex (Figure 5.108 D). Several enlarged Haversian canals 

were also noticed on the endosteal surface (Figure 5.108 C, D and E). Diagenetic changes 
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randomly distributed through the bone microstructure were a common observation in all rib 

segments considered. These changes were represented by diffuse (Figure 5.108 A and B) or 

localized micro-cracks (Figure 5.108 C), as well as by microbial tunneling in the form of 

continuous lines (Figure 5.108 C and D) or worm-like trails (Figure 5.108 E and F). Some black 

spots, probably resulting from fungal contamination, were also revealed (Figure 5.108 E and F). 

A fibula sample showing remodeled foci of new bone compatible with a possible case of 

acquired syphilis was collected from the adult female (P. Fig. QT6 E3 1310). Macroscopically, 

the sample seemed well-preserved (Figure 5.109). An identical picture was retrieved from the 

general microscopic view that showed a well-defined bone contour at both the periosteal and 

endosteal surfaces (Figure 5.110). Nevertheless, the magnification of particular segments 

revealed massive diagenetic changes and a lack of bone birefringence (Figure 5.110 B and C). 

In agreement, the only microstructures preserved were Haversian canals, some of them 

presenting large spaces of bone remodelling (Figure 5.110 A, B, D and E), and a few 

recognizable shadows of Haversian systems (Figure 5.110 D and E). In spite of the described 

bone features, no system of lamellae or osteocyte lacunae was seen. Instead, the cortical bone 

was filled with an indistinct mass of composites probably resulting from microbial and fungal 

activity. Regarding the periosteal outline, a very different pattern of new bone formation was 

recorded. In a portion of the fibula diaphysis the new bone presented a wave-like and round 

morphology (Figure 5.110 A). In another section, new bone deposits with a finger-like or 

thorny morphology were seen (Figure 5.110 B). A wavy-like pattern of new bone packed 

between periosteal blood vessels and separated from the underlying cortex by resorption 

spaces was also identified (Figure 5.110 C and C*).  

A subperiosteal ossified haematoma located in the diaphysis of the left femur of an 

adult male (P. Fig. 1492) was sampled. The macroscopic and the general microscopic view 

under polarized light showed a well-preserved bone structure (Figure 5.111 and 5.112). In 

Figure 5.112, a large artifactual crack (probably resulting from the embedding process) was 

observed separating the large area of the subperiosteal haematoma from the original cortical 

bone. In Figures 5.112 A and 5.112 A1, the artifactual crack is clearly represented. The images 

also portray the structural differences observed between the cortical bone composed of well-

preserved osteons and peripheral lamellae and the ossifying haematoma affected by 

diagenetic changes. Figure 5.112 B illustrates the good preservation of the cortical bone 

formed by secondary Haversian systems and interstitial lamellae. In the bulky portion that 

corresponds to the ossifying hematoma, only the outer layer of periosteal bone and the 
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Haversian canals were visible (Figure 5.112 C and D). Figure 5.112 D shows the presence of 

diffuse diagenetic changes such as micro-cracks throughout the pathological bone. Under 

transmitted light (Figure 5.112 E and E1), numerous “shadows” of osteons were identified. 

However, no preserved system of lamellae was seen around the vascular canals. Rather, the 

bodies of the osteons were formed by small fragments. These changes have affected equally 

the inner and the outermost layers of the ossifying haematoma (Figure 5.112 E1, F and F1). 

 

Cemetery of the hospital of the Ordem do Carmo in Oporto 

A bone outgrowth located at the site of attachment of the tibiofibular ligament was 

sampled from the adult individual (Porto UE 5093) exhumed from the ancient necropolis of the 

hospital of the Ordem do Carmo. Macroscopically, the thin section was well-preserved (Figure 

5.113). The microscopic view revealed a bony structure with an irregular morphology, 

combining smooth areas and thorny outlines (Figure 5.114). Looking closer into the bone, 

worm-like structures probably associated with fungal or bacterial activity were observed 

(Figure 5.114 A, B and C). Despite that, preserved vascular canals exhibiting some bone 

birefringence were seen (Figure 5.114 A and B). In some segments, signs of bone resorption 

were also recorded (Figure 5.114 C).  

A left tibia sample showing non-specific periosteal new bone was collected from an 

adult male (Porto UE6451-65). As described for the previous samples, the macroscopic 

component is characterized by good preservation (Figure 5.115). The histological examination 

showed differential preservation of the bone tissue (Figure 5.116). The close-up appearance of 

particular segments revealed areas with relatively well-preserved osteons (Figure 5.116 A and 

B). Numerous enlarged osteon canals were observed which may signify that bone remodelling 

was occurring (Figure 5.116 B). Two distinct bone layers were observed at the periosteal level. 

However, the presence of diagenetic changes made it impossible to ascertain their 

microstructure. Despite this, two hypotheses can be advanced: the innermost layer may 

represent the periosteal circumferential lamellae and the outermost the newly built bone or, 

in contrast, both may indicate distinct episodes of periosteal new bone formation (Figure 

5.116 A and B). Diagenetic changes were a common finding in the bony segments investigated 

(Figure 5.116 A1 and A2). Figure 5.116 A2 illustrates the detachment of Haversian systems in 

relation to the supporting cortex caused by micro-cracks and microbial tunnelling. Lamellate 

and linear longitudinal microscopic focal destruction were also recorded. The dark shadows 

observed throughout the bone thin section may be caused by fungal and bacterial 
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contamination (Figure 5.116 A1 and A2). In a thin section segment, massive osteoclastic 

tunnelling penetrating the periosteal and cortical bone was seen. The Howship’s lacunae were 

intersected by lamellar bone that resembles bony trabeculae (Figure 5.116 C and D). The good 

preservation of lamellae allowed for the identification of primary vascular canals and 

osteocyte lacunae (Figure 5.116 C and D). 

To summarize, the main feature shared by archaeological samples was the lack of 

preservation of the bone tissue. Despite the apparent macroscopic integrity, the histological 

analysis revealed bone samples completely affected by diagenetic changes and/or 

differentially preserved. These changes were particularly apparent in the specimens from 

Constância and Lisbon. In some samples, only Haversian canals and osteon shadows were 

visible. The tridimensional preservation of the bone envelope allowed for the identification of 

periosteal new bone formations (e.g. PAH/C-SG22-E4, P. Fig. QT6 E3 1310), as well as 

Howship’s lacunae (e.g. PAH/C-SG19 E7). Nevertheless, the presence of diagenetic changes 

made it impossible to characterize the newly formed bone. The diagenetic changes most 

frequently observed were micro-cracks, microbial tunnelling and fungal contamination.  
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“HUMAN SKELETAL DATA IS A BIOSOCIAL UNIT SHAPED DURING LIFE BY SOCIO-CULTURAL 

RELATIONSHIPS AND BIOLOGICAL FACTORS AND, AFTER DEATH, BY TAPHONOMIC CONSTRAINTS”  

ROBB (2000) AND DUTOUR (2008) 
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6. DISCUSSION 

 

 

6.1. MACROSCOPIC ANALYSIS 

 

More than half of the individuals studied presented periosteal new bone formation 

(PNBF) in at least one bone (61.3%, 155/253). The analysis of the distribution of periosteal 

lesions through the skeleton revealed different results with respect to the ribs and the 

appendicular bones, as it will be discussed below.  

 

6.1.1. Chest Wall: Ribs  

For the overall sample, ribs were the bone elements most frequently affected by new 

bone deposition, mainly in individuals who died from TB (56.1%55 - 87/155, Group 1), followed 

by those who passed away from non-TB diseases (7.7% - 12/155, Group 2) and other 

conditions (4.5% - 7/155, Group 3). Furthermore, individuals who showed rib lesions were 

always at a higher risk of developing TB, independently of having or not having corresponding 

foci in the appendicular bones, than those with other causes of death. Periosteal rib lesions 

were also most frequently seen in younger individuals (42.6% - 66/155), when compared with 

those older than 45 years of age (25.8% - 40/155). A combination of osteolytic and 

proliferative rib lesions was also observed in three individuals.  

Tuberculosis is a multisystemic infection that can affect virtually any organ or system in 

the body (Harisinghani et al., 2000), including the musculoskeletal apparatus. Tuberculosis of 

the bone and joints is described as occurring in 1%-3% (Kuo et al., 2004) to 10% (Leonard and 

Blumberg, 2006) of patients with extra-pulmonary conditions. It is well accepted that the TB 

                                                           
55

 Percentages were estimated considering the individuals who showed only periosteal lesions on ribs, as 

well as those with PNBF on ribs and appendicular bones. 
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infection reaches the skeleton through the hematogenous route and from a primary focus, 

normally located in the lungs (Aufderheide and Rodríguez-Martín, 1998; Resnick and 

Kransdorf, 2005). Within the skeleton, the bacilli prefer areas of high circulatory and metabolic 

rate, such as the hematopoietic marrow, located in the cancellous bone (Ortner, 2003e). 

Accordingly, the bones most commonly targeted by the Mycobacterium are the vertebrae, ribs 

and sternum (Ortner, 2003e). The skeletal signs of tuberculosis manifest usually through focal 

and resorptive lesions, which may be followed by new bone formation (Aufderheide and 

Rodríguez-Martín, 1998; Roberts and Buikstra, 2003; Ortner, 2008).  

Skeletal tuberculosis can be divided into spinal and extraspinal. Tuberculosis of the 

vertebral column (or tuberculous spondylitis) represents 25% to 50% of all cases of skeletal TB 

(Steinbock, 1976; Resnick and Kransdorf, 2005). The extraspinal form may affect the short 

tubular bones of the hands and feet (tuberculous dactylitis or spina ventosa), the synovial 

membrane of bursae, the tendons and tendon sheaths (tuberculous bursitis and 

tenosynovitis), the large joints (tuberculous arthritis) (Resnick and Kransdorf, 2005), and the 

chest wall (Pepper and Berinson, 1973; Ip et al., 1989; Asnis and Niegowska, 1997; Gupta et al., 

2003; Ekingen et al., 2006; Bekci et al., 2010; Mourato et al., 2010; Grover et al. 2011; Kigera 

and Orwotho, 2011; Buonsenso et al., 2012). 

Chest wall tuberculosis is uncommon and difficult to discern in clinical settings (Asnis and 

Niegowska, 1997; Faure et al., 1998; Kuzucu et al., 2004; Tuli, 2004; Bekci et al., 2010; Grover 

et al., 2011). Occasionally, it may affect the sternum, the sternoclavicular joint and the ribs, 

causing osseous destruction and localized abscess formation (Kim et al., 2001). With regard to 

the rib lesions, their frequency is relatively low, occurring in about 1% to 5% of cases of TB (Ip 

et al., 1989). For example, Tuli (2004) reports that of the 980 patients suffering from 

osteoarticular TB, 2% presented lesions in the ribs. Two principal causes are pinpointed to 

explain this low frequency: (1) its insidious development, which often occurs up to 18 months 

after infection and normally does not involve other organs (< 50% of patients have active 

pulmonary disease) (Asnis and Niegowska, 1997); and (2) the reduced sensitivity of chest 

radiography in detecting early signs of the condition (Ip et al., 1989; Asnis and Niegowska, 

1997; Gupta et al., 2003)56. Furthermore, the differential diagnosis of chest wall TB is also 

challenging, as other infections (i.e. typhoid fever or paratyphoid fever, syphilis, infections due 

to Streptococci, Straphylococci, Salmonella, Haemophilus influenza, Actinomycetes, Brucella, 

and fungal infections such as coccidioidomycosis and blastomycosis), as well as benign and 

                                                           
56

 Ip and colleagues (1989) state that in most cases the diagnosis is delayed until osseous lesions become 

visible and/or palpable chest wall masses are identified. 
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malignant tumors (i.e. chondroma, osteochondroma, fibrous dysplasia, chondrosarcoma, 

multiple myeloma, Ewing’s sarcoma, fibrosarcoma, and metastases of the liver, breast, thyroid 

and kidney carcinoma) (Bishara et al., 2000; Gupta et al.; 2003; Agrawal et al., 2008) may cause 

similar lesions. Tuberculosis of the ribs is more frequently found in males than females (about 

twice) and in patients between 15 and 30 years of age (Asnis and Niegowska, 1997). Most 

cases reported in the medical literature are uniformly lytic, with adjacent extrapulmonary soft 

tissue mass that may contain caseating or noncaseating granuloma (Pepper and Berinson, 

1973; Chang et al., 1992; Grover et al., 2011). Periosteal activity is often described as absent 

(Johnson and Rothstein, 1952). A summary review of some clinical studies clearly illustrates 

the demographic and pathological distribution of tuberculous rib lesions (table 6.1). 

 

Table 6.1: Summary of the literature review on cases of chest wall tuberculosis with rib lesions.  

 
Authors 

Case-Studies 

Sex Age 
(yrs) 

Bone affected Type of Lesions Diagnosis 

Jonhson 
and 
Rothstein 
(1952) 

M 26 2
nd

 and 4
th

 right 
ribs 

2
nd

 right rib: destruction and widening 
at the costochondral junction; 4

th
 right 

rib: osteolytic lesion at the 
costovertebral extremity. Presence of a 
soft tissue abscess. 

Chest wall TB 

M 26 8
th

 right rib Osteolytic lesion with partial 
destruction of the rib. Presence of a 
soft tissue abscess. 

Chest wall TB 

M 33 11
th

 right rib Severe bone destruction of the 
posterior portion of the rib. Presence 
of a soft tissue abscess. 

Chest wall TB 

Pepper and 
Berinson 
(1973) 

M 59 5
th

 right rib and 
tuberculous 
spondylitis 

Osteolytic lesion of the vertebral end of 
the rib with extrapleural mass 
(tuberculous caseating granulomata). 
Extradural impression at T7 and a 
compression fracture. 

Chest wall TB and 
tuberculous 
spondylitis 

Ip et al. 
(1989) 

F 30 6
th

 and 7
th

 left 
ribs 

Thinning of the cortex of the ribs with 
adjacent soft tissue mass. Presence of 
an abscess with necrotic tissue. 

Chest wall TB 

M 27 3
rd

 left rib 
 

Osteolytic lesions with adjacent soft 
tissue mass. Presence of an abscess 
with granulation tissue. 

Chest wall TB 

Chang et al. 
(1992) 

M 18 4
th

 right rib Presence of a granuloma that partially 
destroyed the costal cartilage.  

Chest wall TB  
and pulmonary TB  

Asnis and 
Niegowska 
(1997) 

M 46 6
th

 left rib Destructive lesion: 3 cm 
Soft tissue mass overlying the lesion 
(noncaseating granuloma): 2 cm. 

Chest wall TB 
 

Afonso et 
al. (2001) 

M 30 Several ribs 
(bilateral) 

Osteolytic lesions in several ribs 
associated with bilateral soft tissue 
mass. 

Chest wall TB and 
bilateral 

pseudogynecomastia 

Gupta et al. 
(2003) 

M 29 Left ribs Multiple destructive foci with 
thickening of the left pleura. Presence 
of a caseating granulomatous lesion in 
the pleura. 
 

Chest wall 
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Shelat et al. 
(2005) 

F 65 4
th

 right rib Posterior erosion of the rib with soft 
tissue mass.  
 

Chest wall TB and 
tuberculous mastitis 

Ekingen et 
al. (2006) 

F 2 7
th

 left rib Osteolytic lesion (4cm) with adjacent 
soft tissue mass. 

Chest wall TB 

Bekci et al. 
(2010) 

M 22 Right ribs Pleural thickening, destruction of the 
right ribs and pleural nodular lesions. 

Chest wall TB  
“cold abscess” 

Mourato et 
al. (2010) 

M 36 5
th

 right rib Osteolytic lesion with adjacent soft 
tissue swelling. 

Chest wall TB 
 

Grover et 
al. (2011) 

M 26 Sternum Osteolytic lesions with adjacent soft 
tissue swelling. 

Chest wall TB 

M 25 Sternum Osteolytic lesions with adjacent soft 
tissue swelling. 

Chest wall TB 

M 7 Sternum Osteolytic lesions with adjacent soft 
tissue swelling. 

Chest wall TB 

F 53 sternoclavicular 
joint 

Osteolytic lesions of the clavicular 
margin and soft tissue swelling. 

Chest wall TB 

F 23 sternoclavicular 
joint 

Osteolytic lesions of the clavicular 
margin and soft tissue swelling. Dense 
sclerosis of the articular surface. 

 
Chest wall TB 

F 11 4
th left 

rib Erosive lesions. Presence of a cold 
abscess with caseating material. 

Chest wall TB 
 

M 2 3
rd

 right rib Erosive lesions. Presence of a cold 
abscess with caseating material. 

Chest wall TB 

F 9 10
th

 left rib Mixed osteolytic and sclerotic lesions. Chest wall TB 

F 8 3
rd

 and 4
th

 left 
ribs  

Sclerosis and widening with ipsilateral 
empyema. 

Chest wall TB 

F 25 4
th

 left rib Erosive lesions. Chest wall TB 

M  23 --- Presence of a cold abscess with 
caseating material. 

Chest wall TB 

M 9 --- Presence of a cold abscess with 
caseating material. 

Chest wall TB 

Kigera and 
Orwotho 
(2011) 

M  32 9
th

 left rib and 
tuberculous 
spondylitis 

Hypodense lytic lesions in the thoracic 
vertebrae (T6-T9), with anterior 
collapse and kyphotic deformity. Lytic 
lesions in the posterior aspect of the 
9

th
 left rib. 

Chest wall TB and 
tuberculous 
spondylitis 

Buonsenso 
et al. (2012) 

F 15  
months 

10
th

 left rib Well-circumscribed abscess adherent 
to the cartilagean rib. Chest wall 
swelling. 

 
Chest wall TB 

 

 TB is the second most common cause of destructive rib lesions after metastatic tumors 

(Buonsenso et al., 2012). Some clinicians classify erosive rib lesions into two types: tuberculous 

chondritis (more frequent), when the costal cartilage is affected, and tuberculous osteitis 

(rare), when the body of the rib is involved (Johnson and Rothstein, 1952). The first type is 

interpreted as the result of the formation of abscesses and sinus, as well as the spread of the 

infection from adjacent bones (Johnson and Rothstein, 1952). In contrast, Tatelman and 

Drouillard (1953) described four patterns of rib destruction: (1) costovertebral involvement 

generally associated with tuberculous spondylitis and paravertebral abscess; (2) costochondral 

involvement usually of a solitary rib associated with an extrapleural soft tissue mass; (3) shaft 

involvement with numerous areas of bone destruction associated with extrapleural soft tissue 
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mass; and (4) multiple cystic bone tuberculosis characterized by lesions of varying size and 

distinct zones of surrounding sclerosis and expansion of the shaft. One of the most frequently 

described sites of tuberculous involvement of ribs is the costovertebral joint, followed by the 

shaft (Johnson and Rothstein, 1952; Khalil et al., 1999). Clinically, the costovertebral 

involvement has been interpreted as secondary to spinal tuberculosis (Roberts and Buikstra, 

2003). It is hypothesized that if an individual suffers from Pott’s disease, the infections can be 

easily transferred from the vertebrae to the head of the ribs, causing the development of 

destructive foci (Roberts and Buikstra, 2003). For example, Khalil and colleagues (1999) 

observed costovertebral destruction of ribs associated with tuberculous spondylitis in 5 of 15 

patients analyzed.  

In the present study, only one individual who died from TB (Sk. 1583: 9 year old female) 

presented a mixture of proliferative and erosive lesions on ribs associated with severe 

destructive foci on thoracic vertebrae (T4-T12), ankylosis and gibbous formation, which 

resembles a case of tuberculous spondylitis, also termed Pott’s disease (see Chapter 3, table 

3.8) (Steinbock, 1976; Aufderheide and Rodríguez-Martín, 1998; Resnick and Kransdorf, 2005; 

Roberts and Manchester, 2005). A combination of proliferative and osteolytic foci was also 

seen in the costovertebral extremity of the 6th left rib (Sk. 470) and in the shaft of the 5th left 

rib (Sk. 332) of two adult males who died from TB; nevertheless there was no involvement of 

the vertebral column. Curiously, in skeleton no. 314, which belongs to a young adult female 

(20 y.o.) who died from Pott’s disease and shows massive destruction of two lumbar vertebrae 

(L1 and L2), no destructive lesions in the contiguous thoracic ribs were recorded. In order to 

better understand the variability of skeletal involvement of tuberculosis, Pálfi and co-authors 

(2012) studied 1728 skeletons from the Terry Anatomical Collection (Smithsonian Institution, 

Washington, D.C., USA), dating from the first half of the 20th century. Of the cases studied, the 

authors describe the lesions observed in the spine of a young male (19 y.o.) who died from TB 

spondylitis. The lesions characterized by destructive foci of different sizes and spheroid shape 

were recorded in the thoracic, lumbar and sacral regions (Pálfi et al., 2012). Several ribs 

showed erosive lesions similar to those of the vertebrae, as well as evidence of remodelling on 

the visceral surface, resembling the pattern described for Sk. 1583. Extensive scalloping of 

some vertebral bodies, suggesting the preexistence of a granulomatous process was also 

reported (Pálfi et al., 2012). This last bone feature is identical to that observed in the lumbar 

vertebrae of Sk. 314. This evidence reinforces the hypothesis that the lytic involvement of the 
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spine and ribs may be an important indicator of TB in the paleopathological record (Roberts 

and Manchester, 2005).  

