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Preface 

The examination of excavated human bone finds is mainly the 

domain of anthropologists and forensic pathologists, the former 

working with ancient and historical specimens, the latter with modern 

finds. The methodological and diagnostic approaches to these skeletal 

finds are the same, regardless of the time of burial. For physical an

thropology, bodily human relics are dealt with as historical resources 

which give clues to ancient population structure, population develop

ment, life-style and subsistence. They are thus able to help scientists 

understand the present state of human populations. The identification 

of the finds, whether species diagnosis or the evaluation of individual 

parameters such as sex, age at death, body size and shape, kinship 

and pathology follows the same procedure used by forensic patholo

gists, whose task is the identification of bodily relics in cases of 

crime, mass disaster and the like. 

However, there are other disciplines which benefit from excavated 

bone finds. Anatomy gains insights into the morphological variability 

of the skeleton in time and place. The implications for modern physi

cians and pathologists are at least two-fold: pathological specimens 

are suitable to unravel the distribution of many diseases and the 

susceptibility of individuals to pathogens in pre-antibiotic populations. 

In addition to this epidemiological aspect, exhumed specimens often 

exhibit advanced states of bone disease which are no longer or only 

very rarely present in today's industrialized populations because of 

efficient surgical intervention and pharmacological treatment. In addi

tion, there is a specialized discipline involved in the analysis of the 

fossilized state of bone preservation, which is largely concerned with 
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vertebrate evolution: palaeontology. But whatever knowledge is de

rived from bone finds, the prerequisite in every case is a full and 

proper investigation. 

For many questions, such as sex diagnosis, a purely macroscopic 

inspection is sufficient. For other problems, a more detailed investiga

tion of the specimen is necessary to obtain as much information as 

possible. Today, with the help of modern technical facilities, one is 

capable of studying the most detailed properties of excavated bone 

including its crystal structure and protein or DNA preservation. But, 

many people who are specialists in these fields of research are often 

not capable of interpreting a thin section of bone properly. Microsco

pic inspection of bone, whether modern or ancient, is a sequential 

step between macromorphology and ultrastructure. It is thus asto

nishing that laboratories where bone is routinely thin sectioned are 

scarce, and even so, the wide variety of technical equipment for 

microscopy is often not applied. Histology is, indeed, a prerequisite 

for many valid diagnoses; beginning with species identification in 

instances of fragmentary finds, followed by an estimation of the age 

at death, and, in addition, a correct pathological diagnosis is frequent

ly impossible without sectioning the bone under study. 

Therefore, we had the idea of organizing a workshop dealing with 

ancient, and also, of course, with modern bone histology to fill this 

gap. The fact that every participant who was invited by us imme

diately accepted the invitation might show that there is, indeed, a 

need for discussion on this topic. The workshop was intended as an 

occasion where both the research potential and the practical uses of 

exhumed bone histology could be discussed. 

The conference was finally held from October 3-5, 1990, in 

Gottingen, in the rooms of Carl Zeiss Inc. Besides the conference 

room, Zeiss provided several light microscope facilities, thus the paper 

sessions were accompanied by practical sessions where specific 
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problems were directly discussed and addressed with the appropriate 

histological section. It was a very fruitful conference where specialists 

from a variety of involved disciplines came into close contact and 

exchanged their knowledge and ideas. Forensic specialists, anthropo

logists, pathologists, embryologists and palaeontologists from Great 

Britain, Germany, France, Hungary, the Netherlands, Italy and the 

USA took part in this meeting. We are greatly indebted to them as 

well as to the other participants who joined the workshop for their 

motivation and engagement. 

The meeting strongly stressed the methodological aspects, i.e. the 

above-mentioned prerequisite for a full and proper specimen investiga

tion. The workshop's proceedings summarize the discussions in such 

a way that the reader who wishes to become engaged in bone histo

logy may gain enough information to do so. In addition, much of the 

current palaeohistological research is reviewed. 

The papers presented were organized into four sections: methodo

logical aspects of palaeohistology, identification, pathology and, fi

nally, artefacts. Firstly, one needs some information on the circum

stances under which human mineralised tissues can survive in the 

soil. Even more important is to make oneself clear as to the type of 

questions that should be answered by bone histology (Garland). One 

has to be aware of the fact that thin sectioning means a partial de

struction of the find, which may raise complications in cases of rare 

and very valuable specimens. Thin sections are usually investigated 

by light microscopy with a variety of special equipment. The choice of 

microscope, method and the deviant behaviour of ancient bone com

pared to fresh bone regarding staining and embedding is discussed by 

Herrmann. These complications are brought about by the 'decomposi

tion' of bones by chemical and physical and biological agents within 

the burial environment which lead to micromorphological artefacts 

(Grupe and Dreses-Werringloer). Bones which are not decomposed 
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but rather fossilized are a unique source for comparative vertebrate 

micromorphology (De Ricqles). 

Following a definition of the problem, the choice of the method 

and evaluation of artefacts, the establishment of several individual 

parameters commences. The basic question, especially in the case of 

very fragmentary finds, is whether a bone is really human (Harsayi). 

Age at death can be assessed microscopically both on interred bone 

(Uytterschaut) and cremated remains (Hummel and Schutkowski). 

These qualitative results should be further quantified by the advan

tages of microradiography (Heuck) and histomorphometry (Boivin and 

Meunier). 

Many problems still exist with regard to the correct diagnosis of 

pathology, since no data on soft tissue or body fluids are available 

(Bianco). Pathological diagnoses on bone thin sections are demon

strated with two disease complexes: metabolic bone and joint disease 

(Boyce)and malnutrition and infection (Schultz). Wakely's paper on 

bone trauma is the only one which focusses on SEM studies rather 

than light microscopy. 

It was felt that the advantages of SEM and TEM imaging of hu

man bone also deserve much more attention than is currently paid. 

The broader discussion of these techniques, however, would have 

been beyond the scope of the meeting. Specialized as it was, one fact 

which continued to be repeated during the meeting was one of the 

common problems of interdisciplinary work; namely, the variability of 

terminology even between disciplines engaged in the same research 

area. Although very basic, such a problem was startling and is one 

which ought to be overcome in the near future. 

We would like to stress that the workshop was only possible 

through financial support from the Stiftung Volkswagenwerk and the 

cooperation of Zeiss. Further support was provided by the Universi

tatsbund G6ttingen, the Stadtsparkasse G6ttingen, and Wild Leitz Inc. 
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We also owe our thanks to those who contributed at the workshop, 

and to those who put pen to paper for this volume. Dipl.-Biol. Petra 

Zimmermann, Munchen, helped us during the final stages of file pro

cessing and layout. 

Gisela Grupe and Neil Garland 

Munchen and Manchester, January 1992 
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An Introduction to the Histology of Exhumed 
Mineralized Tissue 

A. Neil Garland 
Department of Pathology 
University of Manchester 
Stopford Building 
Oxford Road 
Manchester M 13 9PT 
UK 

Bone is unique among the tissues of the body. Firstly, during life it 

is self-repairing and can alter its properties and configuration in re

sponse to mechanical demand; and, secondly, because of its bioche

mical make up and micromorphological structure it can withstand 

hundreds, if not thousands of years of internment in many different 

burial environments. 

Histology is a technique routinely used in modern day pathological 

practice but little used in studies of exhumed human and animal bone. 

In contrast to its uses in palaeontology, microscopy has a poor history 

as a technique in palaeopathology (see de Ricqles, this Vol.). 

Although by the last decade of the 1 800s the light microscopic fea

tures of bone had been described, efficient polarizing microscopy 

techniques had been developed, as had techniques for the decalcifica

tion and paraffin wax embedding, and handgrinding of human bone, 

archaeological bone histology remained underdeveloped in comparison 

to the rather misdirected 19th century anthropological and palaeopa

tho logical studies which emphasized skull shape and racial evolution. 

Histology simply did not fit in with the paradigms of the day. 

During the later part of the last century the question of the origin 

of syphilis began to be debated, a debate which still carries on even 

today!; likewise the diagnostic criteria enabling anthropologists and 

pathologists to diagnose syphilis in dry bones. Thus, it is perhaps 
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fitting that probably one of the first microscope examinations of ex

humed human bone was undertaken by a Dr. Prudden, in 1891, of 

the Laboratory of the College of Physicians and Surgeons of New 

York. Two adult tibia exhumed from a prehistoric burial site on the 

Animas River, Colorado were examined. Although the diagnosis of 

syphilis was suspected on macroscopic examination, the sections 

showed a chronic periostitis and osteomyelitis. 

In contrast to palaeopathology, which, as a discipline, has an 

ancient history, palaeohistology is relatively more recent and perhaps 

palaeohistologists are still at the learning stage of what is possible, 

and what is not possible, defining procedures and defining more of its 

applications. As this is the first time ever that animal, human and 

palaeontological histologists have been brought together, I thought it 

perhaps fitting to begin the workshop by posing a series of questions 

pertaining to palaeohistology in the present and also in the future. The 

questions posed will be paralleled with micrographs of exhumed hu

man bone, and certainly the questions will be just as applicable to 

animal bone as they are to human material. 

What is palaeohistology? The first mention of the term palaeo

histology was by Moodie (1926), however the first definition of the 

term was not provided until 1949 by Graf who stated " ... It would 

seem rather natural to apply the word palaeohistology to the examina

tion of microscopic sections of ancient human beings and the recogni

zing of tissues and cells in such sections". 

What of the uses of palaeohistology? Perhaps the commonest use 

of palaeohistology today is in the study of bone decomposition, and 

such stu'dies allow us insight into the interactions which have taken 

place between the bones and the chemical and physical factors and 

biological agents within the burial environment. In other words, the 

study of the post mortem changes in exhumed bone allow us to say 

something about the taphonomic history of the bones. I should, brief-
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Iy, like to illustrate this use of histology with the study of some exhu

med bones from a charnel deposit at Rothwell Parish Church, 

Northamptonshire (Fig. 1). 

The contents of the crypt have attracted interest since they were 

first discovered around 1700 A.D. The crypt is only one of two survi

ving in the British Isles, and is therefore important not only in terms of 

its structure, but also of its contents. My brief, as a palaeohistologist, 

was with the use of histology to suggest the nature and extent of any 

bone damage (for full details of the multidisciplinary investigations see 

Garland et aI., 1988). All the histological sections obtained revealed, 

to a varying extent, some degree of preservation of the microstruc

ture. However, many aberrations from such a structure were found. 

In the outer third of the cortex of many of the specimens, generalised 

destructive changes were found, characterized by a general loss of 

micromorphology, predominantly affecting the outermost aspect of 

the osteons (Fig. 2). Focal destructive changes were characterized by 

focal loss of mineral and collagen and with zones of hypermineraliza

tion surrounding the foci (Fig. 3). Loss of organic matrix was seen in 

the decalcified sections as broken up Haversian systems. Inclusions of 

fungi were present, lying amongst the trabeculae and within the 

Haversian systems (Fig. 4). Infiltrations of iron were found in the 

outer third of the cortex, as demonstrated by a positive Prussian blue 

reaction (Fig. 5). 

The histological study has demonstrated a number of points in the 

taphonomic history of this collection of bones. There has been de

struction and alteration of both the organic and inorganic components 

of the bones; slow post mortem demineralization is taking place with 

some of the mineral being reprecipitated inside the bones; loss of 

organic and inorganic components has led to shrinking and cracking 

of the bone microstructure; intrusive fungi are present inside the 

bones and they are continuing and accelerating the destructive pro-
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cesses. Histology has demonstrated a number of important implica

tions for the conservation of both the bones and of the crypt (Garland 

1987, 1989). 

Virtually all the samples used for bone decomposition studies are 

taken from the diaphyseal region of the long bones. What of the 

articular ends? We tend, perhaps, to forget that a joint is a functional 

unit comprised not only of contiguous ends of bones but also of a 

cartilaginous component. Does the cartilage survive burial? What are 

the implications for the preservation of such a layer for bone tapho

nomy? Is it a barrier against fungal and bacterial invasion? Does the 

histological preservation of calcified cartilage together with the sub

chondral bone have a role in the palaeopathological diagnosis of joint 

disease? 

In addition, it must not be forgotten that in general people bury 

bodies, they do not bury bones. During the early stages of decompo

sition, and particularly if the body is interred in a closed coffin, the 

body will be covered with the degradation products of the soft tissue. 

Do these degradation products together with the changing bacteria 

and fungi affect bone? Do they in any way initiate bone decompo

sition? These early changes clearly require investigation which has not 

yet been adequately carried out (Garland and Janaway 1989). 

The next use of palaeohistology to be mentioned is its role as an 

aid in the diagnosis of disease in exhumed bones. During a sympo

sium on human palaeopathology, held in 1965, two noted osteoarti

cular pathologists were cynical with regard to the use of histology. 

Putschar (1966) stated" .. one should not, however, expect too much 

help from the relic, since diagnostic bone patterns are rare. The frail 

trabeculations of woven bone are probably not sturdy enough to 

survive long burial". Johnson stated " .. The pumice of Paget's disease 

will not remain, and much of the mosaic will have disappeared". Such 

dogmatic statements certainly obviscate the field and should be trea-
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ted with a healthy degree of scepticism. Does woven bone and page

tic bone survive burial? 

Ground sections were made of a fragment of a adult male mediae

val skull, excavated in London, suspected on macroscopical grounds 

to have Paget's disease. The bone, histologically, is well preserved 

and allowed a diagnosis of Paget's disease to be made (Fig. 6). On 

the other hand, ground sections and microradiographs made from 

another skull, again suspected of showing Paget's disease, from a 

Romano-British site, showed the reverse; there was virtually complete 

obliteration of the microstructure. However, the decalcified sections 

suggested some increased scalloping of the cement lines and a slight 

mosaic pattern. 

Radiographs of a humerus excavated from a Saxon site showed 

the features of monostotic fibrous dysplasia (Wells 1963). Ground 

sections and microradiography revealed the cortical bone to be vir

tually filled with focal destructive lesions, although there were areas 

of the external circumferential lamellae which were unaffected (Fig. 

7a). However, in the subcortical bone there were irregular spicules of 

woven bone still preserved (Fig. 7b). Woven bone has also been iden

tified in histological sections of an osteoid osteoma (Saxon period), a 

probable osteogenic sarcoma (pre-1778 A.D.), (Fig. 8) and also from 

fracture calluses (Fig. 9). 

Obviously, we can only establish whether woven bone and page

tic bone survive burial by microscopy of the specimen. This leads to 

several other questions which need to be answered before palaeo

histology becomes an accepted technique, particularly in Great 

Britain. Who decides whether a bone should be sectioned? Where in 

the sequence of the investigations of a palaeopathological specimen 

should histology be undertaken? Perhaps answering one type of 

question with histology may destroy the possibility of answering 

another with a different technique. 
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Fig. 1 View of one of the bone stacks from the charnel house at 
Rothwell, Northamptonshire. Photo courtesy of Dr. R.C.Jana
way, University of Bradford 

Fig. 2 Undecalcified unstained section from an adult femur. Generali
sed destructive changes (G)' Haversian Canal (H); original 
magnification x50 

Fig. 3 Focal destructive changes in the cortical bone of an adult fe
mur; microradiograph, original magnification x30 

Fig. 4 Fungal inclusions (arrows) in trabecular bone; PAS stain; origi
nal magnification x30 

Fig. 5 Infiltrations of iron in the outermost layer of cortical bone 
(arrow). Prussian blue reaction; original magnification x30 

Fig. 6 Undecalcified section of skull showing "scalloped" cement 
lines. H&E stain; original magnification x25 

Fig. 7 a Virtually complete destruction of cortical bone in a humerus 
with monostotic fibrous dysplasia. Microradiograph; original 
magnification x25. 

Fig. 7 b Irregular spicules of woven bone in the subcortical bone. 



8 

Everyone who works on exhumed human and animal bone knows 

the difficulty in distinguishing ante- from post-mortem changes. Can 

we confidently diagnose ante-mortem pathology from a purely ma

croscopic inspection of the specimen when what we are really seeing 

is the result of so-called pseudopathology? Can histology aid in such 

differentiations? 

Figure 10a shows the endocranial surface of the occipital bone of 

a child aged 8-10 years at death, excavated from Lasswade, Scotland 

and dating to 16th century A.D. The bones overlying the superior 

sagittal sinus, the right and left transverse sinuses and the right and 

left cerebellar fossae have a "crazy paving" or coralline appearance. 

However, prior to cleaning those areas of bone were densely covered 

with fine plant rootlets, and it was thought, perhaps, that the appea

rance of the bone was the result of etching by plant rootlets. How 

wrong the archaeologist was. The histological sections (Figs. 10b,c) 

showed outgrowths of extra cortical new bone formation and good 

preservation of woven bone as a result of ante-mortem pathology and 

not post-mortem damage, as was initially thought. 

The occipital bone of a skull from Rushen Abbey, The Isle of Man 

(12th-13th century A.D.) was submitted for investigation. The inner 

surface of the skull showed a triangular-shaped area of flaking of the 

surface, which surrounded an area with a honeycombed appearance. 

Examination of the slab and the slab X-ray showed a virtual loss of 

the inner table of the skull. The skull was submitted for histological 

examination to assess the nature of the changes to the inner table of 

the skull. Were they ante-mortem or post-mortem changes? 

Histologically, four zones were evident. A few focal destructive 

lesions were seen in the external circumferential lamellae (zone 1), 

but the micromorphology was mainly preserved. Although Haversian 

canals were identifiable, the remainder of the bone of the outer table 

(zone 2) was virtually full of focal destructive lesions. The diploe 
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(zone 3) was less densely tunnelled than zone 2 and some micromor

phology was recognizable. Soil material was present lying amongst 

zones 2 and 3. Zone four was represented by a thin strip of cortical 

bone of the inner table only. In this zone the changes were mainly of 

the generalized destructive type, but a few tunnels were present in 

the more densely mineralized areas. This time histology has demon

strated that the changes were post-mortem. 

Does histology have a role in the analysis and identification of 

exhumation associated masses? Numerous "mineralized" masses have 

been recovered from archaeological excavations worldwide (e.g. Bo

ross and Nemeskeri 1963; Beck and Mulvaney 1966; Baud 1972; 

Houghton 1975; Strouhal and Jungworth 1977; Strietz et al. 1981; 

Kramer et al. 1983; Kramer 1984), and they generally take one of 

two forms. Either they are of a regular shape which often resembles a 

tissue structure, or they are of an irregular amorphous mass. The four 

specimens I wish to discuss were excavated from sites containing 

human remains deposited as a result of two different funerary rituals: 

(1) inhumation and (2) cremation followed by placing in an urn. 

Specimen 1: The mass was recovered from the neck region of a 

female, age 25-35 years, from the Romano-British site at Poundbury, 

Dorset. Other pathology was described as "OA of pubic symphysis, 

thoracic vertebrae and shoulder". The specimen was an irregularly 

shaped and slightly porous piece of pale yellow coloured material, 

measuring 19 x 5 mm. The specimen was brittle on cutting. Radiogra

phy revealed that the tissue was mineralized. Histological examination 

(Fig. 11) revealed cortical lamellar bone covered in places by well 

preserved cartilage, which, however, did not extend deep into the 

bone. Tide marks were present, suggesting the specimen to have 

come from a site of endochondral ossification. Although Haversian 

systems and cement lines were recognizable, much of the tissue 
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matrix was destroyed by focal destructive lesions, or tunnels. The 

histological appearances suggested the mass to be an exostosis or an 

osteophyte from an articular surface which had become detached 

from its original site of origin. 

Specimen 2: Some 20 to 30 cylindrical fragments were recovered 

from the lower abdomen, pelvis and lower limb of an adult male du

ring excavations at the mediaeval site of Barton-on-Humber. The 

skeleton was found with the knees flexed, not due to a burial ritual, 

but probably caused by soft tissue pathology associated with the joint 

changes of a proliferative erosive enthesopathy (Rogers 1989). The 

specimen submitted for examination was of a cylindrical shape with a 

dull yellow colour, diameter 7 .64~ 0.02 mm. Staining with H&E, 

toluidine blue and PAS was uninformative, however sections stained 

with elastic van Gieson revealed good preservation of the elastic 

fibres and duplication of the internal elastic lamina (Fig. 12). 

With these two specimens, histology has been of use in the identi

fication of their tissue of origin. However, such an identification with 

the following two specimens, in the opinion of this author, was not 

possible. 

Specimens 3 and 4: The following two specimens were recovered 

from the same archaeological site. During the anthropological exami

nation of approximately 2330 cremations recovered from the Saxon 

site at Spong Hill, Norfolk, three fragments from three different cre

mation urns were discovered which did not have the appearance of 

cremated bone. The skeletal details mentioned briefly have been 

extracted from the unpublished report. The fragment not studied 

here was "examined with XRF, with the following results: 

AI oxide: 
Si oxide: 
P oxide: 
Ca oxide: 
Fe oxide: 

2.600% 
5.957% 

45.868% 
45.254% 

0.254% 
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Both specimens were oval to rounded in shape, with a diameter of 

approximately 10 mm. The predominant colour was dull yellow 

orange and the internal colour was grey. The weight of the specimens 

were 0.73 g and 0.32 g respectively. Both specimens showed cracks 

radiating from the periphery into the core. Plain radiography showed 

the specimens to be densely mineralized, more so in the core than at 

the periphery, but without any apparent structure. Histological pro

cessing and sectioning proved difficult. Decalcification of a small 

fragment resulted in its complete dissolution. Although thick sections 

were readily cut from the resin-embedded blocks, hand grinding was 

difficult because bits of the section would break off. This was, presu

mably, because of the inability to fully impregnate the specimens with 

resin. Histologically, the specimens had a finely granular and nodular 

appearance. Examination under polarized light revealed birefringence 

and inclusions of soil material. Higher power of certain areas showed 

'more finely crystalline or granular material with a pale periphery and a 

darker core which were in a cobble-stone configuration. In addition to 

the stains described previously, both these specimens were stained 

with alizarin red, PAS and the Prussian blue in an attempt to identify 

their components. The PAS stain showed that the peripheries of the 

specimens were penetrated by actinomycetes and yeasts. Staining 

with alizarin red, for calcium, was positive, the stain showing no 

areas of imperfect penetration. Staining with von Kossa revealed 

patchy areas of positive staining. Microradiography showed a rather 

irregular distribution of mineral. X-ray diffraction revealed the sample 

to be highly crystalline hydroxyapatite, with the formula Cas(P04)30H. 

The mole fraction of calcium in the sample, as estimated by atomic 

absorption spectroscopy, was found to be 0.30. This value is slightly 

higher than that calculated from the chemical formula (0.28). How

ever, this slight discrepancy was not surprising, given the variable 

composition of apatites from biological systems. 
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Fig. 8 Microradiograph of a specimen of bone from a possible osteo
genic sarcoma showing randomly orientated arcades of woven 
bone; original magnification x25 

Fig. 9 Ground section from fracture callus. Woven bone (W), lamellar 
bone (L). Polarized light; original magnification x25 

Fig. 10 a Endocranial surface of the occipital bone of a child aged 8-
10 years. Note the coralline appearance to the bone on 
either side of the saggital suture. 

Fig. 10 b Unstained ground section of above specimen. Note extra
cortical new bone formation and preservation of woven 
bone; original magnification x50. 

Fig. 10 c Same field, viewed by polarized light 

Fig. 11 Preservation of cartilage (e) overlying cortical lamellar bone 
(8). Decalcified section; stain: toluidine blue; original magni
fication x25 

Fig. 12 Section of a mineralized blood vessel. Good preservation of 
elastic fibres; stain: elastic van Gieson, original magnifica
tion x25 
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The examination of cremated remains is a daunting task un

favoured by many workers and so it is not surprising that only limited 

studies have been undertaken regarding the histological examination 

of cremated material (Herrmann 1977, 1988; Shipman et al. 1984). 

The only comparable specimens to the two just described were two 

spherical concretions recovered from the cremated remains of a 

male, aged 40-50 years, from an early pre-Roman Iron Age (ca. 

500-250 B.C.) cemetery, Schleswig Holstein, FRG (Schutkowski et al. 

1986). Macroscopic examination showed them to be composed of 

distinct layers of differing consistencies and examination under polari

zed light demonstrated a concentric lamellar structure of the micro

architecture. Microradiography, however, revealed a homogeneous 

distribution of mineral. X-ray diffraction showed the concretions to 

have a chemical structure characteristic of apatite. 

