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VORBEMERKUNG 
 

Die vorliegende Veröffentlichung basiert auf einer Habilitationsschrift, die an der Stiftung Universität 

Hildesheim eingereicht wurde. Die Habilitationsleistung erfolgte kumulativ. Die Schrift gliedert sich 

daher in eine Rahmenschrift und einen Appendix, in welchem die referierten Arbeiten in ihrer 

originalen, von den Verlagen gesetzten Form angehängt sind. Da mit der Veröffentlichung dieser 

Arbeiten die Urheberrechte an die jeweiligen Verlage abgetreten wurden, ist eine Wiedergabe im 

Rahmen einer weiteren Publikation rechtlich nicht zulässig. Um dennoch der Habilitationsordnung 

der Stiftung Universität Hildesheim gerecht zu werden, ist die vorliegende Form ein Kompromiss. Die 

Rahmenschrift ist hier in ihrem originalen Wortlaut wiedergegeben, der Appendix wurde entfernt. 

Die referierten Arbeiten sind aber bibliographisch benannt und können auf diesem Wege bei den 

jeweiligen Verlagen abgerufen und eingesehen werden. 
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ABSTRACT 
 

Human skeletal remains are one of several find categories from archaeological sites. The skeleton 

constitutes only a small part of a former living organism that was exposed to a variety of environmental 

factors. As a highly adaptive mineralized tissue, bone – and to a lesser extent also teeth – stores 

information on an individual’s life. Reading out this information contributes to the historical 

understanding of individuals and societies from the past. However, obtaining this information can be 

challenging in many aspects, and, due to the very nature of the archaeological remains, the 

reconstructed picture of the individual and its society and environment will inevitably always be 

incomplete. In order to extract as much information from bones and teeth as possible, existing 

methods must be adapted to specific situations and the diagnostic approaches have to be developed 

beyond current limitations. 

The 17 international publications presented in this thesis are addressing the abovementioned goals. 

They cover a wide range of topics, mainly from the field of bioarchaeology, augmented by some studies 

on recent and fossil animal remains. The studies are organized in those dealing with metrical data, 

including sex determination methods and analysis of measurement error, the analysis of normal and 

abnormal conditions of bone, including paleopathological diagnostics, the impact of diagenetic agents 

on bone, and the presentation of cases where bioarchaeological analysis contributed to the 

understanding of the respective find situations. The methods applied in the studies cover a broad 

spectrum of approaches to study morphological properties of bones and teeth, including metrics, 

radiographic, and microscopic techniques. 
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1. INTRODUCTION 
 

The study of human skeletal remains from archaeological sites is more than just digging in the soil and 

puzzling together bones and bone fragments. In fact, investigators are faced with a huge number of 

contextually highly diverse questions when trying to extricate as much information as possible from a 

skeleton. Under perfect preservation conditions, 206 bones and 32 teeth (regular numbers in adults; 

deviant numbers in anatomical variants and in non-adults) serve as information-bearing biological 

structures, each of them being a potential source of information. These hard tissue elements represent 

the skeletal system as one part of a former living organism, composed of several interacting systems 

during life. Due to their highly dynamic, morphologically variable, and adaptive nature, hard tissues 

store information that provides insights into, for instance, growth and developmental dynamics, 

nutrition, and the health and disease status of an individual (DiGangi and Moore, 2013b; Ubelaker, 

1989). To a certain degree, the study of the skeletal system also allows to draw conclusions on the 

condition of the body’s other (soft tissue) systems.  

Commonly, skeletons from archaeological sites are not preserved completely but exhibit more or less 

severe post-mortem damage, thereby reducing the number of information-bearing structures and 

limiting the amount of valid conclusions that can be obtained. However, the nature and extent of post-

mortem damage to bones and teeth might itself be a source of information in some instances, e.g. 

regarding the treatment of the dead. Dead bodies that were exposed on the ground surface for some 

time or were placed on wooden scaffolds, as was a common burial practice in the North American 

Crow Indians (Ubelaker, 1989), will very likely exhibit gnaw marks from rodents or scavengers (Byers, 

2002), whereas those that were buried or covered with sediments shortly after death will likely not 

show such marks. Corpses exposed to heat in the course of funeral rites will exhibit varying changes in 

the collagen structure of their bones that can be used to roughly estimate to the applied temperature 

ranges (Witzel et al., 2020). Even more problematic is the study of commingled and scattered human 

remains. These raise additional questions and provide challenges for the investigator such as the cause 

of the commingling and disarticulation, the assignment of bones to specific individuals, and the 

assessment of the number of individuals represented by an assemblage (i.e., determination of the 

minimum number of individuals, MNI) (Tuller and Hofmeister, 2014).  

The primary aim of the investigation of human skeletal remains is to reconstruct some kind of 

biography of the respective individual. Skeletal remains can therefore be regarded as “bio-historical 

documents” (Schultz, 2011) that – in contrast to written sources – constitute a window into the life of 

past people that is not influenced by contemporary views and values. Basic information that can be 

retrieved from a skeleton are sex and age at death of an individual. Even the determination of sex may 
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sometimes be problematic, especially in young individuals, in adult skeletons showing severe post-

mortem damage or in the case of commingled remains. Despite an enormous amount of studies, age-

at-death estimation is still a highly problematic issue in bioarchaeology, even if complete and well 

preserved skeletons are available for study (Grupe et al., 2015; Nawrocki, 2010). Additional 

investigations can address stature and physical condition, as well as questions related to health and 

disease, including the determination of the possible cause of death. The latter aspects are addressed 

by the discipline of paleopathology, itself an enormously broad field of research in which “nothing is 

quite simple” (Grauer, 2012: 1). Secondarily, information on individuals may be bundled in order to 

gain group-specific information that can be used to study demographic and paleo-epidemiologic 

aspects, and possible interactions between people and their environment (DiGangi and Moore, 2013a).  

During the last decades, the study of human skeletal remains has increasingly become a 

multidisciplinary enterprise (Buzon, 2012). Traditional morphological techniques were amended by 

molecular approaches, especially aDNA and stable isotopes analyses (Grupe et al., 2015). 

Paleopathology is increasingly striving for evidence-based diagnoses, thus closely connecting 

paleopathological investigations with clinical (medical) studies. Additionally, the findings of the 

different disciplines are increasingly embedded in the archaeological and historical context (Buzon, 

2012). The investigations on the Bronze Age site of Qatna, from where some findings are reported in 

the present summary (Flohr and Witzel, 2011), are a good example for such a multidisciplinary 

approach (Pfälzner, 2011).   

As most of the studies summarized here were developed in the course of investigations on 

archaeological human remains, they cover a wide range of topics from metrical studies on sexual 

dimorphism of human canines and on measurement error, over differential diagnosis of middle ear 

diseases in archaeological skeletons and the analysis of commingled human remains, to histological 

characteristics of normal and abnormal growth in deer antler. Animal bones can serve as model 

structures that contribute to the general understanding of bone biology, but were also analyzed as 

objects in paleopathological studies, as the fundamental principles of bone biology and pathology are 

the same across vertebrates (Romer, 1976): osteoblasts produce organic matrix that mineralizes, 

osteocytes are differentiated osteoblasts embedded in the intercellular matrix, and osteoclasts are 

large, multinucleated cells that resorb bone. These bone cells interact and are influenced by various 

systemic and local factors (Hurley and Lorenzo, 2004). Thus, animal bone can be studied principally in 

the same way as human bone, although many animal groups have their specific characteristics that 

have to be considered. For example, humans are dependent on vitamin C, the chronic shortage of 

which causes scurvy. Sub-periosteal bleedings in the course of the disease can trigger periosteal new 

bone formation and thus form the basis for diagnosing scurvy in human skeletons (Klaus, 2017). 
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Contrary to humans, some mammals, e.g. pigs and dogs, are able to synthesize vitamin C. This must 

be kept in mind when discussing potential causes of periosteal new bone formation in humans and 

non-human mammals (Weston, 2008).  

Since the number of details that may be studied in a skeleton is countless, not all possible aspects can 

be considered here, especially as findings from a study often lead to further questions (DiGangi and 

Moore, 2013a). From this point of view, the composition of the studies summarized here is indeed 

fortuitous to some degree. However, the summarized studies address aspects of bones and teeth 

which turned out to be relevant during investigations in several anthropological projects, first of all 

during the investigation of an early medieval cemetery, excavated near the city of Greding (Germany) 

of the human remains from the Bronze Age found alongside the river Tollense (Germany), from the 

excavations on the Bronze Age king’s palace of Qatna (Syria), and other projects.  

The studies presented here include morphognostic and morphometric investigations on hard tissues 

and their variation at both, the macroscopic and the microscopic level, including normal and abnormal 

(pathological) conditions. Although these approaches as such are rather traditional, there are still 

many open questions concerning a valid extraction of information from hard tissues. For example, 

most bioarchaeologists will probably agree that during the examination of archaeological bones quite 

often details are encountered that cannot be interpreted satisfactorily on the basis of the existing 

knowledge. Which values fall within the range of normal variation and which lie beyond the limits of 

“normality”? What is the etiology of an abnormality and which impact did the observed condition have 

on the individual? In the absence of soft tissues, an evidence-based diagnosis is often difficult, 

especially since subtle changes that are readily observable in dry bones are often invisible on clinical 

examination and may therefore go undiagnosed, even when using radiographic methods (Mays, 2012). 

The interpretation of morphological variation in a broader sense includes also taphonomic aspects. 

Diagenetic factors might for instance cause damage to bones and teeth that can either eliminate 

intravitally formed structures or mimic intravital changes (Marden et al., 2013). Post mortem damage 

and invaded soil particles in the spongy epiphyses might for instance be confused with metastatic 

changes (Mays, 2012). Taphonomic aspects must also be considered in the case of incomplete or 

commingled human remains. In those cases, the osteological analysis might comprise the search for 

the cause(s) of the lack of body parts, the caus(es) of commingling, or the challenge to assign bones 

and bone fragments to specific individuals.  

The study of hard tissues in bioarchaeology can contribute to the existing knowledge in two basic ways. 

First, information from previous studies and established procedures and methods can be applied to 

newly gathered materials. For example, numerous studies have been performed on morphognostic 

and morphometric traits in order to analyze sexual dimorphism in the human skeleton. Based on 
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observed sex differences, numerous methods to determine biological sex in skeletons have been 

developed (Buikstra and Ubelaker, 1994; Sjøvold, 1988). Applying these methods to further individuals, 

while contributing little to the understanding of sexual dimorphism itself, can provide critical insights 

into the demographic composition of a skeletal assemblage. Similarly, knowledge of morphological 

traits that characterize specific pathologies enables the diagnosis of a particular disease and its 

frequency in an assemblage, thereby providing important paleo-epidemiological information. 

The second way in which the study of hard tissues in bioarchaeology can broaden our knowledge 

concerns the understanding of normal and pathological tissue characteristics and dynamics itself, 

regardless of their cultural, historical or environmental context. For example, the study of bone 

formation or remodeling processes in specific conditions can contribute to the development of 

diagnostic and differential diagnostic approaches in paleopathology. Lively discussions have taken 

place regarding the value of single case studies (Armelagos and van Gerven, 2003; Mays, 2012). Case 

studies of the sort of “another case of…” are probably indeed of rather limited scientific value. While 

in the case of more common diseases (such as osteoarthritis), reports of this type do not provide novel 

insights, this may in contrast be the case with very rare or at least rarely reported conditions. In 

general, case studies can contribute to the development of diagnostic criteria, thus helping to interpret 

certain abnormal conditions in skeletons, especially in diseases where clinical examination techniques 

such as radiographs are of minor diagnostic relevance. There is an enormous need for further 

diagnostic criteria to assist differential diagnosis in paleopathology and for a thorough appraisal of 

those currently in use. As Miller et al. (1996) pointed out, even for experienced bioarchaeologists the 

chance of obtaining a false specific diagnosis is very high, while it is low in assigning cases to more 

general groups of diseases. This suggests that more sophisticated diagnostic criteria are needed to 

improve the reliability of diagnoses in paleopathology. In this context, the histological study of 

pathological specimens can considerably contribute to achieving more reliable diagnoses (Schultz, 

2003; van der Merwe et al., 2008). 

The present summary is characterized by a mixture of studies possessing a reporting character, papers 

discussing differential diagnostic features exemplarily on single cases, and more hypothesis-driven 

studies involving larger study samples.  
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2. METRICAL CHARACTERISTICS OF BONES AND TEETH 
AS A SOURCE OF INFORMATION 

 

Probably one of the first approaches to characterize variation in osteology was to measure distances, 

circumferences, and angles on the objects under study (Bräuer, 1988; Orschiedt et al., 2011; Slice, 

2005). This traditional approach was applied first of all to describe the size of a specimen and to 

quantify purely descriptive relative terms such as “little”, “tall”, “wide”, “small”, etc., which are not 

very informative (Lasker, 1994). For example, “small” means “small compared to something else” and 

the object for comparison acts as reference for the actually described object. For example, a 

chimpanzee skull is relatively small compared to a human skull but relatively large compared to that 

of a gibbon. To quantify characteristics of objects by measurements allows to make such attributes 

comparable between different observers by replacing relative terms with absolute values. In addition 

to information on dimensions, basic information on shape can be obtained by traditional osteometry, 

viz. when distances are combined to dimensionless ratios or indices.   

Traditional tools in osteometry include osteometric boards, sliding calipers, and spreading calipers, 

which still are standard equipment in osteological laboratories (Buikstra and Ubelaker, 1994). 

Numerous additional tools for measurements on specific bones were developed such as the 

goniometer, mandibulometer, and craniophor (Bräuer, 1988). Especially in field studies, these 

instruments allow to obtain basic metric data on large samples in an easy, quick, and cost-effective 

way. This is of special importance at sites without access to modern technical equipment or in 

countries from which the export of skeletal material is prohibited. Today, the traditional approaches 

are supplemented – sometimes replaced – by digital systems such as the MicroScribe® system, optical 

3D-scanning systems or computed tomography. In contrast to the former (except for the craniophor), 

the latter systems provide three-dimensional information, and the obtained point clouds have to be 

processed with 3D-software packages. Geometric morphometrics (GM) is considered to be the current 

state of the art method for the analysis of shape (Slice, 2005).  

A basic assumption in many osteometric analyses (including GM) is that similar metrical properties 

(including shape) of different objects denote their common affiliation to a certain group. For example, 

males and females vary quantitatively in certain morphological parameters (Sjøvold, 1988). Analyzing 

these parameters in a skeleton can therefore be used for sex-assignment with a certain degree of 

confidence. Similarly, metric skeletal traits can be used as a potential source of information regarding 

the ethnic origin of an individual. In this case, morphological similarity is used as a proxy for genetic 

relatedness. Although metrical analyses of the skull are traditionally in the focus of anthropometric 

research, measurements on postcranial remains are also of interest for bioarchaeological and 
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paleoanthropological studies, as they can provide information on stature, age at death, sex, ancestry, 

and activity pattern (e.g. Byers, 2002; DiBennardo and Taylor, 1983; Frayer, 1980; Ruff and Hayes, 

1988; Stock and Macintosh, 2016). 

Statistical analyses of “traditional” osteometric data sets usually follow two different approaches. One 

approach is the analysis of contiguousness, i.e. the detection of patterns within a data set, thereby 

uniting individuals that share similar metrical properties in one group. Cluster Analysis is an example 

of such a “structure-detecting” procedure, frequently used in traditional osteometry (Brace et al., 

1989). Similarly, principle component analysis (PCA) detects pattern that allow to describe the 

variation within a set of data, and the combination of factors allows to cluster individuals to different 

groups. PCA is commonly employed in GM analysis. The other statistical approach analyzes the 

differences between members of groups. Here, the affiliation of individuals to a certain group is 

considered to be known, i.e. a structure is already detected, and the procedure analyzes the distance 

between the groups. Discriminant Analysis is an example of such a “structure-analyzing” procedure 

(Backhaus et al., 2000) which allows in a further step the assignment of individuals of unknown 

affiliation to a certain group. 

 

2.1.  Osteometry in sex determination and estimation of age at death 
 

The determination of sex is one of the standard analyses in the investigation of human skeletons 

(Buikstra and Ubelaker, 1994; Sjøvold, 1988). One should therefore assume that sex determination in 

human skeletal remains normally provides valid results. This is indeed mostly the case when (largely) 

complete skeletons are available for study. Generally, methods for sex determination provide best 

results when applied to the assemblages on which they were initially developed. When applied to 

other assemblages, results may be less satisfying as sexual dimorphism and morphological variation 

within the sexes can differ among populations of different provenance and from different time periods. 