In the clinical literature, three mechanisms of the pathogenesis of chest wall tuberculosis 

are frequently enunciated: (1) lymphohaematogeneous spread from a quiescent tuberculosis 

focus (e.g. gut, kidney, and tonsil); (2) direct extension from an underlying pleural or 

pulmonary parenchymal disease; and (3) direct extension from lymphadenitis of the chest wall 

(Ip et al., 1989; Chang et al., 1992; Khalil et al., 1999; Kim et al., 2001; Kigera and Orwotho, 

2011). Musculoskeletal tuberculosis, namely of ribs and vertebrae, is believed to be caused by 

haematogeneous dissemination (Asnis and Niegowska, 1997; Khalil et al., 1999). The spread of 

the bacillus may occur via intercostal and lumbar arteries and/or Batson’s plexus, as well as 

from affected contiguous para-aortic lymph nodes (Kigera and Orwotho, 2011). Direct spread 

from the nearest pleuropulmonary focus is described as less likely (Chang et al., 1992; Asnis 

and Niegowska, 1997).  

As highlighted earlier, rib new bone formation is rarely identified in chest wall 

tuberculosis. The relative low sensitivity of chest radiography is seen as one of the major 

impediments to revealing early signs of the condition (Gupta et al., 2003). For example, Khalil 

and co-authors (1999), investigating the utility of computed tomography as opposed to 

conventional radiography found a spectrum of rib changes that included periosteal reactions. 

In a sample composed of 15 patients with documented TB, rib new bone formation was 

observed in eight individuals. Among these, an association between newly built bone, 

destructive foci and adjacent soft tissue mass was noticed in six patients. Periosteal reactions 

without osteolytic involvement were only observed in two individuals (Khalil et al., 1999). 

Although the reported incidence in modern clinical settings is low, rib PNBF has been 

frequently reported in human skeletal remains from distinct temporal periods and geographic 

provenances (Roberts et al., 1998; Pálfi et al., 1999; Roberts and Buikstra, 2003), as isolated 

findings (i.e. Molto, 1990; Pfeiffer, 1984 and 1991b; Wakely et al., 1991; Lambert, 2002; 

Walker and Henderson, 2010), or associated with other bony changes, such as massive 

vertebral destruction (i.e. Haas et al., 2000; Suzuki and Inoue, 2007; Suzuki et al., 2008, Arrieta 

et al., 2011). With regard to its aetiology, numerous studies support a possible causal 

relationship between rib new bone formation and pulmonary disorders. Studying the 

radiographic records of a sample of 156 patients57 with chronic pleural conditions, Eyler and 

                                                           
57

 The sample was subdivided in four groups: Group 1- mixed conditions (n=41, e.g. tuberculosis, bacterial 

empyema, hemothorax and lung cancer); Group 2 - tuberculosis (n=30); Group 3 - empyema (n=25); and Group 4 - 

healthy individuals (n=60, control subjects) (Eyler et al., 1996). 
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colleagues (1996) found a significant correlation between rib enlargement due to abnormal 

periosteal apposition and pulmonary tuberculosis. Similar compelling evidence comes from 

studies of morgue cadavers (Kelley and Micozzi, 1984; Roberts et al., 1994) and identified 

skeletal collections (Santos and Roberts, 2001; Matos and Santos, 2006; Santos and Roberts, 

2006) (table 6.2).  

 

Table 6.2: Comparative analysis of the distribution of PNBF on ribs of tuberculous individuals from 

different collections, according to frequency, age interval, anatomical location on the rib cage and rib 

morphology and side affected.  

Study IC % individuals 
affected 

Age interval 
(y.o.) 

Location - 
rib cage 

Side affected Location – rib  

Kelley and Micozzi 
(1984) 

HTC 
1 

8.8% 
(39/445) 

20-50 R4-R8 Left >right 
(2:1) 

Not specified 

Roberts et al. 
(1994) 

TC 
2 

61.6% 
(157/255) 

26-35 R1-R4 Both Vertebral end 

Santos and Roberts 
(2001) 

CISC 
3 

61.1% 
(11/18) 

7-21 R4-R6 Both 
Left>right 

Vertebral end 

Santos and Roberts 
(2006) 

CISC 
3 

85.2% 
(69/81) 

--- R3-R7 Left>right Vertebral end 

Matos and Santos 
(2006) 

MBC
5 

90.5% 
(76/84) 

12-30 R3-R8 Both 
Right>left 

Vertebral end 
and shaft 

Current study MBC
6 

92.6% 
(87/94) 

<45 R3-R8 Both 
Left>right 

Vertebral end 
VE↔SE 

1Hamman Todd Collection, Cleveland, Ohio, USA; 2Terry Collection, Washington, DC, USA; 3 Coimbra Identified Skeletal Collection, 
Coimbra, Portugal; 4 Museum Bocage Collection, Lisbon, Portugal.  

 

For instance, Kelley and Micozzi’s (1984) analysis of the Hamann Todd Collection (USA) 

confirmed that 8.8% (39/445) of the individuals with rib PNBF had died of tuberculosis, 

especially of the pulmonary form, listed in 31 individuals as the cause of death. Identical 

results were obtained by Roberts et al. (1994) on the study of 255 individuals from the Terry 

Collection (USA). The authors concluded that of the individuals with periosteal rib lesions, 

61.6% died from pulmonary TB. Investigations conducted on Portuguese collections revealed 

concordant results. Santos and Roberts (2001 and 2006) observed rib lesions in 61.1% (11/18) 

of the non-adults and in 85.2% (69/81) of the adults who died from pulmonary and 

extrapulmonary TB in the Coimbra Identified Collection. Regarding the Museum Bocage 

Collection (Lisbon), Matos and Santos (2006) confirmed the presence of rib lesions in 90.5% of 

the individuals with pulmonary TB. This general trend was also verified in the present 

investigation. Accordingly, in ninety four individuals with tuberculosis listed as the cause of 

death and affected with PNBF, rib lesions were observed on the visceral surface of 87 
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(92.6%)58. Periosteal rib lesions were most commonly observed at the vertebral end of ribs 3-8, 

mainly on the left side of the rib cage. As illustrated in table 6.2, these findings are consistent 

with the results obtained by other researchers not only in terms of frequency and age of the 

individuals affected, but also in the distribution and location of the lesions. Only Roberts et al. 

(1994) found a high number of rib lesion in the upper thorax. With regard to the side of the rib 

cage affected, a predominance of bilateral and left-sided lesions was observed among the 

comparative studies. In the investigation under discussion, a predominance of proliferative 

lesions of the woven and woven/lamellar type was observed in the individuals who died from 

TB. Matos and Santos (2006) also found a high number of woven lesions, especially at the 

vertebral end of ribs. In contrast, the majority of lesions reported by Roberts et al. (1994) were 

of the lamellar type. 

While tuberculous rib lesions of the erosive type are believed to be generated by 

haematogeneous spread (Asnis and Niegowska, 1997; Khalil et al., 1999), the formation of new 

bone on the visceral surface of ribs has been associated with pulmonary infection 

disseminated from the lung tissue (via pleura) to the ribs (Roberts et al., 1994; Eyler et al., 

1996; Roberts, 1999; Roberts and Buikstra, 2003; Roberts and Manchester, 2005). In spite of 

the apparent contributing role of TB in the development of proliferative rib lesions, its 

exclusiveness has not been completely proven (Roberts et al., 1998; Roberts and Buikstra, 

2003). Two main factors can be put forward to explain this: firstly, the possible multifactorial 

origin of the bone lesions; and secondly, some limitations in the interpretation of data derived 

from identified collections.  

Numerous studies have extensively emphasized the numerous possible diagnoses of rib 

lesions, which include tuberculosis, pneumonia, tumors, and blastomycosis (i.e. Kelley and 

Micozzi, 1984; Molto, 1990; Pfeiffer, 1991b; Santos and Roberts, 2006). In the current 

investigation, for example, periosteal rib lesions were observed in individuals who died from 

non-TB infections (31.6%, 12/38: i.e. bronchopneumonia, chronic bronchitis, pulmonary 

emphysema, pulmonary edema), as well as from other conditions (30.4%, 7/23: i.e. 

arteriosclerosis, rectal neoplasm, diabetes). These results are not surprising, since similar 

findings have already been described. Eyler and co-authors (1996) found some cases of rib 

enlargement due to new bone deposition in non-tubercular empyema, thoracic surgery, blunt 

trauma, and metastatic tumor. Of the 385 individuals from the Hamann-Todd collection listed 

as having pneumonia as the cause of death, two exhibited periosteal new bone on the visceral 

                                                           
58

 This general frequency was calculated summing up the individuals who died of TB and had lesions in the 

ribs and in the ribs and appendicular bones. 
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surface of ribs (Kelley and Micozzi, 1984). In the Terry Collection, Roberts et al. (1994) found 

that 22.2% (51/230) of the individuals listed as having died of non-TB pulmonary diseases and 

15.2% (165/1086) of those who died from extrapulmonary conditions, displayed periosteal rib 

lesions. Proliferative lesions were also reported by Santos and Roberts (2001) in two juveniles 

(4.2%, 2/48) from the Coimbra Identified Skeletal Collection who died from chronic bronchitis, 

and osteoarthritis/septicemia. In adults from this sample, rib lesions were observed in 17.8% 

(16/90) of individuals listed as having died of pulmonary non-TB (i.e. pulmonary aspergillosis, 

purulent pleurisy, pulmonary gangrene), as well as of extrapulmonary conditions (i.e. 

peritonitis, brain hemorrhage, syphilis) (Santos and Roberts, 2006). In the Museum Bocage 

Collection, new bone deposition on the visceral surface of ribs was observed in 36.7% (18/49) 

of the individuals who died from pulmonary non-TB and in 25.0% (16/64) of those listed as 

having extrapulmonary non-TB as causes of death (Matos and Santos, 2006).  

A factor that must be taken into account in the analysis of data derived from identified 

collections is the accuracy and completeness of the documentation available for each 

individual. Cadaver and identified skeletal collections have been important to better 

understand the distribution and possible etiology of periosteal rib lesions. Unfortunately, most 

collections present inherent limitations that may bias the interpretation of results. For 

example, the non-existence of a complete clinical historiography for each individual is a major 

impediment to the difficult task of corroborating the relationship between lesions and the 

cause of death. With respect to the cause of death listed, Roberts and co-authors (1998: 58) 

state that: « [it] may be incorrect for some individuals, and some people may have been 

suffering from tuberculosis and/or another pulmonary disease that was not the stated cause of 

death». In the sample studied, a young male individual (Sk. 587: 21y.o.) who died from 

myocarditis presented periosteal lesions on five ribs, which suggest a possible concomitant 

respiratory disorder. However, due to the non-existence of additional medical records it was 

impossible to determine whether this individual suffered from tuberculosis or from another 

chronic pleural condition during his life. One must bear in mind that living conditions and 

certain habits may also have played a role in the development of bone lesions. Walker and 

Henderson (2010) studied the harmful effects of smoking in a sample of 705 skeletons 

unearthed from the cemeteries of St. Mary and St. Michael (19th century, London, UK). Of the 

individuals analyzed, 42.4% (25/59) of males with dental evidence of pipe smoking had 

periosteal lesions on the visceral surface of ribs. Taking into account the harmful effects of 

tobacco consumption these days, the authors hypothesize that smoking may have increased 
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the frequency of lung disease and/or exacerbated preexisting infections, such as tuberculosis, 

in past populations.  

An attempt to confirm the link between periosteal reactions on the visceral surface of 

ribs and TB was made by Mays and co-authors (2002) through the analysis of M. tuberculosis 

DNA in seven skeletons from the English Medieval burial site of Wharram Percy (10th-16th 

centuries AD). Of the individuals analyzed, only one showed a positive PCR for the presence of 

the infection, thus failing «(…) to demonstrate any convincing general association between 

visceral surface rib lesions and the presence of M. tuberculosis complex DNA» (Mays et al., 

2002: 31). Different results were obtained by Raff and colleagues (2006) in the study of ribs 

from 221 individuals from the Schild Mississippian cemetery, West-Central Illinois (1000 to 

1200 AD). In this investigation, all individuals identified with periosteal rib lesions (three males 

and two females) were confirmed as tuberculosis-positive through biomolecular analysis. In 

spite of the apparent relationship between periosteal rib lesions and TB, the inconsistency of 

results and the presence of similar lesions in individuals who died from other diseases does not 

allow for the establishment of a definitive association, suggesting that periosteal rib lesions is 

not pathognomonic for tuberculosis (Roberts et al., 1998).  

 

6.1.2. Appendicular skeleton 

Apart from the rib cage, a high frequency of periosteal lesions was observed in the lower 

limb bones when compared with the upper segments. For example, in the lower limb, 51 

individuals showed new bone formation in the tibia and 39 in the femur. In contrast, PNBF was 

only recorded in the ulna of ten individuals, in the radius of nine and in the humerus of eight 

individuals. However, it should be emphasized that the frequencies recorded on the upper 

limb bones are probably underestimated due to the poorer preservation of the outer shell of 

these bones59. As noted earlier, the humerus and the ulna were the bones most affected by 

postmortem damage, which made the observation of lesions impossible. Several taphonomic 

factors linked with the funerary context (e.g. type of soil, humidity, presence of plant roots, 

insects or rodents), as well as with the handling of the skeletons during their recovery and 

storage may have contributed to the type of superficial damage observed. In addition to 

                                                           
59

 In the literature, long bones are described as relatively resistant to diagenetic changes due to their high 

cortical tissue content, being more easily recovered from archaeological and forensic contexts. In this study, the 

main difficulty encountered during the analysis of the long bones was imposed not by their representativeness, but 

instead by their poor preservation. 
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taphonomy, the location and type of new bone may also have contributed to these results. On 

the upper limb, PNBF was most frequently observed at the bone extremities, a location which 

is also most commonly affected by postmortem damage. Furthermore, lesions were composed 

mostly of woven bone and thus were easily detachable from the underlying cortex during 

cleaning and/or regular handling of the osteological material. A much higher frequency of 

periosteal lesions in the upper limb bones was observed by Assis and co-authors (2011) 

studying three hundred and twenty nine individuals from the Coimbra Human Identified 

Skeletal Collection. Of the individuals analysed, the authors observed deposits of new bone in 

the ulna and radius of 28 individuals and in the humerus of fourteen individuals.  

On the upper limb, periosteal lesions were most frequently observed in the humerus, 

radius and ulna of individuals younger than 45 years of age, as well as among those who died 

from tuberculosis (Group 1). In Group 1, for example, the mean age of the individuals with 

PNBF in the humerus and radius was 20.2 and 30.5 years old, respectively (Table 6.3). In spite 

of the differences found in terms of age and cause of death, the results were not statistically 

significant.  

 

Table 6.3: Frequency and average age at death of the individuals affected by PNBF in the upper and 

lower limb bones by cause of death (N=number of individuals affected, =mean age, SD=standard 

deviation).  

 
Bone

1 
 Age at death 

All individuals  Group 1  Group 2  Group 3 

N 
 

SD % (n) 
 

SD % 
 

SD % 
 

SD 

H 8 15.5 9.9 75(6) 20.2 5.9 25(2) 1.6 0.65 0 0 0 

R 9 42.3 20.8 66.7(6) 30.5 10.5 33.3(3) 66 13.7 0 0 0 

U 10 42.2 18.9 70(7) 33.6 14.9 20(2) 67.5 2.1 10(1) 52 --- 

F 39 42.9 27 35.9(14) 26.6 15 38.5(15) 42.1 32.2 25.6(10) 66.7 9.6 

T 51 53.1 24.3 29.4(15) 43.8 18.7 43.1(22) 49.7 29.2 27.5(14) 68.6 11.6 

FI 24 54.5 22 20.8(5) 42.4 18.3 50(12) 54.5 27.1 29.2(7) 63 9.3 

RB 106 37.7 19.4 82.1(87) 34.4 16.2 11.3(12) 45.8 26.7 6.6(7) 63.9 21 
1
H-humerus, U- ulna, R-radius, F-femur, T-tibiae, F-fibula, RB-ribs. 

With regard to the distribution of PNBF per side and location, a predominance of 

bilateral lesions was observed in the scapula and radius. Left-sided lesions were most 

frequently seen in the ulna, whereas right-sided ones were more numerous in the humerus. As 

pointed out previously, most lesions were located at the extremity of long bones. Only in the 

scapula of five individuals and on the 2nd metacarpals of another two were diffuse foci of new 

bone recorded. In general, a high frequency of lesions of the woven and woven/lamellar type 

was seen in the upper limb bones. In their investigation, Assis and co-authors (2011) found a 
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high frequency of individuals affected by symmetrical lesions in the radius and ulna (63.2%), 

followed by the scapula (23.1%). As in the present study, most lesions were localized on the 

distal thirds of the shaft of the humerus, radius and ulna. Similarly, a predominance of woven 

and lamellar compact lesions was seen in the upper limb bones, mainly in the radius and ulna 

(Assis et al., 2011). 

When the results obtained from the upper limb bones were compared with those from 

the lower segments, a very different trend emerged. Accordingly, a significantly higher number 

of periosteal lesions were observed in the lower limb bones (tibiae and fibulae) of those 

individuals older than 45 years of age. For instance, the average age of the individuals with 

PNBF in the tibiae was 53.1 years old, and in the fibulae was 54.5 years old (Table 6.3). 

Furthermore, significantly more periosteal lesions in the tibia and fibula were seen in 

individuals who died from non-TB diseases (Group 2) and other conditions (Group 3) than in 

those who passed away from TB (Group 1), and the average age of the individuals with PNBF in 

the tibia and fibula was substantially higher in Groups 2 and 3 in comparison with Group 1 

(Table 6.3). In spite of the similar distribution of bone lesions observed in the femur among age 

groups, the mean age of the individuals affected was lower (42.9 years old), when compared 

to the values obtained for the tibia and fibula, and similar to the values estimated for the ulna 

and radius. This resemblance was even more remarkable in the case of individuals with 

tuberculosis (26.6 years old). Focusing on the relationship between tuberculosis and the age of 

the individuals, Tatelman and Drouillard (1953) stated that in contemporary groups a high 

incidence of tuberculosis is seen among the 15-35 year age group. To a certain extent, the age 

distribution of lesions recorded in the present investigation for the upper limb and femur is 

consistent with this trend.  

In spite of the lower frequency of lesions on the upper limb bones, their distribution by 

age and cause of death mirrors the pattern already described for ribs (Table 6.3). Few 

inferences can be derived from this trend; however, at a first sight it seems that the lesions 

observed in the bones from the upper limb may be more informative about the cause of 

death, such as tuberculosis, than the periosteal lesions on the lower leg. In addition to the 

distribution of lesions by age and cause of death, other differences were noted when the 

upper and lower limb bones were compared. With the exception of the femur, which showed 

a higher frequency of localized lesions, the bones from the leg and foot were characterized by 

diffuse foci of PNBF. For example, 19 individuals presented diffuse lesions in the fibulae in 

contrast to only five who exhibited localized foci of new bone. An identical distribution pattern 
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was reported by Assis et al. (2011) in the Coimbra Identified Skeletal Collection. In their study, 

localized PNBF was most frequently observed in the femur, whereas a diffuse pattern was 

more often seen in the tibia and fibula.  

In the current investigation, diffuse periosteal lesions were most commonly observed in 

the tibia of individuals from Group 2 (27.5%) and Group 3 (21.6%) as cause of death. Localized 

lesions in the femur were mostly seen in individuals from Group 1 (30.8%) and Group 2 

(25.6%). With the exception of the innominate and calcaneus, which showed numerous lesions 

of the woven type, the remaining bones were characterized by lesions of the lamellar (i.e. 

femur) and woven/lamellar type (i.e. tibiae and fibulae). A predominance of both-sided and 

symmetric lesions was recorded, especially in the femur, tibiae and fibulae.  