With the two specimens described above, excavated from Spong 

Hill, only limited conclusions could be drawn from the histological 

appearances and a differential diagnosis of kidney or bladder stones 

or calcified lymph nodes (as a result of a granulomatous disease) has 

to be proposed. 

What of palaeohistology in the future? The main aim of the 

Palaeohistology Workshop was to discuss the research potential and 

the practical uses of bone histology as applied to exhumed (human 

and animal) skeletal material. The following contributions are those 

discussions. Palaeohistology is a unique and exciting tool for the 

study of extant material, and its total potential is, as yet, untapped. 
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Today's prehistoric anthropology could not produce satisfying 

results without microscope assistance, either light microscopy or 

electron microscopy. 

Because of the technical difficulties in handling delicate bony 

substance (Robinson et al. 1987), the impact of electron microscopy 

on structure research in anthropology has not yet reached its poten

tial. However, light microscopy, at least the present time, is more 

important not only because of its availability and access to resear

chers, but because it is simpler. 

Simpler? Despite the appearance of a simple opto-mechanical tool, 

light microscopy, used on a sophisticated scale, requires adequate 

physical knowledge. This underestimation often leads to poorly selec

ted light microscopy methods, and as a consequence, to insufficient 

results. On the other hand, the introduction of improved embedding 

techniques, e.g. by using modern plastic resins and cutting tech

niques as with the rotation sawing microtome, enabled scientists to 

concentrate on non-fossilized bones. These techniques have been 

used on a large scale, only within the last 15-20 years. Of course, 

important papers have been presented earlier on the microstructure of 

non fossilized prehistoric human bones by well-known scholars, for 

example A. Ascenzi or Ch. Baud and others. But it was not until 1966 

that the first systematic evaluation of the use of bone histology in 
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forensic medicine and anthropology was presented by D. Enlow. This 

is considered a benchmark and breakthrough, at least for prehistoric 

anthropology, since the scientific community became aware of the 

importance of using this type of information. 

However, there is one other paper which is often overlooked that 

seems to be of similar importance, since it deals with decalcification 

and staining of archaeological bones and with the histochemical inter

pretation of metachromasia (Andersen and Jorgensen 1960). Al

though it did not contribute much to our knowledge, it presented an 

innovative approach. The authors were able to prove the presence of 

acid mucopolysaccharides by histochemical methods in old Eskimo 

and bog bones. Together with an earlier paper by Thunberg, who 

detected citric acid in old bones already in 1947, this would appear to 

have been the beginning of (bio)chemical/molecular archaeology (or 

biomolecular palaeontology), which has developed into an explosively 

expanding area in bone microtechniques today. 

Light microscopy is a tool to obtain information on at least four 

major branches of prehistoric anthropology (see Fig. 1): 

1. It is used to discriminate and describe species characteristics 

(e.g. human vs non human); 

2. It is used to determine decomposition processes (e.g microbial 

deterioration vs physiological structure); 

3. It is used to age the specimen, since biological age is not only 

fundamental biological information, it is also important with 

regard to social history features in human societies; 

4. It is used for palaeopathological diagnosis, at least when 

differential diagnoses have to be determined and "pseudo

pathologies" are to be eliminated. 

It is possible to obtain this basic information even with standard 

microscope equipment. Of course, the results also depend on the 

methods of preparation (i.e. embedding and cutting), which are not 
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considered here. Being basically an optical task, the histological exa

mination of ancient bone is considered in terms of light microscopy. 

Light microscopy methods represent an adequate approach to exami

ning the bony substance at the tissue level. The study of smaller 

tissue components, of either mineral or organic origin, would be more 

successful using other methods and different magnification levels 

than those available to standard light microscopy. Thus, the following 

discussion is restricted to tissue inspection and ignores for the time 

being organic residues or remains, regardless of whether these are 

physiological or have been invaded by living organisms. However, the 

following methods are also useful for the examination of these re

mains if they are related to tissue structures. 

Basically, there is not much difference between the optical im

pression of a native, old sample and a thin section of a bone from the 

dissection room, despite the fact that there is a "prestaining" of an

cient bones due to soil conditions. 

Recommended methods for observation are bright field, dark field, 

phase contrast, Nomarski differential interference contrast, polarized 

light and fluorescence light (see note at the end of this paper). 

Bright field observation, which is the standard technique, is pos

sible without adding any further attachments. All other microscopy 

methods are performed by attaching additional modules to the micros

cope. Dark field observation is possible by inserting a dark field con

denser. Now light does not pass the sample directly to meet the ob

server's eye, but brightness is projected to all parts of the sample 

where phase differences between light waves appear. A phase con

trast attachment is especially useful for minute structural details of 

objects such as incremental lines. Nomarski differential interference 

contrast equipment (NDIC) indicates both brightness/darkness diffe

rences and interference colours. This certainly produces very sophisti

cated images but they are not easy to interpret, since edges of the 
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same structure appear in different colours if they oppose each other, 

moreover, the image contrast depends on the orientation of the sam

ple. However, NDIC is especially useful for relief like stereo images of 

poorly structured samples on an improved level compared to phase 

contrast images. 

Next to bright field inspection, polarized light is the most common 

observation method to examine old bones. Adding an analyser and a 

polarizer to the microscope and orientating polarization planes to a 

right-angled position leads to bright and dark areas. The dark areas 

are due to light absorbance by the analyser, while the bright areas are 

due to anisotropic characters which are within 0' and 90° of the 

oscillation plane of the light. Adding a ~ lambda + tint plate to pro

duce interference colours within red first order, one obtains, for 

example, blue if the directions of parts having higher refraction indi

ces are parallel to that of the tint plate, whereas yellow indicates 

directions of higher refraction indices at a 90' angle to the tint plate. 

Thus, if the sample, the plate or the polarizer is rotated, the colours 

will change and basic information about the physical properties of the 

sample inspected is obtained. 

As research is presently moving into the field of molecular com

pounds in ancient bones transmitted and reflected light fluorescence 

attachments will also certainly provide very useful information. Unfor

tunately only few compounds have the natural ability to fluoresce 

(Piepenbrink et al. 1983). Fluorescence microscopy will become in

creasingly important because of its high specificity and high sensitivi

ty in proving the presence of compounds in old bones after treatment 

with speCific dyes and biomolecular probes. 

If all the above mentioned methods are applied to prehistoric 

bones, the results mostly depend on their state of preservation. In 

case of reasonable preservation the differences in appearance com

pared to a modern sample are small. Differences and strange impres-
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sions increase with bone decomposition. 

As mentioned above regarding the fluorescence technique, histolo

gical inspection of old bones makes one aware of its usefulness for 

molecular approaches. Assessment of the state of deterioration of a 

bone certainly prevents wasting time on an unsuitable sample. 

Another field of application still awaits exploration. It seems apparent

ly that at present not much systematic work has been carried out 

regarding the use of dyes on prehistoric bone. 

A few tests were done in advance of this workshop to demon

strate how promising further work in this area would be. The staining 

methods were chosen with respect to their availability to any histolo

gical lab. Tests were done with Masson-Goldner, Azan, KPM, haema

toxylin and eosin, Romanowski-Giemsa, Villanueva, methylene blue 

and crystal violet. 

This selection obviously includes also allochromasia, metachroma

sia and trichromic dyes and stains. The staining methods were applied 

on four samples from prehistoric bones that differed in age and en

vironmental conditions (Table 1). Samples were selected from femora 

of young adult individuals. Neighbouring sections were stained with 

different stains, thus revealing their influence on almost identical 

microstructures. 
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Fig.1 a,b The four main features of information from histological exa
mination of prehistoric bones. As shown in a, determina
tion of the species characteristics and state of preservation 
might be assessed. Cross section through a bone most 
probably resembling a humerus from Swartkrans Cave 
deposits, tentatively addressed as Austra/opithecus sp. 
Diagenic changes in osteons and conversion of bony tissue 
into mineral phases (above) is detectable; bright field. 
In b, ageing and pathological features might be judged. 
Cross section through a femur of an Infans I individual from 
the Espenfeld site (mediaeval; Thuringen, FRG) with patho
logical apposition of bony material due to periostal reac
tions of unknown aetiology; bright field with less polarized 
light; magnification bar in pm 

Fig. 2 Cross-sections of the femora from young adult individuals 
of different age and different states of preservation due to 
different soil conditions. All samples stained simultaneously 
as described in the text with KPM stain (Dane and Herman 
1963). Sketches are for colour patterns. Magnification bar 
in pm. 

Fig. 2 a Sandy soil; mediaeval (City of Munster, FRG). Periostal 
parts purple (P), B brownish, turning to yellowish-green. 

Fig. 2 b Sand/clay/dung; mediaeval (City of Schleswig, FRG). Peri
ostal area purple (P) and vermillion (V), followed by 
yellowish-green (V-G); osteons appear dark green to black, 
enclosing areas of V-G. 

Fig. 2 c Regosol, 3rd millennium b.c. (United Arab Emirates). Sec
tion stained homogeneously vermillion (V), interrupted by 
only a few light blue areas (lB). d Loess; 3rd millennium 
BC (Thuringen, FRG). Periostal part brown (B), other part 
light blue (lB) and grey (GR) 
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Table 1 Details of specimens 

Samples 

Modern Dissection room 

Mediaeval Sandy soil 12-15 Century a.d. Munster, 
FRG 

Mediaeval Sand/clay /dung 11-13 Century a.d. Schleswig, 
FRG 

Late Regosol 3 million b.c. United 
chalco- Arab 
lithic/ Emirates 
Bronze age 

Neolithic Loess 3 million b.c. Thuringen, 
FRG 

The tests were carried out as follows: 

1. Optimal processing for each staining method was determined 

by pretests. 

2. Thin sections of all samples were stained at the same time in 

the same staining solution for the same length of time. It was 

assumed that any difference in appearance of stained sections 

by a given staining method should be caused by either chemi

calor structural decomposition, or both. 

3. The results varied broadly, but why this is so is not yet under

stood. Of course, an explanation is even more difficult since 

the behaviour of the dyes themselves is not well understood. 

The most remarkable differences were found by applying the 

KPM method to old samples. Although it was originally in

troduced as a method for keratin-prekeratin-mucin staining in 

skin sections (Dane and Herman 1963), it proved to be an 

excellent stain for old bones (Fig. 2). 

From these tests only the results from the KPM set are presented 

here, since they were basically the same in all tests. Comparing the 
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samples in Fig. 2 it is obvious that environmental conditions are most 

important. There seems to be an advantage in using staining methods 

to screen old bones with respect to their biochemical and molecular 

components. These general staining methods as applied here are 

probably not very advantageous because of their low histochemical 

specificity. This could easily be enhanced by using specific histo

chemical agents (Kiernan 1990). One would also expect the introduc

tion of antibodies as probes to improve the specificity. In this field 

and in the application of morphometric methods (e.g. Frost 1987) to 

the histology of old bones, we can expect dynamic development 

within the next few years. Together both certainly add a further major 

topic to the four mentioned above in future work. 

Note 

This paper presented to the workshop was illustrated by numerous 

colour slides. Including them here as black and white images would 

not contribute equally. Technical assistance by Jens Kerl and Ursula 

Schulz is gratefully acknowledged. Preparation of slides presented at 

the workshop was made possible by the courtesy of Mr. Junker and 

Mr. Ernst of Olympus Optical Co., Hamburg (FRG). 
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1 Introduction 

When the soft tissue of a corpse has gone, the bone is directly 

exposed to its burial environment. Although mineralized tissues are 

capable of surviving hundreds or thousands of years in the soil, not 

all specimens are likely to become fossils. Most of them will be sub

sequently decomposed until nothing remains but a "soil silhouette". 

Therefore, every archaeological bone has experienced some destruc

tion to a major or minor degree. It is most important to differentiate 

decomposition phenomena from physiological features of the speci

men with certainty, otherwise any diagnosis of species, individual age 

or pathology might be biased or simply false. For example, even well

preserved bones frequently reveal superficial destruction (Fig. 1) 

which might be mistaken for an eroded hyperostosis. Or, as another 

example, a poorly mineralized specimen may be due to a metabolic 

disease or simply the result of mineral loss by leaching after burial. 

The problem of different decomposition processes and velocity in 

healthy and pathological specimens was recently addressed by Bell 

(1990). It is also obvious that the agent which produces decomposi

tion phenomena should be known. 

There are three principal methods of bone destruction which, 

however, show considerable overlap and any sharp distinction 
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between them appears a little artificial. The physical decomposition 

process of bone weathering is a well-known phenomenon and results 

in easily detectable microfissures and crackings. They are mainly 

brought about by sediment pressure and temperature, but also, in the 

case of superficial finds, by trampling. Their main importance lies in 

the fact that any cracking provides an additional interior bone surface 

which enhances further decomposition. 

Cracking also results when the formation of new calcium phos

phate crystals begin after initial hydrolysis of the original bone apatite 

(Fig. 2). Chemical bone destruction is a more complicated process and 

is mainly dependent upon soil pH, soil drainage, the local redox poten

tial and other features of the burial environment (e.g. Gordon and 

Buikstra 1981, Williams 1988). Minerals may be leached from the 

specimen, others may contaminate it and become fixed by ionic sub

stitution. Initial hydrolysis of the bone mineral is frequently followed 

by recrystallization which also involves the inclusion of extraneous 

material into the bone (e.g. Pate et al. 1989). 

The process of biological decomposition is, by far, less under

stood. It is mainly due to microbial activity that the collagen and 

non-collagenous proteins of the bone are destroyed by several species 

of soil fungi and soil bacteria. In the case of submerged finds, 

blue-green algae should be considered as being of importance. Any 

degradation of the organic matrix of a bone at the same time destroys 

the framework for the mineral crystals (White and Hannus 1983, Von 

Endt and Ortner 1984) and thus also initiates the decomposition of 

the mineral matrix. Focal destructive lesions (tunnels) in excavated 

bones are thought to be the result of microbial activity (Fig. 3), 

whereby the demineralisation of the bone is enhanced by acidic 

microbial metabolites (e.g. Marchiafava et al. 1974; Piepenbrink 

1989). In fact, some of the soil microorganisms which are presumably 

responsible for biological bone decomposition (see below) are capable 
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of solubilizing phosphate minerals (e.g. Sperber 1958; Duff et al. 

1963; Metha and Bhide 1970). At this point, the bone again enters 

the chain of chemical decomposition processes, i.e. leaching, hydro

lysis, recrystallization and so on. 

Besides obvious signs of weathering, post mortem impacts on a 

bone's integrity are indicated by stains and, histologically, by a loss of 

birefringence and the presence of tunnels. Stains can be the product 

of mineral contamination (e.g. blue colour after vivianite formation), 

but other colours cannot be correlated with extraneous metal incorpo

ration. Frequently, excavated bones show areas coloured red, blue or 

violet, whereby the stains tend to oxidize when exposed to air and 

turn the bones black. Since the coloured areas are accompanied by 

erosion and cracking (Piepenbrink 1984), the phenomenon might be 

mistaken for heat exposure. Those stains are assumed to derive from 

microbial metabolites, but there is presently almost no clear relation

ship between the action of microorganisms and the alteration of bone 

features (with a few exceptions, e.g. Marchiafava et al. 1974). 

It is also assumed that tunnelling of bone is caused by soil micro

organisms, presumably by soil fungi. Experimental work has shown 

that a great deal of decompositional change is, at least, initiated du

ring the early stages of diagenesis (Grupe and Piepenbrink 1989), 

and, since bone is only attractive to microorganisms when a substan

tial amount of organic material is still left, a current research focus 

lies on microbial dead bone decomposition. The approach to the sub

ject is both phenomenological and experimental. 

2 Material and Methods 

Anthropological thin sections taken from the shaft of a human 

long limb bone were investigated by light microscopy for the purpose 
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of age diagnosis; thin sections from modern pig bones which had 

been experimentally inoculated with soil microorganisms were also 

examined. In addition, a fluorescence light microscope with UV-exci

tation and a light yellow 435 nm barrier filter was used. 

For thin sectioning, compact bone was embedded into the resin 

"Biodur E 12" and sectioned with a standard horizontal rotation 

sawing microtome (Leitz 1 600) to a thickness of approximately 80 

pm. For the detection of microbial remains in the bones, the em

bedded sections were stained by non-specific cell stains. They were 

stained either with methylene blue for 5-15 min, or with ammonium 

oxalate/crystal violet for 1-5 min. 

The pig bone specimens for the inoculation experiments were macera

ted in cold water and then sterilized by uranium radiation (dose: 25 

kGy). The following microorganisms were found to be capable of 

living on sterilized bone from the organic remains: 

Soil fungi: 

Botrytis sp. 
Cladosporium cladosporioides 
Cladosporium herbarum 
Cladosporium sp. 
Crysosporium pannorum 
Crysosporium sp. 
Penicillium brevi-compactum 
Penicillium herbarum 
Phialophora hoffmannii 
Scytalidium sp. 

Soil bacteria: 

Actinomadura madurae 
Alkaligenes pichaudii 
Arthrobacter globiformis 
Bacillus subtilis 
Pseudomonas fluorescens 
Streptomyces griseus 

The soil fungi had been extracted from soil adjacent to buried 

bones (Piepenbrink 1984), the choice of bacteria was due to their 

ability to cleave proteins and to produce pigments. No experiments 

were carried out with the hazardous bacterium Clostridium because of 

a lack of the necessary safety equipment. These bacteria, however, 

are unlikely to participate significantly in bone decomposition due to 
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their very narrow temperature optimum (Angela Child, pers. comm.). 

The bones inoculated with fungi were kept in the dark, at 4'C 

(minimal average grave temperature) and in aerobic conditions. The 

bacteria were also capable of surviving at lower temperatures, but the 

inoculated bones were kept at their optimal growing temperatures 

simply to enhance the reaction. After approximately 4 months the 

compact pig bone inoculated with fungi or bacteria were densely 

colonized. 

An explanation should be added as to why we tried to detect 

microbial tissue in thin sections of bone by light microscopy. Bacteria 

are very small (1-4 pm, depending upon their state of growth and 

environmental parameters), thus any SEM or TEM technique would 

have been more suitable. However, as excavated skeletons are rou

tinely thin sectioned by anthropologists for the evaluation of individual 

biological parameters (for example, age and pathology), as a matter of 

economy the same sections should be used for the detection of de

composition phenomena, especially if the individuals under study are 

also to be further investigated biochemically(e.g. for trace element or 

stable isotope analysis, DNA extraction, or radiocarbon dating). 

3. Microbial Remains in Thin Sections 

Fungal invasion of bone is easily detected since the organisms 

grow as hyphae of a substantial size. It is important to note that 

fungal remains are very difficult to remove from an infected bone 

(Grupe and Piepenbrink 1989). None of the pig bones inoculated by 

us with fungi ever revealed tunnelling, but in excavated bones, 

hyphae-like structures are visible after staining the sections with a cell 

stain (Fig. 4). It is therefore hypothesized that tunnelling may be a 

quite late stage of bone diagenesis: the acidic metabolites partly dis-
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Fig. 1 Microradiograph of a thin section through the mid shaft of a 
human phalanx; early mediaeval specimen from Altenerding, 
southern Germany. Note fissures and crackings at the eroded 
surface as well as a demineralization front (arrow). Areas of 
increased radiodensity represent recrystallization products 
(inside the Haversian systems and eroded surface areas). Scale 
in pm 

Fig. 2 Thin section through the midshaft of a human femur; mediae
val specimen from Schleswig, northern Germany. As a result 
of an excess of Fe-ions in the soil, vivianite crystals 
[Fe3 (HP04 )x8H 20] are formed. This space consuming process 
leads to bone cracking. Scale in pm 

Fig. 3 Thin section through the midshaft of a human femur; mediae
val specimen from Munster, Germany. The location of the 
tunnels follow the original circumferential bone layers of the 
Haversian systems. The cavity of the former blood vessel 
contains four round, naturally stained structures (arrow). pre
sumably preserved parasite remains. Scale in pm 

Fig.4 Compact human bone, stained with methylene blue; mediaeval 
specimen from Espenfeld, Germany. The thin section shows 
tunnelled areas next to intact microstructures. The cell stain is 
both accepted by preserved osteocytes (areas to the left) and 
other condensed material within or next to the tunnels. 
Hyphae-like structures are also found either within the tunnels 
or seemingly originating from them. Scale in pm 

Fig. 5 Human metatarsal of a mediaeval leprous skeleton from 
Odense, Denmark, stained with methylene blue. Three of the 
tunnels are densely filled with condensed material which 
accepted the dye (arrows). the others are void. Scale in pm 

Fig. 6 Thin section through compact pig bone inoculated with Acti
nomadura madurae and stained with methylene blue. Fluores
cence light image. The stained microbial material is located 
within a natural micro pore. Scale in pm 

Fig. 7 Compact pig bone inoculated with Pseudomonas fluorescens 
and stained with crystal violet. Fluorescence light image. Bac
terial cells and colonies are visible within natural micropores as 
well as within an artificial crack (arrows). Note the bright 
fluorescence of microbial metabolites around the infected 
areas. Scale in pm 

Fig. 8 Fluorescent microbial metabolites are invading the bone by 
diffusion. Unstained pig bone inoculated with Actinomadura 
madurae. Microbial tissue is visible as a thin layer at the rim of 
the natural pores (arrows). Scale in pm 
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solve the mineral matrix, which is later washed away by soil humidity 

percolating through and around the buried skeleton. The incubation 

time of some months is probably insufficient to mimic the whole 

biological decomposition process. 

It is impossible to identify the stained exogenous organic remains 

to the species level. Other sections demonstrated that the stained 

material is itself greatly altered, appearing as a dense, amorphous 

mass. Since the invading microorganisms themselves die and decom

pose as well, it is not surprising that some of the tunnels were even 

void (Fig. 5). 

It was not possible to identify bacterial colonies or even single 

bacterial cells in excavated bones due to their small size. On the other 

hand, the inoculation experiments revealed that the organisms were 

capable of growing on the bones, and they even left their pigments 

there. Bones infected with Pseudomonas fluorescens tended to ap

pear a neon-like yellow after the incubation period. This colour, how

ever, is due to a water-soluble pigment and is unknown for excavated 

skeletons. The hyphae of Actinomadura madurae stained the bone 

brown within only a few weeks. 

The detection of bacteria in inoculated bones was successfully 

undertaken by the use of a fluorescence light microscope. In so doing, 

most of the indigenous bone structures are depressed, and the 

stained microorganisms are clearly visible (Figs. 6 and 7). Pseudomo

nas fluorescens, which was one of the most "aggressive" bacteria 

used in the experiments, appeared bright red after being stained with 

crystal yiolet. This could be an important hint for the explanation of 

metachromasia effects in ancient bones (see Herrmann, this VoL): 

some exogenous organic material is to be expected in every ancient 

bone specimen, so the acceptance of a dye by the microbial remains 

can be at least partly responsible for the observed metachromasia 

effects. 
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The implications of this study concern not only the possible arte

facts in palaeohistological specimens, but are also very important for 

the dating of ancient bone finds or other bone chemistry studies. 

After only some months, the experimentally inoculated bones were 

densely colonized with fungi or bacteria, but did not reveal the sligh

test loss of their integrity. In addition, this means that ancient speci

mens which appear to be very well preserved can already contain a 

huge amount of exogenous material. This material must not necessari

ly be restricted to natural micropores or tunnels, but can also be 

transported through the bone by diffusion (Fig. 8). Microbial tissue 

contains amino acids, lipids and proteins and thus provides possibly 

sufficient carbon, nitrogen and oxygen to confuse biochemical bone 

studies. 

The search for microbial remains in excavated bones is also likely 

to add fruitful information in cases of possible tetracycline incorpora

tion by infected grain consumption which is still a matter for discus

sion among palaeopathologists (e.g. Cook et al. 1989). 
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"Full fathom five thow Father lies; 
of his bones are corals made; 
Those are pearls that were his eyes: 
Nothing of him that doth fade, 
but doth suffer a sea change 
into something rich and strange." 

w. Shakespeare, The Tempest, Act 1, scene 2. 

1 Introduction 

As made obvious by this workshop, there is a growing recognition 

of the relevance and usefulness of palaeohistology by scientists spe

cialized in the fields of physical anthropology, forensic medicine, 

historic and prehistoric archaeology, archaeozoology, ethnology and 

many related sciences. Indeed, microscopic examination of actual 

tissue remains of ancient humans and animals (mostly hard tissues of 

the skeleton) can provide much useful information. It is relevant to, 

for example,' individual age at death, palaeodemography, behaviour, 

available weapons and tools among historic and prehistoric human 

populations, as well as to seasonality, individual age, slaughtering and 

butchering practices and techniques, and perhaps domestication of 

vertebrates (mostly mammals) used or preyed upon by our ancestors. 