A prominent example for a misinterpretation of skeletal traits for sex determination is the initial 

investigation on the skeletons excavated at the famous site Machu Pichu, Peru (Eaton, 1916). As the 

initial investigator of the skeletons was not aware of the generally more gracile morphology of the 

Andean people compared to other human populations, almost all skeletons were classified as female, 

leading to an erroneous interpretation of the site. A thorough re-investigation, considering the 

morphological properties of the native people and applying today’s standards, led to very different 

results (Burger and Salazar, 2012). It is therefore advisable to re-start the sex determination routine 

after a preliminary analysis of a couple of individuals from a certain assemblage, when the observer 
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has got an impression of the assemblage-specific morphological variability and the degree of sexual 

dimorphism (Grupe et al., 2015).    

 

Flohr, S., Brinker, U., Spanagel, E., Schramm, A., Orschiedt, J., Kierdorf, U. 2014. Killed in 

action? A biometrical analysis of femora of supposed battle victims from the Middle Bronze 

Age site of Weltzin 20, Germany. In: Martin, D.L., Anderson, C.P. (Eds.): Bioarchaeological 

and forensic perspectives on violence: how violent death is interpreted from skeletal 

remains. New York City, Cambridge University Press: 17–33. 

 

The human bones recovered along the Tollense valley in the federal state of Mecklenburg-Western 

Pomerania, Germany, provide an example of further potential problems that may arise in sex 

determination of archaeological bones. The find situation at the site is very complex, and the remains 

were found commingled and scattered along a stretch of about two kilometers in the valley of the river 

Tollense. Stable isotope analyses on a number of bones suggest that the total assemblage comprises 

two sub-groups: a more homogenous local group and a more diverse foreign group, probably 

originating from the Bohemian region (Price et al., 2019). Gross morphological sex determination and 

subsequent paleo-demographic assumptions derived from these determinations are problematic 

given that mainly isolated bones were available for study. The problem is aggravated by the facts that 

the affiliation of the bones to a specific group and the degree of sexual dimorphism within each of the 

groups are largely unknown. On the basis of gross morphological analysis using standard diagnostic 

criteria (Buikstra and Ubelaker, 1994; Ferembach et al., 1979), it was concluded that the remains 

mainly belong to male individuals, but that a few females were also present in the assemblage (Brinker 

et al., 2014). Unfortunately, no pelvic bones – the bone bearing the most reliable sex-dimorphic 

characteristics – with clearly female traits have yet been found. The results of the osteological analysis 

regarding the demographic composition of the assemblage were therefore questioned by some of the 

archaeologists from the project. The validity of the osteological results was also questioned because 

the site was interpreted as a large scale Bronze Age battle field (Jantzen et al., 2008) and it was 

expected to find solely remains of men (warriors). To clarify the situation, a metrical study on femora, 

one of the most frequently represented skeletal elements at the site, was performed (Flohr et al., 

2014a). Numerous studies on metrical sex determination in femora have been published before, 

whose results are commonly applied in forensic (e.g. Asala, 2001; Chiba et al., 2018) and 

bioarchaeological contexts (e.g. Dittrick and Suchey, 1986; Novak, 2016). These studies also suggested 

the existence of differences among populations, making the application of discriminant functions 

obtained in one assemblage to other assemblages a risky undertaking (Henke, 1979). Thus, for instance 

marked diachronic changes of body height – which can be inferred from femoral length – have been 
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demonstrated (Siegmund, 2010). The femora from the Tollense valley were therefore compared with 

those of individuals from a similar time period and broadly the same geographical area (middle Europe) 

to increase the validity of the comparison.  

The study was conducted on femora from the site Weltzin 20, the most extensively excavated spot 

along the Tollense river. For the study, two metrical approaches were chosen. First, traditional 

(external) measurements on the femora (bone length, head and midshaft diameters, and midshaft 

circumference) of 36 adult individuals (of unknown sex), which had been taken earlier (Brinker, 2009), 

were analyzed. Values of individuals from the Bronze Age site Franzhausen I, Austria (Berner, 1988), 

were chosen as reference. The reference assemblage from Austria was chosen not only because of its 

similar dating and the Central European origin of the people but also because it was assumed that in 

this case sex had been very reliably been determined due to a strict sex-related difference in the 

orientation of the bodies in the graves (Neugebauer, 1994), validated by morphological methods 

(Berner, 1988). 

The results showed that the mean values for femoral length, head diameter, and midshaft 

circumference of the Weltzin 20 assemblage were closer to those of the Franzhausen I males than to 

the females from the latter site, suggesting a high proportion of males in the Weltzin 20 assemblage. 

Mean values for the midshaft diameter were intermediate between those of males and females from 

Franzhausen I, allowing no further conclusions. The similarity of the Weltzin 20 values to some of the 

measurements of the Franzhausen I males could, however, alternatively be explained as indicating a 

generally more robust stature of the Weltzin 20 people.  

In paleoanthropology, a commonly used approach to detect possible subgroups within a larger 

assemblage is to analyze intrasample variation. The larger the intrasample variation, the more 

plausible is the assumption of a hidden group within the hypodigm. This approach led for example to 

the differentiation of Homo rudolfensis from the hypodigm of Homo habilis s. str. (Wood, 1992). In this 

sense, the intrasample variation of the Weltzin 20 assemblage was compared to those of the male and 

female samples from Franzhausen I, assuming that the variation in a mixed male-female-assemblage 

exceeds that of both a male-only and a female-only sample. The coefficient of variation (CV) was used 

as a measure of variability. The results showed that the CV of the Weltzin 20 assemblage exceeded 

that of the male and female sample, respectively, from Franzhausen I, suggesting that the Weltzin 20 

assemblage indeed comprises both males and females. The closeness to the Franzhausen I males 

would thus be the result of the high proportion of males in the Weltzin 20 assemblage.  

A closer view on the intrasample variation might allow to identify probable female individuals. Thus, 

for the transversal midshaft diameter, the values of the Weltzin 20 femora and those of, respectively, 
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the males and the females from Franzhausen I, overlap to a certain degree. However, some of the 

values of the Weltzin 20 assemblage are lower than the lower limit of the overlap range for males and 

females from Franzhausen I and therefore most likely represent females. One of these cases is even 

lower than the lowest one recorded for the Franzhausen I females. In a combined analysis of midshaft 

circumference and femoral head diameter, the results are similar: males and females from 

Franzhausen I are clearly separated with a small degree of overlap. The values for the Weltzin 20 

individuals, however, cover a wide range of variation of both sexes of the Franzhausen I assemblage 

(Flohr et al., 2014a). 

For the second approach, the “external” measurements were augmented by “internal” measurements 

in order to further characterize the assemblage and to contribute to the discussion on the demographic 

composition in the Weltzin 20 assemblage: based on CT-scans of the femora, virtual cross-sections of 

the midshafts were analyzed using the plugin MomentMacroJ v1.3 for the program ImageJ 1.45s. The 

underlying idea is rather simple: male femora exhibit on average larger cross-sectional areas and thus 

also higher bending and torsion rigidity. An assemblage of predominantly men should therefore 

possess higher average values than a mixed assemblage with similar numbers of men and women. In 

addition to the data obtained by external measurements, the analysis of cross sections allows 

conclusions regarding age at death, as cortical area decreases with higher age. Since no cross-sectional 

data from Franzhausen I were available, the data from Weltzin 20 were compared to some other 

largely contemporaneous assemblages of different cultures, comprising two Eneolithic (Bell Beaker 

and Corded Ware culture) and three Bronze Age (Únĕtice, Unterwölbling, and Wieselburger culture) 

assemblages (Sládek et al., 2006), for which data were available.  

The results showed that in comparison to male-female mixed assemblages, the Weltzin 20 assemblage 

exhibits the highest values for six of seven studied parameters. This suggests either that the Weltzin 

20 assemblage is exceptionally robust or that it represents mainly or solely men. The only parameter 

in which the Weltzin 20 femora show the lowest values, is the medullar area. This parameter is not 

related to sex but rather associated with age, suggesting an on average younger age at death of the 

individuals from Weltzin 20 compared to the other assemblages that represent individuals from regular 

burials.  

In total, the study confirmed the previous results of the osteological investigations that concluded that 

the Weltzin 20 assemblage mainly represents young adult males, but also suggested the presence of 

some females1. The presence of women in a battle field scenario – if applicable – is not unexpected, as 

                                                           
1 Meanwhile, aDNA analyses confirmed the assumption that remains of females are among the human skeletal 

specimens (Burger et al., 2020).  
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it is known from written sources of various cultures and time periods that women were present close 

to or even on the battle field in various functions, for instance in ancient Greek or Roman societies 

(Wintjes, 2012). Ancient Roman authors such as Plutarch, Caesar, and Tacitus describe the importance 

of women as accompanying person for the motivation of the Germanic warriors to fight for their 

families and tribes and also described an active role of women when it came to defending the camps 

or wagons (Plutarchus, 1988). Women were described as “active warriors” for the European Middle 

Ages (McLaughlin, 1990) and in Napoleon’s Grande Armée, women executed a number of important 

logistic tasks during and after battle (Elting, 1997). The presence of women’s remains intermingled 

with the bones of men suggests that women also played a role on the presumed battle field in the 

Tollense valley. 

 

Flohr, S., Kierdorf, U., Kierdorf, H. 2016. Odontometric sex estimation in humans using 

measurements on permanent canines. A comparison of an early Neolithic and an early 

medieval assemblage from Germany. Anthrop. Anz.: J. Biol. Clin. Anthropol. 73(3): 225–233. 

 

One advantage of the Tollense human skeletal remains is that they are very well preserved. This is not 

always the case, and quite often established methods, including measurements for sex determination, 

cannot be applied due to an advanced state of decay of a skeleton. In many environments, however, 

teeth are still well preserved and available for investigation even when bones are severely eroded. 

Teeth can therefore also be a source of information regarding the sex of an individual. Accordingly, 

there have been numerous studies on sexual dimorphism and sex determination based on tooth 

dimensions, given that men tend to have larger teeth than women (e.g. Ditch and Rose, 1972; 

Pettenati-Soubayroux et al., 2002; Rösing, 1983; Teschler-Nicola and Prossinger, 1998; Viciano et al., 

2011). The attempt to determine sex based on the analysis of tooth dimensions has another 

advantage: crowns of permanent teeth reach their final size during childhood, some of them long 

before puberty. In contrast, most sex-dimorphic skeletal traits develop only during puberty. Methods 

for sex determination have therefore been developed mostly for adults, and sex determination in non-

adult individuals is problematic. Although some studies on sexual dimorphism and sex determination 

methods in non-adults have been published (e.g. Gonçalves et al., 2011; Loth and Henneberg, 2001; 

Molleson et al., 1998; Schutkowski, 1993), no standard method for sex determination in non-adults 

has as yet been established, since the accuracy of the methods is rather low (Baker et al., 2010). A 

method that allows reliable sexing based on the analysis of permanent teeth would therefore 

significantly contribute to solving the problem of sex determination in skeletons of non-adult 

individuals. 
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Traditional measurement of tooth crowns considered their maximum mesiodistal and buccolingual 

diameters. This approach has serious problems regarding the reliability of the measurements – an issue 

that is addressed below in more detail – e.g. in rotated teeth or in teeth showing advanced wear. To 

overcome these difficulties, Hillson et al. (2005) introduced an alternative measurement that was 

assumed to be more reliable than the former methods. For this new approach, tooth size is measured 

at the level of the enamel-cement junction. Especially on the permanent canines, the teeth showing 

the highest sexual dimorphism in the human dentition (Cardoso, 2008; Ditch and Rose, 1972; Garn et 

al., 1966; Pettenati-Soubayroux et al., 2002), the landmarks used for these measurements are easily 

identified due to the curved course of the junction.  

However, also in this case possible population-specific differences in canine dimensions might limit the 

applicability of methods (Rösing, 1983). In an odontometrical study, canine dimensions taken at the 

enamel-cementum junction of two skeletal assemblages from Germany, an early medieval one from 

Greding, federal state of Bavaria, and an early Neolithic one (Linear Pottery Culture) from 

Wandersleben, federal state of Thuringia, were compared (Flohr et al., 2016). In both assemblages, 

sex determination was performed by experienced anthropologists on the basis of established gross 

morphological skeletal traits. The aim of the study was to develop discriminant functions for sex 

estimation in each group and to compare the applicability of the functions developed for one group in 

the other. 

The study showed that left and right canines had to be evaluated separately, as significant side 

differences were present for one variable. It further showed that sexual dimorphism in cervical canine 

dimensions was higher in the early medieval (Greding) than in the early Neolithic (Wandersleben) 

assemblage. The degree of dimorphism led to a high percentage of correct classifications in the early 

medieval assemblage, ranging from 88.9 % to 94.0 % for the total assemblage with the best 

classification rate in cross-validated cases of 96.7 % in males and 90.0 % in females. Due to the 

markedly larger canine dimensions of the females from Wandersleben, correct classifications were 

much lower in this assemblage, ranging from 65.4 % to 79.2 % for the total assemblage and a maximum 

rate of cross-validated cases of 81.8 % in males and 82.1 % in females. When discriminant functions 

developed in one assemblage were applied to the other assemblage, the rate of correct classification 

was poor. The main outcome of the study confirmed the view of Rösing (1983) that using tooth 

dimensions for sex determination is a promising approach also in non-adult individuals, but that 

discriminant functions need to be developed on individuals from the respective assemblage.  

In a follow-up study, this was done for the Greding assemblage (Flohr, 2020), which turned out to 

exhibit a marked sexual dimorphism of canine dimensions. The discriminant functions were applied to 

cases that had gross morphologically been determined as being “probably male” or “probably female” 
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and on undetermined cases (Fig. 1; Flohr, 2013). The latter category comprised also skeletons of 

children and juveniles. In the first two categories, the tentative classification resulting from the 

morphognostic sex determination was supported by the odontometric classification in most cases. In 

the category “undetermined”, the classification results suggested largely the same number of male 

and female individuals. However, as this category contained also non-adult individuals, the amount of 

female individuals may have been over-estimated. This is due to the fact that the formulae were 

derived from individuals who reached adulthood (“survivors” of childhood) but was applied on 

individual who died prematurely (“non-survivors” of childhood). It has been suggested that children 

with a weaker constitution, caused e.g. by malnutrition or disease, tend to be smaller, have smaller 

teeth and exhibit a higher mortality rate than children of more robust constitution (Cardoso, 2008; 

Guagliardo, 1982). Thus, a certain proportion of individuals of the male “non-survivors”-group might 

fall into the female range of variation of the “survivors” and therefore lead to wrong classification 

results with an over-estimation of the amount of female individuals (Guagliardo, 1982).  

 

 

Fig. 1: Results of applying the discriminant functions on all individuals of the Greding assemblage including those whose sex 
was determined only tentatively (“probably” male or female) or undetermined. Each column represents a single individual. 
Adopted from Flohr (2020). 
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2.2.  Osteometry and biomechanics in bone 
 

Bone is a highly dynamic tissue and has an enormous potential for adaptation to mechanical loads 

(Pearson and Lieberman, 2004; Ruff, 2018). Accordingly, the skeleton exhibits a remarkable phenotypic 

plasticity (Slijper, 1942) with the shape of a skeletal element being a result of the interplay between 

genetic and other, especially mechanical, factors. An impressive example for mechanical factors 

affecting bone shape are artificially deformed skulls. Here, the growing skull is forced to develop into 

an abnormal direction by external mechanical factors (boards and / or bindings). Similarily, the shape 

of the skull develops abnormally in the case of premature sutural obliterations (craniosynostosis) or in 

individuals with hydrocephalus. In postcranial bones, it was assumed that intrauterine pressure in the 

late phase of pregnancy is the main cause of femoral torsion in the fetus (Bonneau et al., 2011). 

Mechanical factors affecting the shape of bones concern mainly muscle traction. Significant differences 

in the shape of the tibial midshaft cross section were for instance found between athletes from 

different disciplines such as field hockey, long distance running, and swimming (Shaw and Stock, 2009). 

Significant differences were also found in professional tennis players for cortical dimensions of the 

humerus shaft between the playing arm and the non-playing arm (Haapasalo et al., 1996; Jones et al., 

1977). In general, the adaptive potential to shape bones decreases with age. This was for instance 

demonstrated in the humerus and radius of tennis and squash players who started their activities at 

different ages (Kannus et al., 1995). The shape of archaeological bones therefore reflects to a certain 

degree their use during infancy and childhood. 

 

Flohr, S., Rieger, A., Orschiedt, J., Kierdorf, H., Kierdorf, U. 2017. An osteometric study on the 

variation in orientation of the lesser trochanter in an early medieval human skeletal 

assemblage and comparison with an individual from the Late Upper Palaeolithic. Int. J. 