Of the eighty-nine individuals with periosteal lesions in the appendicular skeleton, 28 

had more than two pairs of bones symmetrically affected. According to Larsen (1997), 

periosteal lesions may affect a single bone, which is most commonly observed, or involve 

multiple bones, suggesting the presence of a widespread or systemic infection. In the current 

investigation, however, the analysis of the distribution of individuals with multiple bone 

involvement by cause of death did not show significant results. Even when the two infectious 

groups (Group 1 and Group 2) were combined and compared with Group 3, the results 

revealed not to be statistically significant. In Group 1, the higher number of individuals with 

multiple bone involvement were listed as having died of pulmonary TB (n=9, out of a total of 

ten). Nevertheless, none of the bone lesions observed corresponds to the tuberculous pattern 

commonly observed outside the spine, such as: juxta-articular osteoporosis, peripherally 

located osseous erosion, destruction of the subchondral bone with gradual narrowing of the 

interosseous space (Aufderheide and Rodríguez-Martín, 1998; Roberts and Buikstra, 2003; 

Resnick and Kransdorf, 2005), and fibrous fixation or ankylosis, particularly of the hip and knee 

joints (Aufderheide and Rodríguez-Martín, 1998; Roberts and Manchester, 2005). Few studies 

have described PNBFs as a possible manifestation of tuberculosis infections. Hsieh et al. (1934) 

studied twenty patients with tuberculosis of the shaft of the long bones in a Chinese hospital. 

According to the authors, four types of bone lesions were identified: tuberculous periostitis, 

characterized by the presence of rarefied, laminated new bone formation deposited over an 

apparently intact cortex; solitary tuberculous abscess (Brodie’s type), formed by a single area 

of destruction normally located near the metaphysis; localized tuberculous osteomyelitis, 

characterized by a large area of bone destruction affecting the medullary and cortical portion 

of the bone shaft; and massive tuberculous osteomyelitis, formed by marked decalcification of 
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the cortical and medullary bone of the shaft with many scattered areas of destruction (Hsieh et 

al., 1934: 561). Hsieh et al. (1934), referring to the studies of Allison (1921), stated that in 

certain circumstances the tuberculous lesions may be characterized by a marked tendency for 

new bone production. In these cases, the resulting bone lesions seem to depend on the tissue 

reaction to the infectious process. When the tubercle bacillus invades the cancellous bone, 

there is a tendency to bone destruction. In contrast, when the periosteum is affected, bone 

proliferation takes place (Hsieh et al., 1934). 

In spite of being uncommon, Assis et al. (2011) found a high frequency of symmetrical 

periosteal lesions in individuals who died of pulmonary TB (n=17), followed by those with 

pulmonary non-TB (n=4) and extrapulmonary non-TB (n=5) conditions. In their study, the 

presence of multiple foci of new bone in tuberculous individuals is discussed as possible 

evidence of hypertrophic osteoarthropathy (HOA) (for a review see Assis et al., 2011). In an 

osteological and biomolecular study, Mays and Taylor (2002) also concluded that pulmonary 

TB was the underlying factor in one medieval individual (10th-16th century AD) from Wharram 

Percy, England, with possible HOA. In their study, periosteal lesions were observed in the 

scapula, innominate, calcaneus and long and short bones from the upper and lower limbs. The 

new bone deposits were predominantly symmetrical and composed of both woven and 

compact bone of only a few millimetres thick (Mays and Taylor, 2002). In the present study, 

most of the periosteal lesions observed in Group 1 resemble the pattern observed by Assis et 

al. (2011) and Mays and Taylor (2002), and that are described in the clinical and 

paleopathological literature as being associated with HOA (i.e. Kelly et al., 1991), that is, 

multiple, symmetric foci of new bone clearly differentiated from the underlying cortex and 

normally located at the bone extremities (Aufderheide and Rodríguez-Martín, 1998; Resnick 

and Kransdorf, 2005; Martínez-Lavín, 2007). 

In Group 2, multiple periosteal bone involvement was observed in eight individuals with 

different diseases as cause of death. Of these, six were listed as having died of non-

tuberculous pulmonary conditions (i.e. bronchopneumonia, pneumonia, fetid bronchitis, 

pulmonary emphysema, pulmonary abscess), and among those, four presented periosteal 

lesions compatible with HOA. This may be a possible correlation, since numerous pulmonary 

diseases such as primary and secondary lung carcinoma, pulmonary fibrosis and emphysema, 

pleural fibroma and mesothelioma, bronchogenic carcinoma, pulmonary tuberculosis, and 

pulmonary abscesses are commonly involved in the pathogenesis of HOA (Poppe, 1947; Balaji 

et al., 2006; Armstrong et al., 2007; Harifi et al., 2008). Disseminated periosteal lesions were 
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also observed in a case of syphilis and leprosy. In an adult male (Sk.491, 66 y.o.) listed as 

having died of “syphilis”, slight new bone reactions with a symmetric involvement of the ulna, 

tibia and 1st metatarsal, and asymmetric distribution in the femur were observed. At some 

points of the proximal extremity, an abnormal expansion of the ulnar and tibial shafts was 

observed. Periosteal lesions have a remodelled appearance; nevertheless, multiple vascular 

holes were observed in the cortical surface. In both congenital and acquired syphilis, 

periostitis, osteitis and osteoperiostitis and gummatous osteomyelitis are the most common 

findings in the long bones (Steinbock, 1976). PNBFs may be composed of woven bone, but 

most frequently they consist of compact bone, reflecting the chronic nature of the condition 

(Ortner, 2008). A pattern consisting of reactive bone formation of lamellar type is commonly 

encountered in the tibia (Ortner, 2008). Syphilis affects more often the tibia, followed by the 

frontal and parietal bones (“caries sicca”), the nasal-palatal area, the sternum and clavicle, the 

vertebrae, femur, fibula, humerus, ulna and radius (Steinbock, 1976). In spite of the presence 

of periosteal reactions, it is impossible to confirm if the lesions observed in Sk. 491 were 

caused by syphilis, since none of the most distinctive traits were observed (i.e. caries sicca and 

sabre shin).  

The adult male Sk. 35 (47 y.o.) who died of “leprosy” also showed symmetric periosteal 

lesions in the tibia and fibula. With an exuberant appearance formed by spiky bone projection, 

the periosteal reaction was mostly circumscribed to the tibia-fibular ligament insertion. 

Leprosy, especially in its lepromatous form, may also induce the formation of new bone. 

Periosteal reactions may develop by extension of the infection from the overlying soft tissues 

to the periosteum (leprous periostitis), adjacent cortex, spongy bone and marrow (leprous 

osteitis and osteomyelitis) (Resnick and Kransdorf, 2005). In this case, symmetrical periostitis 

of the tibia, fibula, and distal portion of the ulna is observed (Resnick and Kransdorf, 2005). 

Secondary involvement of the skeleton as a result of neural changes may also stimulate the 

development of periosteal lesions. For example, neurological problems of the foot with loss of 

sensation may induce injuries and the development of secondary infection. This infection may 

then spread to the adjacent tibia and fibula, leading to the formation of periosteal reactions 

(Ortner, 2003e). Accordingly, the tibia and fibula are the long bones most commonly affected 

by nonspecific periosteal thickening (Steinbock, 1976). Ulceration followed by secondary 

infection and pyogenic osteomyelitis and soft tissue calcification may also occur (Resnick and 

Kransdorf, 2005; Waldron, 2009). The symmetric lesions observed in the leg bones of 

individual Sk. 35 were more likely caused by secondary involvement due to their localization 
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and lack of specificity. However, the absence of the foot bones did not allow for the 

confirmation of this hypothesis. 

In Group 3, ten individuals presented more than two pairs of bones affected with PNBF. 

Lesions were observed in individuals who died of different diseases, such as uraemia, 

gangrene, hepatic cirrhosis, gastric ulcer, arteriosclerosis and tumours. PNBFs were most 

commonly seen in individuals listed as having died of arteriosclerosis (n=3) and tumours (n=3). 

With regard to the individuals who died of tumours (gastric carcinoma, rectal neoplasm and 

prostate cancer), most periosteal lesions observed are probably the result of metastatic spread 

from the affected organs to the skeleton. The malignant diseases that show a higher incidence 

of bone metastases are cancer of the prostate (84%), breast cancer (72%), thyroid cancer 

(50%) and kidney cancer (37%) (Berná et al., 1991; Alcalay et al., 1995 after Rosenthal, 1997; 

Brage and Simon, 1992 after Rosenthal, 1997). These are followed by cancer of the lung, 

pancreas, bladder and uterus (Mundy, 1997; Campanacci, 1999). Bone metastases are 

particularly frequent in individuals over 50, which agrees with the age of the individuals 

affected (Sk. 358, female, 52 y.o – gastric carcinoma, Sk. 457, male, 66 y.o. – rectal neoplasm, 

Sk. 1298, male, 67 y.o. – prostate cancer), and can affect several bone elements, amongst 

them the vertebrae, the pelvis, the ribs, the sternum, and the metaphyseal portions of the 

humerus and the femur (Steinbock, 1976; Waldron, 1996; Mundy, 1997; Aufderheide and 

Rodríguez-Martín, 1998; Ortner, 2003f; Nöbauer and Uffmann, 2005; Resnick and Kransdorf, 

2005). Metastatic lesions distal to the elbow and knee are rare (Steinbock, 1976; Waldron, 

1996; Thillaud, 1996; Campanacci, 1999; Ortner, 2003f; Resnick and Kransdorf, 2005). 

Metastatic carcinoma can generate a variety of alterations in bone cell function that are lytic, 

osteoblastic or a combination of both (Steinbock, 1976; Waldron, 1996; Coleman, 1997; 

Mundy, 1997; Rosenthal, 1997; Aufderheide and Rodríguez-Martín, 1998; Coleman, 2001; 

Ortner, 2003f; Resnick and Kransdorf, 2005). In the case of kidney, lung and thyroid carcinoma, 

the main alterations are predominantly osteolytic, whereas those of the prostate are mainly 

osteoblastic (Burgener et al., 2006). In breast carcinoma, both the destruction and the 

production of new bone can be found (Coleman, 1997; Aufderheide and Rodríguez-Martín, 

1998; Ortner, 2003f; Resnick and Kransdorf, 2005; Burgener et al., 2006).  

Only proliferative lesions of both the woven and compact type were observed in the 

ulna (asymmetric) and in the tibia and fibula (symmetric) of individual Sk. 358 who died from 

gastric carcinoma. In contrast, a more diverse and exuberant spectrum of lesions was observed 

in individual Sk. 457 who died from rectal neoplasm. Accordingly, lesions of the woven type 
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were seen in the clavicles and in the scapulae (symmetric) and in the innominate bones 

(asymmetric), and those of the lytic/proliferative (woven) type were present in the femora. In 

some bones (i.e. innominate), multiple thin spikes of bone were seen above the cortex, which 

gave the periosteal lesion a spongy and/or sunburst appearance. In spite of being quite 

unusual, PNBF may occur in gastrointestinal malignancies (Burgener et al., 2006). When 

present, the bone lesions may range from purely lytic to purely osteoblastic (Burgener et al., 

2006). Occasionally, the metastases from colon or rectal carcinoma may resemble an 

osteosarcoma exhibiting periosteal reaction with a sunburst pattern (Burgener et al., 2006). To 

some extent, the periosteal lesions observed in Sk. 457 agreed with the clinical descriptions 

advanced for some gastrointestinal malignancies, namely those associated with rectal 

carcinoma. In individual Sk.1298 who died from prostate carcinoma, multiple symmetric 

lesions were observed in the scapulae, innominate bones and femura (lytic/proliferative - 

woven), and in the 2nd left metatarsal and in the 3rd right metatarsal bones (lamellar type). As 

pointed out previously, bone metastases of prostate cancer are predominantly osteoblastic 

(Aufderheide and Rodríguez-Martín, 1998; Burgener et al., 2006) with the combination of 

osteolytic/osteoblastic foci being rare. However, as stated by Ortner (2003f after Greenspan 

and Remagen, 1998), mixed lesions can be associated with virtually any type of tumor.  

Three individuals who died of arteriosclerosis (Sk. 429, female, 52 y.o.; Sk. 971, female, 

74 y.o.; Sk. 1199, male, 52 y.o.) also presented PNBF in the femora, tibiae and fibulae. The 

lesions were characterized by slight deposits of new bone with a remodeled appearance. 

Other manifestations included porosity, longitudinal striation and smooth nodule formation. 

Venous imprinting, mostly in the anterior surface of the tibia, was also observed. Numerous 

conditions may induce the formation of new bone on the periosteal surface (for a review see 

Table 3.5, Chapter 3). Among these, vascular and lymphatic disorders are commonly 

enunciated in the clinical literature (Kenan et al., 1993; Burgener et al., 2006). According to 

Burgener et al. (2006) any disease associated with venous and /or lymphatic stasis can 

potentially stimulate new bone production. With an undulating appearance, the layers of new 

bone may be solid thin or thick, circumscribed or diffuse, and more often localized in the lower 

extremities. Although the appearance and distribution of bone lesions is suggestive, it is 

impossible to establish a direct association between arteriosclerosis, as cause of death, and 

PNBF. Direct evidence of deficient blood circulation in the extremities is normally obtained 

from the presence of venous ulcers. In skeletal remains, large chronic ulcers manifest through 

«(…) plaquelike deposition of periosteal bone of considerable thickness, roughly copying the 
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outline of the ulcer» (Ortner, 2003d: 207). Cortical thickening accompanied by periosteal 

reaction with thickened bark-like bone formation affecting a portion or all of the diaphysis may 

also develop. In severe conditions, bone bridging between adjacent bones, such as the tibia 

and fibula may occur (Ortner, 2003d; Ortner, 2008; Boel and Ortner, 2011). For example, 

Pinheiro et al. (2004) describe a massive ossification of the interosseous membrane of the tibia 

and fibula in a forensic case of venous chronic insufficiency. In the three individuals who died 

from arteriosclerosis, none of the bone features consistent with skin ulceration or with other 

pathologies were observed. Consequently, the relationship between cause of death and 

periosteal lesions remains unclear.  

An exuberant case of PNBF affecting the femora, and more severely the lower third of 

the tibiae and fibulae was observed in an adult male (Sk. 1484, 73 y.o.) who died of gastric 

ulcer. For example, in the shaft of the right tibia, massive densification of the periosteal 

surface with plaque-like bone formations was observed. In both tibiae and fibulae, distinct 

bone formations characterized by dense and striated foci, spiky and plaque-like deposits and 

finger-like formations were seen. In the clinical and paleopathological literature, no apparent 

correlation between gastric ulcer and PNBFs seems to exist. This may suggest that other 

conditions distinct from the cause of death may have affected the individual during his life. The 

presence of both-sided lesions and the nonexistence of cloacae ruled out a case of 

osteomyelitis. Acquired syphilis seems less likely due to the location of lesions, circumscribed 

to the lower third of the shaft of the tibia and fibula, as well as the fact that the general 

morphology of the lesions differ from those of syphilitic osteitis and osteoperiostitis 

(Steinbock, 1976). The lack of involvement of other skeletal elements, such as the foot bones, 

renders the diagnosis of leprosy less probable. A severe circulatory condition or a lower leg 

skin infection (i.e. cellulitis) is more likely. However, the non-specificity of the periosteal 

lesions makes the differential diagnosis inconclusive. 

As pointed out earlier, multiple periosteal lesions are frequently described as the result 

of a systemic condition (i.e. infection). In the present investigation, no statistically significant 

differences were found among cause of death groups. As exemplified above, PNBF was 

observed in a broader group of pathologies. That is, distinct individuals listed as having died of 

different conditions presented multiple foci of new bone formation. This agrees with previous 

studies that highlighted the non-specificity of periosteal lesions (i.e. Weston, 2008). Weston 

(2008) studied fifty-six bones (n=56) from two London (UK) pathology museums (12 from St. 

George’s Hospital Pathology Museum and 44 from the Hunterian Museum) with different 
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pathologies: osteomyelitis, necrosis, leg ulcer, syphilis, rickets and “periostitis”. Focusing on 

the macroscopic and radiographic analysis of the bone lesions, Weston (2008) found that the 

size, type, vascularisation, severity, radiographic margination, and cortical and endosteal 

features were not specific to the distinct diseases studied. Furthermore, the author stated that 

«[...] periosteal reaction should be interpreted with extreme caution, as lesion characteristics 

overlap across disease categories» (Weston, 2008: 58). In the paleopathological literature, 

periosteal reactions, especially those observed in the tibial shaft, have been used as an 

important indicator of the health conditions of past populations. In fact, numerous studies 

combine PNBF with other “physiological stress markers”, such as the enamel hypoplasias, 

Harris lines and cribra orbitalia to evaluate and discuss measures of health inequality (i.e. 

Šlaus, 2008; DeWhite, 2010; Shuler, 2011). The apparent non-specificity of the periosteal 

reactions seems, however, to challenge the utility of this bone response in the difficult task of 

reconstructing ancient profiles of health and disease. Taking into account the results of the 

present investigation, two important questions can be addressed: firstly, what is the real 

meaning of periosteal reactions as indicators of physiological stress?, and secondly, what are 

the limitations of identified skeletal collections in the study of particular bone conditions?  

What is the real meaning of periosteal reactions as indicators of physiological stress?  

As indicated previously, periosteal reactions may be caused by any mechanism that 

inflames, tears, breaks, stretches or even touches the periosteum (Richardson, 2001). 

Accordingly, every biological or mechanical factor that disrupts or interferes with the normal 

functioning of the inner layer of the periosteum may stimulate the formation of new bone. 

However, it must be emphasised that this bone response may not be uniform or homogeneous 

for all individuals and conditions. This means that the same agent may cause different 

periosteal responses, or inversely, that distinct stimuli may produce an identical periosteal 

reaction on the bone surface, thus reinforcing its non-specificity. Weston (2008) states that 

independently of the nature of the agent (i.e. subperiosteal accumulation of pus, blood, 

granulation tissue, or tumour cells; mechanical adaptation; or disruption of blood circulation), 

periosteal reactions are formed as a type of healing mechanism. If this is true, a parallel can be 

drawn with other body injuries. As in a skin lesion, the morphology of the “periosteal scar” will 

depend not only on the nature of the “stimulus”, but also on local factors such as the 

anatomical location of the injury, the depth and extension of the area affected, and the 

composition and health of the tissues injured. The age and sex of the individuals, genetic 

predisposition, human behaviour, nutritional status, physiological and immune conditions, as 
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well as the co-existence of other diseases (Roberts and Manchester, 2005) may also play a part 

in the type and velocity of the bone response. As a consequence, the morphology of the 

periosteal lesions will depend more on the type of periosteal response than on the impact of 

pathological agents. Quoting Weston (2008: 56): «It appears that this lack of identifying traits 

[periosteal lesions] is due to the way in which bone and the periosteum responds 

pathologically. It is not the disease that determines how these tissues respond, it is the tissues 

themselves». Even if the lesions present a more “distinctive pattern”, a careful approach must 

be taken in its analysis. For example, Haun et al. (2006) report a case of stress-induced 

spiculated PR resembling a malignant tumour, observed in an adult female (54 years-old). The 

lesion was located on the medial margin of the metadiaphyseal region of the distal fibula and 

exhibited spiculation and irregularity of the periosteum. After discarding any sign of 

malignancy, the authors concluded that the lesion was caused by repetitive stress on the distal 

fibula and along the insertion of the interosseous membrane, possibly aggravated by a partial 

tear and tenosynovitis of the posterior tibial tendon (Haun et al., 2006). This study clearly 

illustrates how difficult the differential diagnose of periosteal lesions in the clinical practice is. 

In paleopathology, this difficulty increases exponentially, especially when the skeletal remains 

are not well preserved. A current statement in the paleopathological literature is that 

periosteal lesions may be etiologically correlated to infectious or traumatic conditions (Larsen, 

1997; Ortner, 2003d). But is PNBFs evidence of a life threatening condition?  

Referring to tibial periosteal lesions, Roberts and Manchester (2005: 130) pointed out 

that trauma or venous insufficiency may induce a superficial and insignificant inflammation of 

the lower leg and subsequent new bone formation, however «(...)without producing the 

debilitating and even crippling symptoms of the more severe osteomyelitis». In accordance, it 

is likely that many of the bone lesions observed resulted from mild inflammatory processes or 

localized trauma (i.e. shin splint) that did not endanger the individual’s life. When studying 

periosteal reactions, one should also bear in mind that the lesions observed may not have 

resulted from a single process, but instead from multiple pathological conditions faced by 

individuals during live. For example, in an adult male (Sk. 1199, 52 y.o.) who died from 

arteriosclerosis, superimposed foci of new bone in distinct stages of healing were observed. 

Regarding the pattern of lesions, two interpretations can be made: it resulted from the 

intermittence of a particular condition or, in contrast, was a consequence of unrelated 

processes. Taking into account these possibilities, the study of PNBF as an indicator of 

morbidity and mortality may be limited. Such a constraint increases substantially if we 
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consider that individual susceptibility to illness also varies during life (Wright and Yoder, 2003). 