38 

For most current studies in these fields of research, the absolute 

age of the skeletal material used ranges from contemporary (that is, 

from the dissection room or forensic medicine material) to a few 

centuries old, or at most to about 10000 years B.P. This would take 

into account the complete realm of past "classical" human civiliza

tions recorded by history down to their roots in the prehistoric "neoli

thic revolution". Although long, from an individual human perspective, 

it should be emphasized that this time scale is hardly significant com

pared to the geological time scale currently used by evolutionary 

palaeontologists. 

Accordingly, vertebrate palaeontologists specialized in palaeohisto

logy will be generally involved in researches which are rather distinct 

in their aim and scope to the ones conducted by archaeologists or 

anthropologists, even if many technical or methodological problems, 

such as those dealing with structural, functional and taxonomic inter

pretations of hard tissues, are obviously shared by both. 

A case in point, when contrasting the approaches to palaeohisto

logy by archaeologists and palaeontologists respectively, is the nature 

of the material available. While the hard tissues of palaeozoic or 

mesozoic age dealt with by palaeontologists are actually fossilized 

(one could almost say by definition), it is worth stressing that most of 

the anthropological or archaeological material is not, nor would it 

generally become fossilized in the usual sense of the word under 

normal circumstances. Hence, such material routinely shows evidence 

of a varying extent of post mortem degradation, whose study and 

interpretation becomes a very important subject of research by itself 

for specialists of "archaeological palaeohistology" (see, for example, 

Garland; Grupe & Dreses-Werringloer, both this Vol., Bell 1990 and 

references therein). Of course, the situation is not always as clear cut 

as this between the "archaeological" and "palaeontological" material, 

as it would be preposterous to set a priori an absolute time limit (say 
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10000 years) between "modern" material (still rich in organic compo

nents and prone to bacterial and mycelial destruction) on the one 

hand, and "fossil" material (where petrographic/geochemical proces

ses such as diagenesis have a prevalent role) on' the other hand. 

While relatively modern material may sometimes experience 

"rapid" changes towards a truly fossilized condition (see, for example, 

Baud and Morgenthaler 1952, 1953), conversely, in some cases, 

fossils of very high absolute age (ranging in millions of years) may 

sometimes preserve a surprisingly high content of organic material 

(e.g. Bocherens 1990), such as the recently discovered Upper creta

ceous dinosaurs from the northern slopes of Alaska (Davies 1987). 

Moreover, some of the post mortem alterations so prevalent in rela

tively recent archaeological bony material may sometimes be recogni

zed in much older, truly fossilized palaeontological material, depending 

on the taphonomical circumstances to which it was submitted before 

ultimate fossilization (see, for example, Kiprijanoff 1881-83; Schaffer 

1889). 

Such problems point towards the usefulness of defining, in terms 

of physics and chemistry, what indeed is bone (and other hard tissue) 

fossilization, and to explore the morphological, histological and tapho

nomical correlation and consequences of this process (see, for exam

ple, Rogers 1924; Paine 1937; Baud and Morgenthaler 1952, 1953 

and 1954; Mosebach 1974; Behrensmeyer and Hill 1980; Shipman 

1981; Glimcher et al. 1 990). 

The purpose of the present chapter is to offer a survey of some of 

the topics of vertebrate palaeohistology as perceived from the points 

of view of the vertebrate zoologist, palaeontologist and comparative 

histologist as students of overall vertebrate evolution, in contrast to 

the points of view of the archaeologist, anthropologist or forensic 

medicine specialist. Indeed, there are different palaeohistological 

traditions rooted in these distinct fields, as stressed above, even if 
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they share, of course, several subjects and approaches in common. 

2 Historical Background 

Vertebrate comparative palaeohistology could not begin, on the 

one hand, without the availability of some knowledge about the hard 

tissue histology of extant vertebrates including man, and, on the 

other hand, without the development of the technical know-how in 

order to process thin sections of fossil material. These conditions 

were met during the early part of the last century (see Enlow 1963; 

Francillon-Vieillot et al. 1990) and the starting point of vertebrate 

comparative palaeohistology may be traced back to the renowned 

work of Agassiz Recherches sur les poissons fossiles, published in 

Neuchatel (1833-1844) (see Dupuis 1988). Early works relied on 

polished sections of fossils, but true thin sections, allowing observa

tions with the transmission compound microscope were in common 

use by the middle of the last century. The use of polarized light was 

pioneered by Valentin (1861) and von Ebner (1875). While thin sec

tion techniques became a routine tool for such fields as palaeobotany, 

micropalaeontology and invertebrate palaeontology, they have been 

used more rarely and somehow more reluctantly by vertebrate palae

ontologists then and even up to the present day, with the exception 

of "Iower" vertebrate specialists, who have built up an impressive and 

uninterrupted tradition in palaeohistology from Agassiz up to now. 

The explanation of this situation may be understood, retrospectively, 

for the following reasons. Firstly, fossils of "higher" vertebrates (i.e. 

mammals) were often rare and most valuable material, and it is under

standable that curators of collections were (and still are) reluctant to 

submit such vertebrate fossils to destructive techniques. Second, in 

contrast to the meaningful information gained from the gross morpho-
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logical study of "higher" vertebrate fossils thanks to the methods of 

comparative anatomy, scientific results gained from early histological 

investigations of fossil vertebrates were restricted in scope and inte

rest. The situation was thus different for vertebrate and other palae

ontologists, for whom the frequent paucity of meaningful morphologi

cal characters at the gross anatomical level caused a strong incentive 

towards palaeohistological (microstructural) studies by thin sections, 

especially in palaeobotany. The limitation of interesting results gained 

from early palaeohistological studies of, especially higher, vertebrates 

was caused by similar limitations in the basic knowledge and under

standing linked to the then current state of the art in interpreting 

modern tissue histology and biology. Third, and more specifically, by 

training and tradition, the kind of questions addressed at histological 

investigations by late nineteenth century palaeontologists were first 

and foremost taxonomic, rather than functional, in scope: a some

what deceptive approach to vertebrate palaeohistology, as shall be 

seen later. Indeed, the insistence on using hard tissue palaeohistology 

(and bone comparative histology among extant species) as a taxono

mic-systematic tool rather than as a (palaeo) biological "record" has 

plagued this field for decades (see comments by Enlow 1963 & 

1966; de Ricqh3s 1975-1978; 1986; de Ricqles et al. 1991). This is 

not to say, of course, that there are no means to extract sound syste

matic-phylogenetic information from vertebrate palaeohistological data 

(see below), but the logic, prospects and practice of such endeavours 

require a careful and specific evaluation. 

For practical purposes, a summarized historical survey of verte

brate palaeohistological publications may be divided into distinct areas 

of research subject: 

1. The dermal skeleton, especially among "lower" (non-tetrapod) 

vertebrates, which contain bony and dental tissues combined; 

2. The endoskeleton among "non tetrapod" vertebrates; 
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3. Dermal bones and flat bones of tetrapods; 

4. Compact bone of tetrapods, mainly studied on shaft cross-sec

tion; 

5. Long bone growth and endochondral ossification; 

6. Tooth tissue and associated tissues. 

Finally, comparative histological works dealing with similar topics 

among extant vertebrates have been, and still are, developed in paral

lel with palaeohistological researches and prove invaluable for the 

proper interpretation of fossil material. In each of the above sections, 

the emphasis of research works may have been more or less put on, 

for example, comparative, structural, developmental, functional (bio

mechanical) or systematic, phylogenetic-evolutionary or ecological 

issues. 

1. The dermal skeleton of agnathans, acanthodians, placoderms, 

chondrichthyans, actinopterygians and sarcopterygians include scales, 

spines, dermal rays and flat bones often composed of osseous tissues 

closely associated with dental tissues and showing a quite extensive 

spectrum of tissue diversity. Early palaeohistological investigations in 

this field include, for example, Agassiz (1833-44), Williamson (1849, 

1851), Tomes (1878, 1898), Walcott (1892) and Goodrich (1904, 

1907, 1913) who was among the first to use explicitly the term 

"palaohistology" in the title of one of his studies (Goodrich 1913). 

These works have been conducted in close connection with parallel 

researches in comparative histology, as published by, for example von 

K611iker (1859), Baudelot (1873), Hertwig (1874a, 1876, 1879, 

1882), Klaatsch (1890), Tretjakoff and Chinkus (1927, 1930) and 

many others. 

More recent classical palaeohistological investigations in this ex

tensive area of research include works by Aldinger (1937), Andrews 

(1973), Bryant (1936), Denison (e.g. 1963, among numerous publica-
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tions), Gross (1935, 1956, 1961, 1967), Halstead-Tarlo (1964-65, 

1973)' Kerr (1952), Meunier (1984), Meinke and Thomson (1983), 

0rvig (1957,1965,1968,1977, 1978a, b, c), Reif (1982), 

Schaeffer (1977), Schultze (1966,1969, 1977) and Thomson 

(1975); numerous contributions have also been published during the 

last 10 years or so. 

2. Palaeohistological studies on the endoskeleton of non tetrapod 

vertebrates have not been as numerous and extensive as those 

dealing with the dermal skeleton and teeth. One may mention here 

the comparative histological studies by Stephan (1900), Haines 

(1934, 1937) and Wurmbach (1932) of extant fishes, and above all 

the masterful palaeohistological study by 0rvig (1951) on the endo

skeleton of placoderms and fossil elasmobranchs, which offers a 

complete survey of the older literature. More recently, specific onto

histogenetic or palaeohistological researches on the endoskeleton of 

"fishes" have been published by Amprino and Godina (1956), Baud 

and Morgenthaler (1953)' 0rvig (1957,1965)' Francillon (1974, 

1977), Kemp and Westrin (1979), Bordat (1987) and Meunier (1987). 

3. Dermal bones, flat bones and osteoderms of tetrapods: this some

what heterogeneous category contains elements of the endoskeleton 

(such as "flat" bones from the limb girdles) and dermal bones, notably 

dentigerous jaw bones, as well as osteoderms and bony scales. Der

mal bones and osteoderms of tetrapods often show superficial "orna

mentations", Most palaeohistological knowledge on this material 

derives from the works of, for example, Credner (1893), Gross 

(1934) and, notably, Bystrow (1935, 1938a, 1944, 1947), supple

mented by research on fossil osteoderms and scales by, for example, 

Colbert (1955), Findlay (1968,1970), Schaeffer (1977) and 

Tchudinov (1970). Comparative histological surveys of similar mate-
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rials among extant vertebrates have been provided by Otto (1908), 

Foote (1928), Peyer (1931), Enlow (1963, 1968), Castanet (1974) 

and de Buffrenil (1982). The general issue of the comparative signifi

cance of mineralized scales and osteoderms among tetrapods has 

been most recently reviewed by Zylberberg and Wake (1990) in their 

analysis of the fine structures of apodans (gymnophion) scales. 

4. The long bones, as best exemplified by the endoskeletal limb bones 

of tetrapods, have provided the main basis for comparative histology 

of compact bone tissues, as found in diaphyseal cross-sections. Pro

eminal comparative palaeohistological descriptions of compact bone 

tissues among fossil amphibians, reptiles, birds and mammals have 

been provided by, for example, Queckett (1855), Kiprijannoff (1881-

83)' Schaffer (1899)' Seitz (1907), von Nopcsa and Heidsieck(1933, 

1934), Gross (1934), von Eggeling (1938), Enlow and Brown (1956-

58), Peabody (1961), Currey (1960, 1962) and Enlow (1969), and 

summarized by de Ricqles (1975b). They were matched by parallel 

efforts in comparative histology of extant vertebrates, with important 

contributions by Foote (1913, 1916) Matyas (1929), Weidenreich 

(1930), Petersen (1930)' Amprino and Godina (1947) and Smith 

(1960). More recently, the renewed efforts at describing and inter

preting functionally the compact bone histological diversity among 

fossil tetrapods have been somewhat influenced by the problem of 

the evolution of metabolic/thermal physiology, notably among dino

saurs (e.g. de Ricqles, 1974, 1975, 1980; Reid 1981, 1983, 1984, 

1985). On the other hand, the recognition of the practical possibilities 

Additional references dealing with current research rather than with a 
historical overview of the development of comparative palaeohistolo
gy may be found in, for example, Francillon-Vieillot et al. 1990; de 
Ricqles et al. 1991). 
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of skeletochronology to decipher individual age and demographic 

issues among living (and fossil) vertebrates has prompted an explo

sion of comparative histological data on bone (and cementum) of 

mammals, amphibians and reptiles [see, for example, reviews by 

Castanet (1985, 1986-87); Perrin and Mirrick (1980), Grue and Jen

sen (1979). Francillon-Vieillot et al. (1990)]. 

5. In retrospect, it is surprising how the problems of long bone leng

thening during growth via the process of endochondral ossification in 

the epiphy-metaphyseal regions have been studied rather indepen

dently from compact (diaphyseal) bone. However, both are distinct, 

but clearly related, expressions of the general issue of bone growth 

modelling and remodelling dynamics. Famous comparative histological 

surveys of epiphyses and endochondral ossification among tetrapods 

include those of Moodie (1908). von Eggeling (1911, 1938). Frobose 

(1927), Heidsieck (1928, 1929), Lubosch (1927) and Roumiantsiev 

(1958). However, the most important comparative syntheses on the 

question have been provided by Haines (1938, 1942, 1969), and 

recent additions include reviews by Francillon (1 981 ), de Ricqles 

(1979). Rhodin (1985)and Buffrenil et al. (1987). 

During the last century, the problem of endochondral ossification 

was dominated by lengthy discussions over the famous controversy 

between addicts of chondro-osseous metaplasia versus neoplasia, a 

debate traditionally settled by Muller's (1858) contribution. However, 

more recent surveys - (Haines and Mohuiddin 1968) and especially 

Beresford (1981) - as well as current researches in developmental 

biology (Hall 1975, 1978; Huysseune and Verraes 1986, 1990) indi

cate how complex the issue is. 

Specific palaeohistological data on chondro-osseous relationships 

among fossil tetrapods include, for example, Hasse (1878), 0rvig T 

(1953). de Ricqles (1975,1989). de Buffrenil et al. (1987, 1990) and 
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Reid (1984), sometimes in connection with issues of developmental 

heterochronies. 

6. Extensive palaeohistological and comparative descriptions of tooth 

tissues among fossil and extant "fishes" and tetrapods began with 

the renowned survey by Owen (1840-45). In view of the extreme 

polymorphism of dental tissues among lower vertebrates, an exceptio

nally high number of papers have been devoted to this field of study. 

Hertwig (1874a, b). Thomasset (1930) and Lison (1941). among 

many others, have provided valuable contributions. Similarly, nume

rous descriptions of labyrinthodont tooth structures among sarco

pterygians and stegocephalians were published in the late 19th and 

early 20th centuries, and later synthetic palaeohistological descrip

tions of plicidentine and related tissues have been provided by, for 

example, Bystrow (1938b) and Schultze (1969). Peyer (1968). 

Schmidt and Keil (1971), Miles (1967) and most recently Lester and 

Von Koenigswald (1989). Carlson (1990) and Smith (1988) have 

offered extensive comparative surveys of the terminological, structu

ral, functional and evolutionary problems linked to the various dental 

tissues in all the vertebrate classes, including a thorough analysis of 

all the palaeohistological data. The above mentioned list of papers 

cannot, however, give an idea of the massive amount of comparative 

histological literature dealing with fossil and extant dental tissues. 

3 Causes and Taxonomic Consequences of Bone Histological Diversity 

3.1 General 

In the context of taxonomic determination of bone specimens of 

unknown pedigree, several comparative and palaeohistological studies 

as noted above, have been attempted. This research program is legiti-
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mate, but it has always been hampered by the fact that bone tissues 

generally show an extensive typological-structural diversity even at 

the level of the individual. Bone histology records, first and foremost, 

the local conditions of skeletal deposition and growth during ontogeny 

and, also, the functions during later life. Generally, those conditions 

and functions are different between various fields in a thin section, 

various parts of a given bone, various bones within an individual 

skeleton and at individual ages for all bones. Such various local biolo

gical circumstances produce locally diverse bone histological patterns 

which constitute a significant "record" of the said circumstances, a 

"record" which may be deciphered. A comparison with stratigraphy, 

which allows a "reconstruction" of the local history of a landscape in 

geology is obvious. 

The resulting histodiversity has, thus, a complex, multifactorial 

causality which is mainly of an ontogenetic, functional origin, but 

which cannot generally be subsumed to any unique, single efficient 

cause (de Ricqles 1975-78, 1980). This kind of functional causality of 

bone tissue diversity seems much more obvious and important than 

other more mediate or general causes, such as, for example, the 

"formal" taxonomic or phylogenetic origin of the specimen under 

examination, to account for its tissue structures (see Enlow 1966; de 

Ricqles 1986; Francillon-Vieillot et al. 1990, for further discussion). 

For instance, one could select from the skeleton of virtually any 

tetrapod vertebrate, local regions which would show, relative to 

others, either very similar or very different bone histological pheno

types. Such tissue variations would merely express similarities or 

differences in the local ontogenetic (growth) patterns used to build up 

the local bone morphology within a required, specific amount of time. 

Since similar circumstances of bone growth and remodelling can be 

met in various parts of the skeletons of taxonomically unrelated spe

cies (especially if they share convergent adaptations in terms of size, 
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growth rates, ecology etc.) similar tissue phenotypes will be found in 

them, irrespective of phylogeny. 

These data provide the rationale from which any attempt at a 

significant use of comparative bone histology for taxonomic purposes, 

and especially systematic determination of fossil bone samples of 

unknown pedigree, can be performed (Enlow 1966). 

3.2 Some Speculations on the Relationships Between Bone Tissue 

Phenotypes and Genomes 

As summarized in the previous section, comparative histological 

and ontogenetic data suggest that bone tissue phenotype diversity is 

the result of a complex and multifactorial determinism (see de Ricqh~s 

1975-78, 1980). Before exploring further the consequences of these 

data on the usefulness of bone histology as a taxonomical tool, some 

remarks on the possible genetic background of bone histological diver

sity may be in order. 

On the problem of which structural level of organization is really 

"encoded" in the genome, it may be that if general bone forms and 

shapes are somehow controlled genetically, this may perhaps not be 

the case for the histological patterns, or tissue types, which actually 

make up these bones. In other words, it could be that no genes exist 

which would uniquely and directly specify lamellar or plexiform or any 

other compact bone tissue type itself. As previously discussed (de 

Ricqles 1979), this conclusion is suggested by the great discrepancies 

in bone histology observed between two conspecific individuals (or 

two clo"sely related species) with very distinct growth rates (Amprino 

1947). It is also supported by the amazing amount of histological 

homoplasy (parallelism or convergence) of primary compact bone 

tissues in widely unrelated vertebrate species sharing some significant 

adaptations (for example, large sizes and high growth rates). 

The differentiation of a well defined bone tissue phenotype (for 
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example, plexiform bone tissue, as found in some artiodactyl mam

mals, some dinosaurs and some mammal-like reptiles, etc.) directly 

controlled or specified by the same gene{s) in these various vertebrate 

groups, acquired independently through the usually accepted me

chanisms of chance point mutations selected at the phenotype level 

within populations, seems highly unlikely. The extreme locally specific 

histological differences between bone tissue phenotypes within any 

individual skeleton also raise difficulties for the hypothesis of a direct, 

specific genetic control for each bone tissue phenotype, in view of 

their diversity, number, and local transitions from one type to another. 

What, thus, seems more likely to be directly controlled genetically 

would not be the actual bone tissue phenotype itself, but rather the 

local "morphogenetic program" (for example, amount of new primary 

bone to be deposited locally at a given rate, etc.), a concept some

times also expressed as a "growth field" (Enlow 1968), in fact, a full 

array of interconnected growth and remodelling fields, which may not 

coincide with the actual anatomical limits of individual bones (see 

Bystrow 1935; Enlow 1968). In this way, every time that, for 

example, a high growth rate were to be locally specified (whatever 

the genetic encoding of the "morphogenetic program", which need 

not be homologous among various taxa or classes) similar phenotypi

cal responses at the tissue level would arise in the form of specific 

(for example plexiform) tissue phenotypes. This could be causally 

explained at the histological level since all the structural details of, for 

example, plexiform tissue and the way it is laid down can be readily 

understood p~ysiologically, in terms of local adaptation to a high rate 

of new bone deposition. At the same time, the various epigenetic 

constraints, notably biomechanical factors, which so obviously modu

late the activities of bone depositing cells would also playa role in the 

final result, in the actual tissue type laid down locally, and in its sub

sequent fate (erosion, reconstruction). 
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Conversely, one could consider the hypothesis that the various 

bone tissue phenotypes are indeed direct expressions of specific 

genes. In that case, similar bone histological patterns (for example, 

plexiform tissue) found in different, unrelated taxa, are specified by 

the same gene(s). However, if it was so, one has to explain, as noted 

above, the peculiar taxonomic repartition of bone tissue phenotypes 

among various discrete lineages and in taxa sharing analogous adap

tations (size, growth rates ecology etc.). If one thinks it is unlikely 

that similar genes evolved independently among various lineages (see 

above), then the most parsimonious interpretation would perhaps be 

plesiomorphy, i.e. passive conservation, at least in most tetrapod 

clades, of very ancient common genes able to control the various 

bone tissue phenotypes. 

Some of these genes (for example, those specifying plexiform 

tissue) would be triggered each time fast, massive primary bone depo

sition was selected. In such cases, one can note that each phenotypi

cally similar bone tissue type would be truly homologous between 

systematic groups, rather than only expressing homoplasies. A prob

lem with this hypothesis would perhaps be the passive conservation, 

without chance drift, of potentially functional genes not submitted, 

sometimes for millions of years in some lineages, to phenotypic ex

pressions and, hence, control by natural selection. For instance, in the 

synapsid clade the gene(s) that would control deposition of laminar 

and plexiform bone tissues, as expressed respectively among Upper 

Permian dycinodonts and Triassic kannemeyerids would be left 

"silent" for about 170 million years, before expressing themselves 

again phenotypically among large Cenozoic ungulates. 

In summary, even if one assumes the possibility of a direct rela

tionship between gene(s) and bone tissue phenotypes the actual 

taxonomic repartition of bone tissue types, when matched to current 

cladograms of vertebrates, and notably tetrapods (Gauthier et al. 
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1988), strongly suggests the occurrence of numerous histological 

convergences (homoplasies) between distantly related taxa sharing 

analogous adaptations. Alternatively, this repartition could be caused 

in part by histological homologies between tissue types via plesio

morphic conservation of ancestral homologous genes. 

Hence, the phenotypic characteristics expressed in bone tissue 

diversity would often represent either homoplastic or plesiomorphic 

conditions. Both situations are obviously not conducive to a signifi

cant use of these characters in phylogenetic (and hence taxonomic) 

studies, as is demonstrated by cladistic methodology. This, in turn, 

may help us understand why so many attempts, over the last 150 

years, at using bone histology as a tool for taxonomic determination 

of unknown bone specimens has often met with deceptive, doubtful 

or, at the very best, partial success. 

3.3 Possible Consequences of the Determinism of Bone Tissue Poly

morphism on the Use of Bone Histology as a Taxonomic Tool 

As discussed in preceding sections, an important part of bone 

comparative histology and palaeohistology has always been the possi

bility of using histological characters for the identification of bone 

samples, a goal which cannot be described as having been success

fully met. In retrospect, this situation may appear not only quite logi

cal, but may also point to the prospects by which comparative histo

logy of bone may prove really useful in the fields of comparative, 

developmental and evolutionary biology. 

According to one of the interpretations mentioned, bone as a 

tissue would not be a direct expression of a genomic determinism, 

but rather a very indirect phenotypic reflection of some aspects of the 

genotype. Bone tissue phenotypes would be strongly mediated via the 

"canals of ontogenesis" including topological and constructional con

straints of epigenetic origin (Waddington 1957; Alberch 1982). If this 
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was so, it would not be surprising that comparative bone histology 

could neither be generally used as direct prima fascie evidence of the 

taxonomic (phylogenetic) situation of a given taxon, nor express the 

general patterns of irreversible law-like, cumulative changes usually 

ascribed to actual evolutionary changes (defined as direct phenotypic 

expressions of genomic changes). Note that this situation may differ 

with other hard tissues, such as enamel (Boyde 1978; Koenigswald 

1989; Carlson, 1990). 