Osteoarchaeol. 27(5): 888–897. 

 

In the course of an investigation on human bones from the Late Upper Paleolithic (LUP) of Irlich, federal 

state of Rhineland-Palatinate, dating to 12,500–11,200 BP (calibrated AMS age), a rather unusual 

shape of the proximal femur was observed, with an orientation of the lesser trochanter in more dorsal 

direction (Orschiedt et al., 2017). According to anatomical textbooks, this apophyseal structure 

typically has a more medial orientation, and accordingly the lesser trochanter is visible when the femur 

is viewed from anterior. Due to the dorsal orientation of the lesser trochanter, this was not the case in 

the femur from Irlich. Published figures of femora from other individuals dating to the LUP show that 

this dorsal orientation seems to be relatively common during this period. It is documented for example 

for the male individual from the Bonn-Oberkassel double burial (Verworn et al., 1919), for the 
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Villabrunna 1 skeleton (Vercellotti et al., 2008), and for the skeletons Dolní Vĕstonice 13, 14, and 15 

(Trinkaus, 2006). This deviant orientation of the lesser trochanter is explicitly mentioned only in some 

of the cases, and a systematic analysis of this aspect has not been performed so far. On the basis of 

this observation, the question on the normal range of variation in the orientation of the lesser 

trochanter in a more recent population arose, and it was moreover asked, whether the orientation of 

the lesser trochanter in the individuals from the LUP falls out of this range.  

To answer these questions and to quantify the descriptive terms “more medially” vs “more dorsally”, 

an osteometric study on the orientation of the lesser trochanter was conducted (Flohr et al., 2017). 

The study used a MicroScribe® 3D digitizer that allows to generate point clouds in a three-dimensional 

Cartesian coordinate system. The obtained point cloud was used to measure distances and angles 

digitally using the software AutoCAD® 2010. Femora of individuals from the early medieval cemetery 

of Greding were chosen for comparison. These people possessed a sedentary lifestyle and are 

therefore considered to be representative of today’s morphology, whereas the LUP people were 

hunter-gatherers with a mobile life style.  

For analysis, eleven landmarks were defined, four on the proximal femur, four on the mid-shaft, and 

three on the distal femur, and seven angles and five distances were measured. The results showed 

that the Irlich 1 femur indeed falls outside the range of variation of the early medieval assemblage in 

some angular measurements that reflect the orientation of the lesser trochanter (Flohr et al., 2017).  

In humans, the lesser trochanter is well developed as a cartilaginous mass by day 52 of gestation. Its 

ossification center appears between 7 and 11 years of age, and fusion with the shaft of the femur 

occurs at 16 to 17 years (Scheuer and Black, 2000). The tendon of the iliopsoas muscle is initially 

attached to the cartilaginous mass and later to the bone tissue of the lesser trochanter (Knese and 

Biermann, 1958; Schneider, 1956). There is evidence that orientation and shape of the lesser 

trochanter are influenced by external forces acting on this structure during infancy and childhood, 

most importantly by the traction of the iliopsoas muscle. This becomes evident in children with 

cerebral palsy, in which the lesser trochanter exhibits an abnormal morphology, being thickened and 

hypertrophic and often displaced medially and ‘horn’-shaped (Lundy et al., 1998). 

Considering the anterior direction of the traction by the iliopsoas muscle, it is assumed that an intense 

use of this muscle during non-adult age causes a development of the lesser trochanter in anterior 

direction. The original (genetically determined?) position of the lesser trochanter is therefore assumed 

to be more dorsally. In the absence of marked traction by the iliopsoas, the trochanter remains in its 

original position. The more dorsal orientation of the lesser trochanter in some LUP specimens thus 

suggests that this muscle was less used during infancy and childhood compared to the early medieval 
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individuals. The reasons for this remain elusive. They may include the way infants were carried or the 

duration of carrying, as it was shown that the traction of the iliopsoas muscle is reduced when an infant 

is carried with its legs in flexed and abduced position (Schön and Silvén, 2007). Observations on ten 

hunter-gatherer societies revealed that infants were carried or held by their mother about half the day 

until the age of crawling in all studied societies, whereas this was the case in only 56 % of the studied 

groups from non-industrial societies with subsistence activities like agriculture, herding or fishing 

(Lozoff and Brittenham, 1979). It is therefore possible that infants were also carried longer in the LUP 

societies than in the early medieval period of Europe and that the more posterior orientation of the 

lesser trochanter reflects this difference.  

 

2.3.  Osteometry – reliability and measurement error 
 

Besides objectivity and validity, reliability is a central requirement in scientific research. Reliability 

refers to the consistency or repeatability of measurements (Field, 2011). Repeated measurements on 

the same object, either by the same observer (intra-observer error) or different observers (inter-

observer error), inevitably lead to different results. Since the object remains the same but the 

measurement results differ, a certain amount of measurement error is present in every osteometric 

value, i.e. a given measurement reflects the “true” dimension of the object and an unknown amount 

of measurement error. The aim of every osteometric study is thus to gain values with a high proportion 

of the “true” dimension and a small proportion of measurements error (DiGangi and Moore, 2013a). 

Since the “true” dimension is unknown by definition, the differences between the readings of repeated 

measurements allow assumptions on the amount of measurement error and thereby on the reliability 

of measurements.  

Two ways of quantifying measurement error are the calculation of the Technical Error of Measurement 

(TEM) and of the Coefficient of Reliability (R). TEM is defined as √(∑𝑑2) 2𝑛⁄  with 𝑑 being the 

difference between paired readings and 𝑛 the number of measured objects (Ulijaszek and Lourie, 

1994). R is defined as 1 − (
𝑇𝐸𝑀2

𝑆𝐷2
) with 𝑆𝐷 being the standard deviation of all measurements taken by 

the different observers (or repeated measurements of the same observer in intra-observer-studies).  

In general, measurement errors can contain two components: one is of a random nature, the other is 

a systematic one. These components can be described by the terms accuracy and precision. A 

commonly used model to visualize accuracy and precision is the pattern of hits on a target (Fig. 2). Hits 

that are located close together at the center of the target are precise (high repeatability) and accurate 

(Fig. 2a). Hits that distribute more or less symmetrically around the center of the target are still fairly 
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accurate as the error is of a more random nature but are less precise (Fig. 2b). Hits which are clustered 

on one side of the center indicate high precision but low accuracy (Fig. 2c). The random component of 

total error is low in this case but the systematic component (tendency toward a point aside the center) 

is marked. The hits illustrated in Fig. 2d are neither accurate nor precise.  

 

Fig 2: The pattern of hits on a target illustrate the concepts of precision and accuracy: (a) high precision and accuracy; (b) 
low precision but high accuracy; (c) high precision but low accuracy; (d) low precision and accuracy. 

 

Numerous factors can contribute to measurement error. In osteometric studies, one of them can be 

related to the landmarks. Osteometry requires the definition of landmarks, specific points on a bone 

or skull that serve as reference points for measurements and shape analyses. Landmarks can be poorly 

defined or difficult to identify in some cases, for example when the morphological variability was 

underestimated when defining the landmarks. According to Bookstein (1997), three types of 

landmarks can be distinguished with increasing problems regarding their reliability. Type I landmarks 

are characterized by the presence of clearly identifiable morphological structures such as intersections 

between cranial sutures. The anthropological point bregma, the point where the sagittal suture meets 

the coronal suture, is an example for such a type I landmark. Type II landmarks correspond to curvature 

maxima, such as the vertex, the highest point of the skull when it is oriented in the “Frankfort Plane”. 

The identification of this point might be difficult in skulls with a rather flat top. Type III landmarks 

represent extremal points, e.g. the ophistocranion, the most distant point to the glabella (which is 

itself a type II landmark). It was assumed that the use of type II and especially of type III landmarks can 

be problematic (Slice, 2005) due to their low reliability. However, this not necessarily precludes their 

use in osteometric studies (O'Higgins, 2000). An uncritical use of problematic landmarks, however, 

might lead to flawed interpretations of the data. An example for the problem was given above: 

problems in the identification of landmarks in tooth crowns led to the development of an alternative 

measurement protocol with a higher reliability (Hillson et al., 2005). Another example comes from 
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osteometric studies on ear ossicles. The three ear ossicles are the smallest bones of the human body 

and form a mobile chain that conducts vibration from the tympanic membrane to the perilymph of the 

inner ear via the oval window. Although frequently overlooked in bioarchaeology, these bones are 

often present and well protected in the tympanic cavity. Ear ossicles have been found even in early 

hominins including Australopithecus (Quam et al., 2013; Rak and Clarke, 1979) and in Neandertals 

(Arensburg et al., 1996; Quam and Rak, 2008). However, thus far only relatively few studies focused 

on ear ossicles. In these studies, the value of their dimensions and shape was evaluated differently. 

Arensburg et al. (1981) considered them a “nearly useless taxonomic parameter in the genus Homo” 

(p. 205). In contrast, Quam and Rak (2008) assumed that “ear ossicles may be an under-appreciated 

source of phylogenetic information within the genus Homo” (p. 415) and in some studies, significant 

differences were found in metrical traits between different hominin groups by using traditional 

osteometric techniques (Masali and Micheletti Cremasco, 2006; Oschman and Meiring, 1991; Quam 

et al., 2014).  

Since ear ossicles are very small, the question arises, if these small distances can be measured reliably 

by using traditional osteometric measurement techniques. Assuming that a certain measurement 

protocol produces an average measurement error of for example 0.5 mm, this error is of higher 

relevance in very small objects such as ear ossicles compared to large objects such as femora. It 

therefore can be asked whether the contrary statements on the value of measurements of the ossicles 

were influenced by variation in the degree of measurement error in the respective studies. 

 

Flohr, S., Leckelt, J., Kierdorf, U., Kierdorf, H. 2010. How reproducibly can human ear 

ossicles be measured? A study of interobserver error. Anat. Rec. 293(12): 2094–2106. 

 

Hitherto, the question of reliability in ear ossicle measurements has received only little attention. For 

angular measurements, Heron (1923) stated that an error of about “6° must be allowed” (p. 12). As 

Heron provided no further information how this value was obtained it is likely that it represents an 

estimate rather than an empirically determined value. Quam and Rak (2008) reported in their study an 

“experimentally determined” intra-observer error of 2.5%. However, also in this study it remains 

unclear how this error was determined and what exactly it represents. We therefore conducted an 

osteometric study on ear ossicles in which distances and angles used by these authors were analyzed 

regarding their reproducibility and amended these measurements with additional, also evaluated 

measurements (Flohr et al., 2010). 

For the study, 119 mallei and 124 incudes from the early medieval cemetery of Greding were measured 

independently by two observers. In order to identify the amount of error of different steps of the 
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measuring procedure, two different procedures were analyzed. In procedure 1, the two observers 

independently performed the complete measurement procedure from the placing of the objects under 

the microscope, identification of landmarks, to the taking of the measurements. In procedure 2, both 

observers worked on the same photographs taken by only one of them. In doing so, the contribution 

of the positioning of the objects on the microscope table to the measurement error could be assessed.  

In the studied ossicles, the means of the linear measurements ranged from a quarter of a millimeter 

up to slightly more than eight millimeters. The differences of the means of the measurements of the 

two observers ranged from 0.1 mm to about 1.1 mm which corresponded to relative differences 

ranging between 2.5 % and 56.8 %. In some measurements, the differences were statistically 

significant (p < 0.05). However, the differences in means between the two observers did not correlate 

with the absolute dimensions of the measured structures.  

The study revealed that some of the measures defined by Quam and Rak (2008) led to rather good 

results regarding their reliability, while others produced poor results with mean differences between 

the observers of up to 9.6 %. It was figured out that a number of factors can contribute to the total 

amount of measurement error. These factors include the placing of the object under the microscope, 

the identification of the landmarks, and the handling of the measurement tools. The first factor is 

eliminated when different observers (or the same observer in a further measurement procedure) work 

on the same photograph of an object. Even the pure dimension of the object can influence the results: 

it was shown that in one measurement, one observer tended to measure larger values with increasing 

length of a measure. The decisive reason for the poor reproducibility in some measurements, however, 

is most likely attributed to an insufficient definition of landmarks and axes.  

 

3. NORMAL AND ABNORMAL BONE MORPHOLOGY AS A 
SOURCE OF INFORMATION 

 

Morphometric techniques allow to quantify properties of bones and teeth. The results are given in 

absolute values with any numbers of decimal places and therefore suggest a high degree of reliability 

– despite the potential sources of error discussed above. The study of qualitative properties of bones 

and teeth (morphognostic approach) is based on visual inspection and may appear more subjective 

and therefore less trustworthy. However, not every aspect in bones can be measured and in assessing 

macro and micro-morphological analyses, highly valuable results can be gathered from bones and 

teeth whose importance can exceed that of the results obtained from metrical analyses.  
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In general, archaeological bones mirror the condition of an individual at the time of death. However, 

every individual, even newborns, possess a more or less long life history. Reconstructing this history of 

life from the skeleton provides a much broader insight into the living conditions and the fate of past 

people than it is reflected by the “snapshot” at the time of death. Especially micro-morphological 

studies allow to reconstruct dynamic processes of growth and development and their possible 

disturbances by studying formation and remodeling processes of bones and teeth (Becker et al., 2020). 

Micro-morphological analyses can thus also contribute importantly to the diagnosis of pathological 

conditions (de Boer et al., 2013; de Boer and Maat, 2018; Schultz, 2003). The interpretation of micro-

morphological properties of bones and teeth is based on the knowledge of normal and abnormal 

formation and remodeling processes in bone and dental tissues. 

 

3.1.  Reconstruction of normal formation and remodeling processes in 
bones 

 

In general, bone can be formed in two ways, either by replacement of previously formed cartilage or 

by direct differentiation from mesenchymal connective tissue (Allen and Burr, 2013). These two ways 

are referred to as endochondral and intramembranous bone formation, respectively (e.g. Allen and 

Burr, 2013; Standring and Gray, 2005). Intramembranous bone formation is a direct bone formation in 

which a scaffold of connective tissue produced by osteoblasts mineralizes by the deposition of apatite 

crystals. Bone formation on the basis of initially formed cartilage constitutes two processes, the 

perichondral and the endochondral one (Tillmann, 2003; Welsch et al., 2014). The latter is an indirect 

bone formation process in which cartilage is resorbed and subsequently replaced by bone. In places, 

some remnants of the mineralized cartilage might persist within the newly formed bone tissue. 

Endochondral bone formation usually starts from inside a cartilaginous “model” as is suggested by the 

prefix “endo-“, for example in the epiphyses of long bones. Perichondral bone formation, in contrast, 

is a direct bone formation process based on periosteal activity (initially of the perichondrium that turns 

into the periosteum). It therefore constitute an intramembranous bone formation mode (Welsch et 

al., 2014). Once a bone is formed, a life-long remodeling takes place in which older tissue is replaced 

by younger one. Before attaining the peak bone mass in early adulthood, formation exceeds 

resorption, while the opposite is the case after the peak bone mass has been reached and total bone 

mass decreases with age (Bartl, 2014).  

The spatial organization of the collagen fibers of the extracellular bone matrix plays an important role 

in the interpretation of archaeological cases, especially in paleopathology. It can be visualized by 

microscopic techniques, e.g. by examining thin ground sections under polarized light. Collagen fibers 
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organized in parallel bundles are suggestive of a slow formation process, while an irregular collagen 

fiber orientation is suggestive of a rapid formation process. The latter is often indicative of a 

pathological process (Burr and Akkus, 2013). Different forms of collagen fiber orientation on both sides 

of a clearly marked (and often scalloped) border (reversal line) are suggestive of an osteoclastic bone 

resorption and a subsequent refilling of the resorption spaces and therefore indicate bone remodeling. 

Based on collages fiber architecture and degree of bone mineralization, it is also possible to distinguish 

between bone moieties formed during repetitive remodeling cycles. Thus, on BSE-images younger, less 

mineralized bone appearing darker than older, more highly mineralized bone.  

 

Kierdorf, U., Flohr, S., Gomez, S., Landete-Castillejos, T., Kierdorf, H. 2013. The structure of 

pedicle and hard antler bone in the European roe deer (Capreolus capreolus): a light 

microscope and backscattered electron imaging study. J. Anat. 223(4): 364–384. 