Using periosteal lesions to ascertain the frailty of an individual, as broadly discussed with 

respect to n the osteological paradox, is even more complex if the non-representativeness of 

samples, selective mortality and hidden heterogeneity of risk are considered (Wood et al., 

1992; Wright and Yoder, 2003).  

PNBF is also not considered a good indicator of “physiological stress”. Stress60 can be 

defined as a «[...] state of disharmony, or threatened homeostasis» that occurs when the 

harmonious equilibrium of the body is disturbed by intrinsic or extrinsic forces, or stressors 

(Chrousos and Gold, 1992: 1245; Kassi et al., 2012). When a stress episode occurs, an adaptive 

behavioural and/or physiological response61 is given by the organism in order to counteract 

and re-establish homeostasis (Chrousos and Gold, 1992; O’Connor et al., 2000; Kassi et al., 

2012). This adaptive response is mediated by a complex neuroendocrine, cellular and 

molecular pathway called the stress system, which is partially located in the central nervous 

system (CNS) and in various peripheral organs and tissues (Chrousos, 2009; Kassi et al., 2012). 

Amongst the CNS effectors are the arginine-vasopressin (AVP) neurons of the paraventricular 

nuclei (PVN) of the hypothalamus, the corticotrophin-derived peptides α-melanocyte-

stimulating hormone and the β-endorphin (Chrousos, 2009; Kassi et al., 2012). The main 

peripheral effectors are the sympathoadrenal epinephrine and norepinephrine secreted by the 

adrenal medulla (Chrousos, 2009) and the glucocorticoids, whose synthesis is regulated by the 

hypothalamic-pituitary-adrenal axis (O’Connor et al., 2000; Chrousos, 2009).  

Excessive and/or chronically imposed stressors may act negatively upon the growth, 

reproduction, metabolism and immune response of individuals, leading to the development of 

disorders namely in the skeletal system (Chrousos, 2009; Kassi et al., 2012). The disorders 

associated with chronic-stress episodes are induced by an excessive secretion of the major 

mediators of the stress response, whose action may affect the function of numerous body 

                                                           
60

 In 1936, the Canadian physiologist Hans Selye introduced the concept of “stress” to describe a nonspecific 

response of the organism to particular stimuli that he termed “stressors”, which are regulated by the adrenal glands 

(Chrousos and Gold, 1992, Fox, 1999). This physiological response was called general adaptation syndrome (GAS) 

and is composed of three stages: (1) the alarm reaction, when the adrenal glands are activated; (2) the stage of 

resistance, in which the readjustment of the body to the stress episode occurs; and (3) the stage of exhaustion, 

which may lead to disease and/or death if the body’s readjustment is incomplete (Fox, 1999).  
61

 In acute stress situations, the CNS division is involved in the facilitation of vigilance, cognition and 

aggression, as well as in the inhibition of vegetative functions, such as reproduction, feeding and growth (Chrousos, 

2009). Conversely, the sympathetic division of the autonomic nervous system prepares the body for intense 

physical activity, increasing the cardiovascular tone, the levels of blood glucose, the general metabolic functions and 

the detoxification rates of metabolic products and foreign substances, the suppression of the 

inflammatory/immune system, and the secretion of hormones from the adrenal medulla (epinephrine and 

norepinephrine or noradrenaline) responsible for the “fight-or flight” reaction (Fox, 1999; Chrousos, 2009). 
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systems (Chrousos, 2009). For example, under chronic stress conditions the hypothalamic-

pituitary-adrenal axis (HPA) is stimulated to increase the synthesis of glucocorticoids 

(GC)62(Fox, 1999), which in turn acts to inhibit the secretion of growth hormone (GH), insulin-

like growth factor I (IGF-I), interleukin 6 (IL-6), and tumour necrosis factor-α (TNF-α), amongst 

other substances (Chrousos, 2009). Phenotypically, this shift in the metabolism may have an 

enormous impact on the well-being of the individuals.  

Chronic stress and/or abnormal HPA axis stimulation is described as causing arrested or 

impaired growth in children due to the suppression of the growth hormone and subsequent 

inhibition of the insulin-like growth factor-1 (IGF-1) (O’Connor et al., 2000; Mushtaq and 

Ahmed, 2002). An abnormal synthesis and/or long-term administration of GCs is also 

described, in the clinical literature, as responsible for a decrease in bone mass, as well as 

suppression of the osteoblastic differentiation and maturation (Kassi et al., 2012). These 

changes will affect the synthesis of bone proteins (i.e. collagen type-I, osteocalcin, 

osteopontin, fibronectin, β-1 integrin, collagenase, and alkaline phosphatise), the 

mineralization of the bone-forming matrix, and the apoptosis of osteoblasts (Reid, 1998; 

Papierska and Rabijewski, 2007). GC-induced bone changes have been widely investigated in 

human and non-human in vitro experiments and in patients submitted to glucocorticoid 

therapy (Reid, 1998). A common clinical occurrence associated with glucocorticoid-therapy is 

the development of “crippling forms of osteoporosis” and increased risk of bone fractures (i.e. 

Cushing’s syndrome) (Reid, 1998, Cooper, 2004; Canalis, 2005; Kim et al., 2006: 2152; 

Papierska and Rabijewski, 2007). Another effect of GCs is the inhibition of the 

inflammatory/immune response through a change in the movement and function of 

leukocytes, a decrease in the synthesis of cytokines and mediators of inflammation, and the 

inhibition of the response of the target tissues (Chrousos and Gold, 1992; O’Connor et al., 

2000; Kassi et al., 2012). O’Connor et al. (2000) state that GCs may potentially inhibit the 

function of all inflammatory cells, since they modulate the innate and adaptive response of the 

immune system (Kassi et al., 2012). As a result, glucocorticoids are frequently used in the 

treatment of numerous inflammatory and autoimmune disorders (Kim et al., 2006; Papierska 

and Rabijewski, 2007). For example, numerous clinical studies on the treatment of systemic 
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 In normal stress conditions, GCs have a catabolic effect upon the body tissues (i.e. increasing the blood 

levels of hepatic gluconeogenesis and plasma glucose, inducing lipolysis and causing protein degradation at multiple 

tissues, such as muscle, bone and skin) as a way to make available sufficient energy resources that would be used in 

the counterbalancing of challenges imposed by stressors (Kassi et al., 2012). 
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vasculitis63 and associated periosteal new bone formation reported that the condition resolved 

after administration of corticosteroids. In these cases a moderate or complete reduction of the 

newly built bone and the clinical remission of the pathology were noticed after GC therapy 

(Ball and Grayzel, 1964; Short and Webley, 1984; Astudillo et al., 2001; Aries et al., 2005; 

Périchon et al., 2010; Rauch et al., 2010). This clinical evidence contradicts the usefulness of 

PNBF as an indicator of stress in the skeletal record, since there is a tendency to bone 

resorption instead of its production. In a review of the interaction between inflammation and 

bone metabolism, Hardy and Cooper (2009) noted that almost any chronic inflammatory 

disease is associated with systemic bone loss. According to the authors, bone loss occurs as a 

direct extension of inflammation, poor nutrition, reduced lean body mass, immobility, as well 

as drug therapy, especially glucocorticoids. Systemic inflammation commonly impacts normal 

bone resorption/formation, leading to bone loss, but rarely to bone gain (Hardy and Cooper, 

2009). Thus, periosteal lesions seem not to be a good indicator of physiological stress.  

The non-specificity of periosteal lesions in relation to the cause of death was one of the 

major findings of this investigation, especially when the tibia was considered. But should these 

results be attributed only to the nature of bone tissue response or to the composition of the 

sample as well?  

What are the limitations of identified skeletal collections in the study of particular 

bone conditions?  

Over the last few decades, identified human skeletal collections derived from morgue 

cadavers or historical cemeteries have been used to test the relationship between particular 

bone lesions and the cause of death of the individuals. Nevertheless, the establishment of such 

a correlation is not as straightforward as it seems. In fact, most reference collections have 

similar drawbacks as archaeological samples. Komar and Grivas (2008), in their investigation of 

the representativeness of contemporary reference skeletal collections, highlight three major 

problems: the representativeness of the samples, the criteria used to assemble collection, and 

the source and completeness of the documentation available for each individual. According to 

the authors, a recurrent pitfall in the use of identified collections is the tendency to confound 

“documented” with “representative”, which are not equivalent (Komar and Grivas, 2008: 224). 
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Despite being uncommon, periosteal new bone formation may occur in systemic vasculitis (necrotizing 

vasculitis or polyarteritis nodosa and systemic lupus erythematosus), in which the bones from the lower extremity 

are most frequently affected both symmetrically and asymmetrically (Ball and Grayzel, 1964). In most cases, the 

pathogenesis of the periosteal new bone formation is justified as a result of the local production of bone growth 

factors associated with vascular hypoxia.  
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The way in which the collection was assembled, the criteria used in the selection of the 

individuals, and/or the osteological material available at the time may render identified 

collections unrepresentative of the original population and produce a considerable source of 

bias (Komar and Grivas, 2008). Focusing on the history and demographic composition of the 

Terry Anatomical Collection (20th century), for example, Hunt and Albanese (2005) found that 

this particular collection does not represent the living population or the pattern of mortality 

and disease of that time period because of the criteria used in the assemblage of individuals. 

Komar and Grivas (2008) obtained similar findings for the Maxwell Museum collection, 

concluding that all the identifying criteria used in the analysis (i.e. sex, age cohorts, biological 

affinity, and cause and manner of death) presented some sort of bias and did not mirror the 

living population. Another confounding factor relates to the non-existence of additional 

records that allow the complete reconstruction of the individual’s historiography in terms of 

health and disease. For most documented skeletal collections the cause of death is known, 

however this information does not clarify whether other conditions have affected the 

individuals and ultimately the skeleton. Similarly, it does not provide information about hidden 

conditions that may have contributed to the cause of death, or inaccuracies in its diagnosis 

(Santos and Roberts, 2001; Matos and Santos, 2006; Brickley and Ives, 2008). The following 

three cases clearly illustrate some of the limitations of using documented collections to study 

bone pathology:  

 

Case#1: A young male individual (Sk. 684, 16 y.o.) showed multiple foci of new bone 

with symmetric involvement of the humerus, tibia, and fibula, and asymmetric 

involvement of the left ulna and 2nd right metatarsal. Surprisingly, acute phthisis was 

listed as the cause of death. In a medical report published in 1890, McCall described the 

characteristics of this respiratory condition: «By acute phthisis […] I allude to cases of 

phthisis setting in suddenly, with high and continuous fever, great prostration, and 

profound involvement of the system, reminding one rather of typhus or a severe attack 

of typhoid fever than of a pulmonary affection. Indeed, in some instances it may be 

necessary to watch the course of the disease for some days before an absolute diagnosis 

can be made, so that the term "galloping consumption," used by many of our leading 

authorities, although not a scientific one, conveys to the mind a most accurate 

impression of the kind of disease with which we are dealing» (McCall, 1890: 1051). If 

acute phthisis has a sudden development and was lethal to Sk. 684, it seems unlikely 
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that the multifocal bone involvement observed was caused by it. As pointed out by 

Ortner (2003c), the skeletal manifestations of illness are normally associated with 

chronic responses to disease. Accordingly, one may suppose that an unreported 

longstanding condition may have affected this individual, leaving their marks in the 

skeleton. Nevertheless, the association between bone lesions and acute phthisis cannot 

be completely discarded because in a chronic systemic condition numerous acute 

episodes may occur (Ortner, 2008). Furthermore, the hypothesis of an incorrect 

diagnosis should also be considered. 

 

Case#2: In an adult male (Sk. 27, 67 y.o.) who died of pulmonary tuberculosis, periosteal 

lesions were observed in the ribs. In addition to rib lesions, multiple osteolytic foci with 

a round-shaped and/or moth-eaten morphology and different sizes were seen, for 

example, in the body of the right scapula, innominate bones (iliac fossa and iliac crest) 

and sacrum (Figure 6.4). While the periosteal rib lesions may be related to the cause of 

death, as previously described, the presence of lytic foci appears to suggest the co-

existence of a different condition at the time of the death. TB may also produce 

osteolytic lesions but they are normally located in the vertebral column and at the 

weight-bearing joints (Roberts and Manchester, 2005). Accordingly, it is more likely that 

the lytic foci observed were caused by some mycotic disease or neoplasm, such as 

metastatic carcinoma (Aufderheide and Rodríguez-Martín, 1998). This bone evidence 

suggests that in spite of the cause of death, other conditions not reported in the 

obituary record may also have been present.  

Case#3: In an adult female (Sk. 1042, 73 y.o.) listed as having died of senile cachexia, 

numerous bone outgrowths were observed in the distal metaphyses of the femur and 

fibula and in the proximal and distal metaphyses of the tibia. Furthermore, a left-sided 

asymmetry was also seen. No evidence of bone trauma was recorded. The bone changes 

described seem to correspond to a probable case of multiple cartilaginous exostoses 

(MCE). MCE, also termed hereditary multiple exostoses (HME), diaphyseal aclasis, 

(multiple hereditary) osteochondromatosis or multiple osteochondromas (MO), is an 

autosomal-dominant disorder frequently associated with progressive skeletal 

deformities (Stieber et al., 2001; Bovée, 2008). The condition is characterized by 

multiple cartilage-capped bone outgrowths with a sessile or pedunculated appearance 

that forms during the individual’s growth (Stieber et al., 2001, Bovée, 2008). The 
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multiple exostoses are most frequently observed at the metaphyseal portions of the 

most rapidly growing long bones (i.e. tibia and femur). Nevertheless, other bones such 

as the scapulae, ribs, vertebrae and pelvic bones may be affected (Stieber et al., 2001). 

Among the clinical manifestations of MCE are pain, often caused by soft tissue trauma 

over exostoses, bursitis, short stature, limb-length discrepancies, and valgus deformities 

of the knee and ankle (Stieber et al., 2001). The most important complication is the 

possible transformation of osteochondroma into secondary chondrosarcoma, which 

occurs in 0.5-5% of cases (Bovée, 2008). Given the severity of the bone lesions and the 

lower limb asymmetry observed, it seems reasonable to think that the skeletal 

deformities were quite evident. However, no mention of this condition was made in the 

death certificate. The lack of knowledge about the condition and/or its non-involvement 

in the cause of death may explain its omission from the death records.  

 

In spite of the usefulness of identified skeletal collections, studies that aim to better 

characterize bone lesions based on the cause of death of individuals must be used and 

interpreted with caution. There is always the possibility of inaccurate records of cause of 

death, or the coexistence of multiple conditions not identified in the obituary certificate.  

In the present investigation, the lack of significant differences in the distribution of 

lesions by cause of death may be due not only to the non-specificity of periosteal lesions, but 

also to the composition of the sample. This last hypothesis may explain the high frequency of 

PNBF in individuals from Group 3 [other conditions of cardiovascular (i.e. chest angina, mitral 

disorder, arteriosclerosis), metabolic (i.e. diabetes, hepatic cirrhosis, hepatic coma), and 

tumour origin], especially in the tibia and fibula. Some of these conditions constitute risk 

factors for the development of circulatory disturbances and skin infections, such as chronic 

venous insufficiency and cellulitis, which, in turn, may contribute to localized bone 

inflammation (Eagle, 2007). Furthermore, Group 3 also presented a higher average age of 

individuals affected than Groups 1 and 2. If individuals live longer, the probability of 

developing chronic diseases or suffering traumatic episodes with direct or indirect involvement 

of the skeleton also increases. Accordingly, bones may exhibit a broader record of pathological 

events prior to the cause of death.  

In summary, in the present investigation only periosteal rib lesions had a positive 

relationship with TB as the cause of death (Group 1). The tibia and fibula were most frequently 

affected by PNBF in Group 2 (non-TB infectious conditions) and Group 3 (other diseases), and 
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in individuals older than 45 years of age. On the upper limb, the humerus, radius and ulna 

showed more deposits of new bone, especially among younger individuals from Group 1. The 

analysis of the individuals with multiple periosteal bone involvement did not reveal significant 

differences among cause of death groups. This lack of association between new bone 

formation, particularly in the tibia and fibula, and the underlying cause of death seems to 

corroborate the non-specificity of periosteal lesions, challenging their usefulness as an 

indicator of physiological stress. Accordingly, paleopathologists should be careful when using 

lower limb periosteal lesions to ascertain the diagnosis of particular conditions. Special 

attention must be given to the presence of PNBF on the upper limb bones and femur. In spite 

of the lack of statistical significance, the distribution of lesions by age and cause of death 

seems to mirror the pattern observed on the rib cage, that is, a possible association with TB 

infection. However, this relationship needs further investigation. The results of this study also 

revealed some of the limitations and possible misinterpretations found in the study of 

identified skeletal collections. 

 

 

6.2. HISTOLOGICAL ANALYSIS 

As mentioned earlier, the selection of documented bone specimens for histological 

analysis followed specific criteria that did not allow for the sampling of all pathological cases 

observed macroscopically. Even so, an attempt was made to collect samples that were 

representative of each cause of death group. In order to broaden the spectrum of new bone 

formations, samples of fracture callus in distinct stages of healing were also collected and 

added to Group 3 cause of death. Pathological cases derived from archaeological contexts 

were selected to better determine the aetiology of bone lesions, as well as to investigate the 

impact of diagenetic changes on the bone microstructure. The histological study of 34 bone 

samples revealed striking results that reinforce the importance of applying histological 

techniques in the description and diagnosis of bone changes. The value of histology was 

observed at three main levels: 1) diagnosis of pathological conditions, 2) description of bone 

lesions, and 3), assessment of bone tissue quality. 
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1. Role of histology in the diagnosis of pathological conditions 

Differences in the microstructure of PNBF were seen between causes of death groups. 

These variations were more pronounced in the rib thin sections collected from individuals 

belonging to Group 1 and Group 2. Accordingly, multiple layers of “appositional bone” 

enclosing primary vascular canals and separated from the underlying cortex by resorption 

spaces were the “pattern” most frequently observed in Group 1-TB samples (n=4). In these 

samples, no bony changes were seen at the cortical level. A similar bone microstructure was 

recorded in a male individual from Group 2 (Sk. 1429, 26 y.o.) who died from pulmonary 

congestion. However, in this case multiple foci of bone resorption due to osteoclastic activity 

were seen below the PNBF and affecting the cortex. Sk. 1299 rib sample (Group 1) also 

presented appositional new bone formation; however no physical demarcation was recorded 

between the newly built bone and the cortex. The resorption spaces observed in the interface 

between the new bone and the cortex may be associated with the remodelling of older 

periosteal lamellae into new cortical bone. In a thin section of an infant femoral mid-diaphysis, 

Maggiano (2012) observed a row of irregular resorption spaces. According to the author, these 

resorption bays were designed for expansion during endocortical resorption or to be infilled 

via BMU-based remodelling (Maggiano, 2012: 57). As pointed out previously, the remodelling 

process aims to replace the older bone with new bone through the coordinated action of 

bone-resorbing osteoclasts and bone-forming osteoblasts, collectively referred to as BMU, as a 

way to maintain bone tissue homeostasis (Stout and Crowder, 2012).  

In two samples from Group 1, the periosteal new bone appeared as a thick and 

continuous layer of bone deposited upon the cortex. With regard to this type of 

microanatomy, two explanations can be put forward: 1) it is a different type of bone 

formation, or 2) it is the beginning of the appositional process. Through comparison with other 

thin sections, the second explanation seems to be the most probable. For example, the 

analysis of contiguous thin sections from Sk. 470 rib showed two different microstructures: 

one composed of a single thick layer of new bone and the other formed by numerous layers of 

periosteal new bone separated by primary vascular channels. The presence of a single layer of 

new bone may suggest that the stimulus to osteogenesis occurred only one time before the 

individual’s death. This pattern of multiple layers of new bone on the pleural surface of ribs 

seems to mimic and amplify the appositional growth that characterizes the modelling process 

of the periosteal and endosteal membranes (PEM) during rapid growth periods of the 

skeleton: «[r]apid growth periods in humans can demonstrate laminar-like sets of pericortical 
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woven or lamellar bone separated by longitudinal primary vessel horizons locked within 

“generations” of lamellar apposition. However, even in the quickly growing infant human, 

laminar-like bone is typically limited to only one or two “layers” of the immature external 

periosteal cortex (…)» (Maggiano, 2012: 57). Maggiano (2012: 57), referring to the work of 

Currey (2002), also notes that the «(…) [p]eriosteal vessels overlain by primary lamellar 

diaphyseal apposition are typically longitudinal and are often referred to as primary vascular 

canals, or “primary osteons». The presence of multiple layers of new bone on the visceral 

surface of ribs is clear evidence of an abnormal stimulation of the periosteum. In some 

individuals, the formation of new bone appears to have occurred almost uninterrupted during 

a period of intense growth (Sk. 154). The observation of layers of bone in distinct stages of 

remodelling seems to indicate, on the contrary, that bone synthesis occurred at different rates 

during an undetermined period of time (Sk. 102). Despite the severe diagenetic changes, the 

rib thin section collected from the adult female individual PAH/C – SG 25/26 E2 unearthed 

from the ancient necropolis of Constância also displayed a pattern of multiple layers of new 

bone. Applying scanning electron microscopy to the study of periosteal rib lesions from British 

Roman and Medieval cemeteries individuals, Wakely and co-authors (1991: 186) also observed 

a similar bone microstructure: «[w]hile some affected ribs showed only one layer of new bone 

others showed up to four, super-imposed in a gallery-like formation, suggesting a repetitive 

deposition of bone in consecutive layers». As in the cases described, a clear separation 

between the newly built bone and the original rib cortex was also observed (Wakely et al., 

1991). An inflammatory reaction in the pleura or lungs, possibly of tuberculous origin, was 

proposed as the possible stimulus for the synthesis of new bone on the visceral surface of ribs 

(Wakely et al., 1991). 