Conversely, the other hypothesis, namely that bone tissue pheno

types are a direct expression of taxa-specific genes would have quite 

distinct consequences. If bone tissue phenotypes were the direct 

expression of clade-specific (apomorphic) genes, it would generally be 

natural to find bone histological characters quite diagnostic, phenoty

pically, of taxa, clades or lineages, as is the case with, for example, 

so many biochemical and gross anatomical characters. This assump

tion has been (implicitly) at the basis of many comparative histological 

studies of the past, which have attempted to demonstrate lineage or 

taxa-specific histological patterns and their evolution. For instance, a 

logical (if naive) endeavour, within the framework of such a research 

program, would be to seek bone histological characters pertaining, in 

a diagnostic way, to the synapsid clade, in the same way as the low 

temporal fenestra is a diagnostic anatomical "trade mark" (or autopo

morphy) of this lineage. Indeed, precisely this research program was 

attempted many years ago by myself! 

How do the histological data fit the two hypotheses? The actual 

segregation of bone tissue types, as described by available palaeo

histological surveys among various vertebrate clades, do in no way 

falsify the first hypothesis. Bone tissue phenotypes are anatomically 

and taxonomically segregated in all vertebrates for reasons which, to 

all intertts and purposes, can be first and foremost interpreted in 

terms of local (anatomical) ontogeny and functions (Gross 1934; 
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Amprino 1947; Enlow 1963, 1966). There are no obvious overall 

taxonomic reasons behind the general or local segregation 'of bone 

tissue types. There are no obvious "phylogenetic" or "evolutionary" 

trends either among bone tissues from early "primitive" towards later 

"advanced" condition(s). Man's dense Haversian bone tissue is not, 

as often assumed, more "advanced" or "evolved" than any other 

compact bone tissue type. 

But the second hypothesis is not completely falsified by the evi

dence either. It is true that some bone histological characteristics may 

sometimes appear as taxa-specific and, if they are not caused by 

homoplasy, used, at least tentatively, as synapomorphies. Aspidin of 

heterostracans, avascular bone of squamates, acellular bone of 

"higher" teleosts and bone with Willamson's canaliculi of holosteans 

could be taken as tentative examples, among others, and many more 

may be discovered in the future using finer quantitative histological 

surveys, as permitted by image analysis. Such cases would merely 

emphasize the rather trivial fact that, as any component of the body 

at any level of integration, bone tissues are also ultimately a phenoty

pic expression of the genome itself, perhaps in such cases only less 

intensively modulated and mediated by local ontogenetic/epigenetic 

constraints than among some other vertebrate clades. 

From another point of view, such examples of an agreement 

between bone histology and supra specific taxa (presumably mono

phyletic or clades) raises the issue of a proper use of bone histological 

characters in a cladistic analysis of vertebrates (Maisey 1988); see 

also Carlson (1990) for a similar approach to enamel. For instance, it 

could be assumed that in the endoskeleton, compact cellular bone of 

periosteal origin with longitudinal primary vascular canals and well 

expressed growth cycles can be taken as the plesiomorphic condition 

for bony vertebrates. This condition, on the other hand, may be taken 

as an apomorphy of osteichthyans in a cladistic sense (viz. including 
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actinopterygians, sarcopterygians and tetrapods in the usual sense). 

4. Concluding Remarks and an Agenda for Bone Palaeohistology 

In view of the common interest in vertebrate hard tissue histology 

shown by many scientists with very distinct training, traditions and 

research goals, from molecular and cell biologists to evolutionary 

palaeontologists via orthopaedic surgeons or archaeologists, it is not 

surprising that difficulties in mutual understanding may arise. Hence 

the following suggestions, drawn from personal training (and pre

judices) in comparative and evolutionary palaeohistology are only 

purported in order to stimulate reactions from those trained within 

other traditions. 

4.1 On Terminology. Typological and Functional Descriptions of Bone 

(and other) Hard Tissues. 

Gross misunderstandings (at least as far as bone tissue is invol

ved) stemmed in the past from the non-standardized and improper 

usage of terms (hence, also of concepts) in bone histology. Terms 

such as, for example, "Haversian bone", primary versus secondary 

bone, laminar versus lamellar bone, etc., have been used and misused 

in numerous, contradictory ways, a situation which has considerably 

blurred (and it still does) sound interpretation of many histological 

studies. The current availability of image analysis is a strong incentive 

toward~ standardizing of bone terminology for bone morphometry and 

studies in densitometry (e.g. Recker 1983). Based on an indepth 

analysis of the comparative literature, the diversity of bone tissue 

patterns, as well as related functional and terminological problems 

have been extensively reviewed and discussed (Enlow 1966; de 

Ricqles 1975-78, 1975b; Francillon-Vieillot et al. 1990; Reid 1983, 
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1984, 1985) and it is hoped that such overviews of comparative 

bone histological terminology may help towards a standardization of 

vocabulary, one which at least would help to prevent further mis

understandings over words. 

4.2 Too Much Emphasis on Secondary Bone? 

Because they deal with human tissues and pathologies, a very 

large part of the activities of histologists and bone biologists within 

the biomedical and archaeological fields is focused on the problems of 

bone remodelling (that is, erosion and reconstruction, and bone turn

over) in spongy and compact bone tissues. Trabecular bone adapta

tion to strain or osteoporosis in spongy bone and Haversian recon

struction in compact bone pervade most current biological studies of 

bone as a tissue and dense Haversian bone tissue is still described in 

textbooks of histology as the typical compact bone tissue. A wide 

comparative assessment of bone histology, however, has revealed for 

a long time the extreme taxonomic prevalence and great diversity of 

primary (not reconstructed) compact bone tissues (see Fig. 1). Com

pact primary bone tissues of periosteal or dermal origin offers a wide 

spectrum of histological variation which has a most important compa

rative as well as histophysiological significance (Amprino 1947; 

Enlow 1966; de RicqlE~s 1975-78) since it expresses, for example, the 

local dynamics of bone deposition. 

Only a tiny fraction of the efforts devoted so far by physiologists, 

endocrinologists and biochemists towards the elucidation of the 

systemic and local control of bone remodelling, would be likely to lead 

to most interesting breakthroughs in bone histophysiology, if devoted 

to the elucidation of the fine biological control of primary bone histo

diversity. 
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Fig. 1-6 Primary (periosteal) bone histodiversity 

Compact periosteal (appositional) bone tissue forming long bone 
shafts in tetrapods can be classified into various typological (and 
functional) categories, according to the fibrillar and vascular patterns. 
"Lamellar-zonal" bone tissues (Figs. 1-3) have a finely or coarsely 
lamellated matrix, or a parallel-fib red (pseudo lamellar) matrix, deposi
ted centrifugally by the periosteum. Vascularization density varies 
greatly. These tissues generally indicate low to moderate (cyclical) 
growth rates. 

The "fibro-Iamellar complex", on the other hand (Figs. 4-6) lumps 
tissues which are formed by the close association of (1) a more or 
less coarsely woven fine cancellous periosteal bone matrix with (2) 
lamellar bone matrix deposited centripetally as numerous primary 
osteons in the cavities of the woven bone. This tissue complex varies 
typologically according to its vascular pattern and generally indicates 
high to very high (continuous) local growth rates. A continuum of 
intermediate patterns can link all the various typological categories 
recognized, expressing intermediate conditions in speed of deposition 
and cyclical versus continuous deposition dynamics. 

1. Detail of lamellar-zonal tissue with extensive evidence of growth 
cycles in the rib of Mesosaurus, a small aquatic reptile from the 
Lower Permian of Brazil. Scattered small, simple, primary, longitu
dinal vascular canals can be seen. External cortex cross section, 
viewed by ordinary light microscope 

2. Overall view of lamellar-zonal tissue in Claudiosaurus, a small Up
per Permian reptile of uncertain pedigree from Madagascar. Nume
rous growth cycles in the poorly vascularized cortex are obvious. 
Bone tissue is very similar to that observed in many extant small 
amphibians and reptiles. Cortex of a long bone shaft, cross sec
tion, viewed by ordinary light microscope (Courtesy of Dr. V. de 
Buffrenil) 

3. Overall view of well vascularized lamellar-zonal tissue in a large 
aquatic st~gocephalian (undetermined capitosaurid from the Trias
sic of Sahara). The zones, well vascularized by numerous primary 
osteons, regularly alternate with avascular annuli formed by 
grossly lamellar periosteal bone. External cortex, viewed by ordi
nary light microscope 
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4. Detail of the "fibro-Iamellar complex", here in the form of the so
called laminar bone tissue pattern. The tissue is formed of super
imposed circumferential laminae (double headed arrow). Woven 
periosteal bone matrix is darker and more cellular than lamellar 
osteonal material laid down around the longitudinal and circular 
vascular canals. Occurrence of a few radial vascular canals (single 
headed arrow) gives a "subplexiform" pattern of vascularization to 
the tissue. This bone tissue type is found among many large 
extant mammals and birds and indicates high to very high local 
growth rates. Cross-section from a long bone shaft of a dicyno
dont, a plant eating mammalian-reptile (Upper Permian of South 
Africa), viewed by ordinary light microscope 

5. "Fibro lamellar complex": overall view. Here, the irregular spatial 
organization of the numerous primary osteons results in the so
called reticular bone tissue pattern. Long bone shaft of the 
gorgonopsian Aelurognathus, a carnivorous mammalian reptile 
from the Upper Permian of South Africa; viewed by slightly polari
zed light 

6. "Fibro lamellar complex": overall view. The prevalence of radial 
vascular canals over ,longitudinal and especially circular, canals 
results here in the formation of the so-called radiating bone tissue 
pattern. Long bone shaft of a whaitsiid therocephalian, a carnivo
rous mammalian reptile from the Upper Permian of South Africa; 
viewed by slightly polarised light 
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4.3 A Healthy Palaeopathology 

It seems that there is an intense fascination for this field of re

search shared by many anthropologists and archaeologists. However, 

in order to develop, palaeopathology may have to eradicate some 

epistemological problems. Since its origins, this field had some ob

vious, but sometimes debatable, connections with comparative histo

logy, palaeohistology and palaeontology, as evidenced by early classi

cal works of, for example, Abel (1912), Moodie (1923) and Pales 

(1930), and now by, for example, Rotschild (1987a, b, 1988). It 

seems to the present writer that the study of data on the antiquity 

and possible evolution of injuries and disease, as far as they can be 

recorded by palaeozoic or recent skeletons, is a legitimate but highly 

specialised field of palaeobiology which raises specific and extremely 

difficult methodological problems. In such a domain, the study and 

knowledge of "normality", that is, healthy normal conditions should 

always be the previous standard of comparison and a priori palaeo

pathological interpretations may not be warranted. Indeed, from a 

situation when "obvious" palaeopathological conditions (for example, 

an exceptional vertebral synostosis in a dinosaur) may be accepted, 

there is the possibility to "creep" towards wider and wider "palaeo

pathological" interpretations of fossil diversity (Abel 1912; von 

Nopcsa 1923, 1930; Kayser 1960, 1970) where most anatomical or 

histological characteristics of unfamiliar, extinct vertebrates may be 

regarded as pathologies of some sorts. 

Apart from inherent anthropocentrism, this viewpoint also contri

butes to highl.y doubtful general considerations on evolutionary me

chanics (orthogenesis, hyperthelism, typolysis, etc.; see Gould 1973, 

1974). In this domain it seems that the adequate version of Occam's 

razor would be to reject a priori any palaeopathological interpretation 

as long as one is not absolutely compelled to accept it. 
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4.4 Intensive versus Extensive Comparative Histological Surveys 

Proemial comparative studies on bone histology, such as Seitz 

(1907), Gross (1934) and Enlow and Brown (1956-58) and other 

similar works, can be described as extensive. In view of the paucity 

of fossil material available for sectioning, anatomically varied and 

heterogenous bone fragments were often used for description in a 

wide spectrum of taxa. However, the later recognition of the para

mount importance of ontogenetic or anatomical factors for a proper 

interpretation of bone histological diversity (Enlow 1963, 1966, 

1969; de Ricqles 1975-78) raised questions on the real significance 

of the wide comparative approaches. In fact, the recognition of the 

ontogenetic factors which control local and general diversity of prima

ry compact bone (Amprino 1947) makes it possible now not only to 

understand the functional significance of age-specific, local/anatomi

cal-specific and species-specific histological differences, but even to 

predict them (de Ricqles and Bolt 1983). This new knowledge makes 

it more useful now to concentrate on the intensive comparative 

palaeohistological description of a few related species, with full docu

mentation of ontogenetic and bone-specific changes in the whole 

skeleton. More precise and reliable palaeo biological conclusions on 

data such as individual age, growth rate, ontogenetic changes at the 

basis of evolutionary changes in morphology, etc., are more likely to 

be extracted now from such "intensive" studies than from additional 

"extensive" surveys of bone palaeodiversity. 

However, as noted by Enlow, no similar intensive histological 

surveys as those suggested above in palaeohistology seem to be 

available for extant species, even man. Such documents, if available, 

would nevertheless be of great value in providing histological compa

rative standards for further comparisons and such a research program 

is encouraged. 
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4.5 On Bone Form, Growth and Evolution: Further Prospects for 

Palaeohistology 

In every vertebrate, bone number, gross shapes and proportions, 

and to a large extent, sizes, are highly useful as precise species-speci

fic characteristics. Thanks to the methods of comparative anatomy 

and functional morphology, they provide, therefore, valuable cha

racteristics for taxonomic, phylogenetic, functional and evolutionary 

studies. 

It is obvious that the information necessary to shape each bone 

with exquisite precision within the space and time of ontogeny should 

somehow be encoded as part of each species genome. Since ge

nomes do change with time (over long periods) and bone shapes are 

consequences of genomic-based information, gross morphological 

changes of bones can be defined as a biological evolution in the usual 

sense, that is, at the phenotype level. In fact, and conversely, the 

actual differences recorded between shapes of homologous bones, 

and their ordering into a taxonomy of hierarchical monophyletic 

clusterings, remains one of the strongest and compelling pieces of 

evidence for vertebrate evolution itself. In addition to artefactual 

selection, rapidly increasing, though still scattered, evidence for all 

this is now provided by the number of skeletal diseases, or various 

bone abnormalities, presently known to have a direct genetic basis 

(Johnson 1986). 

However, the genes code for proteins, and even the knowledge of 

the gene coding for the bone collagen, as well as for bone specific 

non-collagenous proteins, still tells us very little, if anything at all, on 

how the crucial problem of bone growth and form shaping by model

ling and remodelling is actually controlled. 

On the other hand, since bones are formed of hard tissues which 

impose quite peculiar and precise constructional constraints on 

growth processes, such as accretional and no intussusceptional 
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growth, and because they record, by a form of stratigraphy, their own 

ontogenetic processes in their structures, bone and other hard tissues 

are especially useful and well adapted to tackle this basic problem 

common to developmental and evolutionary biology: the creation and 

evolution of forms. 

This is especially true if one considers not only the possibilities of 

comparing directly skeletal ontogenies in various related extant spe

cies, the comparative or synchronic approach, but also by following 

how bone ontogenies do change along actual phylogenetic sequences 

among fossils (the diachronic approach; see, for example, de Ricqles 

1979; de Ricqles and Bolt 1983). 

Bone comparative histology and palaeohistology thus offer a quite 

unique and exciting research program. They allow us not only to 

follow or merely describe evolutionary changes as anatomical end

results, but also to precisely analyse the actual evolutionary mecha

nisms, as they act at the phenotype level through ontogenetic 

changes in phylogenetic series. This also offers a most valuable possi

bility of analysing the relationships between ontogeny and phylogeny 

and, hence, the issues of evolutionary mechanisms via developmental 

heterochronies. 

5 Summary 

In this chapter, the approaches to palaeohistology from the point 

of view -of the evolutionary palaeontologist, archaeologist and anthro

pologist are contrasted. After an overview of the historical develop

ment of comparative palaeohistology, a discussion is provided on the 

ontogenetic and possible genetic basis of bone tissue phenotype 

diversity and the consequences on the possibilities of, or lack of, 

using bone histology as a taxonomic tool. Finally, some points of 
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view on specific issues, such as bone tissue terminology, palaeopa

thology and the prospects for future research on bone palaeohistolo

gy, are suggested. 
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Differential Diagnosis of Human and Animal Bone 
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The first step in the anthropological and forensic examination of 

skeletal fragments recovered from archaeological excavations or else

where is to decide whether the finds are of human origin. This 

question can be decided by employing the following procedures: 

1 . Comparative anatomical, macroscopic examination 

2. Analysing X-rays 

3. Precipitation, immunological reaction 

4. Immunoelectrophoresis 

5. Fluorescent immunohistological procedures 

6. Light microscope examination 

7. Scanning electron microscope examination 

1 Anatomical Examination 

Human origin is easy to prove or exclude in large bones or in frag

ments of adult bones which demonstrate characteristic adult features. 

Nevertheless, certain bones originating from animals, especially those 

from small animals, may give grounds to suspect human origin. The 

false judgement in most of these cases is based on mistaking animal 

bones for those of neonates or infants. The origin of carpal bones and 

those of the foot may also be difficult to decide, however, sufficient 

knowledge of anatomy frequently helps to avoid misjudgment. 
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Parisot and Mutel (1929) were able to determine the human 

origin of one single distal phalanx, excluding its origin from an 'ape, by 

relying on the tuberositas unguicularis being specifically wide and flat 

in humans. 

2 Analysing X-Rays 

X-rays of long bones often demonstrate species-specific structural 

differences. The intactness of the whole bone or the majority of the 

diaphysis is indispensable for correct evaluation of the radiograph 

(Depreux and Muller 1953; Chilvarquer el al. 1987). An advantage of 

this procedure is that it does not damage the find. The reliability of 

the X-ray evaluation was found to be approximately 75%. On the 

basis of 20 cases examined radiologically by Chilvarquer et al. 

(1987), they obtained the correct species diagnosis in 81.9-86.8% of 

specimens. 

3 Precipitation Reaction 

In 1899 Tchistovich, a Russian researcher working in the Pasteur 

Institute in Paris, found that gel proteins induce the formation of 

species specific precipitates in various other animal species. Uhlen

huth, unaware of the Russian researcher's work, arrived at the same 

conclusion in 1901. He recommended the procedure as one to be 

used in order to determine the human or animal origin of blood stains. 

Beumer (1914) used the Uhlenhuth method for determining the spe

cies to which bones belonged. He made a physiological salt solution 

extract from 0.5 g of fine-ground compact bone, and then performed 

the precipitating reaction. This immunological technique is more sensi-
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tive if it is used not in a liquid medium but in gelatin agar; see 

Ouchterlony (1953). However, 40 years after burial, species specific 

proteins decompose to such an extent that the reaction becomes 

negative (Berg and Specht 1958). This is why, in human remains, 

negative findings in precipitate reactions definitely indicate that the 

age of origin is more than 40 years. This conclusion is of great impor

tance in forensic medicine. Negative species specific serological reac

tions can also be expected when the bones are exposed to heat of 

not less 130-1 50°C (Steffenhagen and Clough 1910). 

4 Immunoelectrophoresis 

Immunoelectrophoretic examination of an extract of compact bone 

buried for not more than 40 years can be performed with polyvalent 

antihuman serum, as a result of which the various protein fractions 

can also be differentiated. 

5 Fluorescent Immunohistology 

The fluorescent immunohistological method is appealing, easy to 

demonstrate and not too difficult to perform. By using various kinds 

of tissues it is applicable in blood group determination (for details see, 

for example, Coons and Kaplan 1950; Glynn and Holborow 1959). 

The human origin of bone fragments buried for not more than 40-50 

years can be determined by employing immune serum marked with 

fluorescent isothiocyanate (Harsanyi 1976a, 1978). Unfortunately, 

the three latter techniques cannot be used for archaeological finds. 
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6 Light Microscope Examination 

In 1903 Kenyeres and Hegyi, two Hungarian researchers, reported 

that cross sections of compact bone of the diaphyses of long bones 

can be used to determine the human origin of bone fragments, as the 

average diameter of the Haversian canals in human bones is signifi

cantly greater than that of animal bone tissues; an observation which 

has been confirmed by others. Hey (1924) remarked that various 

pathological processes, for example sclerosing osteitis, rickets, osteo

malacia, inflammation, and tumours, may result in structural changes 

of the bony tissue and therefore, their histological examination may 

give misleading results. Histological differences between bony tissues 

of human and animal origin are present during the whole life span, 

thus it is impossible to confuse the various species or become confu

sed in the determination of the human origin of bones of neonates, 

infants or persons having suffered from senile marasmus. The basic 

structural types of bony tissues are determined by the vascularization 

of the bones. Hinuber (1951), Forster and Goldbach (1954) and Gold

bach and Hinuber (1955) have presented practical descriptions based 

on the study of 528 long bones of humans and various mammals (see 

Table 1). 

Considering structure, the compact substance of human long 

bones belong to the non-layered and longitudinally vascularized type 

of bones, which are composed of solitary osteons, round and oval in 

shape and Haversian canals which are mostly excentric in position. 

Transverse slabs of a thickness of 5-6 mm of certain sectors may 

be removed from the compact substance of long bone and prepared 

for histological examination. The slabs are fixed in 10% neutral for

malin and are decalcified. Decalcification can be performed using an 

acid decalcifying agent; however, an aqueous solution of ethylene

diaminetetraacetic acid (EDT A) has been shown to do less harm to 



Table 1 Structure of the compact substance 
(After Goldbach and Hinuber 1955) 

A. General structure: 
1. Non-laminated 
2. Multi-laminated 
3. Multi-laminated, compact 

B. Vascularization: 
1. Mainly longitudinal 
2. Mainly circular 
3. Mainly radial 

Cross section of vessels: 
1. Regular 
2. Partially regular 
3. Irregular 

C. Osteon types: 
1. Linear osteons 
2. System of solitary osteons 
3. Gyrose osteons 
4. Clusters of osteons 
5. Osteon lines 
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the structure. The process proceeds slowly, and decalcification may 

take as long as 1 or 2 weeks. The remaining organic substance can 

be studied in embedded or frozen sections. The slabs can be embed

ded in celloidin or paraffin. With either method of embedding or free

zing, the section should be cut to a thickness of 15-20 pm. Making 

comparatively thick sections is highly advisable with archaeological 

finds, as, due to the slow erosion of the structure, sections thinner 

than that may be more difficult to evaluate. It is also advisable to 

determine the diameter of as many as 50-100 Haversian canals with 

a micrometer and then calculate the arithmetic mean of the canals. 

The canals are comparatively narrow around the periosteal surface 

and wider near the medullary cavity. Therefore, measurements should 
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be started from the periosteum and continued step by step inwards, 

thus ensuring that the mean value includes the sizes of both the nar

row and wide canals. When measuring the diameter of elliptical, slant

wise canals, the lesser diameter should be taken into account (Figs. 1 

and 2). 

The author of the present study has unfortunately been unable to 

study specimens which have not previously been decalcified owing to 

a lack of the appropriate device. 

In their studies Ramsch and Zerndt (1963). Gladuhsev (1964) and 

others confirmed the correctness of the observations stated above. 

The histological structure was classified according to the diameter of 

the canals. They established the following classification of diameters: 

Classification 

Very short 
Short 
Medium long 
Long 
Very long 

Diameter 

--> 10 pm 
11 - 20 pm 
21 - 40 pm 
41 - 80 pm 
80 pm --> 

Diameters of less than 40 pm in length are rarely found in human 

bones, the average diameter being approximately 60 pm. The classifi

cation also includes the recognizable number of canals/visual field, 

however, this number depends on the degree of magnification and, 

thus, it cannot be considered as a basic value (Table 2). 