 

Antler is the only skeletal element in mammals that is periodically lost and regenerated completely. Its 

rapid growth makes antler a good object for the study of microscopic characteristic of normal bone 

formation processes in mammals (Kierdorf et al., 1994; Kierdorf et al., 2003). Although antler 

formation slightly differs from that of other mammalian long bones, the fundamental mechanisms are 

the same. Long bones grow mainly by forming growth plates and secondary ossification centers. This 

is not the case in antler that shows a specific form of endochondral ossification (Banks and Newbrey, 

1983; Kierdorf et al., 1995). The tips of the growing antler are populated by rapidly proliferating 

mesenchymal cells that sequentially differentiate into pre-chondroblasts and then chondroblasts. In 

this way, a trabecular framework of hyaline cartilage is formed. The trabecula of the framework 

become thicker by apposition of new cartilage. The spaces between the trabecula contain blood 

vessels surrounded by connective tissue. Later, and in concordance to bone formation in other skeletal 

elements, several steps occur simultaneously: the cartilage mineralizes, woven bone is deposited on 

the cartilage scaffold, and the cartilage becomes replaced by bone tissue. This process corresponds to 

endochondral bone formation. In the proximal antler, intramembranously formed bone is deposited 

on the cortex by the perichondrium/periosteum, causing an increase in thickness of the antler and 

forming the typical protuberances (“pearls”) of proximal deer antler. This kind of bone formation fades 

out more distally as less time is available for periosteal bone formation in the distal antler before the 

velvet is shed off and the antler becomes necrotic. Considering the extraordinary high speed of bone 

growth in antlers (elongation > 1 cm / day during the peak growth phase) and the very short formation 

time, antler provides relatively large sized bone samples that show only very minor (antler base) or 

almost no (antler tip) changes by remodeling processes.  
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In order to reconstruct the developmental processes of primary bone formation in antlers and its 

subsequent remodeling we investigated cross sections of dry bony antler from five European roe deer 

(Capreolus capreolus) bucks by light microscopy and backscattered scanning electron microscopy 

(Kierdorf et al., 2013). In each specimen, two samples of the antlers were taken, one close to the tip 

(distal antler) and one close to the pedicle (proximal antler). In addition, the bone attaching the antler 

to the skull, i.e., the so-called pedicle, was sampled. The pedicles are permanent outgrowths of the 

frontals that function as a base from which the periodic regeneration of the antlers takes place. The 

regeneration blastema from which the new antler growth starts is established on the casting surface 

of the pedicle and supplied by blood vessels sprouting from those of the pedicle. The arteries that 

supply the rapidly growing antlers run mainly in the vascular layer of the velvet while the venous return 

mainly occurs in the interior of the antler. When the velvet is shed, the blood supply ceases and the 

antler becomes necrotic. The dead (hard) antler is then used for combat, and, in consequence, the 

pedicle must possess a high rigidity to mechanical forces. Therefore, the pedicle bone is compacted 

during the hard antler phase. The seasonal antler loss is initiated by osteoclastic activity along the 

border between the living pedicle and the dead antler bone. Osteoclastic activity results in the 

development of large resorption lacunae in the pedicle (termed resorption sinuses by Kölliker 1873) 

after the rut which weaken the mechanical rigidity until the antler (along with a small portion of the 

distal pedicle) breaks off. Subsequently, the large resorption lacunae become centripetally infilled by 

appositional bone formation during the antler growth period and further up to the rutting season so 

that the pedicle regains its mechanical rigidity needed for the demands of the rutting fights. The two 

contrasting requirements – perviousness during the growth period of the antler and rigidity to 

mechanical forces during the hard antler phase – come along with deviant internal properties, one 

showing a high degree of porosity (unsuitable for combat), the other showing a highly dense structure 

(unsuitable for perviousness). With the next cycle, the blood supply is required and the blood vessel 

canals are formed again. Thus, the pedicle is expected to show morphological characteristics of severe 

remodeling processes. 

In our study, we found characteristic differences in the internal structure of the pedicles and the 

proximal and the distal antler. These difference can be interpreted as adaptations to the different 

biomechanical requirements of pedicles and antlers and the different lifespans of the proximal vs the 

distal antler portions.  

Compared to the proximal antler portion, the distal antler portions have less time for bone formation 

prior to velvet shedding. In roe deer, the distal antler portions showed a homogenous, dense structure 

on the entire cross section, mainly related to formation processes whereas signs of remodeling were 

scarce. Structures related to formation were first of all represented by the relatively highly mineralized 
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scaffold of woven bone which in some places contained remnants of mineralized cartilage. The latter 

differed from the woven bone by their higher degree of mineralization (lighter grey levels in the BSE-

SEM-images) and the size and shape of the cell (chondrocyte) lacunae which are larger and more 

rounded whereas osteocyte lacunae are smaller and more fusiform. The remnants of cartilage showed 

a scalloped outline indicating resorption of the mineralized cartilage and its incomplete replacement 

by bone. In a further step, lamellar bone was deposited onto the scaffold which filled the 

intertrabecular spaces and formed primary osteons containing one or multiple blood vessels and led 

to the compaction of the distal antler bone. An outer cortex was missing in the distal antler.  

In the proximal antler, the cross section area showed three zones with small transition zones between 

them. The inner zone consists of a cancellous framework of woven bone trabeculae and represents 

the primary scaffold. The intertrabecular voids are largest in the center, and become smaller towards 

the outer zone, which forms a dense and compact cortex, suggesting that the infilling process of the 

intertrabecular voids had occurred from outside to inside. The dense cortex of the outer zone again 

exhibits two portions: an inner portion, the main cortex, that consists of primary osteons which 

resemble the structures found at the distal antler and was thus formed by endochondral ossification. 

The outer portion consists mainly of woven bone, showing a higher autofluorescence compared to the 

other portions. In areas where it forms the ornamental structures (protuberances) known as pearls, 

some primary osteons were found. The outer cortex fades out distally and is absent in the distal antler. 

This reflects that the outer cortex had the most time to grow proximally and decreasingly less 

formation time in distal direction. Secondary osteons, reflecting remodeling, were scarce also in the 

proximal antler. However, in places, cement lines around some primary osteons indicate minor 

resorption on the scaffold prior to the formation of the osteons. Although cement lines are indicative 

of secondary osteons, in this case the osteons are considered primary ones because they did not 

replace formerly existing bone but rather filled up intertrabecular spaces lined by the scaffold. 

The histological appearance of the pedicles was dominated by sings of marked remodeling. 

Accordingly, the micro-architecture differed markedly between roe bucks that had died shortly after 

antler casting and those that had died during the hard antler period. In the latter, especially the inner 

area of the cross sections consisted mainly of secondary osteons and osteon fragments with numerous 

cement lines. Due to their older age, the osteon fragments were more highly mineralized as visible in 

the BSE-SEM imaging. In the former, the entire cross section appears more porous and the micro-

structure revealed numerous large resorption bays with scalloped borders (Howship’s lacunae) 

indicative of rapid osteoclastic resorption at the time of death. This condition reflects the changes from 

the need for high rigidity to mechanical forces with the dense, compact pedicle structure to the need 

for blood vessel supply during casting and subsequent antler renewal.  
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3.2.  Reconstruction of pathological processes based on the analysis of 
dry bones 

 

Diagnosing pathological conditions in archaeological skeletons is a challenging issue for different 

reasons. A main problem is that the term “disease” refers to a condition that is defined by a bundle of 

clinical signs and symptoms that can be found in living patients. The diagnostic procedure in clinical 

cases comprises different diagnostic approaches such as anamnesis, interviews for clinical symptoms, 

the duration and intensity of signs, visual inspection, blood tests, and functionality tests (Waldron, 

2009). Most of these approaches cannot be applied in archaeological skeletons. However, 

paleopathological analyses aims to ascribe a certain abnormal condition found in an archaeological 

skeleton using a term that refers to a certain disease in living humans. Ideally, paleopathologists and 

clinicians should come to the same diagnosis, the first by investigating the skeleton, the second by 

diagnosing the living patient. The more diagnostic criteria can be applied in common by both, 

paleopathologists and clinicians, the more reliable is the diagnosis by the paleopathologist. The less 

criteria can be applied in common, the more problematic is the paleopathological diagnosis (Mays, 

2012). Radiological techniques connect well clinical practices and paleopathological diagnoses (Wanek 

et al., 2012). In some diseases, the osseous condition constitutes the main clinical criterion for a 

diagnosis, as in fractures or bone tumors. In these cases, the paleopathological and clinical diagnostic 

procedures are very similar and the condition can easily be labeled with a certain (clinical) term. Most 

diseases, however, affect only the soft tissue, such as plague, appendicitis, sepsis, and cardiovascular 

diseases. Consequently, there are no diagnostic criteria in common between paleopathologists and 

clinicians, and the disease can thus not be diagnosed by morphological investigations of skeletons at 

all. Some of these diseases, however, might be identified by molecular analysis, for instance by aDNA-

analysis to identify Yersinia pestis, the bacterium that causes plague, or by analyzing extracellular 

matrix proteins (Schmidt-Schultz and Schultz, 2005). Other diseases will probably never be diagnosed 

in archaeological skeletons. In a number of diseases, bones are affected in addition to soft tissues, 

which provides an opportunity for diagnosis in archaeological bone. However, bone reacts in a rather 

stereotype way to a disease challenge, viz. by bone formation via osteoblastic activity, bone resorption 

via osteoclastic activity or a combination of both processes (Ragsdale and Lehmer, 2012). Thus, in many 

diseases, bone is affected by the disease, but the changes on the bones are rather unspecific. This is 

the case for instance in periosteal new bone formations. Consequently, in those cases, sometimes only 

a most likely diagnosis can be provided but other diagnoses must also be taken into account 

(differential diagnosis). Therefore, paleopathological diagnoses should be based on as much details as 

possible to reach a certain degree of validity. Such details include for instance a careful description of 

the lesions (properties of the borders of the lesion and its surface characteristics) and information on 
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the distribution of the lesions within the skeleton (symmetry, affection of specific areas such as trunk 

or extremities). In the course of the study of archaeological bones, however, a number of osseous 

changes can be encountered that are not relevant for or not even visible in clinical diagnosis and 

therefore difficult to interpret (Wanek et al., 2012). A good example might be Cribra orbitalia, a 

condition of the orbital roof that is frequently seen in archaeological bones. While this condition is 

often viewed as an indicator of anemia, other authors refute this view (Mays, 2012; Walker et al., 2009; 

Wapler et al., 2004). In consequence, many authors interpret Cribra orbitalia as an “unspecific stress 

marker”. Clinicians contribute only little to this discussion, as these changes are of only minor clinical 

relevance. 

One advantage of the study of archaeological bones is that pathological changes can be studied directly 

and samples can be extracted for microscopic analyses. Such analyses can provide valuable insights 

into the process leading to a certain lesion.  

 

Flohr, S., Kierdorf, U., Schultz, M. 2009. Differential diagnosis of mastoid hypocellularity in 

human skeletal remains. Am. J. Phys. Anthropol. 140(3): 442–453. 

 

Flohr, S., Hartmann, A.K., Kierdorf, H., Schultz, M., Kierdorf, U. 2019. Histomorphological 

study on hypocellular mastoids in archaeological human bones. Int. J. Paleopathol. 26(1): 

27–36. 

 

The mastoid process is a cranial structure that frequently exhibits abnormal conditions in 

archaeological bones (Flohr and Schultz, 2009a, 2009b). Some authors hold that a spongy (diploetic) 

mastoid process represents a normal, non-pathological morphological variation (Sade et al., 2006; 

Schulter-Ellis, 1979; Schwarz, 1929). However, most investigators agree that the normal condition is 

represented by a fully pneumatized mastoid process and that hypocellularity is a pathological 

condition. According to Wittmaack’s concept of “normal and abnormal pneumatization” (Wittmaack, 

1918, 1932), an abnormal development of the mastoid air cell system is the result of a pathologically 

altered middle ear mucosa that is responsible for the pneumatization process during early childhood. 

Moreover, it is known from clinical reports that infectious diseases in the tympanomastoid 

compartment and mastoiditis can cause osseous changes in the mastoid process (Nadol, 2010). Acute 

phases of mastoiditis are characterized by resorptive bone changes, and in the phase of healing, new 

bone formation can occur (Fleischer, 1979; Schätzle et al., 1975; Stewart, 1928). 

In paleopathology, hypocellular mastoid processes are frequently regarded an indicator of chronic 

otitis media (COM). Indeed, COM is often associated with mastoid hypocellularity. On the basis of this 

observation, Homøe and colleagues studied the proportions of the pneumatized and non-pneumatized 



33 
 

portions of the mastoids in patients with known disease history. They then applied their findings on 

historical cases in order to diagnose COM in archaeological bones (Homøe et al., 1992; Homøe et al., 

1994; Homøe et al., 1996b; Homøe et al., 1996a; Homøe, 2001; Homøe et al., 2010; Homøe and 

Lynnerup, 1991). However, mastoid hypocellularity can develop in different ways. It can be caused by 

an impaired pneumatization process in early life, by a secondary obliteration of already existing air 

cells later in life, or by a combination of both processes.  

On the basis of radiological examinations, earlier authors distinguished “normal”, “diploëtic”, 

“sclerotic”, and “mixed” mastoid processes (Gregg et al., 1965; Gregg and Steele, 1982; Titche et al., 

1981). However, it remained open in these studies which morphological features exactly define a 

“sclerotic” or a “mixed” mastoid process. Moreover, the (clinical) relevance that might be associated 

with these conditions was not addressed, probably because it is not known in detail. In clinical 

practices, the pneumatization pattern of mastoid processes is usually only mentioned as a co-occurring 

factor in several middle ear diseases, but does not play a relevant diagnostic role on its own. One 

attempt to connect morphological conditions in the mastoids and clinical pictures or “diagnoses” was 

undertaken by Gregg et al. (1965) who stated that “diploëtic” mastoids represent an otitis media early 

in life while sclerotic mastoids represent “frequent or severe otitis media” (Gregg and Steele, 1982: 

460 see also Loveland et al., 1990 for similar interpretations).  

Given these uncertainties regarding the evaluation of hypocellular mastoid processes, we assumed 

that a closer view on different patterns of mastoid hypocellularity might allow a more differentiated 

diagnosis.  

In a study on archaeological bones, we distinguished three types of hypocellular mastoids based on 

clearly defined morphological criteria (Flohr et al., 2009). Our classification partly deviated from what 

other authors described as “diploëtic”, “sclerotic” and “mixed” mastoid processes (Gregg et al., 1965; 

Gregg and Steele, 1982; Titche et al., 1981). Type 1 hypocellularity is characterized by the lack of a 

clear boundary between the pneumatized and the non-pneumatized portion of the mastoid. Instead, 

the two portions are connected via openings of different size and shape. The diploëtic bone of the non-

pneumatized portion exhibits a variable degree of compaction. Compaction is more pronounced along 

the border with the pneumatized portion and decreases towards the tip of the mastoid. In advanced 

stages, the complete non-pneumatized portion can appear “sclerotic”. The existence of air cell-like 

voids in the sclerotic mass in a very advanced case suggests that the abnormal bone formation in this 

type of hypocellularity affects also the previously pneumatized portion of the mastoid process. When 

air cells are obliterated, this represents a combination of primary and secondary hypocellularity. Type 

1 hypocellularity can be associated with the osseous consequences of the occurrence of a 

“hyperplastic” mucous membrane in early childhood as described by Wittmaack (1918, 1932). Type 2 
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hypocellularity corresponds to the “diploëtic” mastoid process and clearly represents primary 

hypocellularity. It is characterized by a well-defined boundary between the pneumatized and the non-

pneumatized portion. The latter consists of regular trabecular bone. This type can be associated with 

the consequences of the “fibrotic” form of mucous membrane alteration in early childhood 

(Wittmaack, 1918, 1932). Type 3 hypocellularity represents a further form of secondary 

hypocellularity. In this case, previously existing air cells, detectable by their well-defined walls, are 

secondarily filled with rather dense bone masses. This can give the mastoid a “sclerotic” appearance. 

Type 2 and 3 hypocellularity can occur in combination. In these cases, a “diploëtic” portion is clearly 

separated from the pneumatized portion which is (partially) obliterated by newly formed bone. Type 

1 and 3 mastoid hypocellularity might correspond to what is described elsewhere as a “mixed” 

pneumatization pattern. 

Type 1 and 3 hypocellularity are characterized by abnormal bone formation and are thus considered 

pathological. In a follow-up study, a micro-morphological analysis was performed in order to 

reconstruct the formation processes in these types (Flohr et al., 2019). The results of this study suggest 

that the abnormal bone formation in type 1 hypocellularity starts in the voids of the indistinct border 

between the pneumatized and the non-pneumatized portion. The intermittent nature of bone 

deposition in type 1 hypocellularity is evident by the presence of several rest-lines. In places, formation 

of primary osteons was seen. In the course of further compaction, remodeling of the newly formed 

bone mass occurs, as indicated by a patchy pattern of reversal lines and the presence of secondary 

osteons. It remains unclear, however, if the different degrees of compaction seen in the archaeological 

specimens represent different stages of the disease process or different severities of the same process. 