Numerous local factors regulate new bone formation and turnover during growth, 

modelling and remodelling. Transforming growth factors type β (TGF β1-β2 and β3) are 

described as potent stimulators of bone formation, regulating chondrocyte, osteoblast, and 

octeoclast formation and function (Horner et al., 1998; Filvaroff et al., 1999). For example, TGF 

β1 isoform seems to promote bone formation through the recruitment of osteoblasts 

progenitor cells and subsequent stimulation of their proliferation (Lakey et al., 2008). Studies 

in vitro revealed that TGF β isoforms and their receptors also play an important role in the 

regulation of endochondral and intramembranous ossification (Horner et al., 1998). The 

particular effect of TGF β on the process of endochondral ossification has been observed not 

only during the normal development of the skeleton, but also during fracture repair (Branton 
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and Kopp, 1999; Filvaroff et al., 1999). Among the TGF β superfamily of genes, bone 

morphogenetic proteins (BMPs) play a pivotal role in the control of bone induction, 

maintenance and repair, participating in the process of bone modelling and remodelling 

(Sykaras and Opperman, 2003; Lakey et al., 2008). As a consequence, BMPs have been 

investigated for therapeutic use in fracture healing, as well as to prevent osteoporosis (Lind et 

al., 1996; Sykaras and Opperman, 2003), and to promote the re-habilitation of critical-size 

bone defects (Chen et al., 2012). Vascular endothelial growth factor (VEGF) is one of the most 

potent mediators of vascular regulation in angiogenesis and vasculogenesis (Neufeld et al., 

1999; Papaioannou et al., 2006; Lakey et al., 2008). VEGF has the capability of promoting 

proliferation, migration and survival of endothelial cells, playing a fundamental role in the 

development of new blood vessels (Wang et al., 2011). In adult animals, it mediates in the 

development of the cardiovascular and pulmonary systems, controls vascular permeability and 

homeostasis, and regulates the blood pressure and neoangiogenesis in numerous pathological 

conditions, such as the wound healing (Papaioannou et al., 2006; Shibuya, 2006; Lee et al., 

2007; Wang et al., 2011). Moreover, it is identified as the most likely mediator of periosteal 

new bone formation (PNBF) associated with diverse pathological conditions (Lakey et al., 

2008). Surprisingly, most of the local factors mentioned above are also present in the 

pathophysiology of tuberculosis. For example, Hirsch and co-authors (1996), after studying 20 

patients with TB, found that the production of TGF- β plays an important role in suppressing 

potentially protective host effector functions, acting as a mediator of TB immunosuppression 

(Hirsch et al., 1996). In a study by Olobo and co-authors (2001), the presence of high levels of 

TGF β in the plasma of TB patients also indicated a possible association with the 

immunopathogenesis of the infection. Active TGF β was found to be produced by cultured 

monocytes of individuals with active tuberculosis, as well as by human macrophages infected 

with M. tuberculosis (Reed, 1999). Reed (1999: 1320) found that an increase in the production 

of TGF β led to a decrease in lymphocyte proliferation and production of IFN-ϒ (interferon), a 

cytokine associated with protective immune responses in TB. In contrast, the neutralization of 

TGF β causes an increase in IFN-ϒ production and a subsequent decrease in the number of 

bacterial replication in the cells affected (Hirsch et al., 1994; Reed, 1999). An association 

between TGF β overproduction in response to TB infection and protein malnutrition was also 

found in in vivo and in vitro studies (Reed, 1999). These investigations seem to confirm the 

hypothesis that TGF β increases the susceptibility to disease, contributing to and being the 

result of a weakened immune system (Reed, 1999).  
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Increased serum levels of VEGF have been recorded in the pathogenesis of pulmonary 

tuberculosis. In a study of 97 patients (43 with active pulmonary tuberculosis, 29 with old 

tuberculosis, and 25 with acute bronchitis), Matsuyama and colleagues (2000) found that the 

VEGF levels were significantly higher in patients with active pulmonary tuberculosis than 

among those with old tuberculosis. Furthermore, they observed a correlation between the 

decrease in the serum levels of VEGF and the clinical improvement of patients. The authors 

hypothesized that VEGFs were probably released by alveolar macrophages located around 

active tuberculous lesions (Matsuyama et al., 2000). In another study, Wang et al. (2011) 

observed a specific interaction between an important structural and functional protein of M. 

tuberculosis - ESAT-6, involved in the virulence, pathogenesis and proliferation of the pathogen 

and VEGF. Although the detailed molecular mechanism of TB is not completely known, Wang 

and co-authors (2011) presumed that VEGF might play a crucial role in the virulence, 

proliferation and pathogenesis of the bacillus. Given the possible relationship between VEGF 

and TB, Matsuyama et al. (2000) noted that VEGF may become a useful screening marker for 

active tuberculosis diagnosis; however, further studies are needed in this direction. High serum 

levels of VEGF were also found in patients with lung cancer (Papaioannou et al., 2006). In 

addition to TB and lung cancer, the expression of VEGF has been reported in other pulmonary 

condition, such as asthma, chronic obstructive pulmonary disease (COPD – emphysema and 

chronic bronchitis), obstructive sleep apnea, idiopathic pulmonary fibrosis (IPF), sarcoidosis, 

pulmonary hypertension, and pleural effusion, among others; nevertheless, the exact role of 

VEGF in the pathogenesis of these conditions remains unclear since contradictory results have 

been published for the same condition (Papaioannou et al., 2006). In some studies the VEGF 

seems to play an important role in the pathogenesis of a certain pulmonary disease, whereas 

in others an attenuating effect was observed (Papaioannou et al., 2006). It is important to note 

that the expression of these growth factors may be interlinked. For example, the production of 

VEGF may be stimulated by other growth factors, such as epidermal growth factor (EGF), TGF-

β, keratinocyte growth factor (KGF) and insulin like growth factor (IGF) (Neufeld et al., 1999). 

Local or systemic hypoxia (low blood oxygen) also seems to induce VEGF production and 

subsequently periosteal new bone formation.  

In the clinical literature, no reports were found that clearly establish a direct association 

between growth factors, TB pathogenesis and periosteal new bone formation on the visceral 

surface of ribs. With regard to the remaining skeleton, the interaction between the three 

variables has been suggested in the development of HOA. The pathophysiology of HOA 
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remains unknown (Poppe, 1947; Rao et al., 1979; Ali et al., 1980; Kelly et al., 1991; Martínez-

León et al., 1997; Vandemergel et al., 2004; Ddungu et al., 2006). Since its identification, 

several theories have been suggested. One of them – the arteriovenous shunt or circulatory 

theory - proposes that normal tissues are able to produce hormone-like substances capable of 

inducing the development of HOA (Cudkowicz and Armstrong, 1953). It has been proposed 

that in cases of congenital cyanotic heart disease, liver and pulmonary diseases, 

megakaryocytes may bypass the pulmonary circulation through arteriovenous shunting, 

avoiding fragmentation, and entering directly into the bloodstream. At distal extremities, these 

unfragmented megakaryocytes may stimulate the production of growth factors, such as 

platelet derived growth factor (PDGF) and vascular endothelial growth factor (VEGF), leading 

to angiogenesis and endothelial hyperplasia (Armstrong et al., 2007; Martínez-Lavin, 2007; 

Ntaios et al., 2008). As a result, a proliferation of connective tissue and of periosteal bone may 

occur (Gilliland, 2006). Bazar et al. (2004) have recently proposed a unifying theory that 

postulates the existence of autonomic stimulation in HOA formation, and propose that this 

mechanism may occur as part of a normal physiological process or by an abnormal process 

involving chemoreceptor activation. In a literature review, Lakey et al. (2008) stated that 

hypoxia has angiogenic properties. In the skeleton, it stimulates VEGF release from 

osteoblasts, enhancing human endothelial cell proliferation and blood vessel formation (Lakey 

et al., 2008). Furthermore, it participates in the remodelling of the vasculature and 

surrounding tissue. For example, hypoxia seems to play an important role in the process of 

fracture healing (Lakey et al., 2008). As in the pathogenesis of HOA, it is possible that an 

abnormal stimulation of growth factors, especially the VEGF – through hematogeneous 

dissemination, direct extension from a pulmonary TB foci, or hypoxia may have induced new 

bone formation on the visceral surface of ribs. This hypothesis might explain not only the 

multiple layers of appositional bone observed, but also the proliferation of numerous primary 

vascular channels in the newly formed bone. As mentioned previously, VEGF plays an 

important role in the development of new blood vessels in numerous pathological conditions 

(Wang et al., 2011). The rib thin section collected from the adult male Sk. 154 who died from 

pulmonary tuberculosis is a clear example of an extensive hypervascularization associated with 

appositional bone growth. Unresolved angiogenesis was also advanced by Cole and Waldron 

(2012) as a possible mechanism to explain the development of syphilitic bone changes. The 

authors advanced the hypothesis that lesions might occur by abnormal angiogenic activity 

acting on the Haversian and Volkmann canals associated with the reparative inflammatory 
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response (Cole and Waldron, 2012). This mechanism is probably enhanced by the infiltration of 

lymphocytes and plasma cells in the affected tissues, as well as by the presence of endothelial 

growth factors, which play an important role in the formation of new vessels, monocytes and 

macrophages (Cole and Waldron, 2012). Since the expression of VEGF in pulmonary conditions 

other than TB or lung cancer is not clear, the appositional and hypervascularized periosteal 

reaction observed in the rib of the individual Sk. 1429 (Group 2, pulmonary congestion) may 

have been caused by hypoxia and subsequent VEGF production. As stated by Costello and co-

authors (2008), pulmonary hypoxia is a common complication of numerous chronic pulmonary 

conditions. 

Newly deposited periosteal bone with an arc-like structure and attachment to the 

underlying bone by pedestals was observed in Groups 1 and 2, and in the archaeological 

samples. In Group 1 this type of new bone formation was observed in two rib thin sections, 

whereas in Group 2 three samples exhibited a similar bone formation: a rib thin section from 

the adult individual Sk. 270, and a rib and a fibula thin section from the non-adult Sk. 1534-A. 

In the archaeological samples, this pattern of periosteal lesions was seen in one rib from the 

ancient necropolis of Constância (PAH/C-SG22-E4). In the paleopathological literature, this 

type of new bone microstructure is described as a non-specific response (Schultz, 2001), 

frequently associated with subperiosteal haematoma and other hemorrhagic phenomena 

(Schultz, 2001, 2003 and 2012). For example, the pattern of new bone formation observed in 

the rib thin sections of Sk. 1383 (Group 1) and PAH/C – SG22 E4 (Constância necropolis) 

resemble the periosteal lesion observed by Schultz (2001: 125, figure 7-B) in the left fibula of 

an adult skeleton (probably female, 25-39 y.o.) from the late Byzantine period and diagnosed 

as a subperiosteal haematoma. Although diagenetic changes were present, the contours of the 

new bone formation observed in the rib thin section of the Sk. 1235 individual (Group 1) also 

resemble those of a subperiosteal haematoma. With regard to the PNBF seen in the 7th right 

rib of the Sk. 270 individual (Group 2, bronchopneumonia), it is similar to the “separated 

periosteal callus” recorded by de Boer et al. (2012) in a fractured 3rd metacarpal, and defined 

as a new periosteal layer connected to the underlying cortex by small pillars of bone tissue. As 

mentioned earlier, the formation of new bone on the visceral surface of ribs has been 

frequently associated with pulmonary infection (i.e. TB) disseminated from the lung tissue (via 

pleura) to the ribs. Nevertheless, the lesions observed seem to suggest that a mechanism 

different from inflammation or hypoxia may have induced new bone formation on the pleural 

surface of ribs. Subperiosteal hematomas associated, for example, with repetitive trauma may 
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constitute a possible explanation. In young children, periosteal rib lesions have been 

interpreted as a secondary manifestation to chest wall physiotherapy. Wood (1987) described 

three cases of PNBF in the ribs of infants who received medical therapy performed by a gauze-

padded electric-toothbrush handle. This device is used for thinning and mobilizing bronchial 

secretions, as well as to relax the musculature of the chest wall. However, its continuous 

application in pulmonary therapy has been associated with minor trauma on ribs and the 

formation of subperiosteal hemorrhages (Wood, 1987). Studying the relationship between rib 

fractures in children and chest physical therapy (CPT), Gorincour and co-authors (2004) found 

that recurring CPT (by continuous anterior cephalocaudal compression and provoked cough) is 

more likely to cause subperiosteal haemorrhages than real fractures. In adult ribs, the 

presence of subperiosteal haematomas has been normally found in association with rib 

fractures (i.e. Kara et al., 2003). Rib fracture may be caused by blunt trauma, bone fragility 

diseases or cough-induced stress trauma. Numerous studies have described the development 

of rib fractures after episodes of severe cough. Cohen (1949) reported seven cases of 

“spontaneous” cough-induced rib fractures in female patients (<35 years of age) with TB. 

According to the author, these fractures may be the result of an abnormal posture that 

produces an uneven action on the ribs during the violent expiratory effort of a cough or sneeze 

(Cohen, 1949). Analyzing 54 patients with cough-induced rib fractures, Hanak and co-authors 

(2000) concluded that this condition occurs most frequently in females with chronic cough and 

may be independent of the bone quality. Kiliҫ et al. (2007) reported the presence of 

spontaneous rib fractures in two male individuals with atypical-pneumonia and chronic 

bronchitis caused by vigorous coughing. Yeh and Su (2012) also described a case of rib 

fractures in a healthy young man (22 y.o.) affected by a 6-week intermittent cough. In the 

pathophysiology of cough-induced rib fractures, it is postulated that extreme changes in 

intrapleural pressure due to active contraction of the inspiration and expiratory muscles 

applied over ribs can cause biomechanical stress (Kiliҫ et al., 2007). When the stress forces 

exceed the elastic limit of the rib, deformation and fracture may develop (Kiliҫ et al., 2007). 

Another plausible explanation is advanced by Yeh and Su (2012), who suggest that cough-

induced rib fractures may be the result of the opposite forces exerted by two antagonistic 

chest muscles: the serratus anterior and the external oblique. In his evaluation of 4726 ribs 

from 197 individuals belonging to the Human Identified Skeletal Collection (Bocage Museum, 

Lisbon), Matos (2009) found a frequency of broken ribs of 2.6% (n=124). Despite the high 

mean rate of rib fractures among individuals who died from pneumonia, no significant 
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differences in the prevalence of rib fractures were observed between individuals who died 

from respiratory conditions and those who passed away from non-respiratory conditions 

(Matos, 2009). In this study, the cough-induced rib fractures hypothesis was not confirmed, 

suggesting that other etiological factors may have led to bone trauma. Cases of stress fractures 

attributed to sudden and undue muscular strain, as in lifting heavy objects (i.e. Waxman and 

Geshelin, 1949), or associated with particular occupations/sports (i.e. Warden et al., 2002; 

Iwamoto and Takeda, 2003) have also been reported for ribs. If chronic or acute episodes of 

coughing or sneezing, vomiting, and even accidental or occupational muscular strain are able 

to affect the rib microstructure leading to bone fractures, it is reasonable to suggest that the 

same factor(s) may potentially damage the periosteum. As in infantile pulmonary 

physiotherapy, it can be hypothesized that any agent that causes intra-thoracic and 

intrapleural vibration or chest wall musculoskeletal stress (i.e. severe cough or sneezing), may 

induce the detachment of the periosteum, causing subperiosteal bleeding and hematoma 

formation. Once again, it is important to remember that besides inflammation, every 

mechanism that breaks, tears, stretches, or even touches the periosteum can potentially 

stimulate the production of new bone (Richardson, 2001).  

In the rib of the non-adult Sk. 1534-A (male, 2 y.o.) who died from pneumonia, a 

stitched ridge of periosteal new bone clearly distinguishable from the supporting cortex was 

observed. A more exuberant bone formation was observed in the corresponding right fibula. In 

spite of the diagenetic changes visible through the cortex, numerous loosely arranged 

trabeculae of appositional bone were seen radiating from the surface. To some extent, this 

pattern of bone formation resembles the microanatomy of an immature ossified subperiosteal 

haematoma. Regardless of the histology of the subperiosteal hematomas, Schultz (2001, 2003 

and 2012) points out that the newly formed bone may range from thin layers in the form of a 

sliplike cover to relatively short, bulky bone trabeculae with extensive bridging, arc-like 

formation and /or with multiple layers (rare). Van der Merwe et al. (2010), analysing seven 

archaeological cases of ossifying hematoma from Kimberley, South Africa (1897-1900), found 

that demarcated and radiating bone apposition perpendicular to the periosteal surface of 

bone was the most striking feature observed. The only differences found were related to the 

degree of ossification. According to Schultz (2012: 263), the orientation of trabeculae in 

subperiosteal haematomas depends not only on the size and the volume of the bleeding, but 

also on the physiological tonus and the tension of the muscles on the affected area.  
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Blunt trauma, most commonly on the anterior surface of the tibial diaphyses, the radius, 

fibula or ulna, may lead to the development of localized subperiosteal hematomas that almost 

invariably ossify, forming an elevation on the external surface of bone (Aufderheide and 

Rodríguez-Martín, 1998; Rodríguez-Martín, 2006). In addition to trauma, other pathological 

conditions that cause massive subperiosteal bleeding may induce the development of calcified 

hematomas. For example, Steenbrugge et al. (2001: 170) refer to the bone matrix defects 

(scurvy and osteogenesis imperfecta), severe periosteal trauma (battered child syndrome), or 

neuromuscular deficiencies (congenital insensitivity to pain or meningomyelocele). Circulatory 

diseases (i.e. primary and secondary HOA) and tumours may also cause subperiosteal bleeding 

(Schultz, 2012). In the paleopathological literature, scurvy is frequently described as increasing 

the likelihood of the formation of subperiosteal hematomas (Aufderheide and Rodríguez-

Martín, 1998; Ortner, 2003; Brickley and Ives, 2008). For example, in Van der Merwe and co-

authors’ (2010) investigation, the presence of subperiosteal hematomas was attributed to 

possible cases of healed scurvy (Van der Merwe et al., 2010). It is important to mention that 

the lesions observed in SK.1534-A were not solely confined to the ribs and fibula. In fact, a 

widespread, multifocal involvement of the skeleton with patches of periosteal new bone 

symmetrically distributed through the endocranial surface, orbital roof, scapulae 

(supraspinous and infraspinous areas), ilium (anterior surface), humerus and femora (posterior 

lower third of the diaphysis), tibiae and fibulae (medial posterior surfaces of the shaft) were 

seen. Given the pattern and distribution of the bone lesions, it seems plausible to assume that 

this individual might have suffered from a more generalized and systemic condition, which 

allows for the exclusion of blunt trauma from its aetiology. Infantile cortical hyperostosis (ICH) 

or Caffey’s disease seems unlikely since it is most commonly observed in individuals younger 

than one year of age. Furthermore, it affects most often the mandible and the clavicle, 

followed by the long tubular bones of the extremities and ribs (Ortner, 2003h). The ulna is the 

most frequently affected tubular bone with asymmetric deposits of new bone (Lewis and 

Gowland, 2009). The hypertrophic lesions of the scapula are generally believed to be one-sided 

and are most frequently seen in the first six months of life (Lewis and Gowland, 2009). None of 

the bone features that normally characterize rickets, for instance rachitic rosary, delayed 

maturation of the cranial bones, frontal bossing and dorsal curvature of the vertebrae or 

flaring of the long bone metaphyses (Parson, 1980; Zimmerman and Kelley, 1982; Ortner, 

2003h; Stevenson, 2005; Waldron, 2009) were observed. Taking into account the possible 

relationship between pulmonary conditions, such as pneumonia, and HOA, this condition may 
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be considered in the present differential diagnosis. In spite of being more common in adults 

(Ortner, 2003g), HOA can affect individuals of all ages. Pineda et al. (1987) stated that the 

loosely attached periosteum of children may be more conducive to the development of 

periosteal reactions. The new bone deposition normally occurs at both the ends and shafts of 

long and short tubular bones and does not show cortical involvement (Cavanaugh and Holman, 

1965). Nevertheless, other bones may be affected in a minor degree such as the skull, 

scapulae, patellae, ribs, and pubic and iliac bones (Ali et al., 1980). In most cases, the skeletal 

abnormalities are symmetrical in distribution (Pineda et al., 1987). Scurvy is another condition 

that may have caused the widespread deposits of new bone and the extensive porosity 

observed in SK.1534-A skeleton. Scurvy is a metabolic disease caused by a deficient intake in 

vitamin C, which has an important role in the formation of the collagen fibril precursors, as 

well as in the regulation of the osteoblastic activity and in the synthesis of osteoid 

(Aufderheide and Rodríguez-Martín, 1998; Ortner, 2003g; Brickley and Ives, 2008). As a 

consequence, there is a delay in skeletal growth and a possible increase in hemorrhagic 

phenomena in various cranial sites, as well as in the scapula and long bones (Aufderheide and 

Rodríguez-Martín, 1998; Brickley and Ives, 2006). These hemorrhagic episodes may be 

spontaneous or caused by minor trauma, and are more marked in nonadults than in adults 

(Ortner, 2003g; Mays, 2008). Differences between age groups are also found in the skeletal 

distribution of the subperiosteal haemorrhages (Aufderheide and Rodríguez-Martín, 1998). 