Fig. 1 Humerus from recent human remains 
a Stain: H & E magnification x265; 
b Birefringence by polarized light. Stain: H & E magnif. x265; 
c Hum"an 10th century, humerus. Stain: H & E magnif. x265; 
d Birefringence by polarized light. Stain: H & E magnif. x265 

Fig. 2 
a Horse; 
b Cattle; 
c Sheep; 
d Sheep bone under polarized light. Stain: H & E magnif. x265 
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Fig. 3 Cave bear, approximately 25000 years b.c. 
a Stain: H & E; 
b Section seen under polarizing light; magnification x265 

Fig. 4 Scanning electron microscope images of human bone crema-
ted at approx. 550-600°C. 

a Magnification x300; 
b Magnification x500; 
c Magnification x1500; 
d Magnification x3000 
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Table 2 The diameter and number of Haversian canals 
(after Muller and Demarez 1934) 

Average number 
Species Average of Haversian Structural 

diameter canals per visual features 
jim field 

Human, neonate 54.3 2.3 

Human, 6 mo. 60.5 1.7 

Human, 12 mo. 71.6 1.6 
several osteons 

Human, 18 mo. 56.8 1.7 with long 
diameter 

Human, 41 y 52.9 1.7 oval an round 

Human, 70 y 1.5 
medium and very 

large 

Horse 30.0 2.7 from very small to 
large, mostly 

small 

Cow 47.9 1.4 medium sized, 
irregular shapes 

Goat 21.2 2.4 mostly medium 
smaller near 

medullary cavity 

Sheep 18.2 3.6 medium, irregular 

Pig 32.8 2.1 mostly medium, 
smaller near 

medullary cavity 

Dog 21.2 3.0 mostly very small 

Rabbit 12.6 8.0 very small 

Cat 20.3 2.8 mostly very small 

Hen 14.0 7.0 very small, round 

Goose 15.7 14.1 small 

Ape 30-40 
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The birefringence of the bone collagen in polarized light can be 

studied in both recent and archaeological specimens. The decrease in 

intensity of birefringence shows direct correlation with the increase in 

time of origin. When the quantity of bone collagen shows significant 

decrease and falls below 1 g % of the total nitrogen content of the 

solid material, the intensity of birefringence becomes remarkably low 

(Fig. 3). The tubular structure of bones found in various species of 

animals of the same size was investigated by the author of the pre

sent study, however, no clear distinction could be made, for example, 

between the solid material of goat bones and that of lamb bones. 

Neither were the characteristic structural features of flat bones 

suitable for setting clear diagnoses. However, the experience gained 

in the fields of criminology and forensic medicine and cooperation 

with anthropologists gave sufficient grounds for determining human 

origin. Neither Ramsch and Zerndt (1963) nor the present author had 

the opportunity to study long bones of wild animals and to compare 

them with those of domestic animals, though this would be impor

tant, especially a study of the bone structure of apes. 

7. Scanning Electron Microscope Examination 

Regular study of substances after incineration or cremation of 

cadavers offers much useful data. Cremation of the dead with burial 

of the remains in urns is a tradition which arose in Europe and in other 

parts of the world. The possibilities and limits of studying the finds is 

dealt with in several reports (see, for example, Janssens 1970). 

When cadavers are incinerated and the bones become heated, after 

denaturation of proteins, the water content of bone is removed bet

ween 300°C and 500°C and the CO 2 content at about 60(J'C. Above 

700°C the apatite crystals lose their water of crystallization but, on 
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cooling again, they become recrystallized and regain the apatite 

shape. These "secondary" crystals, however, may well be 50 times 

as large as the original ones. The apatite shape is stable so long as 

the temperature does not exceed 1200°C (Burri et al. 1935; Harsanyi 

1976, 1977). The calcined and incinerated bone remains cannot be 

studied by the usual histological methods because of the fragility of 

the finds. 

These finds are suitable for scanning electron microscope studies. 

Herrmann (1972) was the first to employ this method in studying 

finds of anthropological importance. "Homo aurignaciensis hauseri", a 

Homo sapiens find discovered in France in 1909, was sold to the 

Museum fur Volkerkunde, Berlin in 1910. As a consequence of a 

bomb attack followed by a fire in 1945 the invaluable find was almost 

completely incinerated. Herrmann identified the burnt remains found 

among the ruins and, using several methods including scanning elec

tron microscopic examinations, studied the damage caused by the 

extreme heat effect. 

Cadavers are incinerated at comparatively low temperatures. Berg 

et al. (1981) found that at 500'C cadavers of neonates and infants 

are fully incinerated and only very few bone remains can survive. The 

quantity of substance left after cremation is very low. The weight of 

ashes found after cremating cadavers in modern electric furnaces was 

1800-2000 g for males and 1500-1700 g for females (Malinowski 

and Porawski 1969; Herrmann 1976). Finds of substance resulting 

from cremation, to be studied in the course of anthropological exami

nations constitute only a part of the original quantity of ashes, as it 

was obviously impossible to collect all the remains of the cadaver 

after cremation. On the other hand, ashes of cadavers and the fuel, in 

most cases wood, are found together; Nemeskeri & Harsanyi (1968) 

studied the skeletal remains of 1 7 middle Bronze Age persons buried 

following cremation and found the total weight of material to be only 
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5220 g, of which the average weight of remains (human) was 307 g. 

Certain parts of the diaphyses of long bones can in most cases be 

separated from the small and fragmentary remains and, with some 

difficulty, transverse fractures or sawed surfaces can be made, which 

are suitable for scanning electron microscopice examination. In order 

to measure the diameter of at least 30-50 Haversian canals, several 

specimens must be examined. The fact that the volume of bony 

tissues exposed to the effects of extreme heat decreases must be 

taken into account. The degree of "shrinkage" is significantly high 

longitudinally. Bones of neonates and infants contract to a greater 

extent; the degree of contraction averages 10%, which, when eva

luating material, must be taken into consideration. The usual tempera

ture used for cremation is 500-700 DC. Thus, such materials were not 

damaged by the high temperature electric furnaces are operated at. 

Thus the inorganic substance did not "flow away", consequently it 

did not turn into a kind of solid, glasslike, almost white and porcelain

clinking material, which lost its original microstructure (Fig. 4). 

In experiments the author of the present study used scanning 

electron microscope examination to study the morphological changes 

in diaphyses of long bones which had been heated to between 300 

and 1300 DC. Characteristic features of the periosteal and fracture 

surfaces were observed. Water, which constitutes 15-20% of bone, 

is removed at 300 DC over the course of 30-60 min and the lamina 

fundamentalis extern a lifts and forms "blisters" whose walls burst. At 

the same time burst blisters appear on the outer surface. The original 

structure does not change as long as the temperature the bone is 

exposed to is below 700DC. The osteons may become separated from 

one another in the vicinity of the periosteal surface, however, they 

preserve their structural unity. Temperatures above 700'C damage 

the compact substance to such an extent that the Haversian canals, 

the osteons and their original diameters become impossible to eva-
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luate. Specimens, as a rule, were coated with gold in a vacuum of 

4 x 10-5 Torr. No graphite was employed under the layer of gold. 

8. Conclusions 

1. Light microscope examination of cross sections made of 

diaphyses of long bones can be used for the determination 

of human origin by measuring the average diameter of the 

Haversian canals. 

2. The diameter of at least 50-100 Haversian canals should be 

measured and those in the vicinity of both the periosteal 

surface and the medullar cavity must be taken into account. 

3. Diameters of the Haversian canals found in human long 

bones are significantly longer lasting from infancy until senile 

atrophy than those found in bones of animal origin. 

4. If signs of tissue diseases, inflammation or tumours are 

found in the material under study, the evaluation of the 

histological structure is not feasible. 

5. In domestic animals of the same size the various species 

cannot be distinguished from one another by studying the 

structure of their bony tissue. 

6. The author has not had the opportunity to study the bony 

tissue of wild animals, particularly apes; this would be an 

important study. 

7. When studying bone remains originating from incinerated or 

cremated cadavers by scanning electron microscope exami

nation, the decrease in bone volume due to the exposure to 

extreme heat must be taken into account. The degree of this 

decrease is higher in bones of neonates or infants, compared 

to those in adults where it never exceeds on average 
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13.55% (Herrmann 1977). 
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1 Introduction 

In 1965 Kerley developed a histological method for the determina

tion of age of human bones (Kerley 1965), based on the transforma

tion of bone during the ageing process; that is, the turnover of prima

ry bone into secondary bone. In 1969, Ahlqvist and Damsten introdu

ced some changes and improvements to this method (Ahlqvist and 

Damsten 1969). 

However, despite several important advantages of these microsco

pic methods, as compared to age determination by means of ma

croscopic methods, application of the former methods is still relatively 

scarce. There are several reasons for this; firstly, the technical prob

lem of preparing thin sections of bone; secondly, effects of field size 

when using microscopic methods (Ohlah 1977; Kerley and Ubelaker 

1978; Stout and Gehlert 1982); and thirdly, difficulties in distingui

shing the four structures differentiated by Kerley (Ahlqvist and Dam

sten, 1969). 

2 Material and methods 

The'material used in this study included 20 femora and 20 tibiae 

from 20 individuals which were obtained from the Department of 
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Anatomy dissecting room in Leiden. The sex and age of the indivi

duals were known with certainty. Because no significant sex differen

ces were noted (Kerley 1965; Singh and Gunnberg, 1970) no atten

tion was paid to the sex and the sample of 20 individuals was built up 

according to their age. The 20 individuals were 17-92 years old 

(mean age was 54 years) and showed about the same distribution of 

ages as in the study by Ahlqvist and Damsten (mean age of their 

sample was 55 years). It was not that easy to build up a sample of 

20 femora and 20 tibiae from 20 individuals between ± 20 and ± 90 

years old. Many of the bones obtained from the dissecting room 

turned out to have a damaged cortex, which made application of 

histological ageing methods impossible. 

Kerley (1965) and Ahlqvist and Damsten (1969)' but also Frost 

(1958), Singh and Gunberg (1970), Ubelaker (1974) and Stout 

(1976)' made use of ground sections. Unfortunately, this technique 

has some inherent technical problems: firstly, the speed at which the 

saw grinds through the bone is not easy to adjust; secondly, by 

mounting the bone on a slide, the expansion of the bone may crack 

the glass slide (Ubelaker 1974); and thirdly, the ground sections may 

not be sufficiently thin for detailed histological analysis, and are often 

distorted by the grinding process (Stout and Teitelbaum 1976). 

Advances in technology have led to the development of different 

kinds of microtomes, e.g. saw microtomes. One of the advantages of 

saw microtomes over other microtomes, e.g. sledge microtomes 

(Stout and Teitelbaum 1976)' is the elimination of the microscopically 

observable "planing-ice" effect in the sections so that the anatomical 

structures in the sections remain intact. Saw microtomes (Fig. 1) 

comprise of a turning diamond-disc which saws through the bone at a 

speed adjustable by the user, depending on the desired thickness of 

the section. For cooling purposes the disc is moistened during 

sawing. 
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The midshaft part (within 1-2 inches of the middle of the shaft) of 

the bones was sawn with a saw microtome into sections of ± 30 pm. 

The bone material was not decalcified. Initially the bone was embed

ded in methyl-methacrylate, but later it turned out that this was not 

really necessary as each of the 40 bones could be sawn without 

being embedded. Only for more fossilized and brittle material was 

embedding of the bone necessary. 

The unstained sections were studied by light microscopy using 

polarized light, a method which was also used by Kerley and even as 

early as 1878 by Aeby and Schaffer (Schaffer 1889) for the study of 

fossil bones (Stout and Gehlert 1979). 

Although, according to Stout and Gehlert (1980), Kerley's method 

seemed to be more accurate and reliable, I would advocate the me

thod of Ahlqvist and Damsten as the method of choice based not only 

on practical arguments but also with regard to content. 

Ahlqvist and Damsten differentiated between two categories: 

(intact) osteons and osteon fragments (first category) and lamellar 

bone and non-Haversian canals (second category). Kerley made a 

distinction between each of the four above mentioned structures, but, 

unfortunately, unambiguous identification of one or more of the four 

structures is not always possible (Ubelaker 1974). Moreover, there 

are no precise definitions for some of the parameters, e.g. Stout and 

Gehlert (1980) found four different definitions for "intact osteon" in 

applications of histological ageing methods. Another disadvantage of 

Kerley's method lies in the anatomical field location: one of the four 

fields in the cross-section falls upon the linea aspera, a location where 

histological structures are less well correlated with age, possibly 

because of the muscle insertions on the femoral crest (Ahlqvist and 

Damsten 1969). Bouvier and Ubelaker (1977) found that it was diffi

cult to obtain a reliable count from this region. A few remarks regar

ding studies which make comparisons between the accuracy of both 
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methods will be mentioned in the following discussion. These remarks 

led to the conclusion that Ahlqvist and Damsten's method, when 

compared to other methods, is an accurate method not only for 

younger but also for older specimens. 

Beside these aspects of content, there are some practical advanta

ges of employing Ahlqvist and Damsten's method. In Kerley's method 

the number of different structures is counted within a circular visual 

field. Ahlqvist and Damsten, on the other hand, used a square-ruled 

network containing 100 squares superimposed on the sections; the 

number of squares more than half filled with osteon and osteon frag

ments were counted. As Ubelaker (1969) pointed out, it is easier to 

count squares in the reticule than to count actual structures. 

With respect to the field size, the method introduced by Kerley 

raised some confusion, difficulties and changes in its application. In 

1978 Kerley and Ubelaker published a revision of the regression 

formulae. This revision was necessary because it was found that the 

field size used in Kerley's original study was not 1.25 mm but 1.62 

mm. Because of the large range in field sizes produced by different 

microscopes, 1 Ox objectives and 1 Ox oculars (Stout and Gehlert, 

1982), Kerley and Ubelaker suggested investigators should adjust the 

data to a field diameter of 1.62 mm. The area of the 100x field of the 

microscope that is used must be calculated using a stage micrometer 

and this field size must be divided by 2.06 mm2 (area of a field diame

ter of 1.62 mm). All counts of osteons, fragments or non-Haversian 

canals should then be multiplied by this factor. However, in 1982, 

Stout and Gehlert pointed out that correction factors cannot equalize 

the counts of osteons and osteon fragments because of spatial varia

tions in the distributions of these histological structures. 

In practice, this study proceeded as follows. The Ahlqvist and 

Damsten method was applied by using a microscope with a drawing 

attachment and with a 10x objective and 10x ocular. An area of 
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1 mm2 was measured with a stage micrometer and plotted on a sheet 

of paper. The resulting square was then divided into 100 squares. 

Ahlqvist and Damsten made use of an ocular square-ruled network 

and, in practice, it turned out that it was almost impossible to find a 

combination of a 10x objective with a 1 Ox ocular and a network that 

produced a field size of exactly 1 mm2 • It is known that different 

microscopes, objectives, oculars and all possible combinations produ

ce different-sized fields of view (Stout and Gehlert 1982; Kerley 

1969). 

3 Results 

The percentage of osteons and osteon fragments was counted 

according to the principle of the histological method proposed by 

Ahlqvist and Damsten. This was undertaken once on each of the 20 

femoral cross-sections and once on the 20 tibial cross-sections. The 

20 femoral and 20 tibial cross-sections were derived from the same 

20 individuals. 

For the study of the femora the percentage of osteons and osteon 

fragments at four different anatomical fields of each section (as pre

scribed by Ahlqvist and Damsten 1969, p. 208) were estimated and 

their regression formula (y = 0.991x - 4.96, where y is the estimated 

age in years and x is the percentage of osteons and osteon frag

ments) was then applied. Furthermore, the regression line with best 

fit to the obtained data was constructed. Application of the regres

sion formula suggested by Ahlqvist and Damsten led to a standard 

error of estimate of 6.51 years, and the mean difference between the 

actual ages and those estimated from the percentages of osteons and 

osteon fragments was revealed to be 3.38 years. Table 1, column 2, 

shows the percentages of osteons and osteon fragments for each of 
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the 20 individuals, counted in the cross-sections of the femur. The 

correlation between the actual age and the percentage of osteons and 

osteon fragments was highly significant, and was found to be 0.959. 

These results led to the following regression formula: y = 0.982x-

1.19 with a standard error of 6.51 years. Figure 2 shows a plot of 

the regression line. The slopes and y-intercepts of this regression line 

are very good as compared with those of the regression line obtained 

by Ahlqvist and Damsten (1969). The slope of the regression line of 

Ahlqvist and Damsten was 0.991, the slope of the regression line 

obtained in this study was 0.982. 

Having tested the method and the regression formula of Ahlqvist 

and Damsten to the femur, the applicability of this method was exten

ded by constructing a regression formula for the tibia. Therefore, the 

midshaft part of the each tibia was sawn by a saw microtome into 

sections of ± 30 pm. The percentage of osteons and osteon frag

ments were then counted at six different fields of each section (Fig. 

3): two fields centrally along the dorsal side of the bone, two fields 

centrally along the medial side and two fields centrally along the 

lateral side. For each side the two counts were averaged. The resul

ting means of each side were averaged again and the age at death 

was estimated. Two fields along each side of the section were exa

mined in order to avoid "inadequate sampling", as described by Stout 

(1978). Table 1, column 3, presents the percentages of osteons and 

osteon fragments for the tibiae of the 20 individuals. Again, the corre

lation between the actual ages and these percentages turned out to 

be highly significant, viz. 0.961. These results led to the following 

regression formula: y = 0.989x + 3.31 with a standard error of 6.29 

years. Figure 4 shows the plot of this regression line, the slope of 

which is 0.989. 



Table 1 Percentages of osteons and osteon fragments 
and corresponding actual ages; sample size = 20 

Actual age (y) osteons and osteon fragments (x) (%) 
Femur Tibia 

17 21 23 

19 20 15 

22 21 17 

28 36 24 

38 41 36 

38 41 40 

45 54 48 

48 58 45 

50 54 46 

52 38 37 

54 63 47 

59 58 60 

62 57 58 

65 73 76 

68 79 72 

73 79 67 

78 75 69 

81 81 73 

85 81 85 

92 88 81 

y = 53.70 x = 55.90 x = 50.95 
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Fig 1 Saw microtome consisting of a diamond-disc (1) that saws 
through the bone (2). The disc is moistened by sprinkling (3) 
water onto it 

Fig 2 Regression line showing the relationship between the percen
tage of osteons and osteon fragments in the femoral cross
section and the actual age 
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Fig 3 Cross-section of a tibia. The six square fields are the fields 
where the percentages of osteons and osteon fragments were 
counted 

Fig 4 Regression line showing the relationship between the percen
tage of osteons and osteon fragments in the tibial cross-sec
tions and the actual age 
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4 Discussion 

Ubelaker is one of the few people who has applied Kerley's and 

Ahlqvist and Damsten's method on large sample sizes. One of the 

studies in which he applied Kerley's method was the analysis of bone 

material excavated from Santo Domingo; the sample included 158 

skeletons (Ubelaker 1981). The difference between the average of the 

actual ages of this sample (58.8 years) and the average of the estima

ted ages (54.6 years) was 4.2 years, a difference which is compara

ble to the difference of 3.38 years which were found in this study on 

the 20 femora. The standard error, however, was estimated to be 

10.43 years, which is higher (significant at 0.05 level, one-tailed) 

than the standard error of 6.51 obtained here by the application of 

Ahlqvist and Damsten's method on the 20 femora. 

As previously mentioned, some remarks with respect to the stu

dies which make comparisons between the accuracy of Kerley's and 

Ahlqvist and Damsten's method are necessary. Firstly, for this kind of 

comparison it is necessary to use a new test sample and not the 

sample used in one of the original studies, as undertaken by Bouvier 

and Ubelaker (1977) (see Stout and Gehlert 1980). Secondly, the 

choice of the field size is problematical because Kerley used a field 

size of 2.06 mm2 and Ahlqvist and Damsten used a field size of 1.00 

mm2 • Although Stout and Gehlert in a later publication (Stout and 

Gehlert 1982) suggested use of a field size as close to 2.06 mrrf as 

possible when employing Kerley's method, they still make use of the 

correction factors calculated by Kerley and Ubelaker (1978) in their 

comparison study (Stout and Gehlert, 1980). From the histograms 

made by Stout and Gehlert (1980) it can be seen that the accuracy of 

Ahlqvist and Damsten's method, but not of Kerley's, is more or less 

constant in both age groups (13-51 years and 60-102 years). More

over, for the 60-102 years age range, the accuracy of the Ahlqvist 
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and Damsten method was relatively high compared to some of the 

Kerley prediction formulae and profile method. This is similar to Ker

ley's own findings (Kerley 1965) in the original sample: the accuracy 

turned out to be better for younger specimens (under 30 years) than 

for older ones (30 years or more). In the opinion of this author, the 

application of histological methods is especially important for the 

determination of ages of 30 years or more, because for this age range 

there are only a few macroscopic characteristics useful for the deter

mination of age. 

In addition to Kerley's and Ahlqvist and Damsten's method, 

another histological ageing method developed by Singh and Gunberg 

in 1970, which utilizes the mandible, femur and tibia, has to be 

mentioned. As Ubelaker (1969) remarked: this method was based on 

a very restricted sample with most individuals between 50 and 75 

years old. Moreover, Stout and Gehlert (1980) found that the error in 

age determination by this method ranged from 1 2 to 49 years. Singh 

and Gunberg chose to examine only two randomly chosen microsco

pic fields. Since considerable topographic variation in histomorphology 

occurs in cortical bone, considerable error may result from inadequate 

sampling of the histomorphology of the bone (Stout and Gehlert 

1980). 

With regard to the study of tibiae, a study by Ortner (1975) who 

investigated the ageing effects on osteon remodelling based on 101 

human tibiae, has to be alluded to. He found a close relationship 

between the percentages of osteons and age. 

In the present study the sample size was restricted to 20 indivi

duals. Although the comparative studies of Stout and Gehlert (1980, 

1982) were also based on only 20 and 13 individuals, in the opinion 

of this author a sample size of 20 individuals is on the small side. 

There are two reasons for using such a small sample size. Firstly, it 

was not easy to find 20 individuals with undamaged cortex and 
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which had different ages. between 20 and 90 years old. Secondly, in 

order to check the method and regression formula described and 

constructed by Ahlqvist and Damsten, the same number of individuals 

with about the same age range was employed. 

It would be interesting to make a table of different regression 

formulae for the most important long bones, for example, the femur 

(see Ahlqvist and Damsten 1969)' tibia (e.g. this voL), fibula, hume

rus, radius and ulna. Regression formulae for the femur and tibia are 

summarized in Table 2. I plan to extend this table after having en

larged the sample size to 50 individuals. In the opinion of this author, 

such a table will help to make application of Ahlqvist and Damsten's 

method easier and more common. 

One of the big advantages of microscopic methods over traditional 

gross morphological methods is the possibility of their application to 

badly fragmented bones. With the provisos that a cross-section can 

be obtained from the middle of the diaphysis and the specimen has an 

intact cortex, microscopic methods allow a determination of age 

(Kerley 1965). 

Table 2 Regression formula for estimating age (y) from 
the percentage of osteons and osteon fragments (x) 

Skeletal part Regression formula Standard error 

Femur Y = 0.991X - 4.96 ± 6.71 

(Ahlqvist & Damsten,1969) 

Tibia. Y = 0.989X + 3.31 ± 6.29 

(this chapter) 
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5 Conclusions 

Microscopic methods are efficient and easily applicable procedures 

for the determination of skeletal age in human bones. The use of saw 

microtomes allows the preparation of thin (30 pm) and clear cross

sections (viz. anatomical structures in the sections remain intact). 

Decalcification, staining or embedding of the material is not necessa

ry. 

With respect to practical aspects, as well as to those of content, 

the method of Ahlqvist and Damsten (1969) is the method of choice. 

Application of Ahlqvist and Damsten's regression formula to 20 femo

ra belonging to 20 individuals between 17 and 92 years old, led to 

good estimates of skeletal age. The standard error was 6.51 years. 

Application of the principle of Ahlqvist and Damsten's method, viz. 

counting the percentage of osteons and osteon fragments, to 20 

tibiae also gave good results. The regression formula for the tibiae 

was of the following form: y = 0.989x + 3.31 ± 6.29. Application 

of the same principle to other long bones as e.g. fibula, humerus, ulna 

and radius, would be very useful. 
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Germany 

1 Introduction 

From the late Bronze Age to the Migration Period cremation of the 

dead was the prevailing burial custom in middle and northern Europe. 

Thus, for a time span of about 50-60 generations, cremations are the 

major biological source for the reconstruction of historic population 

patterns and development. Proper age determination is one of the 

prerequisites for demographic reconstruction. The general state of 

preservation of a cremation (Fig. 1) shows clearly that an application 

of criteria for a classical morphological age determination, especially 

for adult individuals, is limited. The bones are highly fragmented, 

show cracks and are sometimes even deformed or twisted as a result 

of the combustion. 