Nevertheless, the signs indicative of intense remodeling and the presence of traces of osteoclastic 

resorption at the time of death in some cases suggest that type 1 hypocellularity represents a chronic, 

maybe recurrent condition. It is currently unclear which clinical picture corresponds to this condition. 

However, our findings match quite well Wittmaack’s descriptions of the condition seen in cases of a 

“hyperplastic” mucous membrane in which the epithelium but not the underlying connective tissue is 

altered in early childhood. In consequence, the subepithelial connective tissue pervades the diploë of 

the growing mastoid process, but the epithelial ingrowth, the formation of the mastoid air cells and 

the regression of the connective tissue do not occur (Wittmaack, 1926, 1932). The persisting 

connective tissue might thus form the basis for the bone formations described in type 1 hypocellularity. 

The observations in type 3 hypocellularity suggest that this type constitutes a different entity. Here, a 

clear border of mastoid air cells is present, even if larger bone masses are formed inside a former air 

cell. This newly formed bone consists of densely packed trabecular bone, appearing “sclerotic” on X-

ray images. The micro-structure of the newly formed bone resembles in parts that described for the 
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roe deer antler, i.e. there is a highly mineralized woven bone scaffold with scalloped contours, 

indicative of osteoclastic resorption on its surface, on which lamellar bone was laid down, thereby 

filling the intertrabecular voids. The walls of the former air cells exhibit also scalloped surfaces on 

which a thin layer of lamellar bone was deposited. The newly formed densely packed trabeculae inside 

the air cell were attached to this layer of newly formed lamellar bone on the air cell walls by slender 

osseous stalk. These findings suggest that in an initial phase of the process, the air cells were enlarged 

by osteoclastic resorption. In a later (recovery?) phase, a layer of lamellar bone was deposited onto 

the air cell wall. A connective tissue scaffold, maybe from granulation tissue, ossified in a way as 

described for the roe deer antler. This interpretation of the process of “depneumatization” is 

consistent with the diagnosis of mastoiditis, a sequel of otitis media, in a late/healing phase. 

Accidentally, a case was found in which the first two steps – enlargement of the mastoid air cell and 

the subsequent deposition of a thin layer of lamellar bone on the eroded surface – took place but no 

bone mass was formed inside the enlarged air cell. This case might reflect a variation in the course of 

mastoiditis in which the substance that filled the mastoid air cells differed from the cases in which 

bone masses are formed or it was resorbed – this interpretation, however, must remain speculative.   

 

Kierdorf, U., Miller, K.V., Flohr, S., Gomez, S., Kierdorf, H. 2017. Multiple osteochondromas of 

the antlers and cranium in a free-ranging white-tailed deer (Odocoileus virginianus). PLoS 

ONE 12(3): e0173775. 

 

The studies on the human mastoid processes demonstrated that the reconstruction of the formation 

process in an abnormal condition can help to gain a plausible diagnosis (Type 3 hypocellularity) but 

that a specific (clinical) diagnosis remains difficult in other cases (Type 1 hypocellularity). In a further 

case, an abnormal condition of the skull and antlers of a recent free-ranging white-tailed deer 

(Odocoileus virginianus) was analyzed in detail with the aim of arriving at a plausible diagnosis. In this 

case, findings known from human and domestic animals were applied to the bones of a wild mammal 

species. 

The incomplete skull together with only a few postcranial remains had been found in Georgia, USA. 

The skull and antler exhibited in total five pedunculated exostoses of different size (up to 55 cm 

circumference in the largest one), one located on the left zygomatic bone and four on the antler beams. 

The distal portions of the exostoses were porous and brittle, showing a pumice-like structure with 

numerous crevices and crater-like depressions, whereas the stalks exhibited a smoother surface. The 

specimen was documented photographically and CT-scanned. In addition, microscopic samples were 
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obtained from two exostoses together with their parent bones from the antlers and a further one from 

the exostosis on the zygomatic.  

The radiographic investigation revealed that the unaffected areas of the skull and antler showed a 

normal structure. In places where the exostoses had been formed, the antler cortex was disrupted and 

the cancellous bone of the parent bone extended into the exostosis. Moreover, the regular cortex of 

the parent bone continued into the small cortex that was present in some of the stalks of the exostoses. 

The overall radiodensity of the exostoses was low and similar to purely cancellous bone and, in 

addition, a number of small radiolucent areas were present in the outgrowth. Despite the continuity 

of the cancellous bone into the exostoses, the trabeculae of the parent bone and the outgrowth were 

easily distinguishable between the two portions in polarized light microscopy by the different 

orientation of the main collagen fibers in the woven bone trabeculae.  

The preferentially radial orientation of the trabeculae in the basis of the stalks suggests a rapid 

formation of the exostoses. While the proximal portions of the exostoses exhibited a rather regular 

organization, their distal portions showed a more irregular, reticular architecture. Moreover, these 

trabeculae were more slender and less mineralized than in the proximal portion as was demonstrated 

by BSE-SEM imaging. Towards the surface of the exostoses, small islands of mineralized cartilage were 

present that were typically more mineralized than the surrounding bone trabeculae. The island of 

mineralized cartilage exhibited scalloped outlines, indicating incomplete resorption of larger amounts 

of cartilage prior to bone formation. 

The macroscopic, radiologic, and microscopic findings suggest that the white-tailed buck suffered from 

multiple osteochondromas (osteocartilaginous exostosis). These benign tumors can occur solitary or 

multiple (osteochondromatosis) and account for about 35 % of all benign tumors in humans (Czerniak 

and Dorfman, 2016). The pathogenesis of osteochondromatosis is largely unknown (Kitsoulis et al., 

2008). In other animals, including the non-human primate Macaca mulatta (Matthews et al., 2012) 

and a whale (La Sala et al., 2012), these tumors have only occasionally been recorded and so far, only 

two cases of solitarily osteochondromas have been reported in deer (Kierdorf and Kierdorf, 1985; 

Williams et al., 1989). One characteristic of osteochondromas is the presence of a cap of hyaline 

cartilage that covers the surface of the outgrowth and resembles a growth plate in regularly formed 

long bones. Of course, this diagnostic important component was not preserved in the present case. 

However, remnants of mineralized cartilage as well as the numerous crevices and crater-like 

depressions suggested the previous presence of larger amounts of cartilage. The numerous radiolucent 

areas seen in the radiographs are interpreted as being voids of decayed hyaline cartilage.  
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It is known that osteochondromas may develop malignancy (chondrosarcoma, osteosarcoma) (Bovée 

et al., 2002; Czerniak and Dorfman, 2016). In such cases, the cartilage cap is less well defined, exhibits 

less clear borders, and shows an irregular pattern of mineralization (Czerniak and Dorfman, 2016; 

Resnick et al., 1995). Although the cartilage cap was not preserved in the present case, the irregular 

surface of the lesions might indicate a malignant transformation. However, considering that antler 

growth is the most rapid bone formative process in mammals (Goss and Andrews, 1983), the criteria 

to diagnose malignancy in these tumors might be insufficient. Instead, size and shape of the present 

exostoses might simply reflect the rapidity of antler growth. Considering further the seasonal 

formation of antler, the exostoses were formed within a time period of only about three to four 

months. For comparison, the exostosis on the zygomatic was much smaller but morphologically similar 

to those of the antler. It remains unknown if the one at the zygomatic bone – a permanent skeletal 

element – was formed at the same time as the antler ones and if also previous antlers of the buck 

developed osteochondromas as well.  

The report described for the first time a case of multiple osteochondromas in a deer. This is 

astonishing, as despite the rapid growth of antler bone tumors are extremely rare in cervids due to a 

well-balanced interaction of oncogenic pathways (for the rapid growth) and inhibition of oncogenesis 

(Wang et al., 2019). A combination of radiologic and microscopic diagnostic approaches led to a 

plausible diagnosis of this extremely rare condition in deer.  

 

Flohr, S., Jasch, I., Langer, A., Riesenberg, M., Hahn, J., Wisotzki, A., Kierdorf, H., Kierdorf, U., 

Wahl, J. 2018. Secondary hypertrophic osteoarthropathy in a male from the Early Medieval 

settlement of Lauchheim, Germany. Int. J. Paleopathol. 20: 72–79. 

 

When a condition can be labeled with a certain clinical term as in the case of the multiple 

osteochondromas described above, the paleopathological investigation is finished. Other diseases / 

syndromes are divided into primary and secondary forms and require further investigations to close 

the case. Primary forms result from unknown reasons and are not associated with any kind of other 

disease. Secondary forms, in contrast, are assumed to be sequels or consequences of an underlying 

primary disease.  

Osseous changes in the human skeleton of a middle adult male from the early medieval site at 

Lauchheim, federal state of Baden-Württemberg, Germany, provide an example for the challenges of 

firstly diagnosing the disease (including the eventuality of co-morbidity) that caused the changes, 

secondly, reconstructing whether the disease was a primary or a secondary form, and thirdly, deciding 

(in the case of a secondary form) what might have been the underlying primary disease. 
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In the present case, the abnormal conditions seen in the early medieval skeleton partially met clinical 

diagnostic criteria and therefore a plausible diagnosis could be obtained. The skeleton was 

macroscopically well preserved and largely complete. Beside some commonly observed pathological 

changes (e.g. enamel hypoplasia, degenerative joint diseases) it exhibited several abnormal conditions 

which are less frequently seen in archaeological specimens. Of special interest were numerous distinct 

periosteal bone appositions (periosteal new bone formation PNBF), an ankylosis of the lumbar spine 

and osteolytic lesions on the posterior side of the sternum. The completeness of the skeleton allowed 

to assess the distribution of the PNBF on the skeleton. Accordingly, the lesions were found in a 

strikingly symmetric fashion all over the long bones of the appendicular skeleton (arms and legs) 

including the metapodial and acropodial bones. The severity of the lesions – assessed macroscopically 

by the thickness of the newly formed bone – was higher at the lower extremity than in the upper 

extremity and increased within the extremities from proximal to distal. In addition to the changes at 

the extremities, PNBF were also found on the clavicle and on the ilium. Radiographic analyses revealed 

a shell-like, partly multi-layered nature of the formations. The marrow spaces appeared normal on the 

radiographs. The macroscopic and radiographic findings were complemented and confirmed by 

microscopic investigations. Thus, the layers of newly formed bone were connected to the underlying 

(intact) cortical bone via small osseous stalks, with presence of a small gap between the original and 

the newly formed bone. As these morphological findings (architecture and distribution of the lesions) 

are fairly diagnostic, a diagnosis of hypertrophic osteoarthropathy (HOA) is considered very likely. This 

diagnosis was corroborated by SEM-findings on the distal digits where signs of severe osteoclastic 

resorption were found in form of larger “fields” of Howship’s lacunae. This contributes to the diagnosis 

because one important clinical sign of HOA is the presence of digital clubbing (Yap et al., 2017), a 

“drum-stick-like” thickening of the fingertips, probably a hypoxyia-related alteration of the connective 

tissue and the skin (Yap et al., 2017). Digital clubbing, however, is accompanied by tuftal osteolysis 

seen on radiographs of living patients, and this osteolysis can also be detected in dry bones. The 

presence of active osteoclastic resorption at the digit tips at the time of death therefore suggests the 

presence of digital clubbing at the time of death. 

As this diagnosis is well supported, the question arose if the condition represents a primary or a 

secondary form, i.e. if the condition developed as a disease entity of its own (pachydermoperiostosis) 

or secondarily as a sequel of a primary disease. As the primary form is very rare today, contributing to 

only 3-5 % of HOA-cases (Yap et al., 2017), the probability of finding a secondary form is much higher 

– which is, however, no feasible argument for the paleopathological diagnosis. The microscopic 

findings, however, suggested an ongoing disease process at the time of death in this middle adult man, 

suggesting a secondary HOA. The primary form usually affects young people and is a self-limiting 

disease that stabilizes or even resolves by the third or fourth decades (Yap et al., 2017). Secondary 
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HOA is frequently associated with chronic lung diseases, especially non-small-cell bronchial carcinoma, 

but a large number of other diseases are also associated with the condition (Pineda and Martínez-

Lavín, 2013). The majority of primary diseases affects the soft tissues of the viscera and can therefore 

not be diagnosed in archaeological skeletons. However, some findings in the studied skeleton do not 

contribute to the diagnosis secondary HOA and could therefore be sings of an underlying primary 

disease. The changes on the spine were assumed to represent a different entity, independent from 

HOA. Radiologically, the changes are in line with the diagnosis of ankylosing spondylitis (AS, Morbus 

Bechterew). The diagnosis is, however, problematic as AS usually starts at the sacrolilical joint with an 

ascending course of ankylosis. These joints are not changed in the present case. This could be explained 

by an “untypical” form of AS. Anyway, the diagnosis is uncertain and if correct, AS is not a typical 

primary disease of HOA.  

More relevant for the diagnosis of the primary disease could be large “fields” of Howship’s lacunae on 

the posterior side of the sternum that exhibited also signs of a preceding abnormal loss of bone in 

which no Howship’s lacunae are present, suggesting osteoclastic activities at the time death and the 

chronic or recurrent resorptive nature of a long-standing process. The close vicinity of the sternum to 

the thymus and structures of the mediastinum suggests a disease in that region. However, it remains 

unclear which disease caused the changes on the sternum and if this disease was causally related to 

the HOA. 

 

4. TAPHONOMY AS A POTENTIAL SOURCE OF ERROR IN 
THE STUDY OF ANCIENT BONES 

 

Bioarchaeological interpretations of human bones are complicated by the fact that archaeological 

bones have been exposed to various taphonomic agents over centuries or millennia and in 

consequence show different degrees of diagenesis. These agents comprise numerous internal factors 

that develop in the course of the decomposition of the body (e.g. stomach acid, intestinal bacteria), 

external environmental factors such as plant roots, rodents, chemical and physical properties of the 

surrounding soil, and natural or anthropogenic soil movements which might displace or destroy parts 

of the skeleton. Taphonomic agents can affect the gross morphology of bone, its micro-structure, and 

also the integrity of anatomically joining elements and does therefore concern every step in the 

interpretation of a site or a specimen (either an isolated bone or bone fragment, or a complete 

skeleton). A careful evaluation whether an observed condition was caused intravitally or post mortem 

by diagenesis is therefore mandatory. Usually, diagenesis makes things more difficult. Pathological 
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lesions might be obscured or mimicked by diagenesis (the issue of so-called pseudo-pathology). The 

lack of elements in a skeleton means for instance that the distribution of a specific alteration (such as 

PNBF as described in 3.2.) cannot be evaluated. In commingled remains, it might even be difficult to 

determine the number of individuals represented by the assemblage, and the assignment of skeletal 

elements to specific individuals might be impossible. In some cases, however, diagenetic changes 

provide some opportunities, e.g. when bones are broken and internal structures such as the medullar 

cavity, the internal table of the skull or the walls of pneumatized spaces are easily accessible and can 

therefore be studied directly (Flohr, 2016).  

 

Flohr, S., Brinker, U., Schramm, A., Kierdorf, U., Staude, A., Piek, J., Jantzen, D., Hauenstein, 

K., Orschiedt, J. 2015. Flint arrowhead embedded in a human humerus from the Bronze Age 

site in the Tollense valley, Germany – A high-resolution micro-CT study to distinguish 

antemortem from perimortem projectile trauma to bone. Int. J. Paleopathol. 9: 76–81. 

 

To decide whether a condition was of an intravital, peri-mortem, or post-mortem origin was the aim of 

a study on a bone from the Tollense valley site. One of the first finds at the site was an almost intact 

and well preserved human humerus. The find was exceptional since a flint arrowhead was still sticking 

in situ in the proximal shaft, close to the humeral head. For a preliminary investigation, the find had 

been studied by (clinical) radiographic methods. During this inspection, a radiodense zone was found 

adjacent to the projectile. This zone was initially interpreted as a “sclerotic margin”, suggesting that 

the penetration of the projectile occurred intravitally, the injury was survived, and the bone reacted 

by way of forming the “sclerotic margin”. This interpretation had consequences for the interpretation 

of the entire site. It was assumed that the Tollense valley might have been an area of repeated battles 

over a longer time period (Jantzen et al., 2008). However, this assumption was based on a clinical 

interpretation of the CT image. From this point of view, the interpretation is plausible as in the clinical 

practice, living people are observed and diagenetic alterations do not occur. However, the humerus 

from the Tollense valley had been embedded in river sediments for some thousand years and 

diagenetic agents might have caused changes in its structure. We therefore decided to re-examine the 

bone by using high-resolution micro-CT-imaging in order to get a more detailed insight into the 

radiodense zone around the penetration canal of the projectile (Flohr et al., 2015). The results showed 

two main aspects which were not demonstrated by clinical radiography. First, there is a homogenous 

layer of material that appears much darker than the adjacent bone. The fact that the radiodensity of 

this material differs clearly from bone led to the conclusion that it consisted of invaded sediment/soil. 