Since the adult periosteum has a more reduced response, the haemorrhages are usually 

diaphyseal, of a moderate size, and with an outer layer composed of lamellar bone (after 

healing). The inner layer normally is composed of a more porous bone (Aufderheide and 

Rodríguez-Martín, 1998). In contrast, subperiosteal haemorrhages in scorbutic infants cover a 

much greater area and volume, affecting more frequently the metaphyseal portion of long 

bones (Aufderheide and Rodríguez-Martín, 1998). The weight-bearing bones of the lower limb, 

namely the femur and tibia, are the skeletal elements most frequently affected by localized 

subperiosteal hematomas (Ortner, 2003g)64. In cases where porosity and new bone formation 

are visible on the orbital roof, the possible coexistence of scurvy and anaemia (co-morbidity) 

should also be considered (Brickley and Ives, 2006). Independently of the underlying cause, the 

microstructure of the periosteal lesions observed in the SK.1534-A rib and fibula seems to be 

compatible with a subperiosteal haematoma secondary to a haemorrhagic phenomenon that 

lifted the periosteum, stimulating the synthesis of new bone. 

                                                           
64

 Other skeletal elements frequently affected by subperiosteal haemorrhages are the skull, mandible, 

vertebrae, ribs and pelvis (Aufderheide and Rodríguez-Martín, 1998; Ortner, 2003g; Brickley and Ives, 2008). 
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The differences found in the microstructure of periosteal rib lesions seem to suggest that 

beyond pulmonary diseases other mechanisms may stimulate new bone formation on the 

visceral surface of ribs. As a consequence, when studying rib lesions from archaeological or 

forensic contexts, researchers should be aware and consider in their differential diagnosis 

other possible aetiologies, such as repetitive microtrauma and haemorrhagic conditions. More 

histological studies on periosteal rib lesions, especially in individuals with known cause of 

death are warranted to confirm the trends observed in the present investigation.  

In two individuals from Group 1 and Group 2 that showed multifocal involvement of the 

skeleton resembling the pattern described for HOA (Group 1 - Sk. 1604, female, 45 y.o., TB; 

Group 2 – Sk. 119, female, 64 y.o., bronchopneumonia), two bone samples were collected 

from the 5th left metatarsal. With regard to the microanatomy of the periosteal lesions, no 

major structural differences were found between causes of death group samples. In both thin 

sections, the point of contact between the PNBF and the cortex was visible. Additionally, no 

bone changes were noticed at the cortical level, which agrees with the radiographic 

descriptions of HOA (i.e. Cavanaugh and Holman, 1965). von Hunnius (2009), conducting a 

histological study of dry bone evidence of HOA in the remains of a 16th century Iroquoian dog, 

also found a relatively clear demarcation between the newly formed bone and the original 

cortex. In the case of HOA, the histological analysis did not reveal diagnostic differences among 

cause of death groups; however, this inference needs further testing. The periosteal lesions 

observed on Sk. 135 and Sk.1412 samples (Group 3) did not exhibit particular distinctive traits, 

but rather were classified as non-specific. 

 

2. What is the role of histology in the description of bone lesions? 

In the present investigation, the histological analysis proved to be fundamental in the 

description and characterization of bone changes. With regard to the type of new bone 

formation, few correspondences were seen between what we consider macroscopically as 

woven and compact bone and the histological picture. In most samples, a haphazard 

arrangement of the mineralized collagen fibres with multiple osteocyte lacunae was seen in 

the outermost layers of new bone. This pattern of organization was most commonly seen in 

woven bone and was equally found in individuals classified macroscopically as having a mist 

pattern (woven/lamellar) and in those with a more compact pattern. A correspondence 

between the macroscopic appearance of the periosteal bone and the respective 

microstructure was found only for the 5th left metatarsal bone samples from Sk. 1604 (Group 
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1) and Sk. 119 (Group 2). Three individuals were classified macroscopically as having erosive 

and proliferative lesions (Group 1 – Sk. 332, Sk. 470, and Sk. 1583). In two of them (Sk. 332 and 

Sk. 1583), the pattern was confirmed through histological analysis. In a third case no 

correspondence was found. That is, no lytic foci affecting the periosteal layers or the cortical 

bone were recorded. This may suggest that the large holes observed on the visceral surface of 

the Sk. 470 rib thin section were not caused by osteoclastic activity, but probably were the 

result of the coalescence of minor vascular channels. The opposite was also found. One 

individual from Group 2 (Sk. 1429, pulmonary congestion) with no macroscopic evidence of 

bone resorption presented large Howship’s lacunae in the cortical bone that led to the almost 

complete collapse of the cortical tissue. A similar case was recorded in Group 3 (Sk. 457, rectal 

neoplasm). In addition to the exuberant and spiky-like periosteal new bone formation 

(sunburst pattern), the histological analysis revealed large bays of bone resorption that roughly 

destroyed the cortical bone. For this individual, a mixed pattern of osteolytic and proliferative 

lesions was macroscopically observed in the femora. The remaining bones (clavicle, scapula, 

ribs, and innominate bones) were only classified as having proliferative lesions. However, 

when histological techniques were applied, lytic lesions affecting the cortex of a rib were 

uncovered. This case demonstrates that relying exclusively on gross inspection for pathological 

analysis may be problematic, since it may not give a complete view of the tissue’s response to 

disease. For example, if ribs had been the only bones affected by PNBF in this individual, the 

macroscopic analysis would have been insufficient to properly classify the type of lesions 

(proliferative, lytic or mixed) because the erosive ones were not visible to the naked eye. In the 

samples used as controls (Sk.1242 – Group 1, Sk. 1484- Group 3), no differences were noticed 

between the macro- and the microstructure.  

A good description of bone lesions is an obligatory procedure in every paleopathological 

study. But is the macroscopic analysis sufficient for this job? Are we really seeing all of the 

components of the bone lesion? The answer is probably not. What we observe macroscopically 

may not correspond to the histological picture or give a complete understanding of the disease 

process. As illustrated above, in certain circumstances the gross inspection may confound the 

analysis, giving biased information about the composition of the bone lesions. The disparity 

between macroscopic and histological analysis was also observed in the study of bone callus. 

Of the five samples with an apparent “consolidated” bone callus, only two presented a truly 

mature and remodeled microstructure. The most striking example came from the analysis of 

the Sk.198 right fibula thin section. In spite of the macroscopic appearance that revealed an 
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apparently remodeled bone callus, the histological analysis showed a very different scenario. 

The sparse microstructure of the cortical tissue composed of thin branches of lamellae in 

distinct stages of maturation and resembling trabeculae, in addition to multiple foci of bone 

resorption and islands of new bone formation seems to suggest that, at the time of death, the 

last stage of fracture healing remodelling was not finished. In the paleopathological literature, 

no histological descriptions that support this observation were found. In contrast, some 

potential clues come from clinical descriptions and bone engineering experiments. For 

instance, Gerstenfeld and co-authors (2006: 1215), studying fracture callus morphogenesis in 

the femora and tibiae of rats and mice using histological techniques and three-dimensional 

reconstruction, showed that the «[r]emodelling of the calcified cartilage proceeded from the 

edges of the callus inward toward the fracture producing an inner-supporting trabecular 

structure over which a thin outer cortical shell forms». The authors found that during the 

endochondral process of fracture healing, an outer shell of new bone forms above the original 

cortex and cartilage. As remodelling takes places, the underlying cortex and cartilage 

undergoes resorption, being replaced by an intricate network of trabeculae. The main goal of 

this trabecular-like structure is to stabilize the fracture. According to the authors «[t]his 

represents an efficient mechanism, using minimal material, to rapidly restore biomechanical 

stiffness and strength and allows for remodelling on internal surfaces» (page 1227). Similarly, 

Marsell and Einhorn (2011) pointed out that during the remodelling stage, a second resorptive 

phase occurs in which the hard callus is converted into lamellar bone. These processes, which 

may take years, occur to restore the biomechanical properties of bone (Marsell and Einhorn, 

2011). Regarding the blue-grey substance observed filling the gap between bone lamellae, it is 

almost impossible to confirm its nature. Nevertheless, it resembles preserved calcified 

cartilage. In an experiment to evaluate the degree of bone regeneration in osteoperiosteal 

mandibular defects induced artificially in sheep through chirurgical procedures, Ayoub et al 

(2007) observed a characteristic histological picture characterized by islands of newly built 

bone surrounded by cartilage. In some individuals, large areas of cartilage interspersed with 

areas of lamellar bone were observed, indicating that lamellar bone may have arisen through 

replacement of cartilage, which clearly suggests the occurrence of endochondral ossification 

(Ayoub et al., 2007). 

Despite the compact appearances of the outer shell of the Sk. 119 rib callus, the 

histological study showed an unremodelled cortical and periosteal microstructure. Only the 

endosteal inner layers of the cortex presented a mature structure composed of numerous 
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rows of osteons and interstitial lamellae. On the pleural-cortical surface, differences in the 

organization of the tissues that comprise the callus were seen. For instance, the deepest layers 

were formed by densely packed lamellae with small erratic osteocyte lacunae, whereas the 

outermost ones were composed of a random structure with no lamellar organization and 

densely populated by circular osteocyte lacunae. These structural differences clearly indicate 

that the rib bone callus of SK. 119 was undergoing remodelling at the time of the death of the 

individual.  

An apparently remodeled bone callus was observed in the right radius of Sk. 1196. The 

histological analysis showed, however, a microstructure composed of an intricate network of 

trabeculae. The absence of alignment of the trabecular collagen fibers seems to suggest a lack 

of maturation of the tissue. Multiple foci of bone resorption were also seen destroying the 

trabeculae. The regular structure of the cortical bone is absent from the bone callus, as well as 

from the opposite anterior surface. That is, no osteons, interstitial lamellae or Haversian canals 

were observed. The network of trabeculae that fills the medullary cavity was also absent. On 

the anterior surface, incompletely remodeled micro-fractures were seen crossing the cortical 

bone. Instead of the typical structure, the anterior cortex appeared to be formed by horizons 

of lamellar bone. It seemed that the bone was continuously laid down in a lamellar fashion 

without being converted into secondary Haversian systems, forming a microstructure that 

Ericksen (1991) termed unremodeled lamellar bone. In the adult skeleton, intracortical 

remodelling operates, removing and replacing areas of bone affected by microdamage. In the 

absence of intracortical remodelling, there is a propensity to microdamage accumulation, 

which increases the risk of stress fractures, compromising the mechanical properties of bone 

(Bentolila et al., 1998). It is difficult to determine if this abnormal intracortical organization is a 

consequence of the process of fracture remodelling, or inversely, part of the mechanism that 

predisposes the bone to trauma (e.g., osteoporosis). Paine and Brenton (2006: 490) stated 

that: «[m]etabolic disorders and dietary deficiencies have been suggested as causing either 

increased bone turnover rates leading to the production of more secondary osteons per area 

of bone than what is considered to be normal, or can lead to lower bone turnover rates 

resulting in fewer secondary osteons per volume of bone […]». When bone turnover is low, 

there is more time for secondary mineralization to proceed; as a consequence, the bone tissue 

becomes hypermineralized and more brittle, requiring less energy to fracture (Martin and 

Correa, 2010). Furthermore, an excessive reduction of bone turnover may result in an 

inefficient microdamage repair, leading to the development of microcracks and, in severe 
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cases, to fractures (Martin and Correa, 2010). Independently of the underlying cause, it is clear 

that this female presented an unremodeled bone callus that contrasted with the compacted 

gross appearance. From the same individual, a rib bone callus exhibiting a completely 

consolidated outer shell was also collected. At the microscopic level a similar picture was seen; 

however, the predominance of bone resorption over new bone formation erased the exact 

locations where bone callus remodelling occurred. Moreover, few rib trabeculae were found 

preserved. The cortical bone appeared to be formed only by a thin rim of discrete osteons and 

interstitial lamellae, encompassing a general loss of bone tissue, probably associated with a 

metabolic condition such as osteoporosis. Through the degree of bone healing, it seems 

evident that Sk. 1196 individual suffered multiple traumatic episodes throughout her life. The 

exact mechanisms that induced it remain unclear. 

A remodeled bone callus was observed in the right tibia of the male individual Sk. 54 

who died of pulmonary TB. Similar to the previous cases, the major changes in the bone 

microstructure were found at the cortical level. In the lateral portion of the bone callus, the 

cortex presented a mature and non-pathological appearance, being composed of a haphazard 

arrangement of Haversian systems and interstitial lamellae. This observation may suggest that 

the process of fracture healing was complete. In contrast, the presence of lamellae randomly 

organized and in different stages of maturation may indicate that, at the time of the death, the 

medial portion of the bone callus was probably undergoing the process of remodelling. 

Nevertheless, the normal bone microstructure prior to fracture was almost achieved in this 

bone sample. Densely packed lamellae resembling the bone features described by Schultz 

(2001) as “Grenzstreifen” (see figure 8, Schultz, 2001: 127) were observed at the intracortical 

level. Grenzstreifen is defined as a boundary line of varying thickness located between the 

original cortical surface and the secondary pathological new bone deposition in a subperiosteal 

position (Schultz, 2001, 2003 and 2012). It is a remnant of the external circumferential 

lamellae that is preserved due to the relatively slow growth of the PNBF (Schultz, 2012). 

Hence, it may present a reduction in their size and shape (Schultz, 2012). As pointed out in 

Chapter 3, this lamellar pattern has been associated with treponemal infections (e.g. Schultz, 

2001 and 2003). For instance, von Hunnius et al. (2006) found a similar histological feature in 

pre-Columbian skeletons (UK) that show evidence of venereal syphilis (see figure 2D, von 

Hunnius et al., 2006: 563). As in the present case, von Hunnius et al. (2006) also saw resorption 

lacunae near the intracortical lamellae, referred to as sinuous lacunae. Resembling a 

resorption lacuna, the sinuous lacunae are normally observed between the cortical surface and 
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the new layer of PNBF (Schultz, 1994). Nevertheless, no circular lamellar structure is observed 

in its outline (Schultz, 1994). Following the definition proposed by Schultz (2012), the retention 

of a densely packed system of lamellae in the Sk. 54 tibia may be due not to a chronic, 

inflammatory disease, but instead to the normal process of bone healing. Depending on the 

type of fracture and subsequent healing process, it may be hypothesized that not all of the 

original cortical bone was “absorbed” during the remodelling process, with some remnants 

becoming embedded in the new shell of bone produced. If this hypothesis is true, the role of 

“Grenzstreifen” as a distinctive diagnostic feature for treponemal infections must be 

reconsidered once more in future investigations (see Weston, 2009; Van der Merwe et al., 

2010). It is important to highlight that all of the bone features recorded at the macroscopic 

and histological levels are independent from the cause of death and were delimited to the 

area of fracture healing. In addition to the cases already described, a 4th right rib fracture 

sample with unfused margins and new bone formation was collected from the adult male Sk. 

1138 (bronchopneumonia). In the fracture outline, the most striking histological feature 

observed was the presence of an arc-like structure of new bone interlinked with the underlying 

cortex by bone pedestals. Numerous resorption spaces occupying an intracortical position 

were also seen. A similar pattern was recorded by de Boer et al. (2012) in their study of 31 

bones specimens collected from 21 individuals with bone fractures and amputations. In an 

attempt to evaluate the healing features and associated post-traumatic time interval, Boer and 

co-authors (2012) concluded that a clear visible periosteal callus normally appears 15 days 

after the traumatic event. This occurrence may be accompanied by osteoporosis of the cortex 

that develops almost at the same time (12 days). The union of the cortical bone discontinuity 

tends to occur after 21-28 days. Since the margins of the Sk. 1138 rib fracture were unfused, it 

may be hypothesized that the traumatic event occurred prior to 20 days before death. 

Furthermore, the microanatomy of the affected area is compatible with the reparative phase 

of fracture healing (see Chapter 3, section 3.2.1.2). The earlier stages of fracture healing may 

explain the proliferation of remnants of blood vessels that are more numerous on the pleural-

endosteal bone surface. Following the injury, one of the cellular and biochemical events is the 

release of cytokines that act on the stimulation of angiogenesis and haematoma formation 

(Malizos and Papatheodorou, 2005; Sfeir et al., 2005; Bielby et al., 2007). The network of blood 

vessels observed may be an additional testimony of the leading stages of bone healing. 
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3. What is the role of histology in the assessment of bone tissue quality? 

In spite of the “apparent” good preservation of the bone samples, massive diagenetic 

and biological changes due to the action of bacteria and fungi were observed at the 

microscopic level, mainly in those samples belonging to archaeological material. Of the 26 

bone specimens collected from the identified skeletons, only three (Group 1 – Sk. 1235; Group 

2 – Sk. 1534-A; Group 3 - Sk.1483) showed areas of bone degradation. The remaining samples 

presented an intact histological appearance in which it was possible to recognize Haversian 

systems, interstitial lamellae, cement lines, and empty osteocytic lacunae. Under polarized 

light, a good bone birefringence with the characteristic “Maltese cross” was observed. As 

pointed out by von Hunnius et al. (2006: 560), Maltese crosses are an important indicator of 

the integrity of bone tissue since they denote good preservation of lamellae in Haversian 

structures. In contrast to the identified specimens, all samples collected from archaeological 

skeletons exhibited some form of postmortem modification. These changes were more evident 

in the specimens from the Constância and the Royal Hospital of All-Saints necropolis, and 

ranged from generalized destruction with disintegration, disaggregation and dissociation of 

osteons to focal destruction. In most of the samples a generalized lack of bone birefringence 

under cross polarized light was observed. As a consequence, the identification of Haversian 

systems, interstitial bone, osteocyte lacunae and endosteal and periosteal lamellae was 

impossible. Some archaeological thin sections (e.g. PAH/C-SG19 E7) exhibited “shadows” of 

Haversian systems or “ghost” osteons without evidence of the respective circumferential 

lamellar system. Despite the absence of the basic bone units, the Haversian canals and major 

spaces of bone resorption associated with normal bone remodelling were still visible. In the 

majority of the specimens, the rib cortex appeared to be filled with an indistinguishable mass 

of composites probably resulting from bacterial activity or chemical action. For example, in a 

subperiosteal ossified haematoma sampled from the left femur of an adult male (P. Fig. 1492), 

the osteons were formed by scattered fragments described by Jans (2008) as linear 

longitudinal microscopic focal destruction (MFD) associated with microbial activity. Similar 

findings were seen in a thin section of a left tibia collected from an adult male (Porto UE6451-

65). In this particular case, detachment of Haversian systems in relation to the supporting 

cortex caused by micro-cracks and microbial tunnelling was the most common trait seen. 