During the 1970s a consideration of these problems led to the 

suggestion of applying histological methods to cremated remains 

(Herrmann 1973, 1976). As far as the material is concerned this does 

not cause any problems since the necessary compact bone can be 

found in almost every cremation batch. Although the outer aspect of 

cremated bone shows considerable alterations due to the influence of 

temperatures above 70(J'C, the microstructural aspect is usually pre

served. In the histological cross section one can distinguish different 

types of structural elements. It was shown that the type of structural 
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element does not influence the amount of shrinkage, i.e. the 

shrinkage is linear (Fig. 2; cf. Hummel and Schutkowski 1986). 

Thus, basic prerequisites could be warranted that consequently 

allow histological age determination in cremations. As a routine proce

dure this was done in our laboratory by means of qualitative estima

tions, that is, evaluating the age-dependent changes of the relative 

portions and appearances of the different histological microstructures. 

For that the experience acquired from native historical specimens was 

directly transferred to cremated remains. In order to minimize possible 

effects of different observer variations in evaluating a histological 

specimen we intend to check the applicability of histomorphometric 

methods to the burned material. 

As far as histological age determination in native bone is con

cerned, different histomorphometric methods have been published 

(e.g. Ahlquist and Damsten 1969; Drusini 1987; Uytterschaut 1985). 

These methods are based on either the determination of osteons and 

osteon fragments per unit area or just counting the number of oste

ons. For that reason we attempted to develop a regression formula 

suited to cremated bones which followed these methods. These re

sults will then be compared with qualitative histological age determi

nations. 

2 Comparison of Histological Native and Cremated Specimens 

Figure 3 shows the cross section of a native specimen of compact 

bone. The differentiation of non-Haversian canals, lamellar bone, 

osteons and osteon fragments is possible without any difficulty. In 

contrast, when the same specimen is experimentally cremated the 

distinction of the structural groups becomes more difficult (Fig. 4). 

The histological preservation of thin sections of historical cremations 
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can vary markedly, ranging from aspects which are almost as clear as 

in native bone (Fig. 5) to aspects which are comparable to experimen

tally burnt specimens (Fig. 6). In such cases the use of polarized light 

does not lead to considerable improvement (Fig. 7) since, during the 

sinter process, the bone mineral becomes isotropic (Herrmann et al. 

1990). The different aspects of historical specimens are certainly 

dependent on the temperature to which the body is exposed during 

cremation. If, in a historical cremation, a distinction of structural 

elements can easily be seen, most frequently these bones have been 

incompletely burnt and show traces of residual carbon. 

3 Methods 

The investigation for histomorphometric age determination on 

cremated bone was based on 18 dissection room specimens of 

known age at death. The ages of the individuals ranged between 19 

and 76 years (mean age was 52 ± 17.6 years). First, thin sections of 

native bone of a thickness of approximately 80 pm were produced 

with a Leitz saw microtome. Then, we experimentally burnt a portion 

of the same bone in an oven at 1000 °C, for 1 h and, again, prepared 

thin sections. 

Considering the variable appearances of historical cremated cross 

sections we decided to follow methods which avoided, as much as 

possible, the necessity of distinguishing the four structural groups as 

proposed by Kerley (1965). Thus, we used the Ahlqvist and Damsten 

method (1969) where only osteons and osteon fragments have to be 

distinguished. The area these structures covered in 1 mrrf was eva

luated and then expressed as a percentage. As a second approach, 

we followed a procedure proposed by Drusini (1987), where the 

number of osteons in 1 mm2 was counted. We differed from those 
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authors slightly in that we did not use an eye-piece with a grid, but 

reproduced the microscope picture on a TV-screen. From there we 

transferred the silhouettes of osteons and osteon fragments onto 

overhead transparencies, where a grid representing 1 mrrt was posi

tioned directly at the periosteal margin (Fig. 8). The sampling was 

carried out in anterior and posterior areas of the section for every 

specimen. Areas with extensive heat-induced cracks in the cross 

section were avoided. Using Ahlquist and Damsten's method those 

squares which were at least half-filled with osteons or osteon frag

ments were counted. In the case of Drusini's method this meant just 

counting the number of osteons. Only those osteons were counted 

which were at least visible for half of their total extension; half oste

ons at the edges of the grid were counted as half. 

The results of these two approaches were compared with the data 

obtained from qualitative histological age estimations carried out on 

the same specimens. These estimations were based on the principles 

of age-related changes in compact bone as described by, for example, 

Amprino and Bairati (1938) and experience acquired with a reference 

series including specimens of known age. 

Age allocation then followed a classification, which subdivided 

adult life into the categories 'adult' (20-40 years), 'mature' (40-60 

years) and 'senile' (60 + years). The the first two categories were 

subdivided, according to Herrmann et al. (1990)' into three further 

categories (young, middle and late). In order to get data comparable 

to the quantitative methods we transformed the allocation to an age 

class into years of life. If, for example, an individual was estimated 

'late adult' this would mean an age of 36 years. 
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4 Results and Discussion 

The results of the three different methods of histological age 

determination are listed in Table 1, and are briefly summarized here. 

According to Ahlquist and Damsten (1969) there exists a linear de

pendency between chronological age and the area covered with oste

ons and osteon fragments (Fig. 9). This is expressed by the regres

sion formula R1: y = 0.79x - 2.42 with an SE of estimate of 14.5. 

The coefficient of correlation is 0.60. 

The relation between chronological age and number of osteons 

(according to Drusini) also showed linear dependency (Fig. 10) as 

revealed by the regression formula R2 *: y = 1.41 x + 3.88 with a 

SE of estimate of 14.4. The correlation coefficient is 0.61. 

Admittedly these results are not very encouraging. In the case of 

counting the number of osteons (Fig. 10)' however, one has to men

tion that the specimen marked with an asterisk in Table 1 came from 

a 76 year old female individual who suffered from severe osteoporosis 

(see also fig. 11). In such cases with extensive resorption lacunae, 

counting the number of osteons must lead to a wrong conclusion, 

that is, the individual is aged too young. If the named case is omitted 

from the regression, the correlation becomes better (0.78). The re

gression formula would then be R2: y = 1. 79x - 11.41 with an SE 

of estimate of 10.9. 

Of all three methods applied, the best results were obtained with 

the qualitative histological age estimation (Fig. 12). The comparatively 

close correlation between chronological age and estimated age is 

reflected by a coefficient of 0.80. In this method it would not make 

sense to work with a regression formula since here it is not an ab

stract figure (like, for example, number of osteons) being correlated 

with the actual age but instead, age is determined directly by alloca

ting the appearance of the cross section to an age class. 
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Fig. 1 General aspect of a well-represented historical cremation from 
the Bronze Age 

Fig. 2 Shrinkage experiments revealed that there is no significant 
difference in shrinkage between the complete diameter of a 
cross section and and parts of it. This means that shrinkage 
along the cross section of compact bone is practically linear 

Fig. 3 Thin section of native femur compacta (28-year old female). 
Non-Haversian canals, lamellar bone, osteons and osteon 
fragments are clearly distinguishable; scale in Jim 

Fig. 4 Thin section of experimentally cremated femur compacta. 
The specimen is taken from the same individual as in Fig. 3. 
Due to high temperature influence (1000'C) the bone micro
structure alters. In the periosteal third distinction of struc
tures becomes more difficult; scale in Jim 

Fig. 5 Cremated specimen from the Migration Period. The distinction 
of structures is almost as clear as in native bone. This is due 
to incomplete incineration; traces of residual carbon can be 
seen as dark areas in the middle of the compacta; 
scale in Jim. 

Fig. 6 Cremated specimen from the Migration Period. This specimen 
is completely incinerated, which leads to an appearance very 
similar to experimentally burnt bone (cf. Fig. 4); scale in Jim 

Fig. 7 Same specimen as in Fig. 6. In completely burnt specimens 
polarized light does not usually improve the possibilities of 
structural distinction; scale in Jim 

Fig. 8 Example of a depiction of osteons and osteon fragments with 
a grid overlay that represents 1 mm2 • Such pictures served as 
the basis for the two histomorphometric methods (see text) 
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Fig. 9 Regression plot of "chronological age" against "area covered 
with osteons and osteon fragments" 

Fig. 10 Regression plot of "chronological age" against "number of 
osteons per 1 mm2 ". The regression formula y = 1. 79x -
11 .41 is based on all cases except the one marked with an 
asterisk. This equation is recommended if the age determina
tion is to be carried out via the number of osteons (see text) 

Fig. 11 Thin section of experimentally cremated femur compacta (76-
year old female). This individual suffered from severe osteo
porosis. Extended resorption lacunae clearly biased the re
sults of histomorphometric methods. Using Ahlquist and 
Damsten's method an age of 60 years was obtained and 
using Drusini's method an age of 40 years. With a qualitative 
estimation, however, age was determined to be 72 years. 
Here the general appearance could easily be attributed to an 
elderly person 

Fig. 12 Regression plot of 'chronological age' against 'estimated age' 

Fig. 13 Deviation from chronological age when the regression given 
in Fig. 9 is used for age determination 

Fig. 14 Deviation from chronological age when the upper regression 
given in Fig. 10 is used for age ddetermination 

Fig. 15 Deviation from chronological age when the age determination 
is based on a qualitative estimation 
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Table 1 Comparison of determined ages with chronological age 

Chronological Calculated age Calculated age Estimated age 
age using R1 using R2 

(cf. Fig. 9) (cf. Fig. 10) (cf. Fig. 12) 

19 47 37 44 

28 47 48 30 

28 24 31 23 

34 58 49 45 

34 32 43 29 

46 52 44 32 

49 46 53 36 

52 54 52 54 

53 61 64 55 

53 61 66 57 

58 59 59 57 

59 50 49 45 

63 48 55 55 

64 64 53 69 

70 57 66 54 

74 52 69 59 

76 61 57 70 

76* 60 40 72 

R1 refers to the regression obtained when the age determination is 
based on the percentage of area of osteons and osteon fragments; 
R2 to counting the number of osteons; and "estimated age" to a 
qualitative evaluation. 
* Indicates specimen from 76-year old female who suffered from 

severe osteoporosis 
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Nevertheless, the regression formula which can be calculated for 

'chronological age' against 'estimated age' is given here in order to 

make the three methods comparable from a formal point of view. The 

expression is y = 0.97x + 4.76 with a SE of estimate of 10.8. 

We then examined in which direction the calculated or estimated 

ages deviated from chronological age. Figures 13-15 show that all 

three methods are systematically biased in so far as young individuals 

tend to be aged too old and vice versa. This effect appears to be least 

pronounced with the age estimations. A slight bias, however, might 

be expected anyway, because at the extreme ends of the age range 

wrong diagnosis of an individual forces it in one direction: a young 

individual cannot be judged younger than "young", and an old indivi

dual similarly can respectively not be judged older than "old". 

Corresponding to the results given above the calculation of the 

mean differences between chronological age and determined age led 

to the best result in the qualitative method. The mean difference is 

8.4 years ± 6.5. By the quantitative methods of Ahlquist and Dam

sten it is 10.9 years ± 8.6 and by Drusini's method it is 10.5 years 

± 8.9. 

The comparison of quantitative, histomorphometric methods with 

a qualitative method, which is based on evaluating the relative por

tions, size and shape of the different types of bone microstructures 

revealed the qualitative method to be preferable. At first sight this 

seems to be an unexpected and astonishing result, because the gene

ral prerequisites, such as linear shrinkage of the cross section (cf. Fig. 

2) and the feasibility of distinguishing microstructures are basically 

given in experimentally cremated specimens (Fig. 4) as well as in 

historical cremated specimens (Figs. 5 and 6). However, difficulties 

do occur in cremated specimens when the applicability of a method is 

dependent on a very precise distinction of single structural elements, 

as is necessary in both quantitative methods, especially Ahlquist and 
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Damsten's method. Of course, the qualitative assessment of age 

generally has to deal with these difficulties too. This is also reflected 

by the fact that from our experience a qualitative age determination 

reveals better results in native bone than in cremated bone. That for 

cremated specimens, however, a qualitative approach yields the best 

results of the three methods considered may be due to the fact that 

the general aspect of position, size and shape of microstructures is 

more important for evaluation than a precise distinction of structures. 

In addition, with a qualitative estimation it is advantageous that the 

aspect of the whole cross section is evaluated, whereas quantitative 

methods are restricted to a certain visual field in the periosteal third. 

Within both quantitative methods the one which is less dependent 

on a precise distinction of structures, i.e. counting osteons according 

to Drusini, is clearly preferable. This, however, only holds if the ob

vious pathological exception (as discussed earlier) is omitted from the 

regression. 

Summarizing the findings we recommend that it is best to dia

gnose the age of cremated historical specimens by means of a quali

tative evaluation of age dependent changes in bone microstructure. 

We concede that this recommendation can bear difficulties in so far 

as it requires considerable experience and continuous study of the 

subject. Those who are less familiar with the morphological appea

rance of thin sections from cremated bone and therefore prefer to use 

a method less dependent on experience may use Drusini's method. In 

this case we recommend use of the regression formula which was 

calculated after omitting the obvious pathological specimen (y 

1.79x - 11.41). 
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Comparative Histological and Microradiographic 
Investigations of Human Bone 

Friedrich W. Heuck 
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W-7000 Stuttgart 
Germany 

Bone is a complex hard tissue and a highly organized connective 

tissue constituting the main calcified component of the skeleton in 

vertebrates. The mechanical properties of bone, its hardness, rigidity 

and strength are a result of the composition of its matrices. These are 

a dense network of organized collagen fibres and a mineral phase, 

which is primarily composed of poorly crystallized calcium phosphate, 

later changing into hydroxyapatite and some non-collagenous pro

teins. The nature of the compact bone tissue of the cortex of limb 

bones has been studied in many types of vertebrates. This part of the 

bone has to carry and take up the main forces acting upon the skele

ton, in particular the weight of the body. 

Our knowledge about the metabolic processes of the hard tissue 

bone is incomplete and fragmentary. Bone transformation under nor

mal and pathological conditions is not fully understood. On the macro

morphological level, X-ray studies of bone have contributed immense

ly to our scientific knowledge about bone disorders. Since bone is a 

highly mineralized connective tissue, on the microscopic level, micro

radiographic studies of mineral distribution in comparison with the 

stained bone sections are most informative. 
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1 Remarks on Methodology 

It is taken for granted that the general principles of bone micro

radiography are well known, thus only some remarks on methodology 

will be presented. Chemically,. bone can be divided into inorganic and 

organic fractions. The organic fraction, including water, represents at 

least half of the fresh weight of bone. The volume occupied by this 

fraction is about 70% and the content of water varies with age of the 

bone and the state of growth. In newly forming bone the water con

tent may be as high as 70% and in old, compact bone as low as 

10%. The inorganic substance of the bone consists mainly of 

hydroxyapatite (Ca,o(P04)e(OH)2), calcium phosphates or calcium 

carbonate and, in smaller amounts, other ions. 

The fresh bone specimens can be dehydrated and then stained in 

a fuchsin alcohol solution for about 4 days (Schenk 1965; Heuck 

1969; Schenk et al. 1969). Pieces of trabecular bone or smaller 

pieces of compact bone can be embedded into methyl methacrylate, 

which penetrates into the specimen, before cutting and grinding. 

Several types of sawing machines have been developed (Heuck 1969; 

Uytterschaut 1985). Our laboratory uses a Leitz saw microtome 

which allows direct cutting of 10-100 Jim thick sections with plane 

parallel surfaces. However, in order to secure good microradiographs, 

the bone sections must be ground and polished. This is done with fine 

grained waterproof sandpapers and uses water as a wetting agent. 

Final polishing is done between two plain frosted glass plates with 

extremely fine surfaces. 

In order to select X-ray energies suitable for the imaging of 

microscopic sections of bone tissue it is necessary to bear in mind 

that the K absorption edge of calcium is 3.06 A. Provided that suita

ble X-rays for microradiography are chosen, the major part of the 

absorption will indicate the distribution of mineral salts (Engstrom 
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1970; Jowsey 1977a,b). Independent of the thickness of bone sec

tions, poorly mineralized areas, such as osteoid seams, can be identi

fied only in microradiographs produced with X-rays of appropriate 

wavelength. 

Therefore, our laboratory mainly uses a Phillips CMR 5 (Neumann 

1958; Heuck 1969). The X-ray tube has a beryllium window, 50 Jim 

in thickness, and a 0.3 mm x 0.3 mm focal spot. The voltage used 

was 4.5-5.0 kV, so the radiation had a wavelength limit of 2.7 A and 

the beryllium window in the tube absorbing the radiation a limit of 

4A. Within the range of this spectrum falls the K absorption edge of 

the calcium at 3.06 A; therefore, mineral deposits are easily detec

table. 

For quantitative measurements a reference system, for example, 

an aluminium step-wedge, should be microradiographed simultaneous

ly with the specimen. The microradiograms are prepared on fine 

grained photographic emulsions, such as Kodak high resolution spec

troscopic plates 649 or Lipman emulsion (Neumann 1958; Jowsey 

1977a,b). The exposed plates are developed in high-resolution de

veloper and processed in the usual way. The film and stained ground 

sections of bone are mounted with Eukitt in corresponding positions 

on the same microradiographic slide (Heuck 1969,1971, 1974, 

1976). Now, comparison of the corresponding regions of the bone 

will be possible. 

2 Normal Bon~ 

During the growth of an individual the pattern of bone structure 

changes. Thus, one can easily differentiate the bone tissue of a neo

nate, a child or an adult, if investigating the same area of the skele

ton. During the phase of intense bone transformation, which happens 
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in childhood, many poorly mineralized osteons and many resorption 

lacunae can be observed side by side. In the normal bone of adults 

they are very rare. The mineral concentration in the osteons is mainly 

equal and small differences in the mineralization of the osteons and 

the intermediate lamellae of normal adult bone tissue can be ob

served. Microradiograms of normal compact bone demonstrate that 

the Haversian systems have a varying degree of X-ray absorption, 

indicating different degrees of mineralization. The young Haversian 

systems have the lowest concentrations of bone mineral. Some exam

ples of bone structure and mineralization in the cortical area of com

pact bone of the proximal diaphysis of the femur are illustrated in Fig. 

1. The pattern of embryonic or newborn human bone, the growing 

bone from a 4-year-old boy and human adult bone are different. In 

some fields the Haversian systems are limited by higher mineralized 

cement lines than the osteon itself. The lacunae of the osteocytes are 

well demarcated, the canaliculi are visible in the stained sections only 

(Heuck 1974, 1976). 

In trabecular bone, areas of low and high mineralization vary in a 

more irregular way than in compact bone. The less mineralized areas 

in normal trabecular bone are the younger ones. Cancellous bone 

tissue is composed of a wide meshed network of thin, irregular rods 

or plates, which are more or less equally mineralized (Fig. 2). Between 

the trabeculae relatively large spaces are found which are filled with 

bone marrow. There are few osteons in the trabeculae, and those that 

do occur are atypical. Sporadically, resorption lacunae are observed in 

normal trabecular bone tissue. The rare cement lines are frequently 

highly mineralized and are well demarcated in adult bone. Sometimes 

a higher mineralization in the interstitial lamellae are very rarely found 

around a single bone cell or osteocyte in normal bone tissue. These 

areas of the hard tissue deserve special attention. 
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3 Pathological Bone 

In our group we have prepared sections to investigate and analyse 

more than 600 bone specimens representing different diseases in 

humans and also in animals. Therefore, I shall illustrate some exam

ples of atypical or pathological patterns of bone mineralization in 

different groups of diseases; these are metabolic bone diseases, gene

tic disorders, bone tumours and bone metastases. 

We have observed remarkable differences in mineral concentra

tion in well-defined areas of bone tissue (Heuck 1976; Jowsey 

1977a). Sometimes the stained areas coincide with low mineraliza

tion, for example the osteoid seams in rickets (Fig. 3). In other disea

ses the highly mineralized zone, for example, a cement line, barely 

shows on staining. This is the situation in marble bone disease where 

by using diffraction methods, we found very closely packed and ex

tremely small amorphous particles of mineral which are responsible 

for the high density. 

In hormonal or metabolic bone diseases the exchange of mineral 

and/or the transformation rate are abnormal (Jowsey 1977a). The 

patters in primary or secondary hyperparathyroidism are quite dif

ferent from that of normal bone; the mineral distribution is very irregu

lar (Fig. 4). Highly mineralized areas are seen side by side with poorly 

mineralized bone tissue. Remarkable are the many places of periosteo

cytic demineralization, which occasionally join the large areas of low 

mineralization. These findings are consistent with the hypothesis of 

osteocytic osteolysis as the first steps of bone resorption. 

In Paget's disease the histological patterns of the so-called mosaic 

pattern are typical. In the corresponding microradiographs one can 

see the irregular bone mineral concentration in these areas of trans

formation (Fig. 5). Sometimes the finding of periosteocytic deminerali

zation of Paget's disease is very similar to that in secondary hyper-
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parathyroidism. The increase of highly mineralized cement lines is 

remarkable in this particular case. 

A typical example of a genetic disorder is marble bone disease. 

Histological and microradiographic studies demonstrate great differen

ces in the pattern of mineral concentrations. In some areas large 

differences in mineral concentration are apparent (Heuck 1971, 

1976). In a special example, the periosteocytic low mineralization can 

be observed adjacent to a comparatively high mineralization in the 

cement lines, and this sometimes occurs around a single osteocyte! 

These findings are the result of regional differences in the mineral 

metabolism of the osteocytes in marble bone disease. 

Bone-forming tumours, for example, osteoid osteomas and osteo

sarcoma, can develop different mineral patterns of new bone. In an 

osteoid osteoma many small osteons with broad osteoid seams in the 

newly formed bone can be seen, as can irregular bone mineralization 

and areas of different lacunae of osteocytes, both normal and en

larged (Fig. 6). The new bone in osteosarcoma is woven bone with 

mineralization defects, many Howship's lacunae and different sizes of 

osteocytes. 

Bone tissue in parosteal osteosarcoma shows a much regular 

pattern and a uniform distribution on mineral in the newly formed 

tumour bone. This is called woven bone and it contains some new 

osteons between the lamellar bone tissue. 

The reaction of bone tissue to several types of cancerous tissue in 

instances of metastases shows a quite different histological picture 

(Heuck 1976). Bone reactions in carcinomas of the breast are totally 

different. In some cases the remineralization and/or reossification of 

destroyed bone shows new bone formation of different qualities: 

woven bone, lamellar bone and sometimes totally irregularly formed 

new bone tissue appear mixed up with tumour tissue. In these cases 

the mineral pattern in histological and microradiographic images de-



131 

monstrates the "battle" between tumour tissue and bone tissue. 

Howship's lacunae, periosteocytic mineral defects, and osteoid seams 

can be found side-by-side. 

Osteoblastic metastases are found in carcinoma of the stomach. 

Histological and microradiographic investigations have demonstrated 

the findings of the so-called bone-in-bone (Fig. 6b). This means in the 

marrow spaces the cancerous tissue has introduced new woven bone 

formation. The mineralization of this new bone is irregular. These 

findings are typical in gastric carcinoma. In the case of osteoblastic 

metastases in prostatic carcinoma, the new bone formation, again, is 

very different and much more irregular. Highly mineralized bone, 

broad osteoid seams and the so-called buried osteoids are found in 

the same region. 

4 Quantification 

Electronic methods for analysis have been developed. The square 

dimension of bone tissue and the mineral concentration per unit 

volume in different bone areas can be obtained, and the number of 

bone cells or osteocytes can be counted. Computerized methods may 

specify the mineral concentrations on a selected measuring line or in a 

small area of bone. The determination of histograms is possible. 

5 Conclusion-

The only tissue which is preserved beyond the lifetime of a human 

or animal is bone! Therefore, this mineralized tissue may preserve 

many facts about the life history of an individual, human or animal. 

The ionic exchange in bone after death may be different in highly 



132 

mineralized versus poorly mineralized bone tissue (Garland 1989; 

Piepenbrink 1989). Attention should be paid to the different solubili

ties of amorphous and/or crystalline deposits of bone mineral both in 

high density and low density areas of bone tissue. 

Knowledge of the typical mosaic patterns of mineral concentration 

found in normal and pathological cortical and trabecular bone during 

the decades of life should make the interpretation of histological sec

tions of prehistoric bone easier. 