However, the rather low radiodensity of this presumed sediment might not have contributed 

significantly to the radiodense zone seen in the clinical CT-scan. The second and more important aspect 
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resulted from the observation on the bone adjacent to the sediment. Here, fragments of bone 

trabeculae were compacted along the penetrating canal, thereby forming the radiodense zone. Most 

likely, this debris of bone consists of crushed trabeculae that were displaced and compacted by the 

impact of the projectile. This compaction might have caused the radiodense zone along the 

penetration canal as seen in the clinical CT-scan. The initial interpretation of a partially healed intravital 

injury could thus not be supported by the findings of the re-investigation. In contrast, the new finding 

suggests that the case has to be classified as being “peri-mortem” with no signs of healing. According 

to the definition of this term it remains unclear whether the injury happened shortly before or after 

death. A post-mortem scenario might be that the person was already dead and lying somewhere on 

the field and was accidentally hit by an arrow. It seems, however, more likely that the injury affected 

a living person. The topography of the lesion suggests that the hit did not cause death directly since no 

larger blood vessels were injured. In this case the person was certainly impaired but not killed.  

 

Flohr, S., Kierdorf, U., Jankauskas, R., Püschel, B., Schultz, M. 2014. Diagnosis of stapedial 

footplate fixation in archaeological human remains. Int. J. Paleopathol. 6(1): 10–19.   

 

Similarly to what was described above for the interpretation of mastoid process hypocellularity, also 

fixations of the stapedial footplate in the oval window of the middle ear are often interpreted in the 

bioarchaeological literature in a rather stereotype way as the result of otosclerosis (Dalby et al., 1993; 

Holzhuetter et al., 1965; Sakalinskas and Jankauskas, 1991; Ziemann-Becker et al., 1994). However, the 

possible causes of stapedial footplate fixation are manifold. Otosclerosis is a hereditary, non-

inflammatory disorder that is characterized by abnormal bone remodeling in the otic capsule (Ealy and 

Smith, 2011; Wittmaack, 1926). The process can reach the stapediovestibular joint and cause ankylosis 

of the stapedial footplate in the oval window (Cureoglu et al., 2010; Ealy and Smith, 2011), known as 

“clinical otosclerosis”. Stapedial footplate fixation, however, can also occur in the course of chronic 

middle ear diseases. Tympanosclerotic plaques or sclerosis of the annular ligament are possible 

consequences of such inflammations (Behrendt and Oeken, 1965; Nadol, 2010). A congenital fixation 

is a rare malformation (Teunissen et al., 1990) but is a further differential diagnosis to be considered 

in the case of fixed stapedial footplates. In addition, fixation in the course of diagenesis should be 

considered, which would constitute an example of pseudo-pathology. To distinguish all these possible 

causes, a more sophisticated analysis of the nature of the fixation is mandatory. The aim of the present 

study was therefore firstly to distinguish intravital from post mortem changes, and secondly, to 

differentiate the underlying process in the case of an intravital fixation. Conventional (clinical) 2D-

radiographs and endoscopic inspection alone proved insufficient for a reliable diagnosis. Thus, for the 

present study, microscopic techniques (brightfield and darkfield imaging, phase-contrast and 
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fluorescence microscopy, SEM-BSE imaging, confocal fluorescence imaging) and EDX-analyses were 

applied. Additionally, the temporal bones were X-rayed in order to assess the state of pneumatization 

of the mastoid process. 

Six hundred and twenty-one temporal bones of 385 individuals from five medieval sites in Germany 

were examined endoscopically for the presence of changes in the oval window that were suspicious of 

stapedial footplate fixation (Flohr et al., 2014b). Four cases were identified and studied in more detail. 

In two of these cases, fixed footplates were clearly identified, in the other two, some material 

presumably representing footplate fragments was attached to the rim of the oval window. 

In case 1, the left temporal bone of an old-adult male individual, the endoscopic inspection revealed 

that the stapedial footplate was fixed by an irregular, coarsely structured mass into the oval window. 

The intravital origin of this material, which in places was also present on the promontory, was 

uncertain. SEM-imaging revealed some Howship’s lacunae on the latter material, indicating its 

intravital origin and ongoing resorptive processes at the time of death, presumably due to an 

inflammatory process. Light microscopic imaging further revealed that the footplate and the adjacent 

otic bone appeared normal and that the fixing material differed in its composition from the adjacent 

normal bone. The fixing material also showed a higher autofluorescence than the latter. The findings 

therefore indicate that the fixation was not caused by otosclerosis. In polarized light, the fixing material 

exhibited some linear, birefringent structures that were partially oriented in parallel and were 

interpreted as mineralized collagen fibres, presumably from the annular ligament. The findings were 

interpreted as a case of mineralized tympanosclerotic plaques, a condition reported in the clinical 

literature (Alzamil and Linthicum, 1999; Nadol, 2010; Weichselbaumer and Pauler, 1979; Zallone et al., 

1983). The condition is diagnosed as the consequence of a long-standing infection of the middle ear 

(COM) with tympanosclerosis occurring as a sequela. The diagnosis COM was supported by the 

radiological examination that revealed some irregular and some enlarged mastoid air cells. Moreover, 

the border between the pneumatized and the small non-pneumatized portion was weakly defined, 

corresponding to hypocellularity type 1. This condition has been considered to represent a chronic / 

recurrent inflammatory process in the middle ear spaces in a previous study (Flohr et al., 2009; Flohr 

et al., 2019). 

In case 2, the left temporal bone of another old-adult male individual, endoscopic inspection revealed 

an intact stapes that was fixed in anatomical position in the oval window by a material exhibiting a 

smooth surface. The morphology of the fixation thus differed markedly from case 1. No further 

material was present on the promontory in case 2. As in case 1, the thin ground section revealed that 

the border of the footplate and the rim of the oval window were sharply delineated, again excluding 

the diagnosis otosclerosis. Instead, the fixing material on the anterior side consisted of a homogenous 
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material that lacked birefringent structures and was interpreted as soil. On the posterior side, the same 

soil material was present but also some small connections between the footplate and the rim of the 

oval window in the medialmost portion of the joint were detected in polarized light and in confocal 

fluorescence microscope imaging. These connections were interpreted as osseous bridges. 

Accordingly, case 2 was interpreted as representing a partial intravital fixation (ankylosis) of the 

stapedial footplate, with the remaining gap between footplate and rim of the oval window having been 

filled with soil after the decay of the annular ligament. Some further osseous bridges might have 

existed outside the level of the thin section. As no other pathological changes were found in this case, 

a likely interpretation of the finding is an arrested development of the stapediovestibular joint in its 

posterior aspect and thus a congenital stapes fixation.  

In case 3, the left temporal bone of a middle-adult male individual, a coarsely structured mass was 

attached to the anterior portion of the oval window, suspicious of being a fragment of a fixed stapedial 

footplate on endoscopic inspection. However, endoscopy allowed no decision if the mass consisted of 

bone or of crystalline structures deposited post mortem onto the rim. EDX-analysis, however, showed 

that the material consisted mainly of silicon and aluminum (typical for soil), whereas in bone mineral 

(apatite), calcium and phosphate are the dominant components. In this case, the diagenetic origin of 

the abnormal condition could therefore be shown. 

In case 4, the right temporal bone of a young child (aged 2.5 – 3.5 years), the posterior half of the oval 

window was closed by a coarse mass of uncertain origin. Endoscopic inspection revealed that this 

material was also located somewhat more medially than the normal position of the stapedial footplate. 

However, it is known from clinical cases that the stapes can become dislocated and fixed in an 

abnormal position in the course of an otosclerotic processes (McKenna and Merchant, 2010). The thin 

ground section revealed that a similar mass was attached to the lateral wall of the vestibule on the 

opposite (posterior) side, invisible in the endoscopic view. EDX-analysis showed marked peaks for 

calcium and phosphorus, indicative of bone. However, the micro-morphology resembled neither a 

stapedial footplate nor a bone mass of otosclerotic or other origin. Instead, some crystal-like structures 

were present as well as structures resembling rest-lines in bone, thus indicating an intermittent growth 

of the formation. Most likely, the formation resulted from the reprecipitation of bone mineral that had 

been dissolved in the course of diagenetic processes (Turner-Walker, 2008) and it  was therefore also 

considered an example of “pseudo-pathology”. 

The study showed that a thorough examination of stapedial footplate fixations allows for a reliable 

diagnosis. In this study, none of the cases was attributed to otosclerosis, the most common diagnosis 

in previous studies on fixed stapes in plaeopathology. The study also showed that endoscopic 

examinations alone are insufficient for a proper differential diagnosis and cautioned against a 
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premature diagnosis of otosclerosis. Additionally, diagenetic changes might cause “pseudo-

pathologies” that require a thorough examination in order to avoid false-positive diagnoses. 

 

Orschiedt, J., Kierdorf, U., Schultz, M., Baales, M., von Berg, A., Flohr, S. 2017. The Late Upper 

Palaeolithic human remains from Neuwied-Irlich, Germany. A rare find from the Late 

Glacial of Central Europe. Quartär 64: 203–216. 

 

The studies summarized above demonstrate different diagenetic alterations that can lead to false 

diagnoses in specific skeletal elements. The intermingling of human remains is another issue where 

taphonomic processes may interfere with the interpretation of bones and sites. Bones of single or of 

multiple individuals can be intermingled from several causes. Bodies lying on the ground can be 

dismembered by scavengers (Rothschild and Karger, 2004), corpses in water can be dissolved by water 

currents (Byers, 2002), and bodies in the ground can be disintegrated by natural or anthropogenic soil 

movements. Thus, before a skeleton is studied, the affiliation of the bones to an individual must be 

clarified. This is usually no issue in the case of clearly separated single burials as they commonly occur 

in larger graveyards with separated burial pits. It is more relevant, however, in single graves from 

monasteries in which people are buried in a rather small area and graves might overlap and be re-used 

repeatedly, causing intermingling of skeletal remains from different individuals. It is definitively an 

issue in commingled find situations. 

In 1953, some human bones, covered with red ochre, two flint artifacts, an antler point, and a red deer 

incisor with ten horizontal grooves and a perforation of the root, were found in a sand pit near the 

village of Irlich, Rhineland-Palatinate, Germany. Although no documentation of the find situation is 

known, it is obvious that the bones were found commingled. The few bones were stored largely 

unrecognized in a local museum for decades and belonged to several individuals. A radiocarbon dating 

in 2000 revealed that the majority of the finds dated to the Late Upper to Final Paleolithic (14.5 to 13.9 

ky calBP) which made the remains an important finding as only very few bones/skeletons from this 

time period are known from Central Europe (Orschiedt and Flohr, 2016). A small number of cranial 

vault fragments dated much younger to about 2.8 ky calBP. This finding was not unexpected as these 

fragments differed clearly from the other bones in their color. The younger bones were obviously 

intermixed with the other ones and excluded from the study. In contrast to all above mentioned 

studies, the first challenge in the analysis of the Irlich remains was to determine the number of 

individuals represented by the assemblage. The second challenge was to draw conclusions on the 

minimum number of individuals (MNI) on the basis of single bones.  



45 
 

In the absence of anatomically joining positions of skeletal elements, each bone could theoretically 

represent a separate individual. This was, however, not likely because several bones showed the same 

stage of ontogenetic development. Bones showing the same state of development, a similar 

robustness and size were considered to belong to the same individual. In doing so, an MNI of four was 

determined for the Irlich remains.  

Six elements were assigned to the individual Irlich 1, a young-adult individual represented by a left 

femur, the distal third of a left ulna, a left trapezium, a lumbar vertebra, and two cranial vault 

fragments. The age-at-death assumption of a young adult individual is based on the dense internal 

bone structure, visible in the radiographic images, and the absence of degenerative changes on the 

joint faces. A common feature of the bones is that they are very gracile and might therefore belong to 

a female. This morphognostic assumption is supported by a metrical comparison of the Irlich 1 femur 

to the femora of the Bonn-Oberkassel burials which shows that the values of Irlich 1 are closer to those 

of the Bonn-Oberkassel female than to the male (Fig. 3). The latter burial comprises a male and a 

female individual with a dating close to that of Irlich, and the site is located in close vicinity to Irlich. 

 

 

Figure 3: Comparison of the Irlich 1 femur measurements to those of the Bonn-Oberkassel burials. The value 0 describes the 
mean between the male and female individual of Bonn-Oberkassel. The range -50 to 50 describes the difference between the 
female and the male values corresponding to 100% of the difference. The Irlich values describe their relative difference to 
the Bonn-Oberkassel male-female difference. The graphic shows that the values of the Irlich femur are closer to the Bonn-
Oberkassel female individual that to the male individual. The measurement numbers on the y-axis correspond to the 
numbers given in Bräuer (1988). 
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Periosteal new bone formations on the femur and the distal ulna of the Irlich 1 individual support the 

assumption that these bones belong to the same individual that suffered from a systemic disorder. 

Microscopic analyses revealed that the abnormal condition affected only the periosteal surface of the 

bone while the underlying compact bone as well as the bone marrow spaces were not altered. 

Therefore, some conditions such as osteomyelitis and tuberculosis can be excluded. Mineralized 

subperiosteal hemorrhages as occur in the course of a vitamin C deficiency (scurvy) might be a 

plausible interpretation. However, as the individual is represented only by a few bones, a thorough 

diagnosis comparable to that in the skeleton from Lauchheim (chapter 3.2) is not possible. 

The other individuals are each represented only by few bones. Consequently, much less can be said 

about these individuals, especially as they do not show any abnormal conditions that could be 

diagnosed. 

The individual assigned as Irlich 2 is represented only by a right ischium from a non-adult individual. 

The face for articulation with the ilium is well preserved and exhibits no signs of a beginning fusion. 

This stage of development suggests an age at death of approximately 8 to 12 years (Scheuer and Black, 

2000).  

Several bones / teeth of the assemblage have in common that they represent an individual that died 

at the age of about 6 to 12 month and differ therefore clearly from the other bones. These elements, 

some small cranial vault fragments, the crown of a deciduous left upper first molar, and some rib 

fragments2, are assumed to represent the individual Irlich 3. 

A fragment of a (left?) parietal bone cannot be assigned to one of the developmental stages of Irlich 1 

to 3. The stage of development of the diploë rather suggests an age at death of 4 to 8 years. An 

affiliation to Irlich 2 cannot be excluded, but a younger age at death seems more likely and the 

fragment is therefore assumed to represent the individual Irlich 4. 

Although the distinction between at least four individuals among the assemblage is likely, the 

assessment of the individuals is limited by the commingled nature of the skeletal remains. Despite the 

hand written note which was found together with the bones in the museum and which stated that the 

bones “obviously originated underneath the pumice” (translation from German), nothing is known 

about the kind of burial / deposition of the bones. 

 

                                                           
2 Erratum: In Orschiedt et al. (2017), a femur is erroneously assigned to the individual Irlich 3. In fact, beside the 
Irlich 1 femur, no further femur is represented in the assemblage. 



47 
 

Flohr, S. 2018. Did the assumed partial skeleton LB1 (aka Homo floresiensis) really have 

long feet? Anthrop. Anz.: J. Biol. Clin. Anthropol. 75(2): 169–174. 

 

Although found during archaeological excavations (and not in a box in a museum), the interpretation 

of the hominin remains that were recovered at the Liang Bua cave on the island of Flores, Indonesia, 

are challenged in a similar way as was described above for the Irlich remains. The remains from Liang 

Bua comprise about 100 bones, bone fragments and teeth that were found within a rather small area. 

The scarcely published in situ documentation as well as the published reports on the finds suggest a 

high degree of commingling with anatomically joining elements being the exception. Therefore, the 

remains cannot be considered primary burials but rather demonstrate either secondary depositions of 

the bones or that skeletal elements of (primary?) burials somewhere in the vicinity of the excavation 

site became disrupted and displaced by major soil movement. As in the case of the Irlich remains, the 

challenges are likewise to determine the MNI and to draw conclusions on the single individuals. 

Currently, the presumed number of individuals represented by the assemblage varies between nine 

(Morwood et al., 2005) and fourteen (Morwood et al., 2009), with most of them represented by only 

a single bone. With more than 60 bones, most of the remains are, however, assigned to a single 

individual (LB1) that is thus considered a “partial skeleton”. The published reports suggest that only a 

partial lower limb including a hip bone, a femur, and a tibia were found in anatomical position, whereas 

the affiliation of the other elements to LB1 was justified by their “proximity to the other LB1 material” 

(Larson et al., 2009: 555). This view is problematic as this procedure would not be necessary in the 

case of articulated bones – which was thus obviously not the case – and as a large number of bones 

and teeth (about 40) were assigned to the further eight to thirteen individuals that were found in the 

same small spits and sectors.  