Lamellate and linear longitudinal microscopic focal destruction, as described by Jans (2008) 

was also recorded. Worm-like structures probably associated with fungal or bacterial activity 

were seen focally distributed throughout the bone sample of an adult skeleton (Porto UE 
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5093). The postmortem bone changes observed had an enormous impact on the analysis and 

description of the lesions. Despite the intact contours of the bone samples, it was impossible 

to characterize the periosteal and intracortical microanatomy and infer or corroborate the 

aetiology of lesions. For example, in a rib sample showing lytic and proliferative lesions 

probably associated with a case of metastatic carcinoma from an adult female (PAH/C-SG19 

E7) (Assis and Codinha, 2010), it was possible to observe the outline of the resorption spaces, 

both at the periosteal and endosteal surface, but not the microstructure of the newly built 

bone. In spite of some “ghost” osteons and Haversian canals, no particular bone structures 

were recognized. A similar phenomenon was observed in a fibula thin section of an adult 

female (P. Fig. QT6 E3 1310) that exhibited bone lesions compatible with a possible case of 

acquired syphilis. On the periosteal surface, new bone deposits ranging from a round to a 

thorny morphology were seen. Furthermore, a wavy-like pattern of new bone packed between 

spaces of former periosteal blood vessels and separated from the underlying cortex by 

resorption spaces was also identified. However, only the contours of the periosteal bone were 

preserved, which made confirmation of the orientation of the collagen fibers impossible. This 

last bone feature resembles “polster” structures described by Schultz (2001, 2003 and 2012) as 

being associated with venereal syphilis. The author defines polsters as a “pillow-like” structure 

of new bone that develops at the external surface of the long bones (periphery of the cross-

section) and only within some parts of the circumference. In tertiary syphilis, these histological 

features are caused by a relatively slow growing process (Schultz, 2012). In spite of being 

observed in treponemal infections, the author recently stated that: «(…) polsters are not 

permanently present in any specific inflammatory process» (Schultz, 2012: 265). Apart from 

the atypical outline of the periosteal reaction, no further pathological bone features (e.g. 

grenzstreifen and sinuous lacunae) were observed in an intracortical position. An interesting 

phenomenon was observed in a subperiosteal ossified haematoma collected from the 

diaphysis of the left femur of an adult male (P. Fig. 1492). While the cortical bone appeared to 

be formed by well preserved osteons and peripheral lamellae with good birefringence, the 

ossifying haematoma was composed of osteons with an amorphous appearance and cracked 

circumferential lamellae. It appears that the subperiosteal ossified haematoma worked as a 

buffer, protecting the cortex against the destructive action of biological and chemical agents. 

In spite of the degradation observed, the presence of osteons seems to indicate that at the 

time of the death, the subperiosteal haematoma was remodeled. The multitude of histological 

evidence outlined above appears to suggest that gross preservation of bones may not find 
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correspondence at the microscopic level. That is, the macroscopic inspection of skeletal 

remains does not give a complete picture of all chemical, physical and biological changes that 

they undergo postmortem. As pointed out by Garland (1987), imprecise terms such as “well 

preserved”, “badly preserved” and “weathered”65 are frequently used to described the 

macroscopic appearance of bones. However, this type of classification provides little 

information about the interactions that have taken place between the destructive agents 

eventually present in the burial environment and the inhumed bones (Garland, 1987). 

Diagenesis66, a geological term that refers to «(...) the processes by which sediment is 

transformed into sedimentary rock under conditions of low temperature and pressure», has 

been used in paleopathology to describe the changes that skeletal remain experience in the 

burial environment (Turner-Walker, 2008: 4). Chemical diagenesis of bone and teeth is a 

multifactorial process that depends on several factors such as soil PH, soil drainage, and other 

interfering agents present in the burial space (Grupe and Dreses-Werringloer, 1993). In nature, 

water is an important mediator of almost all chemical reactions. Accordingly, the presence of 

water in the burial environment may affect the potential of survival of the skeletal remains, 

since it may induce pronounced physical-chemical changes (Turner-Walker, 2008). Garland 

(1987) noted that ground water can enter bones by diffusion, disrupting the internal protein-

mineral bond and hydrolysing the protein components of bone. After dissolution, the mineral 

components of bone can be removed by the permeating soil water (Garland, 1987). Bone 

dissolution depends on numerous factors such as the porosity of bone and the rate and 

volume of water flow into and out of the bone tissues (Turner-Walker, 2008). In a burial 

environment composed of sediments that resist continuous fluctuation of soil water (e.g. 

clays), the liquid reaches bones via the network of vascular canals, fills the pores and becomes 

saturated in Ca2+ and PO4
2-, which prevents the flow of water out of the bone and subsequent 

loss of mineral components. In these cases, bones tend to exhibit exceptionally good 

preservation (Turner-Walker, 2008). On the contrary, in burial places in which repeated cycles 

of wetting and drying occur, there will be a tendency to successive losses of calcium and 

phosphorous from the bone matrix, leading to badly preserved skeletal material (Turner-

                                                           
65

 Weathering is a physical decomposition process that results in easily detachable microfissures and 

crackings (Grupe and Dreses-Werringloer, 1993). According to the author, they develop essentially by sediment 

pressure and temperature, but also by superficial trampling (Grupe and Dreses-Werringloer, 1993).  
66

 By opposition, taphonomy aims to understand the postmortem processes that operate on bone survival 

or destruction, focusing on the transformations that guide the passage of the organisms from the living world to the 

lithosphere (Turner-Walker, 2008). It is the combination of taphonomic and diagenetic processes that determine 

whether a bone will decay and disappear from earth or preserve throughout archaeological and geological times 

(Turner-Walker, 2008: 4). 
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Walker, 2008). Well-drained soils (e.g. sands or gravels) that allow for the continuous flow of 

water throughout the bones and never become saturated also have a deleterious effect upon 

the bone microstructure. These last two factors may ultimately explain the lack of preservation 

of the archaeological remains unearthed from the Constância necropolis. The ancient 

necropolis of Constância was located in the vicinity of the Tagus River, in an area that is 

frequently affected by seasonal floods. Moreover, the soil is mostly formed by fine-grained and 

permeable sands which may also have contributed to the mineral and organic degradation of 

bones. The biological decomposition or bioerosion of bones is primarily caused by boring 

organisms such as bacteria, fungi and, in marine environments, by cyanobacteria (Grupe and 

Dreses-Werringloer, 1993; Jans, 2008). The action of these organisms upon the bone 

microstructure is normally recognized through the presence of different types of tunneling 

(Jans, 2008). With regard to the microbial action, Jans (2008) stated that fungal and 

cyanobacterial changes are indicative of the past burial environment, whereas the bacterial 

alterations are mediated by the early postmortem taphonomy. In their study of 50 bones from 

41 different archaeological sites, Jans and co-authors (2004) found that skeletal remains 

(human and non-human) unearthed from complete burials are more often affected by 

bacterial degradation than scattered fragments that resulted from butchering or 

dismemberment. It seems that bacterial degradation is closely linked to putrefaction and the 

early stages of degradation67, not occurring in cases where the bacterial growth was inhibited 

(e.g. extreme temperatures, bactericidal chemicals – copper, mercury or lead, or the absence 

of endogenous bacteria – neonates) or prevented from reaching the bone (e.g., butchering or 

dismemberment) (Jans et al., 2004; Jans, 2008). The good preservation of the samples 

collected among the identified collection may be related to a reduced burial interval, the use 

of coffins and disinfectants, or with a particular condition of the burial environment.  

In spite of being frequently ignored and under-rated in bioarchaeological and 

paleopathological studies68, it is the histological analysis of skeletal remains «(...) that provides 

the greatest potential source of information on long-term bone decomposition» (Garland, 

1987: 110). Studying bone remains from the Terme del Sarno at Pompeii using light and 

scanning electron microscopy, Guarino and co-authors (2006) concluded that assessing the 

                                                           
67

 Endogenous bacteria, especially those located in the intestine, seem to play an important role not only in 

the decomposition of soft tissues, but also in the degradation of bone. For example, bones located in the abdominal 

area are more likely to be affected by microbial attack due to their proximity to the intestine where putrefaction 

starts than more distant bones (Child, 1995). 
68

 As presented in Chapter 2, section 2.2 (Figure 2.1), of the 630 final candidate studies considered for 

analysis, only 82 focused on the impact of physical-chemical and biological agents on the bone microstructure. 
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preservation of bones based on their hardness or softness may be a source of bias, since it 

does not always reflect the real histological condition. This clearly suggests that gross 

inspection is not a good measure of bone tissue quality, which may have a serious impact on 

the application of biomolecular, radiological and chemical methods. For example, the 

dissolution of bone mineral and the movement of soluble salts into and from the bone 

microstructure may have a negative effect on the interpretation of radiodensitometry data 

amongst others (Turner-Walker, 2008). Likewise, bone diagenesis could also affect the 

preservation of endogenous ancient DNA (Guarino et al., 2006). In fact, some investigations 

(e.g., Marinho et al., 2006) have found a positive correlation between well preserved bone 

microstructure and the recovery of DNA molecules. After analysing 13 rib samples collected 

from different individuals exhumed from three Brazilian Sambaquis – Rio de Janeiro (Moa, 

Beirada and Zé Espinho), Marinho and colleagues (2006) concluded that bone samples with a 

better intracortical lamellar arrangement had a higher probability of preserving ancient DNA. 

In fact, histology has also been applied to quantify bone integrity in paleopathological and 

molecular studies. The study of Cipollaro et al. (1998) is a good example of this application. The 

authors successfully extracted and amplified aDNA in human remains from Pompeii whose 

diagenesis was previously confirmed by histological analysis (Cipollaro, 1998). Histological 

analysis is also essential to differentiate between pseudopathology and physiological or 

pathological signs. For example, in the microscopic study of an endocranial lesion of the 

occipital bone of a child aged 8-10 years, Garland (1993) demonstrated that the outgrowths of 

extra cortical bone observed were not the result of postmortem damage, as previously 

thought, but rather the result of antemortem pathology. 

In this investigation, the use of microscopy revealed surprising results that justify a more 

systematic application of histology, especially in the description of bone lesions and healing 

processes, as well as in the evaluation of bone tissue quality prior to the application of other 

methods. Despite the limitations currently addressed in the literature, it is clear that 

histological investigation can provide important data that is normally unattainable through 

other lines of enquiry (Pfeiffer and Pinto, 2012). 
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7. CONCLUSION 

 

 

Four centuries have passed since the invention of the composite microscope. The 

contribution that this instrument has made to the development of science is enormous and 

difficult to express or quantify in numbers. Presently, cells, microorganisms, molecules, and 

nanoparticles are regarded as acquired evidence and used freely in the scientific discourse. We 

can hardly imagine the astonishment of the first “microscopists”, such as Anthon van 

Leeuwenhoek (1632-1723, Netherlands), when they first discovered that beyond the visible 

world another unexplored dimension populated by strange creatures and structures existed. 

The microscope changed the face of science and of previous beliefs, expanded the horizons of 

knowledge, and revolutionized philosophical and scientific thoughts. The role of the 

microscope in science is probably comparable to the beginning of spatial exploration in the 

20th century or the invention of the computer and internet that allowed individuals to contact 

other realities without moving from the same place. But presently microscopy and histological 

analysis are not absent from the scientific domain. On the contrary, this tool continues to be 

fundamental for the development of human knowledge. Year after year, new, more 

sophisticated microscopes have been developed for use not only in biological and medical 

studies, but also in geology, paleontology, engineering and physics. In medicine, 

histopathological analysis is crucial in the characterization of lesions and subsequent 

differential diagnosis. Paleopathology shares a similar goal: the study of past disease. 

However, it is ironic that histology has been so often neglected in paleopathological analyses. 

This is even more surprising given the difficulties and interpretative dilemmas faced by 

paleopathologists, for example, those associated with the true meaning of lesions and their 

impact on the mortality and morbidity profiles of past populations. Gross inspection of skeletal 

lesions is important to assess their distribution, anatomical location and general appearance, 

but as the name suggests, it is a gross inspection. To reduce the limitations of paleopathology, 
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a series of recommendations for the macroscopic analysis of skeletal remains have been made. 

One of them reinforces the need for a descriptive summary of the morphology of bone lesions, 

describing the type of bone formed and its organizational structure (Ortner and Putschar, 

1981; Lovell, 2000; Ortner, 2003; Roberts and Manchester, 2005; Grauer, 2008), as well as the 

need for developing a specific classificatory system in order to provide consistency between 

researchers and allow for comparative studies (Ortner, 1991). But, how can we determine the 

organizational structure of bone lesions based only in their macroscopic appearance?  

Some of the results of the present investigation showed that gross inspection is not 

sufficient to describe and characterize bone lesions. In contrast, histology was useful for 

detecting, for example, signs of the bone cells’ activity (e.g. Howship’s lacunae) that were 

imperceptible to the naked eye. Thus, and beyond the visible world, new clues about the 

microstructure of periosteal new bone formations (PNBFs) were revealed through the 

microscope lens. Despite some restrictions in sampling all types of periosteal lesions, the 

analysis of the microstructure of new bone formation revealed some interesting results that 

broadly fulfill the chief goal of this investigation: to develop diagnostic criteria that can be used 

to distinguish between infectious disease and other systemic conditions that potentially 

stimulate the development of periosteal reactions (e.g. tumours and bone trauma), with 

particular emphasis on the identification of fragmentary bone lesions unearthed from 

archaeological contexts. For example, this study demonstrated that the formation of new bone 

on the visceral surface of ribs may occur through different processes. Accordingly, the study of 

the microanatomy of rib lesions can provide useful criteria to distinguish between periosteal 

lesions of infectious origin from those probably associated with repetitive microtrauma. 

Furthermore, this study showed that only histology can elucidate the microstructure of lesions, 

as well as the degree of bone healing. In this sense, the histological analysis proved to be more 

informative about the structure of periosteal lesions than the gross inspection. All of the 

evidence recorded can be easily applied to the study of archaeological bone remains, but only 

if they are well preserved. In fact, microscopy was crucial to determine the true preservation 

of the skeletal remains, as well as to ascertain the impact of diagenetic agents upon the bone 

microstructure.  

In the following pages, answers will be provided for the main hypothesis tested in this 

research. 
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1. Does new bone deposition manifest differently, both macroscopically and 

histologically, in the different cause-of-death groups? With respect to both TB and non-TB 

infectious groups, are there qualitative differences between pulmonary and non-pulmonary 

TB conditions that allow for a positive diagnosis? 

The macroscopic and histological analysis revealed different results when the presence 

of periosteal lesions in the chest wall (ribs) and in the remaining appendicular bones was 

considered. In this investigation, only ribs showed a positive association between the presence 

of periosteal lesions on the visceral surface and TB as cause of death (Group 1). In fact, 

individuals who died from TB presented a higher frequency of rib lesions when compared with 

other cause-of-death groups. In spite of the apparent relationship between periosteal lesions 

on ribs and TB, the presence of similar new bone foci among individuals who died from other 

conditions (e.g., non-TB pulmonary conditions – Group 2) did not permit the establishment of 

a definitive association. These results were not unexpected and are consistent with many 

others obtained by different authors in the study of identified and archaeological samples. 

Despite the impossibility of ascertaining the precise etiology of rib lesions, this proliferative 

phenomenon has been frequently interpreted as the result of an inflammatory/infectious 

pulmonary condition. However, the application of histological techniques revealed that some 

rib lesions may have had an origin different from infection. For example, some periosteal rib 

lesions (> Group 2, non-TB pulmonary conditions) presented a microstructure compatible with 

a subperiosteal haematoma ultimately caused by repetitive microtrauma (e.g. chest wall 

vibration). In contrast, those lesions from TB individuals were primarily formed by multiple 

layers of “appositional bone” probably associated with an abnormal stimulation of growth 

factors, such as the vascular endothelial growth factor (VEGF). In these last cases, a possible 

relationship with infection may exist, since many growth factors are involved in the 

pathogenesis of TB or are induced by hypoxia, a frequent manifestation of pulmonary 

conditions. The histological differences found may explain why some biomolecular studies 

based on periosteal rib lesions have failed to identify M. tuberculosis complex DNA (Mays et 

al., 2002). It is possible that in such cases the underlying mechanism was not an infection but 

rather repetitive microtrauma or some other non-infectious bone response. Taking into 

account the results of this research, one may conclude that periosteal lesions on ribs manifest 

differently, both macroscopically and histologically, among cause of death groups but also 

within the same group. For instance, one individual who died from TB also presented 

periosteal lesions compatible with a subperiosteal haematoma. Regarding the second 
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question, further studies of identified or autopsy collections are needed: (a) to test the 

strength of the association between multiple appositional bone growth and TB infection, and 

(b) to determine if subperiosteal haematomas are indeed more frequently associated with 

non-TB pulmonary conditions than with TB. These approaches should be conducted with 

careful consideration of the new discoveries in the field of bone physiology and response to 

infection, as well as the immune-pathogenesis of TB.  

With respect to the appendicular skeleton, few macroscopic differences were found in 

the distribution of periosteal lesions among the three groups.The tibia and fibula were the long 

bones most frequently affected by PNBF in Group 2 (non-TB infectious conditions) and Group 3 

(other diseases), and in individuals older than 45 years of age. In the upper limb, the humerus, 

radius and ulna showed more deposits of new bone, especially among the younger individuals 

from Group 1. The analysis of the individuals with multiple periosteal bone involvement did 

not reveal significant differences among cause of death groups. This lack of association 

between new bone formation and the underlying cause of death seems to corroborate the 

non-specificity of periosteal lesions, challenging their usefulness as an indicator of 

physiological stress. The lesions observed in the tibia and fibula proved not to be a good 

indicator at all. Accordingly, paleopathologists should be careful when using periosteal lesions 

of the lower limb to diagnose particular conditions. Special mention should be made of the 

new bone formation in the upper limb bones. In spite of the lack of statistical significance, the 

distribution of lesions by age and cause of death seems to mirror the pattern observed on the 

rib cage, denoting a possible association with TB infection. However, this relationship needs 

further investigation. The results of the macroscopic study also seem to reflect some of the 

limitations and possible misinterpretations associated with the study of identified skeletal 

collections. With regard to the histological analysis of long bone samples, non-specific 

differences in the architecture of periosteal lesions were found among cause of death groups. 

However, further studies are needed since the sample used for analysis consisted of few long 

bone specimens. In spite of the reduced number of samples, the results were not surprising 

since other authors (e.g. Weston, 2009) studying periosteal reactions in long bones also found 

a lack of correspondence between new bone formation and different pathological conditions.  
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2. With respect to TB infections and other systemic conditions, are the proliferative 

lesions of tuberculous origin different from those caused by tumours? To what extent is the 

new bone produced during fracture remodelling different from that of infectious origin?  

Unfortunately, the microscopic study of the periosteal lesions associated with 

metastatic carcinoma was restricted to a single identified sample (rectal carcinoma), which did 

not allow for the evaluation of possible differences in the microstructure of proliferative, 

erosive or mixed bone metastasis. The metastatic periosteal lesion was characterized by a 

dense bulk of thin filaments of new bone with a sunburst pattern, and arranged 

perpendicularly to the cortex. In an intracortical position, large resorption lacunae secondary 

to osteoclastic activity were observed. This pattern of pathological bone response is 

completely different from the periosteal lesions observed, for example, in TB cases. As pointed 

out earlier, in the tuberculous rib samples the new bone was deposited in multiple layers 

parallel to the bone surface, crisscrossing numerous primary vascular canals. In most samples, 

the sign of pathological activity was circumscribed to the periosteal level, as well as to the 

interface between the newly built bone and the underlying cortex. Large resorption spaces 

were only seen in the periosteal surface and cortex of those samples with gross lytic lesions. 

Even in the specimens with evidence of subperiosteal haematomas, a dissimilar pattern of new 

bone formation was observed when compared with the metastatic case.  

Considerable differences were found when the bone callus microstructure was 

compared with periosteal reactions of infectious and tumour origin. Apart from an unfused rib 

fracture whose new bone arrangement resembled a subperiosteal haematoma, all remaining 

callus presented a quite distinctive structure.  

 

3. Does bone microstructure remain unaffected in cases where no visible lesions are 

present?  

Yes. In those samples with no macroscopic evidence of new bone formation (control-

samples), an intact and regular periosteal and cortical microstructure was observed. In cases 

where new bone formation was visible, the application of histological techniques was 

extremely important to characterize the type of periosteal reaction. This was the case with the 

metastatic carcinoma specimen whose inner lytic lesions were only made visible after 

histological analysis. The use of microscopy also demonstrated that gross inspection is 

sometimes insufficient to determine the range of variation of the bone response to disease 

(e.g. fractures). 
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4. Do histological comparative studies aid in the differential diagnosis of 

archaeological remains? What major diagenetic differences are found and what are the 

implications for the differential diagnosis?  

Yes. Some of the histological differences recorded in distinct cause of death groups can 

be used in the study of archaeological remains but only if well preserved, which was not the 

case in the present study. In fact, most of the archaeological samples collected for analysis 

presented some form of diagenetic changes that made the study of the normal and 

pathological bone microstructure impossible. In numerous cases, only the contours of the 

lesions were observed, with the remaining “bone architecture” being formed by an amorphous 

mass of composites punctuated by “ghost” osteons and Haversian canals. The diagenetic 

changes noticed were most probably caused by the action of exogenous and endogenous 

agents present in the burial environment. It is imperative to highlight that all postmortem 

damage observed was only revealed after histological investigation. This means that 

microscopy is essential to assess the quality of bone tissues, which is necessary in the study 

and characterization of bone lesions. 