Fig. 1 Microradiographs of normal bone tissue (proximal diaphysis of 
the femur). 

a Newborn boy, 7 months and 18 days old. 
b Boy, 4 years and 2 months old. Note the differences in mine

rai concentration and areas of bone transformation. 
c 49-year old male. Note the pattern of distribution and concen

tration of mineral in the Haversian system 

Fig. 2 Examples of microradiographs of trabecular bone (lumbar ver
tebrae) of a 58-year-old male. Small differences in the mineral 
concentration in the lamellae of the trabeculae can be seen 

Fig. 3 Generalized bone disease. 
a Osteomalacia in a 56-year-old female. Low mineralization of 

the osteoid seams (arrows) and higher mineral concentration 
in the so-called mineralization front. 

b Marble bone disease in a 43-year-old female. Highly minera
lized areas: periosteocytic and cement lines 
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Fig. 4 Examples of very irregular patterns of bone mineralization in 
renal osteodystrophy (secondary hyperparathyroidism) in an 
18-year-old male. 

a Poor mineralization, periosteocytic osteolysis and Howship's 
lacunae in the same area; different magnifications. 

b Same patient: "buried osteoid seams" and periosteocytic 
demineralization 

Fig.5 "Mosaic pattern" of compact bone in Paget's disease; 57-
year-old male. Periosteocytic demineralization and osteolysis; 
Howship's lacunae, differences in mineral concentration. 

Fig.6 Examples of bone tumours. 
a Osteoid osteoma in the proximal diaphysis of the tibia of a 17-

year-old boy. The bone sample was taken from the newly 
formed bone. The broad osteoid seams in the young Haversian 
systems and the big lacunae of the osteocytes are remarkable. 

b New bone formation (bone-in-bone) in the area of metastasis 
in a 50-year-old male with carcinoma of the stomach. Low 
mineral concentration in the newly formed bone tissue. 
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1 Introduction 

Histomorphometry, or quantitative histology, consists of counting 

or measuring tissue components: the cells or the extracellular consti

tuents or both. Because of the well-architectured three-dimensional 

organization of bone tissue, because this tissue is continuously re

modelled throughout life, and because most types of bone diseases 

are anatomically characterized by a quantitative abnormality, this 

quantitative approach is particularly advantageous for the analysis of 

age-related physiological bone changes and of the pathophysiology of 

bone diseases. Indeed, bone histomorphometry applied to well-pre

served undecalcified samples permits the measurement not only of 

static parameters, such as the bone volume, the imprints of previous 

bone remodelling events and the number of cells, but also of dynamic 

parameters, by the use of the tetracycline double labelling procedure 

(Frost 1969). This process has permitted the introduction of the di

mension of time into the quantitative analysis, thus providing access 

to vital information on organ, tissue and cell turnover kinetics. 

In the last three decades, the field of bone histomorphometry has 

progressed markedly, and now serves two main needs; namely, the 

diagnosis of bone disease and research devoted to achieving a better 
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understanding of the pathophysiology of bone disease and of the 

histological effects of new therapeutic approaches (Eriksen 1986). In 

human and animal studies, bone histomorphometry is the only 

method suited to evaluate tissue and cell changes at the level of the 

intermediary organization of bone (Frost 1983)' that is the osteon in 

cortical bone and the basic structural unit (BSU) or cancellous packet 

in spongy bone (Frost 1973; Meunier 1983). Measurements of bio

chemical markers of bone remodelling and non-invasive methods of 

bone mass measurements are unable to give access to this BSU level. 

Hence, a local system of specialized bone cells and their precursors 

(basic multicellular unit, BMU) is responsible for the remodelling pro

cess which culminates in a BSU. 

Bone histomorphometry demands strict methodological conditions 

because an unequivocal qualitative identification and description of 

the parameter to be measured is pivotal to any quantitative analysis. 

Thus, bone biopsy techniques yielding a well-preserved tissue sample 

and histological methods allowing discrete variables to be measured 

are two prerequisites for accurate bone histomorphometry. 

Concerning the main methods used for the preparation of bone 

samples, the techniques generally employed to study bone tissue, and 

the histomorphometric approach to bone histology, an extensive 

bibliography will be found in Meunier (1973,1977,1983), Jowsey 

(1977), Jaworski (1976, 1982), Jee and Parfitt (1981) and Dickson 

(1984). 

2 Bone Biopsy 

Iliac biopsy under local anaesthesia is now universally used be

cause it does not require any surgical protocol, provides both cortices 

with a large area of spongy bone, and is safe. Indeed, a multicentre 
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survey on the side effects of 14 810 iliac biopsies has been reported 

(Duncan et al. 1981), 9030 being obtained by the transiliac horizon

tal approach through the iliac crest. An overall incidence of complica

tions of 0.52% was found. The most common problems were haema

tomas (O.24%), pain for 7 or more days (0.11 %), femoral neuro

pathy (O.09%)' and skin infection (0.07%). Eleventh rib biopsy, 

initially used by Epker and Frost (1965)' has now been abandoned in 

human adults because it necessitates orthopaedic surgery and pro

vides little spongy bone, with a risk of pleural damage. 

In the iliac bone, the bone biopsy may be obtained either by a 

vertical approach, as described first by Sacker and Nordin (1954) or 

by a horizontal transiliac method, as described by Bordier et al. 

(1964). The latter technique gives a specimen with cortex at both 

ends which is a representative volume of iliac bone in its entirety and 

permits the measurement of the total bone density (Fig. 1). Moreover, 

a large area of spongy bone and the compact bone of two cortices 

can be analysed separately. The transiliac biopsy is taken from an 

area situated 2 cm below the summit of the iliac crest and 2 cm be

hind the antero-superior iliac spine. It requires local anaesthesia not 

only of the external but also of the internal periosteum, and a 1 cm 

long skin and muscle incision to be made. In order to reduce sampling 

variations we use a manual trephine having a 7.5 mm inner diameter 

and, when possible, we take and measure on two contiguous cores 

which are embedded in the same block of tissue. 

The experience of the operator is an important determinant of the 

quality of the. specimen. About 16.7% of biopsies were poor when 

the operator was inexperienced, whereas 8.8% were unsatisfactory in 

experienced hands (Duncan et al. 1981). In our laboratory, of 390 

transiliac biopsies which were performed by an experienced operator 

64% were complete and well preserved, and only 7.4% did not allow 

a valid diagnosis (Chavassieux, unpublished data). 
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Fig. 1 Section (solochrome cyanin R staining) of an undecalcified 
transiliac bone biopsy in a case of osteoporosis. Between the 
two cortices (compact bone), cancellous bone of trabeculae 
is rarefied 

Fig. 2 Unstained section of an undecalcified transiliac bone biopsy in 
a case of secondary hyperparathyroidism. Tetracycline 
double- and single-labels are observed (with ultraviolet light) 
along trabecular surfaces 

Fig. 3 Illustrates the histological osteosclerosis due to an increase of 
cancellous bone volume in a section (Goldner's trichrome 
staining) of an undecalcified transiliac bone biopsy in a case of 
skeletal fluorosis 

Fig.4 Shows clearly the presence of linear formation defects 
(arrows) and mottled bone with mottled periosteocytic lacunae 
(arrowheads); a section (Goldner's trichrome staining) of an 
undecalcified transiliac bone biopsy in a case of skeletal fluo
rosis. 



3 Histological Techniques 

It is mandatory that bone samples be processed without prior 

decalcification. The most commonly used fixative is 80% ethanol 

which does not dissolve tetracycline. Embedding bone samples in 

plastic monomers provides blocks of the same hardness as the bone, 

and methyl methacrylate is the most convenient plastic (Jowsey et al. 

1965; Meunier 1983; Schenk et al. 1984). Non-consecutive serial 

sections, 4 - 20 pm thick, are cut with specially designed microtomes 

(formerly Jung K type and to date Reichert Polycut type) equipped 

with tungsten carbide-edged knives. 

Multiple staining procedures are available: the only prerequisite is 

to use a method which allows the unequivocal identification of 

osteoid and of bone cells. Solochrome cyanin R (1 % aqueous solu

tion) is a reliable osteoid stain, having the same discriminant capacity 

as Von Kossa's procedure, recognized as the reference method 

(Meunier et al. 1975). Solochrome cyanin R is also quite convenient 

for measurements of bone volume with the use of image-analysing 

computers because it produces a clear contrast between dark-stained 

bone trabeculae and almost unstained marrow spaces. In contrast, 

the widely used Goldner's trichrome underestimates both osteoid 

volume and osteoid surfaces, though it is excellent for evaluating 

resorption parameters. 

The analysis of tetracycline double-labelling is possible as a rou

tine procedure on unstained bone sections that are 15 - 20 pm thick 

(Fig. 2); A convenient labelling protocol to use before biopsy consists 

of giving a patient 10 - 15 mg/kg/day dimethylchlortetracycline (DMC) 

orally for 2 days, no medication for 12 days, and DMC again for 4 

days. The bone biopsy must be taken 4 - 7 days after the end of the 

second labelling period. 
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4 Measurements and Histomorphometric Parameters 

Different methods can be used for the histological measurements 

performed on sections of bone samples. Both are based on Delesse's 

principle which permits deduction of three-dimensional numerical 

information from two-dimensional images (Delesse 1847). 

The first method consists of projecting integrating grids over the 

section of bone sample. The percentage of hits overlying a structure 

or the number of intersections between the grid and the bone peri

meters are accurate estimates of the volumetric or surface density of 

the analysed component. This manual point-counting system (Schenk 

et al. 1969; Meunier 1983) is still the most commonly used although 

it requires analysis of a large number of fields and is tedious and 

time-consuming. 

The second method uses an image-analysing computer (Meunier 

1973) which reduces analysis time considerably. These fully automa

ted devices are well suited for the measurement of bone volume or 

density, but are not well suited for the evaluation of remodelling sur

faces or dynamic parameters which have to be identified qualitatively 

before their quantification. In addition, in spite of recent advances in 

imaging techniques, these computers are not able to identify cells or 

staining and sectioning artefacts. 

Finally, an efficient compromise is the use of a semi-automated 

image analyser (Malluche et al. 1981, 1982; Chavassieux et al. 

1985a,b), which combines the advantages of discriminatory input by 

an investigator with reduced evaluation time resulting from computer 

analysis and calculations. The image of a magnetic table and of a 

luminous cursor is projected in the optical system of a microscope 

equipped with a drawing tube. The histomorphometrist chooses and 

traces all histological details to be quantified by moving the cursor on 

the table. This saves time and improves precision. 



144 

The following parameters are used to delineate the static and 

dynamic histomorphometric profiles which characterize the various 

osteopathies and will be defined. They give data not only on the 

amount of bone (calcified or not), but also on the activity of bone 

cells. Some are measured directly and others are calculated from the 

former. The new nomenclature for bone histomorphometry proposed 

by the ASBMR committee (Parfitt et al. 1987) is now widely used. 

Structural static parameters measured in cortical bone are: 

1. The cortical width (Ct-Wi) expressed in pm, which is the mean 

width of cortical bone tissue from the periosteal to the endosteal 

surfaces of cortices 

2. The cortical porosity (Ct-Po), which is the percentage of a given 

volume of cortical bone tissue occupied by canals and resorption 

spaces. Only samples cut perpendicularly to the Haversian canals 

are measured. 

Structural static parameters measured in cancellous bone are: 

1. The cancellous bone volume (Cn-BV lTV), which represents the 

percentage of a given cancellous bone tissue occupied by trabe

culae, excluding the medullary space, but including the calcified 

and the osteoid tissues 

2. The cancellous mineralized volume (Cn-Md.V/TV), which is only 

the mineralized part of cancellous bone volume 

3. The cancellous wall width (Cn-W.Wi), which is measured on 

totally mineralized bone packets without osteoid tissue and is 

expressed in pm. 

Remodelling static parameters measured in cancellous bone are: 

1. The cancellous eroded perimeter (Cn-E.Pm/B.Pm), the percentage 

of cancellous bone perimeter eroded, i.e. where osteoclastic 
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resorption is continuing or has ceased but where the osteoblasts 

have not yet started to refill Howship's lacunae 

2. The cancellous osteoid volume (Cn-OV/BV), which represents the 

percentage of a given volume of cancellous bone occupied by 

osteoid tissue 

3. The cancellous osteoid perimeter (Cn-O.Pm/B.Pm), which is the 

percentage of cancellous bone perimeter covered with osteoid 

tissue 

4. The cancellous osteoid width (Cn-O. Wi), which is expressed in 

pm. 

Cellular parameters measured in cancellous bone are: 

1. The number of osteoclasts (Cn-N.Oc/B.Pm), which is counted per 

unit of cancellous perimeter 

2. The cancellous osteoblast perimeter, which represents the per

centage of bone perimeter covered with osteoblasts (Cn-Ob.Pm 

IB.Pm). Separate measurements between plump (Cn-plump 

Ob.Pm IB.Pm) or flat (Cn-flat Ob.Pm/B.Pm) osteoblasts may be 

made. These parameters may also be expressed as a percentage 

of cancellous osteoid perimeter (fO.Pm). 

Dynamic parameters measured in cancellous bone of a patient given a 

double-labelling treatment include: 

1. The cancellous mineral apposition rate (Cn-MAR), expressed in 

mm/day, which is the distance between two consecutive labels 

divided by the time between labelling periods 

2. The cancellous single (Cn-sL.Pm/B.Pm) and double (Cn-dL.Pm 

IB.Pm) labelled perimeters which are the percentage of bone peri

meter covered by a single or a double tetracycline label. The total 

labelled perimeter (Cn-L.Pm/B.Pm) is defined as the sum of sL.Pm 

+ dL.Pm 
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3. The bone formation rate (Cn-BFR/B.Pm) gives the amount of 

mineralized bone formed per unit of bone perimeter per day and 

is expressed in pm2/pm/day. This parameter is calculated as the 

product of Cn-MAR and labelled perimeters 

4. The adjusted apposition rate (Cn-Aj.AR), which represents the 

amount of mineralized tissue being made per unit of osteoid

covered perimeter per day. This parameter is calculated as 

Cn-BFR/B.Pm divided by Cn-O.Pm/B.Pm and is expressed in 

pm/day 

5. The cancellous mineralization lag time (Cn-Mlt) is the mean time 

interval between deposition and subsequent calcification of 

osteoid tissue. This parameter is calculated as Cn-O.Wi divided 

by Cn-Aj.AR and is expressed in days 

6. The cancellous formation period (Cn-FP), expressed in days, 

represents the mean time required to rebuild a new bone packet 

and is calculated as Cn- W.Wi divided by Cn-Aj.AR. The active 

formation period (Cn-FP{a +)) is given as the ratio Cn-W. Wi divi

ded by Cn-MAR 

7. The activation frequency (Cn-Ac.f) is the probability that a new 

bone remodelling cycle will be initiated at any point on the sur

face of cancellous bone. It is calculated as Cn-BFR/B.Pm divided 

by Cn-W.Wi, and is expressed in days-1. 

Intra- and inter-observer coefficients of variation are generally less 

than 6 and 9 % respectively if observers are experienced, and are 

higher in the manual method than in automatic and semi-automatic 

methods. Inter-method variations (Chavassieux et al. 1985a) are not 

very high but a given method appears better than others for a given 

parameter. The most sensitive method with the best reproducibility is 

the best one for the measurement of one given parameter. Thus, in 

routine practice, cancellous bone volume will be measured by an 
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automatic method, osteoid volume by the manual one, and all other 

parameters by a semi-automatic method. Finally, automatic and 

semi-automatic methods seem to be the best ones, being more sensi

tive and less time-consuming. Inter-sample variations estimated on 

two contiguous iliac bone samples differ considerably between normal 

and pathologic subjects and from one parameter to another. For 

example, to be significant, in a single patient with osteoporosis, 

cancellous bone volume value has to be 30% different from the. initial 

value. This is also the case for cancellous eroded perimeters in hyper

parathyroidism (Chavassieux et al. 1985b). 

5 An Example : Histomorphometric Findings in Skeletal Fluorosis 

In the body, the main retention sites for fluoride ions are calcified 

tissues, mainly bone. The effects of fluoride on bone tissue depend 

on the quantity of fluoride ingested, on the time of exposure, and on 

the bioavailability of the fluoride salt used (Boivin and Meunier 1990). 

At very low doses (up to 1.5 mg F/day), fluoride prevents the de

velopment of tooth caries. At higher doses (about 23 mg F/day) it has 

a therapeutic action and is used in the curative treatment of type I 

osteoporosis with vertebral crush fractures. At doses higher than 

those mentioned and over a period of several years, fluoride may have 

toxic effects, causing the development of skeletal fluorosis of various 

aetiological origins (Boivin and Meunier 1990). Skeletal fluorosis is a 

bone disease resulting in a radiologically demonstrable abnormal bone 

densification. Bone fluoride content is very high (Boivin et al. 1988). 

Histological observations of bone tissue show osteosclerosis, mottled 

bone, formation defects and often hyperosteoidosis (Boivin et al. 

1989, 1990). To date, very few studies have reported histomorpho

metric data compared with data on bone fluoride content in skeletal 
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fluorosis. Thus, the main purpose of our study was to further investi

gate qualitative and quantitative bone modifications associated with 

skeletal fluorosis and, more precisely, the influence of fluoride on 

osteoblast number and function (Boivin et al. 1989 & 1990). 

Histomorphometric analysis of undecalcified sections was per

formed in transiliac biopsy cores taken from 29 patients (1 6 men and 

1 3 women aged 51 ± 7 years) suffering from skeletal fluorosis as a 

result of chronic exposure to fluoride (Boivin et al. 1986, 1989, 

1990). The origin of the exposure, known in 20 patients, was either 

hydric (endemic or sporadic), industrial or in a few cases, iatrogenic. 

Measured on calcined bone using a specific ion electrode (Boivin et al. 

1988)' bone fluoride content was significantly high in each specimen 

(mean ± SD : 0.79 ± 0.36% of bone ash) as compared to control 

values (less than 0.10%). The radiologically evident osteosclerosis 

observed in each patient was confirmed histologically (Fig. 3) by the 

significant increase of cancellous bone volume (40.1 ± 11.2 % vs 

19.0 ± 2.8% in controls, p < 0.0001). Typical histological modifica

tions such as linear formation defects and mottled bone tissue, were 

observed in each patient (Fig. 4). There were significant increases in 

cortical width (1292 ± 395 pm vs 934 ± 173 pm, p < 0.0001) and 

porosity (14.4 ± 6.4% vs 6.5 ± 1.7%, p < 0.002), but without 

reduction of cortical bone mass. Osteoid parameters were significant

ly increased in fluorotic patients. The increase of cancellous osteoid 

perimeter was almost three-fold greater than that noted in cancellous 

eroded perimeter. The fluorotic group had a greater number of osteo

blasts than controls, with a very high proportion of flat osteoblasts. In 

15 patients double-labelled with tetracycline, the mineral apposition 

rate was significantly decreased, while mineralization lag time signifi

cantly increased. Bone formation rate and adjusted apposition rate 

were significantly decreased in skeletal fluorosis. Cancellous wall 

width was normal in fluorosis but the formation period and active 
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formation period were both significantly increased. Skeletal fluorosis 

is thus characterized by an unbalanced coupling in favour of bone 

formation, and also by a great number of osteoblasts with a high 

proportion of flat osteoblasts. The osteoblasts have a much longer 

formation period mainly due to a prolonged inactive formation period. 

These findings support the view that fluoride may have a dual 

effect on osteoblasts; namely, an increased birth rate at the tissue 

level, and a toxic effect at the individual cell level. The addition of 

these two effects represents, however, a marked increase of bone 

formation at the organ level. 

6 Other Fields of Application 

In patients with all the typical clinical, biochemical and radiological 

signs of a well-defined metabolic bone disease, a bone biopsy for 

histomorphometry is not absolutely necessary for the diagnosis. How

ever, in borderline cases the bone biopsy is extremely useful and can 

provide an unequivocal assessment of the histological diagnosis 

(Meunier 1981, 1983; Eriksen 1986). 

Osteoporosis can be anatomically defined as an absolute decrease 

in the amount of bone tissue to an extent such that fractures (verte

bral collapses or long bone fractures) may occur after minimal trauma. 

This level is defined as the "fracture threshold". Thus, the first infor

mation needed is an estimate of the amount of bone in the patient's 

body. To-date, it is not necessary to use a bone biopsy to obtain this 

information but non-invasive methods are well adapted to this 

(Meunier 1988). However, bone histomorphometry is the only method 

giving a direct and precise analysis of the static and dynamic cellular 

and tissue abnormalities responsible for bone loss (Meunier 1981, 

1983, 1988; Arlot et al. 1990; Eriksen et al. 1990; Podenphant 
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1990). In osteoporosis, the decreased cancellous bone volume could 

result at the tissue level from decreased bone formation, increased 

bone resorption, or a combination of both (Riggs 1984; Arlot et al. 

1990). In a recent study of the histological heterogeneity of osteopo

rosis, Arlot et al. (1990) have shown that the bone loss resulted from 

a wide spectrum of bone turnover abnormalities, with two distinct 

subsets: one with normal turnover and one with high turnover. Bone 

histomorphometry allowing a good approach at the intermediary level 

of bone organization is not only very useful as a diagnostic element, 

but also appears pertinent to the selection of the best treatment 

(Meunier 1988; Boivin and Meunier, 1990). 

Histologically, osteomalacia is defined by the presence of both 

abnormally thick osteoid seams and significantly reduced calcification 

rate. An increase in the extent of osteoid seams only does not con

stitute an osteomalacia but reflects an increase in the number of 

apposition sites. This can be named "hyperosteoidosis" and it may be 

found in primary hyperparathyroidism, thyrotoxicosis and Paget's 

disease of bone (Meunier et al. 1977; Meunier 1981,1983; Eriksen 

1986). 

The predominant histologic patterns of metabolic bone disease in 

uraemia are those of osteitis fibrosa and osteomalacia (Ritz et al. 

1987). Renal osteodystrophy is a heterogeneous bone disorder which 

includes degrees of resorption, matrix formation and mineralization. 

The bone histomorphometric profile in uraemic patients depends main

lyon two factors, parathyroid hormone secretion and the aluminum 

load. Parathyroid hormone is a potent activator of bone remodelling 

increasing both resorption and formation (Charhon et al. 1985a). 

Aluminum is often associated with low bone formation with or with

out osteomalacia (Charhon et al. 1985b, 1986). On the other hand, 

bone changes have been described at the time of, and following, renal 

transplantation (Charhon et al. 1983). 
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Paget's disease of bone is a benign bone disorder whose main 

features are hypertrophy and osteosclerosis of the skeletal parts. At 

the histological level, this bone disease is characterized by increased 

bone remodelling and an abnormally positive bone tissue balance 

(Meunier et al. 1980, 1987). Both hyperosteoclastosis and hyper

osteoblastosis seem to depend on a marked increase in the birth-rate 

of the basic multicellular units which remodel bone tissue. Pagetic 

bone not only reflects a disease but also represents an ideal model of 

bone hyper-remodelling useful for rapidly determining, by dynamic 

histomorphometry, the effects of any therapeutic agent on bone 

tissue and bone cells. 

7 Summary 

Adequate bone biopsy techniques providing a well-preserved 

sample and use of methods for preparing undecalcified bone speci

mens after tetracycline double labelling are prerequisites for quantita

tive evaluation of bone disease. Various methods are available for 

analysis of specimens, ranging from inexpensive but time-consuming 

manual procedures to semi-automatic or fully automatic methods with 

image-analysing computers. 

Bone histomorphometry is a valid tool for diagnosing metabolic 

bone diseases. Endocrine osteopathies may also be identified by 

histomorphometry, although their histomorphometric profiles are not 

specific for Qiven endocrine diseases and must be interpreted in the 

light of clinical and biochemical findings. 

For research purposes longitudinal or cross-sectional studies of 

bone biopsy specimens in groups of patients are the only way to 

obtain direct patho-physiological information on the changes in the 

remodelling system that alter bone mass or bone mineral content. 