The majority of bones that were assigned to LB1, including some of the foot bones that contributed to 

the foot length calculation, were found in sector VII within an area of approximately 500 cm2 (Brown 

et al., 2004). Other elements, such as the talus attributed to LB1, were found in sector XI (Jungers et 

al., 2009b; Larson et al., 2009). Further elements from the same sectors were attributed to individuals 

LB12, 13, and 14 (Jungers et al., 2009b; Larson et al., 2009). Moreover, and thereby supporting the 

view of a commingled rather than an articulated find situation of the assemblage, two phalanges from 

sector XI were initially assigned to LB7, but later re-assigned to LB1. A major problem arising from this 

situation is that the remains were attributed to a novel hominin species, named Homo floresiensis 

(Brown et al., 2004). In general, the diagnosis of a new species is based on a number of morphological 

traits which have to be “unique” to justify the new taxon. One of these “unique” traits in the case of 

Homo floresiensis is alleged skeletal proportions. It was suggested that the foot of LB1 is exceptionally 

long relative to tibia and femur, respectively, and that this was caused by a “disproportionally long” 



48 
 

forefoot (Jungers et al., 2009a: 82). Considering the obviously disarticulated and commingled nature 

of the entire assemblage, the affiliation of skeletal elements to a certain individual is crucial for 

substantiating the above statement.  

In 2009, an inventory of the upper and lower hominin limb bones recovered from the Liang Bua cave 

was published in two articles, describing and illustrating in detail also the bones of hand and foot 

(Jungers et al., 2009b; Larson et al., 2009). The bones specifically addressed in the presented paper are 

three bones identified by the above authors as proximal pedal phalanges (LB1/34, 36, 38), a middle 

pedal phalanx (LB1/39), and a distal pedal phalanx (LB1/57) (Flohr, 2018). The elements LB1/36, 39, 

and 57 contribute to the reconstructed foot of LB1 which was assumed to exhibit a disproportionally 

long forefoot (Jungers et al., 2009a). In their description of the pedal phalanges, the authors stated 

that these bones exhibit an “unusual and surprising” shape (Jungers et al., 2009b: 551). In particular, 

the authors noted that these bones lack the hourglass shape, diagnostic for modern human proximal 

pedal phalanges. Instead, the shafts of the bones in question are described as being more parallel-

sided. These features resemble, however, those of modern human proximal hand phalanges. A 

thorough comparison of the published photographs of the hand and foot phalanges (Jungers et al., 

2009b; Larson et al., 2009) reveals striking similarities between the presumed hand and foot phalanges 

(Flohr, 2018). Moreover, the elements described as “foot bones” by Jungers et al. (2009b) more closely 

resemble hand than foot phalangeal bones of modern humans. Proximal hand phalanges are flat, 

parallel sided, lack an hourglass shape and (this aspect was not mentioned in the descriptions of the 

Liang Bua materials) exhibit a vertical proximal joint facet. Proximal foot phalanges, in contrast, exhibit 

a rather round shaft, an hourglass shape, and a dorsally inclined proximal joint facet. None of these 

latter features can be seen in the alleged LB1 foot bones.  

Considering the obviously commingled find situation, two major problems exist regarding the 

presumed skeletal proportion of Homo floresiensis: First, it seems doubtful that the skeletal elements 

were correctly identified.  Clearly, when hand phalanges are mounted on mid and hind foot bones, this 

leads to an increase in “foot length” and a “disproportionally long” forefoot. Second, the affiliation of 

the bones to a particular individual LB1 is weakly supported by the published information. Skeletal 

proportion, in particular the claimed “disproportionally long foot” should therefore not be considered 

as “unique traits” for the definition of the new species until the affiliation of particular bones to specific 

individuals is further substantiated.  
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5. BONES AND TEETH CONTRIBUTE TO SPECIFIC 
BIOARCHAEOLOGICAL CONTEXTS 

 

As stated in the introduction, bones and teeth can be studied in order to gain a better understanding 

of certain aspects of bone biology, to develop new methods, e.g. for sexing skeletons, or to develop 

diagnostic criteria for pathological cases. Such studies might be seen as scientifically “more important” 

than the pure application of already existing criteria to newly found material, as they are “hypothesis-

driven” studies. However, the application of established criteria may also be enriching in certain 

instances. When human remains from an archaeological site are investigated with established 

methods, the results are considered reliable and comparable to those of other studies. In those cases, 

the obtained results enhance the understanding of the entire site, i.e. the results contribute to 

historical topics rather than to bone biology issues. As such, bioarchaeology acts as a bridging discipline 

between social and biological sciences. Some examples are given below. In these cases, the diagnosis 

of the condition(s) was not too challenging and no new significant insights into bone biology or new 

diagnostic criteria were developed, but the results contributed to the historical interpretation of 

archaeological sites, as they allowed to draw conclusions on individuals in their specific cultural 

context. 

 

Flohr, S., Witzel, C. 2011. Hyperostosis frontalis interna – a marker of social status? 

Evidence from the Bronze-Age “high society” of Qatna, Syria. HOMO – J. Comp. Hum. Biol. 

62(1): 30–43. 

 

Hyperostosis frontalis interna (HFI) refers to a symmetrical osseous overgrowth on the internal table 

of the frontal bone. In today’s clinical practice, HFI is found frequently, with an incidence of 5-12 % for 

the general population (She and Szakacs, 2004) and a preferential occurrence in elderly women (Raikos 

et al., 2011). Usually, HFI is found accidentally as the condition itself is not of any clinical relevance 

(May et al., 2010b). Although HFI is known since 1719, when Morgagni described the condition as one 

sign of the triad HFI, obesity, and virilism (later referred as Morgagni’s syndrome) in an autopsy of an 

elderly women, only little is currently known about its pathogenesis (Hershkovitz et al., 1999). 

However, a number of additional (or alternative) conditions were described that are associated with 

HFI, leading to several other syndrome labels, e.g. Morgagni-Stewart-Morel-syndrome (Bascou et al., 

2019), which includes a number of neuropsychiatric symptoms, or metabolic craniopathy (Moore, 

1955) highlighting accompanying disturbances in lipid and glucose metabolism. HFI is rare in males and 

if it occurs, disturbances in sexual hormone levels are present, caused for instance by hypogonadism, 
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androgen block in the cause of prostate cancer treatment (May et al., 2010a), or castration. The latter 

correlation was illustrated for example by the presence of HFI in the famous 18th century castrato 

singer Farinelli, who underwent castration prior to puberty (Belcastro et al., 2011). As HFI is the only 

osseous manifestation of the various possible co-occurring conditions, the presence of HFI in an 

archaeological skeleton allows putting forward hypothesis about the other possible disturbances. 

In pre-industrial times, the condition was rare but increased with time (Hershkovitz et al., 1999; 

Western and Bekvalac, 2017). Accordingly, HFI is reported more episodically in a number of case 

reports from historic and prehistoric times (e.g. Armelagos and Chrisman, 1988; Belcastro et al., 2006; 

Devriendt et al., 2004; Glab et al., 2006), and even in Neandertals (Garralda et al., 2014), while only a 

handful studies investigate HFI in larger samples (e.g. Hajdu et al., 2009; Hershkovitz et al., 1999; 

Mulhern et al., 2006; Szeniczey et al., 2019).  

Considering the relative rareness of HFI in ancient populations, it was unexpected to find a 

considerable number of individuals presenting with HFI in the Middle Bronze Age context at the site of  

Qatna, Tell Mishrife, Syria (Flohr and Witzel, 2011). Qatna was a kingdom-city in the Middle East with 

an importance similar to that of the much more recognized contemporaneous cities of Mari or Aleppo 

(Pfälzner, 2007). During the excavation campaigns in 2009 and 2010, an undisturbed rock-cut tomb 

(Tomb VII) with a ground floor level of approximately 32 m2 underneath the royal palace area was 

excavated, containing thousands of human remains and archaeological artifacts. The human remains 

were found mainly commingled. Isolated bones and bone fragments were piled up to half a meter. In 

some areas, joining elements were found, suggesting the deposition of body parts, and also entire 

skeletons, representing primary burials, were found in the lowermost strata. A preliminary analysis of 

the human remains suggested an MNI of 78 (Degenhardt et al., 2013). The localization underneath the 

Palace area and the archaeological findings in the Tomb, including rich pottery, objects made from 

gold and ivory, and the rarity of stress markers in the remains suggest a high social status of the 

represented people.  

The diagnosis of HFI in nine out of 78 (MNI) individuals was rather simple as most skulls were 

fragmented and the morphology of advanced stages of HFI is well known (Bracanovic et al., 2016; 

Henschen, 1937; Hershkovitz et al., 1999; Moore, 1955). A number of the human skull fragments from 

Qatna exhibited such advanced stages. However, to find HFI in this relatively high frequency in a Bronze 

Age context calls for an explanation. Assuming that the mechanisms causing HFI in the past were 

similar to those underlying the condition today, it is suggested that a number of the HFI individuals 

from Qatna were probably affected by disturbances in sex hormone regulation and metabolic 

disorders. HFI is strongly correlated with obesity, with up to 84 % obese women among clinical cases 

of HFI (Verdy et al., 1978), and diabetes mellitus (She and Szakacs, 2004). The prevalence of HFI in 
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human populations increases in parallel with industrialization (Hershkovitz et al., 1999; May et al., 

2011) and associated changes in life style and nutrition. It was therefore hypothesized that the people 

interred in Tomb VII lived under favorable conditions, resembling those of people from industrialized 

societies more closely than that of earlier societies. This interpretation corresponds with the 

archaeological interpretation of the Tomb as a burial place for Qatna’s “high society”. This is consistent 

with the hypothesis by Rühli and Henneberg (2002) that a reduced selective pressure due to favorable 

living conditions is associated with higher leptin levels and related metabolic situations that increase 

the risk of developing HFI. However, HFI can also be caused by factors unrelated to living conditions. 

Of special interest is the fact that two out of the nine cases from Tomb VII are diagnosed as males. 

While in most cases, sex determination was not possible due to the fragmented and isolated nature of 

the bones, one case belonged to one of the few complete skeletons, and the second case belonged to 

a relatively complete skull whose morphological characters led to the diagnosis of most probably being 

male. From what is known about sexual hormone dysfunction in men showing HFI and about castrates 

like the singer Farinelli, it may be hypothesized that eunuchs were part of the administrative apparatus 

of the kingdom of Qatna. It is known that eunuchs played an important role in many ancient societies 

and cultures, including ancient Egypt and the Neo-Assyrian emipre (Ringrose, 2007) and probably 

represent the “beardless attendants” of the famous Warka Vase from Uruk eunuchs (Betzig, 2014). 

However, so far no further evidence for eunuchs is present from the kingdom of Qatna.  

 

Kierdorf, U., Kahlke, R.-D., Flohr, S. 2012. Healed fracture of the tibia in a bison (Bison 

menneri Sher, 1997) from the late Early Pleistocene site of Untermassfeld (Thuringia, 

Germany). Int. J. Paleopathol. 2(1): 19–24. 

 

Kierdorf, U., Flohr, S., Kahlke, R.-D., 2020. Post-traumatic osteomyelitis in an immature 

Bison menneri from the Early Pleistocene site of Untermassfeld. In: Kahlke, R.-D. (Ed.), The 

Pleistocene of Untermassfeld near Meiningen (Thüringen, Germany), Part 5. Monographien 

des RGZM Band 40, 5, in press. 

 

Diagnosing healed fractures in archaeological bones is likewise not too difficult when dislocations or 

osseous callus are present. The analysis of a healed fracture of a single bone does therefore neither 

significantly contribute to our understanding of bone biology nor to the development of criteria to 

diagnose the condition. Healed fractures are found even in remains of Homo erectus and are diagnosed 

frequently in all times and cultures (Ortner, 2003). Fractures and signs of trauma become more 

relevant for paleopathology, however, in certain contexts. Compared to human paleopathology, 

paleopathological studies on animal remains are less frequent, with most of them being conducted on 

domestic animals from archaeological sites (Baker and Brothwell, 1980; Upex and Dobney, 2012). 
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Paleopathological studies on wild animals, however, can contribute to the understanding of individual 

life histories and living conditions and behavior of past populations.  

Systematic analyses of the rich faunal remains of the late Early Pleistocene site of Untermassfeld 

(federal state of Thuringia, Germany) indicated warm climatic conditions with mild winters (Kahlke, 

2006). The more than 1600 remains of bison at the site were assigned to one taxon, described as a 

new species, Bison menneri (Sher, 1997), and contributed to the reconstruction of the paleo-

environment of the particular region. Thus far, two cases of limb bone fractures in bison remains have 

been found. One case, the tibia of a large bull, which was found as part of an articulated unit including 

the lateral malleolus and the elements of the tarsus, showed signs of healing. Radiographic 

examination suggested a comminuted fracture that had occurred in the midshaft region, with 

considerable overriding of the two main fragments. The fracture healed with shortening and 

angulation of the bone, and the misaligned fragments became firmly united by a thick bridging callus 

that exhibits a coarse surface structure. This indicates that the initial phases of fracture healing had 

been completed, but that the process had not appreciably progressed to the remodeling phase when 

the animal died. The trauma to the left hind leg and the shortening of the hind limb had certainly 

caused an impairment of locomotion. Tibial fractures occur in recent domestic cattle mostly when the 

animals are chased on concrete floors (Bargai et al., 1989). Correspondingly, the fracture of the 

Untermassfeld bison might have occurred from a fall. 

The other case of limb fracture concerns a Bison menneri calf whose right radius exhibited a 

comminuted fracture (Kierdorf et al., 2020). Age at death of the animal was estimated at less than one 

year, based on the length of the ulnar diaphysis. The epiphyses show initial stages of fusion with the 

shaft and thereby seem to contradict the results of the estimation of age at death. While the proximal 

part of the ulna appears normal, the distal portion exhibits a marked thickening and a coarse bone 

surface. Radiographic investigations (conventional X-ray and CT-imaging) revealed a normal compact 

and spongy bone structure in the proximal half of the bone. The newly formed bone of the distal half 

is markedly less dense than the normal cortical bone. Numerous fragments of the original cortex were 

still preserved while other parts of the cortex were resorbed. Several radiolucent areas in the distal 

portion of the radius, the epiphysis, and the newly formed periosteal bone are interpreted as lytic 

lesions that had developed in the course of an inflammatory process. The lesions were confluent, 

forming a multilocular abscess cavity that expanded from the metaphysis into the physis and finally 

into the epiphysis. The lesions suggest that the fracture was complicated by infection, i.e. the abnormal 

condition can be diagnosed as a case of post-traumatic osteomyelitis with the lytic lesions representing 

Brodie’s abscesses (Resnick and Niwayama, 1995). Although the typical appearance of Brodie’s 

abscesses includes a well-developed sclerotic rim surrounding the lesion, several variants have been 



53 
 

reported, representing different expressions of the same entity (Miller et al., 1979). The lack of a 

sclerotic rim surrounding the lesions in the ulna of the Untermassfeld bison calf suggest an ongoing 

process at the time of its death. It is known from human pathology that a spread of the process into 

the growth plate and into the epiphysis can occur (Miller et al., 1979). Premature epiphyseal fusion is 

compatible with a diagnosis of post-traumatic osteomyelitis and considered a sequel of the 

inflammation (Resnick and Niwayama, 1995).  

Reports on healed fractures on long bones in large wild animals are scarce. The reported tibial fracture 

in the adult bull and the ulna fracture in the calf shows that such an injury does not inevitably lead to 

the death of an animal from predation but can be survived for a certain time. As locomotion was 

impaired in the both case, the bisons might have fallen victim of one of the large predators known 

from the site after surviving the initial phases of fracture healing. It has also to be considered that the 

bisons could have drowned in the course of one of the high flood events that are known to have 

occurred at the site (Kahlke, 2006). Regarding the bison calf, it is also conceivable that spreading of the 

infection might have caused sepsis and death from organ failure. 

 

Flohr, S. 2014. Twin burials in prehistory – a possible case from the Iron Age of Germany. 

Int. J. Osteoarchaeol. 24(1): 116–122. 