 

In spite of the reduced number of samples used in the histological analysis, the results 

obtained in this investigation were enlightening. In fact, many of the advantages frequently 

addressed in the literature regarding the application of microscopy to the study of skeletal 

remains were verified, for example: (1) its role in distinguishing between lesions of infectious 

from those of traumatic origin (Van der Merwe et al., 2010); (2) its usefulness in the 

examination of the degree of bone healing (Wright and Yoder, 2003); and (3) its importance in 

ascertaining the impact of diagenetic factors on the architecture of normal and pathological 

bone (Bianco and Ascenzi, 1993).  

This study showed that researchers should be careful in their macroscopic description 

and interpretation of bone fractures. That is, one can infer macroscopically that the 

extremities of a fractured bone are superficially consolidated, but not that the bone callus is 

completely remodeled, an assertion that can only be made through histological analysis. 

Furthermore, researchers should consider the application of histological techniques before any 

biomolecular, radiodensitometric or radiocarbon analysis, especially in archaeological bone 

remains, in order to infer the degree of bone tissue preservation and thus to avoid null results 

and unnecessary costs. To a certain extent, the benefits of applying histological techniques are 

overshadowed by the costs. Histology is frequently portrayed as an invasive procedure that 
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requires a great deal of expensive equipment and is time-consuming. As a consequence, other 

faster and more economical techniques such as radiography and CT-scanning are used to 

provide a glimpse into the structure and density of bone tissues. However, in certain 

circumstances these methods may not provide a complete picture of all bone features. For 

example, it is possible that lesions with a high bone density may obscure small lytic foci, 

making them invisible on X-ray. Furthermore, there are always the constraints imposed by 

diagenesis when working with ancient remains. We cannot guarantee that the tissue density 

portrayed on X-ray films corresponds to that of the original bone composition. With regard to 

this last issue, histology can be very useful in making the distinction between intact, normal, 

pathological and damaged bone tissue.  

The present study also revealed evidence that highlights the role of histology in the 

characterization of periosteal bone lesions, such as those observed on the visceral surface of 

ribs; however, further research is needed to corroborate its relationship with the cause of 

death of the individuals. Future studies based on well-documented collections with accurate 

medical records and/or samples retrieved from clinical cases will eventually solve some of the 

problems and limitations detected in this investigation. Increasing the sample size will also 

improve our understanding of the entire spectrum of new bone variation associated with a 

particular condition. Nevertheless, a number of questions related to the pathophysiology of 

periosteal new bone formation (PNBF) cannot be fully understood presently. It is possible that 

further research in the field of bone biochemistry, immunology and cell communication will 

shed light on the exact mechanism (or mechanisms) behind this particular type of bone 

response.  

As pointed out previously, the future of paleohistology depends on a more systematic 

application, on the development of uniform methods, as well as on the creation of  a proper 

nomenclature to describe and characterize pathological bone at the microscopic level, as a 

way of reducing potential errors and biased interpretations (Pfeiffer and Pinto, 2012; Schultz, 

2012; Stout and Crowder, 2012). Through investigations similar to this one, more 

anthropologists may come to realize the full potential of applying histological techniques in the 

study of bone conditions, such as those of infectious origin that manifest through PNBF. 

We can shift a little bit further and extend this desire for change to the future of 

paleopathology. Paleopathology has developed side by side with medical improvements. The 

medical knowledge derived from orthopaedic pathology and radiology has been extremely 

helpful to our understanding of some bone conditions. However, orthopaedists and 
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paleopathologists share different perceptions about bones, lesions, and diseases. When 

studying bone conditions, paleopathologists only see the products of the cellular activity. 

Accordingly, more knowledge about bone dynamics is needed to fully understand the 

processes of lesion formation. More than applying new tools derived from the clinics, 

paleopathology needs to build its unique language and body of knowledge. For that, 

paleopathologists need to go “back to the basics” and understand what cellular, biomolecular, 

and mechanical factors underlie the development of bone lesions before moving to individual 

and populational studies. It is pointless to discuss the impact of certain bone lesions on the 

health of past populations when we are not certain about the exact origin of the lesions. 

Paleopathologists need to know what lesions really are. What mechanisms activate bone cells’ 

response and in what circumstances? What is the range of variation of the individual response 

to disease? What is the influence of genetics in the expression of certain proteins and bone 

growth factors? What microstructural and biomolecular markers may be unequivocally used in 

the study of pathological conditions? Paleopathologists need to know what is possible and 

what is not possible. What group of conditions and associated skeletal reactions can be used, 

or not, as indicators of health inequality? Biomechanics, tissue engineering, and bone 

prosthetic research has been making important discoveries concerning the reaction of bone to 

internal and external stimuli. Combining the new discoveries in bone dynamics, physiology and 

pathophysiology with a more systematic analysis of the bone microstructure and biomolecular 

data will certainly enhance the paleopathological knowledge. The application of noninvasive 

histological techniques, such as synchrotron radiation X-ray microtomography that limits the 

degree of bone intrusion will be highly valuable, not only in the study of pathological bone 

changes, but also to better understand the levels of microstructural and biomolecular bone 

diagenesis. 
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Table I.I. Description of the cases of tuberculous infection recorded as cause of death in the Bocage Museum digital 

database. 

Tuberculous conditions Description 

Tuberculosis (TB) Multisystem and highly contagious infection caused by Mycobacterium tuberculosis complex (Shiel 

et al., 2008; Varaine et al., 2010). According to WHO (2010), in 2009, 9.4 million of new cases of TB 

were recorded and 1.3 million of deaths by HIV-negative people were registered. 

Primo TB infection Also called primary TB, refers to the initial pulmonary infection that affects immunologically naive 

patients through mild or asymptomatic signs (LoBue et al., 2000; Gordon and Mwandumba, 2008). 

Pulmonary TB Focused on lungs, it is the most common form of active tuberculosis (Shiel et al., 2008), being highly 

contagious throughout the release of saliva infected droplets during coughing, sneezing, singing, 

talking and breathing (Gordon and Mwandumba, 2008). 

TB adenopathy Abnormal enlargement of lymph nodes caused by tuberculosis infection (Shiel et al., 2008). 

Acute phthysis Distinct nomenclature to pulmonary TB of acute development. 

Purulent pleurisy  

and tuberculosis 

Caused by pus accumulation in the pleural cavity. Tuberculous pleuritis is normally associated with 

primary TB and may result from a local immune response to M. Tuberculosis (Schwander and Ellner, 

2008). 

Renal TB It is a “silent” disease whose onset and development can lead to a total unilateral renal damage 

before diagnosis (Ormerod, 2008). 

Intestinal TB A gastrointestinal type more common in the ileocaecal area, and rare in the upper gastrointestinal 

tract or perianal region. The infection occurs through bacilli ingestion (Ormerod, 2008).  

Tuberculous enteritis Another type of gastrointestinal TB, primarily caused by Mycobacterium bovis after ingestion of 

infected meat or milk, or secondarily to a pulmonary focus. It is more frequent in the ileocaecal area 

(Hill et al., 1976). 

Pott’s disease  A tuberculosis infection of the vertebral column characterized by abscess formation, vertebral body 

destruction and collapse, leading to an inward and outward curvature of the spine (Shiel et al., 

2008). 

Meningeal TB Affects the meninges of the central nervous system, being responsible for significant morbidity and 

mortality. Frequently, meningeal infection is the result of a distant focus activated by the blood 

stream (Ormerod, 2008). 

Military TB Characterized by the presence of multiple foci of TB infection in the body, caused by bloodstream 

dissemination of infected material (LoBue et al., 2000; Shiel et al., 2008). 

Ulcero-caseous TB A few months after tuberculous contamination, the lesions may be encapsulated by the immune 

cells, forming calcified structures or small necrotic areas also called ulcero-caseous or ulcero-

necrotic areas where bacilli are stored (Piessens and Nardell, 2000; Varaine et al., 2010). 

Pulmonary bacillose A general term for tuberculous infection. 
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Table I.II. Description of the cases of pulmonary non-TB and other infectious conditions recorded as cause of death 

in the Bocage Museum digital database. 

Non-TB pulmonary conditions 

Disease  Description 

Acute pneumopathy General concept that points to a pulmonary condition of short duration, rapid and abbreviated in 
onset (Shiel et al., 2008). 

Bronchitis Inflammation and swelling of the bronchi that may have an acute or chronic origin (Shiel et al., 
2008). 

Asthmatic bronchitis Lung disorder characterized by inflammation of the bronchi and subsequent swelling and narrowing 
of the airway (Shiel et al., 2008). A prominent component of airway hyperactivity is also observed 
(Weinberger et al., 2008). 

Chronic bronchitis Chronic inflammation of bronchi characterized by narrowing and obstruction of the airways, as well 
as by mucus production, increasing the possibility of a bacterial lung infection (Shiel et al., 2008; 
Weinberger et al., 2008). 

Fetid bronchitis In severe cases of bronchiectasis (persistent dilatation, distortion, and thickening of the walls of 
medium-sized bronchi) a multilobar involvement with voluminous purulent or fetid sputum may 
occur (Lichter, 2005). 

Bronchopneumonia Characterized by prominent distal airway inflammation along with alveolar disease. The spread of 
inflammation and/or infection occurs through airway rather than by adjacent alveoli and acini 
(Weinberger et al., 2008).  

Influenza Illness of the respiratory tract caused by virus (Shiel et al., 2008). It is the most common cause of 
respiratory tract infection (Luu, 2005). 

Influenza with pulmonary 
congestion 

In patients with chronic obstructive pulmonary disease, viral influenza may evolve to influenza 
pneumonia (Luu, 2005). 

Pleural emphysema It is a form of pleural effusion, grossly infected, characterized by an excess of fluid between the 
visceral and the parietal pleurae that cover the lungs, separating lungs from the chest wall. It can be 
unilateral or bilateral (Shiel et al., 2008; Weinberger et al., 2008). 

Pneumonia Dense unilateral or bilateral inflammation of the pulmonary parenchyma of lungs (Weinberger et al., 
2008). It can be associated with an infection, but it is not mandatory (Shiel et al., 2008). When it has 
an infectious origin it can be of bacterial, viral, fungal or parasitic origin. It can also have an acute 
progression (Shiel et al., 2008). 

Pneumonia of giant cells  Also called Hecht’s pneumonia, it is a rare and deadly complication of measles that affects 
immunodeficient children and is characterized by multinucleated giant cells lining the lung alveolar 
tissue (Shiel et al., 2008). 

Pulmonary abscess A localized accumulation of pus in the lung tissues (Shiel et al., 2008; Weinberger et al., 2008). 
Bacteria that cause significant tissue necrosis are the agents commonly associated with lung abscess 
formation (Weinberger et al., 2008). 

Pulmonary emphysema A lung condition characterized by an abnormal accumulation of air at the alveoli. With the 
continuous enlargement of alveoli, a tissue disruption with scar formation may occur (Shiel et al., 
2008).  

Pulmonary embolism Also called pulmonary thromboembolism (Weinberger et al., 2008), is caused by obstruction of the 
pulmonary artery, or one of its branches, by a foreign substance or a blood clot carried out through 
the bloodstream (Shiel et al., 2008). 

Pulmonary 
oedema/congestion 

Accumulation of fluids in the lung tissues (Shiel et al., 2008). 

Pulmonary pleurisies Inflammation of the pleurae, the membrane tissue that surrounds the lungs (Shiel et al., 2008). 

Extrapulmonary non-TB infections 

Leprosy Infectious disease caused by the bacillus Mycobacterium leprae that affect the skin, nervous system, 
mucous membranes, and indirectly the skeleton (Shiel et al., 2008). 

Syphilis It is a sexually transmitted disease caused by Treponema pallidum (Shiel et al., 2008). 

Typhoid fever An acute disease caused by the bacterium Salmonella typhi and that is related to faecal 
contamination of drinkable water or food (Shiel et al., 2008).  

Osteomyelitis Refers to an inflammation of bone and bone marrow due to infection (Shiel et al., 2008). 

Gangrene Condition characterized by tissue death due to loss or inadequate bone supply. Gangrene 
progression can be accelerated by bacterial invasion. In this case, gas and pus formation occur, 
requiring antibiotic treatment and/or surgical removal (Shiel et al., 2008). 

Septicaemia Occur when infectious organisms or the toxins produced during their activity spread throughout 
body by the bloodstream (Shiel et al., 2008). 
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Table I.III. Distinct conditions of circulatory, metabolic and neoplasic origin recorded as cause of death in the 

Bocage Museum digital database. 

Other pathological conditions 

Cardiovascular diseases: According to Shiel and co-authors (2008: 71), cardiovascular diseases are a large group of conditions that 
affect the heart and blood vessels and include: arteriosclerosis, coronary artery disease, heart valve disease, arrhythmia, heart 
failure, hypertension, orthostatic hypotension, shock, endocarditis, diseases of the aorta and its branches, disorders of the 
peripheral vascular system, and congenital heart disease. 

Chest angina  Also called angina pectoris, is a chest pain due to the inadequate supply of oxygen to the heart 
muscles (Shiel et al., 2008). In agreement with the same authors, angina pectoris may come with or 
be a sign of a heart attack. 

Mitral disorder  Characterized by a malfunction of the mitral valve, which allows the backflow of blood from the left 
ventricle into the left atrium (Shiel et al., 2008). 

Arteriosclerosis A circulatory disease due to hardening and thickening of the walls of the arteries. This condition has 
distinct aetiologies such as medical calcification, hypertension or arteriolar sclerosis and may lead to 
heart attacks, strokes as well as peripheral vascular disease (Shiel et al., 2008). 

Heart asystole A type of cardiac arrest characterized by the absence of electrical activity in the heart and leading to 
total standstill of heart beatings (Shiel et al., 2008). 

Cancer diseases: An umbrella term that refers to a vast group of conditions characterized by an abnormal growth and proliferation 
of cells, in an uncontrolled fashion, which in some cases may travel (or metastasize) to other regions of the body through the 
blood or lymphatic stream (Shiel et al., 2008). The same authors point out that cancer is not one disease but a host for more than 
100 different conditions. 

Gastric carcinoma Also called stomach cancer, it is a malignant tumour of the stomach that can develop in any part of 
it and spread to other organs (Shiel et al., 2008). 

Larynx carcinoma Or laryngeal cancer, it is a malignant tumour of the larynx or voice box, which frequently affects 
individuals over the age of 55, especially those who were heavy smokers (Shiel et al., 2008). 

Prostatic cancer A malignant tumour that develops in the prostate and that is responsible for a high rate of deaths 
among males (Shiel et al., 2008). 
 

Miscellaneous conditions 

«Caquexia senil»  A general term for dementia which is characterized by a significant loss of intellectual abilities, such 
as memory capacity, impairment of attention, orientation, judgement, language and motor or 
spatial skills (Shiel et al., 2008). Besides Alzheimer’s diseases Shiel et al. (2008) refer to other causes, 
namely, alcoholism, brain injury, vascular dementia, brain tumours, drug toxicity, brain infection, 
syphilis, meningitis, Creutzfeltdt-Jacob disease, hypothyroidism, etc. 

Diabetes Generally, diabetes is a chronic condition associated with an abnormal level of glucose in the blood 
and urine (Shiel et al., 2008). 

Diabetic coma In extreme cases, the uncontrolled diabetes associated with ketones in the blood stream may lead 
to a deep unconsciousness or coma state (Shiel et al., 2008). 

Hepatic cirrhosis Or simply cirrhosis, it is a liver disease characterized by an irreversible scarring of this organ. Many 
aetiological factors can underlie it, such as alcohol and viral hepatitis (Shiel et al., 2008). 
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Table I.IV: List of all bone samples extracted for microscopic analysis from the Identified Human Collection from the 

Bocage Museum. 

 
Groups 

Individual profile Bone sample 

Sk. Sex Age at 
death 

Cause of death Bone 
laterality 

Location Size Type 

 
 
 
 
 
 
 
 
 
 
 
 
Group 1 

102 M 48 Pulmonary TB 3rd right rib Middle portion l=1.1cm 
w=1.5cm 

P 

154 M 35 Pulmonary TB 6th right rib Vertebral 
portion 

l=0.5cm 
w=1.5cm 

P 

332 M 41 Pulmonary TB 5th left rib Sternal portion l=2.5cm 
w=1.0cm 

P 

470 M 68 Pulmonary 
TB 

6th right rib Vertebral 
portion 

l=2.0cm 
w=1.5cm 

P 

1227 M 21 Pulmonary TB 7th left rib Sternal 
portion 

l=2.1cm 
w=1.2cm 

P 

1235 M 50 Pulmonary TB 5th right rib Sternal portion l=1.3cm 
w=1.5cm 

P 

1242 M 78 Pulmonary TB 2nd right rib Sternal portion l=1.5cm 
w=1.0cm 

C 

1299 M 26 Pulmonary TB 4th right rib Sternal portion l=1.5cm 
w=1.5cm 

P 

1383 F 22 Pulmonary TB 5th right rib Sternal portion l=2.0cm 
w=1.4cm 

P 

1583 F 9 Pulmonary TB 11th right rib Vertebral 
portion 

l=1.0cm 
w=0.7cm 

P 

1604 F 45 Pulmonary TB 5th left mett. Distal portion l=1.0cm 
w=1.0cm 

P 

 
 
 
 
Group 2 
 
 

119 F 64 Bronchop. 5th left 
Mett. 

Distal portion l=1.0cm 
w=1.0cm 

P 

270 M 50 Bronchop. 7th right rib Sternal portion l=2.2cm 
w=1.0cm 

P 

1429 M 26 Pulmonary 
congestion 

Ind. left rib Vertebral 
portion 

l=2.5cm 
w=1.0cm 

P 

1534A M 2 Pneum. Right fibula Distal portion l=1.2cm 
w=0.5cm 

P 

1534A M 2 Pneum. Left rib Vertebral 
portion 

l=2.0cm 
w=1.0cm 

P 

 
 
 
 
 
 
Group 3 
 
 
 
 

54 M 24 Pulmonary TB Right tibia Lower portion l=1.5cm 
w=0.5cm 

P*f 

119 F 64 Bronchop. 9th right rib Distal portion l=2.0cm 
w=1.5cm 

P*f 

135 M 86 Decrepitude Right femur Distal portion l=2.5cm 
w=2.5cm 

P 

198 M 68 Urinary sepsis Right fibula Distal portion l=2.0cm 
w=1.0cm 

P*f 

457 M 66 Rectus carcinoma 5th left rib Sternal portion l=3.0cm 
w=2.0cm 

P 

1138 M 86 Bronchop. 4th right rib Middle portion l=1.0cm 
w=1.5cm 

P 

1196 F 75 Arterioscl. Right radius Distal portion l=1.7cm 
w=2.0cm 

P*f 

1196 F 75 Arterioscl. Right rib Sternal portion l=6.0cm 
w=1.0cm 

P 

1412 F 81 Arterioscl. 
Stroke 

Right tibia Distal portion l=2.0cm 
w=2.0cm 

P 

1484 M 73 Gastric ulcer Ind. right rib Sternal portion l=2.0cm 
w=2.0cm 

C 

Legend: P, pathological samples; P*f, pathological samples with bone fracture; C, control sample. 

 

 

Table I.V: List of the bone samples collected from archaeological specimens for microscopic analysis. 
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Catalogue number Necropolis Chronology Profile Bone sample Diferential 
diagnosis 

PAH/C_SG.24_SK.2 Constância, 
Portugal 

14th-19th centuries Young male Rib TB 

PAH/C_SG.25_SK.2 Constância, 
Portugal 

14th-19th centuries Young female Rib TB 

PAH/C_SG.19_SK7 Constância, 
Portugal 

14th-19th centuries Middle aged/old 
female 

Rib Metatastic 
carcinoma 

Porto UE 5041-70 Porto, Portugal 19th century Adult  Left tibia 
Lower 

extremity 

Massive bone 
outgrowths 

Porto UE 6451.65 Porto, Portugal 19th century Adult male Middle section 
of left fibula 

diaphysis 

Non-specific 
periosteal 

bone reaction 

Praça da Figueira [1492] Lisboa, Portugal 18th century Adult male Left femur Calcified 
hematoma 

Praça da Figueira QT6 E3 
Sk.1310 

Lisboa, Portugal 18th century Adult female Left fibula Acquired 
syphilis 

Praça da Figueira Sk. 1429 Lisboa, Portugal 18th century Adult male Fibula Non-specific 
periosteal 

bone reaction 
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Figure I.I: Skeleton’s record form used to collect data. 

 

 





 

 

 