 

Skeletons of individuals from all age groups are commonly found in regular burial grounds. However, 

in many sites the number of skeletons of newborns and small children is markedly lower than that 

expected from demographic models (Lewis, 2006), a circumstance that in German anthropology is 

known as “Kleinkinderdefizit” (Grupe et al., 2015). Newborns are nevertheless commonly represented 

in skeletal assemblages. Accordingly, the examination of such skeletons is routine practice in 

anthropological examinations and follows established methods and references (e.g. Kósa, 1978; 

Scheuer et al., 2009). A basic approach to estimate the age at death in skeletons of newborns and 

children is to measure the length of long bones (Kósa, 1978; Stloukal and Hanáková, 1978). Due to the 

tight correlation between body height and age in non-adults, this approach reveals relatively accurate 

results. However, growth velocity may be influenced by environmental and health-related factors 

(Malina, 1998), and body height differences between populations might influence the accuracy of the 

results. A second basic approach for age-at-death estimation in skeletons of non-adults is the 

evaluation of the dentition (Hillson, 1996; Ubelaker, 1989). Dental development occurs rapidly and is 

considered to allow relatively accurate estimates (Liversidge et al., 1998).  

Both approaches were applied on the skeletons of two newborns / fetuses from the Iron Age site 

“Emminger Höfer”, situated close to the city of Ochtendung, federal state of Rhineland-Palatinate, 
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Germany. At this site, mining activities to win the volcanic pumice from the Laacher See volcanic 

eruption led to the discovery of remnants of settlements of the late Hallstatt / early La Tène period, 

represented by the local “Hunsrück-Eifel-Culture” (pers. communication Axel von Berg). The two 

skeletons were excavated by the author in two shallow pits close to the post-holes on both ends of a 

small so-called pit-house with a length of about 3.6 m and a width of about 2.6 m.  

In this case, the circumstances from which the skeletons were obtained, were of special interest (Flohr, 

2014). The funeral rites in the Iron Ages were highly divers. During the Hunsrück-Eifel-Culture, a change 

from cremation to body graves occurred, however, with regional differences (Nakoinz, 2004). Most 

analyses of funeral rites focus on regular graves. For the Iron Age, these are mainly represented by 

burial mounts or flat graves (Nakoinz, 2004) equipped with more or less rich grave goods 

corresponding to the social status of an individual. Beside these regular graves, special burials 

(“Sonderbestattungen”) are frequently documented from the Iron Age. The skeletons of the two 

newborns from Ochtendung, apparently disposed without special care and grave goods, can be 

considered as special burials and their investigation might therefore contribute to the knowledge on 

the funeral rites of the Hunsrück-Eifel-Culture.  

The results of the measurements on the long bones and the bones of the cranial base suggest very 

similar body length and thus largely the same age at death in the late fetal age in both individuals. The 

state of development of the dentition was very similar in both individuals and suggestive of an age at 

death in the perinatal age. Basing on these approaches, it was not possible to decide whether the 

individuals were still or live-births.  

The exceptional find situation, their coinciding age at death and their similar size and stage of dental 

development suggested that the two fetuses / newborns could have been siblings that had died at 

almost the same age. A remarkable non-metrical trait was the presence of a divided hypoconid of the 

lower left first deciduous molar in both individuals. Such a division of a molar cusp is known from 

earlier studies (Jørgensen, 1956; Keene, 1994) and considered a rather uncommon (epigenetic) trait. 

The finding might indicate that the individuals were twins and buried at the same time. Meanwhile, 

histological investigations on tooth enamel in both individuals revealed an almost identical pattern of 

incremental lines, supporting the twin hypothesis, and revealed the presence of a neonatal line. This 

indicates that both individuals had survived birth for a short period of time (Witzel, unpublished). 

Evidence of twin births is very rarely reported in the bioarchaeological literature, most of them 

assessed as being “probably twins” (Lieverse et al., 2015). This might be because the suspicion of twin 

birth usually only arises from the archaeological context. It seems plausible that such a context only 

results when twins died at the same time and were buried together.  
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Multiple births are quite common in animals but relatively rare in humans (Ball and Hill, 1996; Hoekstra 

et al., 2008). The frequencies increased in humans with the advent of artificial reproduction techniques 

and a rise of the maternal age (Chauhan et al., 2010; Tough et al., 2000). The frequency of multiple 

births might therefore have been lower in pre-history than today. The attitude towards twins and 

multiple births varies markedly between cultures. In some cultures, they are viewed as a special 

fortune, whereas in other cultures, the opposite is the case and they are viewed as shame and 

misfortune (Pector, 2002). It is argued that infanticide might have been a consequence of this view in 

some cultures (Pector, 2002). Assuming that the two skeletons from the “Emminger Höfe” were indeed 

twins, the question on the fate of these individuals arises. In the absence of any traces of violence or 

disease on the bones, nothing can be concluded on the cause of their death. Further, in the absence 

of a cemetery related to the settlement, no information is available on the “normal” treatment of the 

dead in this community. It is known from other Iron Age sites in Germany and neighboring countries, 

however, that newborns and small children are frequently buried within the settlement and also inside 

houses (Jarecki et al., 1999). In the present case, an interpretation as “building sacrifice” seems 

unwarranted as the individuals were deposited in a rather careless way and without any (preserved) 

grave goods. Therefore, the burial situation differs from the situation reported for a presumed twin 

burial from the Upper Paleolithic site Krems-Wachtberg, in which the individuals were carefully 

covered with red ochre and buried underneath a mammoth scapula, indicating a special importance 

of the individuals in their community (Einwögerer et al., 2006).  

 

6. CONCLUSIONS 
 

Bioarchaeology is first of all a historic discipline. Although initially concerned with archaeological 

animal remains (Clark, 1972), it encompasses today mainly (in the American usage exclusively) the 

study of human remains from archaeological contexts (Larsen, 2003). Bioarchaeology contributes to 

our knowledge about past people and societies and their interactions with environmental factors. The 

historical information is obtained from different kinds of sources, and archaeological skeletons as one 

of these sources can be viewed as “bio-historical documents” (Schultz, 2011). Written and other 

sources might be influenced by political, religious or other contemporaneous views. For example, 

much information on German tribes was handed down by the Roman writer Tacitus. However, this on 

a first view ethnographical work encompasses probably also social-political criticism to contrast the 

deteriorate condition of the late Roman society (Rives 2012). Bones and teeth, in contrast, are direct 

and completely “unpolitical” sources of information (Larsen, 2003). The more information is obtained 



56 
 

from bones and teeth of a skeleton, the more complete is the view into the individual’s life and possibly 

also into certain aspects of past societies. The information obtained from human skeletal remains, 

however, will inevitably be incomplete as the skeleton constitutes only one component of a formerly 

living organism, additionally altered by diagenetic agents.  

However, like every historical source, bio-historical documents do not tell anything to the observer on 

their own, they must be read. Even the putatively relatively easily obtained information on the sex of 

an individual may sometimes be established only with difficulties or not at all. The present summary 

describes two instances where skeletal sex determination is problematic and provides some solutions. 

One of them concerns the remains from the Tollense valley in which the bones were found commingled 

and the provenience of the represented people was unknown. Simple metric measurements and 

comparisons of the values to specimens with presumably known sex (Berner, 1988) from roughly the 

same time period and geographic origin contributed to the demographic understanding of the remains 

from the Tollense valley site (Flohr et al., 2014a). The study revealed that the majority of individuals 

were males, but that also some females were represented by the assemblage. This assumption was 

meanwhile supported by aDNA analyses (Burger et al., 2020). The use of metrical properties of canines, 

the tooth with the highest sexual dimorphism in non-human primates and humans alike, was also 

shown to contribute to sex determination in problematic cases, including non-adult individuals (Flohr 

et al., 2016). However, it also revealed that canine dimensions vary between populations and that the 

application of methods obtained on one assemblage on another assemblage may therefore be 

problematic. Thus, it is recommended to compare the total metrical variation of the canine dimensions 

between the assemblage on which the method was developed and the assemblage on which the 

method is to be applied. If the two assemblages show similar variation, this approach will likely provide 

reliable results. This was shown in the case of an assemblage from the late medieval Jewish parish of 

Erfurt (Germany) to which formulae were applied (Flohr in prep.) that had been developed on the early 

medieval assemblage from Greding (Flohr et al., 2016). Also here, aDNA analyses corroborated the 

results of the metrical sex determination in the Erfurt individuals (Carmi, unpublished). 

Metrical approaches on bones and teeth require an assessment of the potential amount of false 

diagnoses due to measurement error, as repeated measurements inevitably lead to deviant results  

(DiGangi and Moore, 2013a). Regarding sex estimation on the basis of femoral length measurements, 

as was done for the Tollense valley assemblage, measurement error contributes only little to the total 

values and therefore does not significantly affect the results. It was shown, however, that 

measurement error probably contributed significantly to interpretations on ear ossicle dimensions in 

previous studies and that some conclusions derived from these results should therefore be re-

evaluated (Flohr et al., 2010).  
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Estimation of age-at-death of adult individuals is much more difficult than sex determination, even in 

completely preserved skeletons, due to the lack of chronological aging markers (compared to biological 

aging markers) but was no major issue in the present summary. The probably most complicated task 

in bioarchaeology is the reconstruction of health and disease in human or animal skeletal remains, as 

was discussed in depth in the present summary. Regarding terminology, even the frequently used term 

“health” is critical to apply on archaeological skeletons. The WHO-definition of “health” is impossible 

to attest, as it comprises “physical, mental and social well-being” (WHO, 2005) – a characterization 

that  is almost impossible to verify even in living people (Böcker et al., 1997). Apart from this very 

general view, two other definitions of health might be distinguished: (a) health is a condition in which 

an individual is able to cope with the requirements of daily life, and (b) health defines the absence of 

disease or impairment (Sartorius, 2006). Obviously, also the first definition cannot be proven by 

bioarchaeological studies. Thus, human skeletal remains can only be studied in order to detect signs 

of disease and impairment. However, also this approach is not without problems. Bones and teeth 

might integrate and preserve signs of disease and impairment over their lifetime. For example, 

individuals may have been affected by disease in childhood that caused changes in bones or teeth, but 

the disease was overcome and the individuals lived their remaining life in good “health”. If signs of the 

disease in childhood are preserved, bioarchaeologists might classify this hypothetical individual as 

“diseased”. Thus, there is a chronological depth in the term “diseased”, making the rather simple 

categories “healthy” and “diseased” problematic to apply, and it is therefore of high relevance to 

distinguish whether or not a disease was active at the time of death. This may be rather uncritical in 

the interpretation of fractures, as for instance shown here in the case of the bison tibia from the 

Untermassfeld fossil site (Kierdorf et al., 2012; Kierdorf et al., 2020). To reconstruct the chronological 

depth of a condition was much more challenging in the individual from Lauchheim. The skeleton 

exhibits signs that can plausibly be attributed to secondary HOA (Flohr et al., 2018). Sharply defined 

borders of Howship’s lacunae on the distal digits and the dorsal side of the sternum suggests an active 

disease process at the time of death, whereas the majority of changes suggest a longstanding, chronic-

recurrent secondary disease with unknown primary disorder. The chronological depth of a disease-

based abnormal condition was also proved in the studies on hypocellular human mastoid processes 

(Flohr et al., 2009; Flohr et al., 2019). Here, microscopic analyses of mastoid processes revealed 

primitive woven bone in some cases, indicative of a rapid formation process shortly before death. A 

distinction was made between hypocellular mastoid processes that, in accordance with Wittmaack’s 

concept of the “normal pneumatization”, developed in the course of a pathological alteration of the 

middle ear mucosa during early childhood and hypocellularity in the course of a healing stage following 

mastoiditis, contracted at an older age. A third form of hypocellularity was attributed to a chronic 
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(recurrent) process that was probably active at the time of death. However, in the latter case, the 

disorder causing this kind of hypocellularity could not be elucidated. 

Another problematic aspect regarding the identification of diseased individuals represented in skeletal 

assemblages is that the absence of signs of disease and impairment in bones and teeth does not prove 

that an individual was not affected by certain diseases. As stated earlier, most diseases do not affect 

bone. Moreover, if the immunological status of an individual is poor, a disease might have caused 

death within a rather short time period without leaving any signs on the bones. In contrast, the same 

disease affecting an individual possessing a more robust immunological state might affect its bones 

because the individual was able to withstand the disease for a longer time. Which individual would be 

classified by bioarchaeologists as being “healthy” and which one as being “diseased”? This dilemma is 

known as the “osteologic paradox” in bioarchaeology (Wood et al., 1992).  

It is therefore inherently problematic to apply categories like “healthy” and “diseased” in the analysis 

of human skeletal remains. Investigators should thus restrict themselves to the identification and the 

interpretation of signs of diseases and impairment, considering also the life history of the respective 

individual. This view, however, produces some kind of “epidemiological bias”, as only the “diseased” 

individuals can be counted but not the “healthy” ones. 

The identification of abnormal features of bones and teeth is the first step in a paleopathological 

investigation. For that it is necessary to know (or establish) the normal range of variation of certain 

skeletal and dental traits. Only features that fall outside of this range can be classified as pathological, 

and defining a pathological condition is therefore a case of delimitation. The title of the radiological 

textbook “Grenzen des Normalen und Anfänge des Pathologischen” (Köhler and Zimmer, 1967) 

perfectly expresses this issue that holds for both clinicians and paleopathologists. The study on the 

lesser trochanter (Flohr et al., 2017) suggested that the variation in the spatial orientation of this 

structure might be influenced by the use / non-use of the iliopsoas muscle during early childhood and 

should be considered as “normal”. Rickets and other diseases, however, might also affect the geometry 

of the lower limb bones and therefore affect the lesser trochanter’s orientation, in this case indicative 

of an abnormal condition. This example illustrates that normal and pathological variation of 

morphological traits can overlap, making the recognition of a pathological condition difficult.  

A current effort in paleopathology is for the increase in the “scientific rigor” of diagnoses, i.e. “the need 

to carefully follow protocols and to exercise objectivity in drawing conclusions” (Buikstra et al., 2017: 

80). Criteria used to identify and to interpret a certain condition must be clearly defined in order to 

avoid diagnoses and subsequent paleo-epidemiological assumptions based on the subjective 

perceptions of an investigator. One option for increased rigor is to follow strict “operational 
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definitions” in the diagnosis of pathological conditions (Waldron, 2009). Although such “operational 

definitions” sensu Waldron clearly allow the comparison of results obtained by different observers, the 

diagnostic frame might be somewhat too rigid, as it excludes certain diagnostic pathways such as 

microscopic investigations. In consequence, the obtained results are rather “conservative”, because 

cases showing abnormal conditions but not strictly fulfilling the operational definitions remain 

undiagnosed, leading to “false-negative” results. To increase “scientific rigor” could instead mean that 

numerous diagnostic pathways are combined in a reproducible way to arrive at the most reliable 

diagnosis.  

Paleopathology is no longer the collection of spectacular cases, of “trophies” submitted to physicians 

as the “true” experts in this field (Jarcho 1966). Rather than doing “pathology light” (Buikstra et al., 

2017: 80), paleopathologists became conscious that diagnosing diseases in dry bones requires 

approaches that differ from those applied on living patients or fresh cadavers because diagnostic 

options are limited by the archaeological nature of the materials. The diagnosis is thus restricted to 

the interpretation of osteological (odontological) changes, complicated by the fact that bone and 

dental tissues react to various pathological agents in a very limited number of ways (Miller et al., 1996). 

Considering the limited range of possible hard tissue reactions, it is helpful to understand the 

developmental process leading to a certain condition. It is a great advantage of microscopic analyses 

that they can often provide this information. Animal bones can serve as model organisms. In the 

present summary, microscopic insights from deer antler, in which the dynamics of bone growth were 

studied (Kierdorf et al., 2013), were applied on hypocellular mastoids. The reconstructed processes 

were compared to known courses of diseases from clinical data. The claim for “scientific rigor in 

paleopathology” was met in the diagnoses put forward in the summarized studies due to a detailed 

description and careful interpretation of macroscopic and microscopic changes on the skeletons and 

specimens under study. 

Paleopathology is additionally faced with diagenetic changes on bone that accumulate during centuries 

or millennia. This concerns both the macroscopic and the microscopic level of bone structure. 

Diagenetic changes limit the diagnostic options, i.e. the interpretation of a pathological lesion, but can 

also raise the question whether an observed condition developed intravitally or post mortem. Here 

again, microscopic techniques are helpful, as for instance shown in the cases of fixed stapedial 

footplates (Flohr et al., 2014b). Similar cases have earlier been diagnosed as “otosclerosis” (Dalby et 

al., 1993; Holzhuetter et al., 1965; Sakalinskas and Jankauskas, 1991; Ziemann-Becker et al., 1994). 

However, none of these studies used microscopic techniques. In the cases described here, such 

techniques were applied and no case of otosclerosis was found. Moreover, some suspicious cases were 

identified as being caused by diagenetic alterations (“pseudo-pathologies”).  
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