152 

Such analyses are, therefore, also of major importance in evaluating 

therapeutic effects (Melsen and Mosekilde, 1981). Furthermore, dyna

mic bone histomorphometry is the most appropriate available tool for 

studying the intermediary level of bone organization (the basic multi

cellular units and the basic structural units) which cannot be analysed 

through measurements of either bone mass (non-invasive methods) or 

biochemical markers in serum (osteocalcin) or urine (pyridinoline). 
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1 The Value and Limitations of Histology in the Pathological Assess

ment of Archaeological Human Skeletal Remains 

The-ever growing interest of archaeologists, palaeontologists and 

palaeopathologists in the techniques of microscopy undoubtedly 

stems from a host of solid contributions these techniques have made 

in helping to understand the nature and mechanism of the processes 

of fossilization, as well as of a variety of diagenetic changes that 

buried bones undergo. A survey of these contributions is not in order 

here as it is available elsewhere (Ascenzi 1969, 1986). Rather, this 

paper will focus on the issue of merit which histology (or more broad

Iy, microscopy) has as an asset to the palaeopathological evaluation 

of archaeological specimens. Dealing with this topic requires a some

what critical attitude, which would reduce the risk of hurrying over, 

or the understanding of the value and meaning of palaeohistology. 

Also, bone, as opposed to mummified tissues, poses special problems 

in the evaluation of pathological changes. It should not be forgotten 

that bone palaeo pathology has mostly relied on gross and X-ray eva

luation, with histology playing a minor role so far, whereas histo

pathological studies of mummies have led in many instances to signi

ficant contributions. This stems from the fact that archaeological 

bone is a cell-free and soft tissue free bone. 
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Bone reacts to disease in a limited number of ways. Only in a 

restricted subset of pathological conditions do basic tissue reactions 

produce changes in the mineralized matrix apt to be recognized as 

specific hallmarks of specific disease processes. The areas of overlap 

of observable changes in the mineralized matrix are plenty and broad, 

and it is only a set of changes in the bone cell population, the amount 

and distribution of unmineralized bone matrix, and the reaction of 

adjacent soft tissues which makes discrimination between different 

diseases affordable in present day bone pathology. The palaeopatho

logist looking at a bone specimen is thus deprived of most key dia

gnostic features available to present-day pathologists. In addition, 

clinical data, patient follow-up and databases are not available in 

palaeopathology as an independent source of information to validate 

(or "falsify") estimated diagnoses. The reason why palaeopathologists 

should be aware of these limitations is the need to recognize that 

perhaps the main risk they face is that of making non-scientific state

ments (statements which cannot be proven false) rather than 'false' 

statements, which is the daily risk of every practising pathologist. 

A host of microscope technologies are variably suited to studying 

archaeological bone. Polarized light microscopy, microradiography, 

electron microscopy (both transmission and scanning) and more re

cently confocal microscopy can be profitably applied to the study of 

ancient bones. Nonetheless, the nature of archaeological bone nar

rows the range of changes that can be detected. These include the 

detection of woven as opposed to lamellar bone, assessment of num

ber, size, density and orientation of osteocyte lacunae (an additional 

key feature in the discrimination of woven versus lamellar bone), 

osteosclerosis (increased density of bone trabeculae, i.e. increased 

bone mass per unit volume), rarefaction of bone (decreased bone 

mass per unit volume), extent of the process of bone remodelling as 

assessed by microradiography, occurrence of special internal features 
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of bone trabeculae (such as the time-honoured Schmorl's mosaic), 

and the detection of abnormally sized and shaped collagen fibres in 

bone (provided the process of fossilization has not progressed so far 

as to efface their individuality by the electron microscope). No doubt 

there are a few bona fide diagnoses which can be made on the basis 

of this type of information. For example, osteogenesis imperfecta 

ossium and fibrogenesis imperfecta ossium, two inherited diseases 

resulting in abnormal assembly of collagen fibres, are, in principle, 

suited to recognition by electron microscopy in ancient specimens, 

provided of course that the process of fossilization has not progressed 

so far as to efface their individuality. Also, Schmorl's mosaic can be 

recognized in ancient bones; however, it should be borne in mind that 

its specificity for Paget's disease is perhaps far less than absolute, if 

not matched to other features, none of which are, in turn, specific 

(Le. gross changes, site of the lesions, detection of virus-like particles 

in osteoclast nuclei, changes in marrow vascularity and stromal 

architecture), but many of which cannot be evaluated in ancient spe

cimens. On the other hand, the detection of a rarefaction of bone 

trabeculae with a reduction in the mineralized bone mass can easily 

be detected in an archaeological bone studied by microscopy and 

may, on most occasions, not be equated with a "diagnosis". In fact, 

it can be the final common pathway for many different bone diseases 

which only differ from one another with respect to the changes in 

bone cell numbers and activities. Perhaps the best known example to 

present day bone pathologists is the discrimination between osteopo

rosis, osteomalacia, and hyperparathyroidism-related osteopenia. The 

impact that recognition of some of these diseases has on the evalua

tion of nutrition and ageing of individuals, as well as of populations, 

cannot be overlooked, and make the indication of such potential areas 

of uncertainty something more than an ad hoc argument for cautious 

use of palaeohistological data. 
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Fig. 1 
a Posterior view of the ancient Egyptian skull. The two fairly 

rounded and fairly symmetrical zones of thinness of the parie
tal bones are clearly visible. 

b Low power view of the microradiography of a 100 pm thick 
section obtained from a slice of thinned parietal bone. The 
non-thinned edges of the lesions are included in the specimen. 
Note the presence of distinct inner and outer layers of com
pact bone encasing the trabecular bone of diploe in the non
thinned areas. Also note that no diploe is left at the site of 
maximal thinning, where the bone appears compact. 

c Detail of the microradiograph showing the transition from the 
normal bone to the thinned area. The profile of bone cuts at 
an angle of about 40° the direction of the lamellae of the outer 
system, which appears to be sharply truncated (arrow). Note 
the abundance of osteons at low grade of calcification, indica
ting active bone apposition deep to the surface of bone under
going 'thinning'. 

d Detail of the bone surface in the immediate vicinity of the 
thinned zone. Note the scalloped profile of the surface due to 
several Howship's lacunae (sites of osteoclastic bone resorp
tion, arrows), and the apposition of new osteonal bone deep 
to the surface. 

e High-power view of the zone of maximal thinning. The whole 
field is taken up by compact, mostly osteonal bone, with no 
remnants of diploic trabecular bone. The continuous lamellar 
structure of the inner table is preserved and visible at the 
bottom, whereas its outermost counterpart has disappeared, 
and the outer surface shows "opened up" Haversian systems 
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Fig. 2 
a Frontal sections of a present day case of 'biparietal thinning'. 

Because of lack of perfect symmetry of the zones of thinning, 
the sections do not cut across both sites of maximal thinning. 

b Direct view of one thinned area in the transilluminated, intact 
skull. Note the vascular pattern of diploic vessels clearly de
picted in the thinned zone. 

c Histological section of periosteum-stripped zone of maximal 
thinning. Note the architectural resemblance with the zone of 
maximal thinning of the ancient specimen shown in Fig. 1 e. 

d Histological section of the zone of thinning; the remaining 
periosteum is at variance with the situation in c. High-power 
view showing the scalloped profile of the periosteal bone 
surface due to the presence of many Howship's lacunae, 
mostly occupied by mononuclear cells. 

e-g Details of microradiographs showing resorption lacunae at the 
surface of bone (arrows) and several osteons at low grade of 
calcification, indicating the simultaneous occurrence of bone 
resorption at the surface, and formation in the underlying 
tissue 
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A further important point is the two-way interplay of pathological 

and diagenetic changes. Palaeohistology has been instrumental in 

determining the influence that natural bone architecture has on the 

non-random progression and spread of diagenetic changes, which 

implies that pathology (which results in altered architecture) also has 

a bearing on diagenetic changes. How diagenesis can result in efface

ment of pathological changes or in mimicing such changes has also 

been recently stressed (Bell 1990). 

A common approach to understanding the origin and nature of 

diagenetic microscopic changes as detected in buried bone has en

tailed the use of an empirical reproduction of the changes in modern 

day specimens under controlled conditions. The role of microorga

nisms, soil and sea water in generating diagenetic changes in the 

structure of bones has been investigated using this approach 

(Marchiafava et al. 1974; Arnaud et al. 1978; Ascenzi and Silvestrini 

1984). A similar approach might be of value, at least in a few disease 

states, when applied to changes that are pathological rather than 

taphonomical in nature. This approach would entail the study of mo

dern day specimens under conditions as close as possible to those 

encountered in the study of ancient specimens. Bone pathologists 

with an interest in palaeopathology should become familiar with the 

features exhibited by the specimens they observe in their fresh state 

when examined by the more common and feasible approaches of 

palaeohistology. They should start to compare histology of fresh 

bones with their cells and associated soft tissues with microradiogra

phic features and, when available with inorganic preparations studied 

in the SEM. This will, in time, help with the construction of a data

base for palaeohistopathology of bone, as well as with identification 

of subtle changes of diagnostic significance which could be evaluated 

and detected in cell-free, soft tissue free bone. 

The following pages will be devoted to a 'sample study' iIIustra-
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ting the potential value of the combined use of 'palaeo' and 'neo' 

histopathology of bone. 

2 A Palaeohistopathology Case: Biparietal Atrophy in an Egyptian 

Dynastic Skull and Comparison with its Present-Day Counterpart 

Because of its unusually high prevalence in ancient Egypt, as 

disclosed by the classic studies of Elliot Smith (1907), "bilateral thin

ning of parietal bones" is a prime issue in palaeopathology of bone 

(Lodge 1967). The lesion has been traced back to as early as the 

Bronze Age (Dutta 1969), and has been known to the medical world 

since the time of Virchow but its aetiology and nature has remained 

elusive. Virchow (1854) considered the lesion as a localized form of 

senile osteoporosis, a view also shared by other 19th century patho

logists, like Rokitansky. This view has now been abandoned since 

Camp and Nash (1944) reported the study of a large series of pre

sent-day cases which included young adults and children. The alterna

tive hypothesis put forward by Elliot Smith (1907) was the considera

tion of the lesion as a localized pressure atrophy from wearing heavy 

wigs but this has also been challenged. Although seemingly uncom

mon, the lesion is not exceptional in present day pathology. Because 

of its almost constant lack of symptoms, it is, as a rule, discovered as 

a chance finding upon autopsy or on the occasion of X-ray examina

tion of the skull for unrelated purposes. Virchow's and Lobstein's 

classical histological studies of this intriguing condition date back to 

the 19th century, whereas no documentation of its histology is avai

lable in recent literature, a fact which can perhaps be seen as one for 

the reasons of the poor understanding of its genesis. 

An Egyptian skull of the dynastic period, exhibiting typical biparie

tal thinning and conserved at the Egyptian Museum of Turin, Italy, 
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and a present-day case were studied histologically in our laboratory 

with the aim of comparing the 'cell-free' bone histology in ancient and 

present-day specimens, and also of evaluating the participation of 

cellular and soft tissue components in the pathogenesis of the lesion. 

Figure 1 shows the macroscopic appearance of the lesions as 

seen in the Egyptian dynastic skull. Two fairly round and fairly 

symmetrical depressions occupy the outer aspect of the two parietal 

bones between the sagittal suture and the upper temporal line, a 

gross morphology which overlaps that of other known dynastic skulls, 

such as Khety, Meritamon, and Tutmosis III. A slice of bone running 

across the depressed zone, and including adjacent portions of parietal 

bone, was taken for microscopic examination, embedded in methyl

methacrylate, sectioned to a thickness of 100 pm, and viewed by 

polarized light microscopy. Contact microradiographs were also pre

pared and studied. 

A low power inspection of contact microradiographs (Fig. 1 b) 

showed that at the site of maximal depression the bone thickness 

was greatly reduced, but the bone density was remarkably increased, 

as if the whole (reduced) thickness was taken up by compact bone. 

The depression affected the outer profile of bone, not the inner one. 

The normal architecture was well preserved in the non-thinned zones 

of parietal bone, in which the outer table, the diploe and the inner 

table could be easily seen even at low power magnification (Fig. 1 b). 

Further detail was demonstrated at higher power: (1) an outermost 

lamellar system made of mostly non-osteonal bone high in mineral 

content, . (2) a zone of trabecular bone harbouring marrow spaces (the 

diploe); (3) a deeper zone of more compact bone, in which trabecular 

bone converts into osteonal compact bone; and finally (4) an inner 

lamellar system. At the edge of the thinned part the outer lamellar 

system was found to abruptly disappear (Fig. 1 c). There was a pro

gressive reduction in thickness of the trabecular diploic bone moving 
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from the edge to the centre of the depressed zone. At the point of 

maximal thinness (Fig. 1 e) no diploe was discernible any more. Here, 

the bone was largely osteonal in architecture, and the inner lamellar 

layer high in mineral content was easily discernible. Most of the outer 

surface of the thinned bone appeared scalloped with the presence of 

many Howship's lacunae, indicating active bone resorption. These 

lacunae could also be seen at the periosteal surface of the non-thin

ned bone immediately surrounding the depressed zone (Fig. 1 d). 

There was no evidence of osteoporotic changes, nor did polarized 

microscopy demonstrate any primary (woven) bone. 

Figure 2 shows for comparison frontal sections of a present-day 

skull with biparietal thinning and the appearance of one of the zones 

of "thinning" as seen by direct macroscopic inspection. Except for the 

lack of perfect symmetry of the two zones of thinning which a 

comparison of the frontal sections demonstrates (in agreement with 

the observations of others), the gross morphology does not differ 

from that of the ancient Egyptian skull, and the inner profile of the 

cranial vault is regular. In addition to ground sections and contact 

microradiographs, conventional 5-8 pm thick sections of deminera

lized, paraffin embedded samples were prepared from this specimen. 

The microradiographs demonstrated a state of moderate osteopo

rosis, as indicated by the thinness of trabeculae and the increased 

distance between individual trabeculae resulting in increased width of 

marrow spaces. Most likely, because of this osteoporotic background, 

relatively broad diploic spaces could also be demonstrated at the site 

of maximal thinning, at variance with the ancient Egyptian sample. 

The abrupt disappearance of the outer lamellar system and indirect 

signs of bone resorption at the subperiosteal surface (Howship's 

lacunae) were, however, detected in the present-day specimens as 

well. 

Conventional histology and transmission electron microscopy (not 
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shown here) were instrumental in this case to detect osteoclasts 

actively engaged in subperiosteal resorption. Of note, most of them 

were mono- or binuclear, with classical Koelliker's multinuclear cells 

being remarkably few in number. 

Regardless of the concomitance of osteoporotic changes, the 

present-day case and the palaeopathological specimen thus displayed 

the same basic changes. These changes allowed us to draw the con

clusions that firstly, "biparietal thinning" of ancient Egyptian skulls is 

not a localized form of senile osteoporosis; secondly, the prime event 

is an outscale resorptive activity starting at the subperiosteal bone 

surface, involving the outer lamellar system first and then spreading 

inwards; and thirdly, in the absence of concomitant osteoporotic 

changes, the process of 'thinning' entails the disappearance of diploic 

trabeculae and marrow spaces, leading to a condition that is, in a 

way, opposite to the "porotic hyperostosis" (i.e. a "sclerosing 

atrophy"). The absence of concomitant changes in mineral metabo

lism, familiarity or cranial soft tissue and of evidence of post-cranial 

bone disease in the present-day case indicated the apparent primary 

character of the cranial lesions. What the combination of 'palaeo' and 

'neo' histology demonstrated was the activation of unbalanced (un

coupled) bone resorption in a strictly localized fashion. The role of 

osteoclastic bone resorption in the pathogenesis of the lesion was 

postulated by Virchow (1854), but had never been demonstrated in 

ancient specimens before. The comparative study of ancient and 

present-day specimens strongly suggested that the nature of the 

lesion w'as the same in both circumstances, and also ruled out many 

of the hypotheses put forward at various times by different authors, 

such as the habit of wearing heavy wigs, or a primary dysplasia of 

the diploe. 

The problem of the origin and nature of the lesion can thus be 

rephrased as: what is the prime biological event leading to a highly 
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localized, unbalanced osteoclast activation? Answering this question 

will require further study on current models of the ancient disease 

which, if successful, would provide important information on the local 

factors involved in a natural "model system" of strictly localized bone 

resorption and will in turn lead to potentially important insights into 

the so far unexplained, unusually high prevalence of the condition in 

ancient Egypt. 
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1 Introduction 

Adult human bone is continually being remodelled by a process in 

which small microscopic packets are removed by osteoclasts from 

trabecular bone surfaces or from within compact bone (Parfitt 1986). 

They are replaced at these sites by new osteoid matrix which is laid 

down and calcified by osteoblasts. There are 1-2 million bone re

modelling sites or units in the normal adult human skeleton and their 

number may be increased in conditions in which there is excessive 

local or systemic release of osteoclast-activating factors. Bone forma

tion is typically coupled to sites of bone resorption and thus normal 

bone remodelling does not significantly disturb the bone microarchi

tecture. In many conditions, however, the local or systemic release of 

osteoclast or osteoblast stimulating factors can lead to osteopenia or 

to osteolytic or osteosclerotic lesions which may be visible radiologi

cally. In this Ghapter, the pathological features of the main metabolic 

bone and joint diseases will be outlined with an emphasis on how 

excessive local or systemic secretion of osteotropic factors can lead 

to gross and/or microscopic abnormalities of bone architecture. 
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2 Metabolic Bone Diseases 

The main, known osteoclast activating factors are listed in Table 

1. Some of these, particularly the endocrine hormones, stimulate 

osteoclastic resorption systemically while others, such as cytokines 

and growth factors, are more likely to act locally on bone surfaces. 

Present evidence suggests that all these factors exert their effects on 

osteoclasts indirectly through osteoblasts since these latter cells, 

rather than the former, express the appropriate cell surface receptors 

(Chambers 1985). Upon stimulation, osteoblasts release an osteo

clast-stimulating factor(s) which causes the local activation of 

resorption. 

TABLE 1. The main osteoclast-activating factors 

Osteoclast stimulating factors Known diseases 

PTH,(PTH-rP), 1 ,25(OH)2 Vitamin 0 3 Hyperparathyroidism 
Oestrogen lack Osteoporosis 
Corticosteroids Cushing's syndrome 
Thyroid hormone Thyrotoxicosis 

IL-1, TNF, IL-6 Rheumatoid arthritis 
Prostaglandins Inflammation in bone 
ODFR Periodontal disease 

IL-1, TNF, LT, Hypercalcaemia of malignancy 
Prostaglandins Metastatic tumours in bone 
TGFa, EGF, PDGF, Multiple myeloma 
GM-CSF, M-CSF, PTH-rP 

Abbreviations: PTH, parathyroid hormone; PTH-rP, parathyroid 
hormone-related protein; IL-l, interleukin-1; TNF, tumour necrosis 
factor; IL-6, interleukin 6; ODFR, oxygen-derived free radicals; 
LT, Iymphotoxin; TGFa, transforming growth factor a; EGF, 
epidermal growth factor; PDGF, platelet-derived growth factor; 
GM-CSF, granulocyte/monocyte colony stimulating factor;M-CSF, 
monocyte colony stimulating factor 
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2.1 Hyperparathyroidism 

Primary hyperparathyroidism occurs most commonly in 

postmenopausal females. It is usually caused by an adenoma of one 

of the parathyroid glands (85%) or, less commonly, by primary hyper

plasia of all four glands (15 %). Less than 1 % of cases are due to 

parathyroid carcinoma. The typical effects of parathyroid hormone 

(PTH) on bone are seen in Fig. 1 which shows mild to moderate 

osteitis fibrosa, the description given to the increased osteoclastic 

resorption, new bone formation and marrow fibrosis. Bone turnover, 

however, may be normal (10-20 % of cases) or may be greatly 

increased. There is a tendency for resorption to be increased relative 

to formation and this may contribute to the development of osteopo

rosis in some patients. The increased turnover of hyperparathyroidism 

results in an increase in the number of bone remodelling units and in 

the irregularity of bone surfaces at the microscopic level (Fig. 1). This 

may be accompanied by gross irregularity of the outer surface of 

some bones, particularly the phalanges of the hand, that can be seen 

radiologically as subperiosteal bone resorption. In a small proportion 

of cases, gross cystic lesions may appear in long bones giving rise to 

the radiological appearance of osteitis fibrosa cystica in which the 

"cysts" are filled with fibrous tissue and many osteoclasts. 

2.2 Renal Bone Disease 

Hyperparathyroidism may be secondary to a low blood calcium 

concentration (hypocalcaemia) which may accompany chronic kidney 

diseases. The underlying defect is the kidney's failure to excrete 

phosphate. This leads to hyperphosphataemia with resulting hypocal

caemia, increased PTH secretion (secondary hyperparathyroidism), 
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osteoclast activation and osteitis fibrosa. Since the kidney is the 

major site for the hydroxylation of 25(OH) vitamin ~ to 1,25(OH)2 

vitamin D3 , the most active vitamin D metabolite, some patients may 

also develop osteomalacia due to reduced activity of the 1-hydroxy

lase enzyme in damaged renal tubular cells. 

In patients with end-stage chronic renal failure who have not yet 

been treated with haemodialysis, 60-70% have osteitis fibrosa, and 

20-30% have osteomalacia (Ellis and Pearl 1973). In each of these 

conditions, the appearance of the edges of calcified bone may be 

similarly irregular reflecting the excess of osteoclastic bone re

sorption. Thus, although mineralization is normal in patients with 

secondary hyperparathyroidism and defective in osteomalacia leading 

to extensive, thickened osteoid seams, the skeletal remains of both 

types of patient might appear very similar after the unmineralized 

osteoid has decomposed. 

A further form of bone disease that may occur in patients with 

chronic renal failure is aluminium-related osteomalacia due to expo

sure to excessive amounts of aluminium. The two major sources of 

aluminium for these patients are the water used during dialysis and 

aluminium-containing phosphate binding agents which are taken orally 

by patients in an attempt to reduce absorption of phosphate from the 

gastrointestinal tract and thus prevent hyperphosphataemia. Some of 

this aluminium may be absorbed by the gut and lead to high levels of 

aluminium in the blood. Aluminium concentrations may be elevated in 

the dialysis water due to the addition of aluminium salts to some 

public water supplies in an attempt to clear water of algae and other 

agents that cause aesthetically unacceptable discolouration of 

drinking water. 

The aluminium binds to mineralizing surfaces on bone and inhibits 

calcification and thus causes osteomalacia. Its localization at the 

mineralization front was first detected using the technique of electron 



175 

probe X-ray microanalysis which can detect the site of localization of 

small concentrations of many elements within tissues (Boyce et al. 

1985). Techniques such as this, ion emission spectroscopy, and laser 

microprobe mass analysis (Verbeuken et al. 1985) might be applicable 

to the analysis of ancient specimens of diseased bones providing the 

problems associated with the encrustation of human remains with 

elements (diagenesis) can be well characterized. 

2.3 Vitamin D Deficiency-Related Osteomalacia 

Vitamin D deficiency can result in hypocalcaemia due to defective 

absorption of calcium from the gastrointestinal tract. The resulting 

secondary hyperparathyroidism causes increased osteoclastic bone 

resorption and the formation of new bone matrix which does not 

calcify normally because vitamin D is required for normal mineraliza

tion. This is the commonest form of osteomalacia and is seen most 

frequently in individuals living in poor social conditions with low expo

sure to sunlight. These conditions prevailed in some parts of Europe 

following the Industrial Revolution with its associated atmospheric 

pollution. The young and the elderly are particularly at risk of vitamin 

D deficiency since, on the one hand children have increased require

ments for calcium for bone growth and calcification and, on the other 

hand, elderly subjects are less active and tend to have minimal expo

sure to sunlight. Ultraviolet irradiation causes the production in the 

skin of cholecalciferol, a precursor of vitamin D. 

Vitamin D deficiency in children may cause rickets which is cha

racterized by defective mineralization of bone and cartilage. This can 

result in soft bones that bend under normal body weight causing 

bowing of the tibiae or femora. Subsequent mineralization of these 

deformed bones can result in the persistence of skeletal deformity 
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into old age. By contrast, the development of vitamin D deficiency in 

old age and resulting secondary hyperparathyroidism and osteomala

cia do not lead to the bowing of legs, as in children, but to a re

duction in the volume of calcified matrix and an increase in unminera

lized osteoid. The microscopic appearance of the skeletal remains 

from such patients might reveal irregularity of the calcified bone sur

face, due to increased osteoclastic resorption, and a reduction in 

calcified bone mass. Despite the reduction in calcified bone volume, 

the appearances would differ from those of age-related or postmeno

pausal osteoporosis since in both of these conditions, although there 

is excessive osteoclastic bone resorption relative to the amount of 

new bone formation, bone surfaces tend to be smooth. 

2.4 Osteoporosis 

Osteoporosis occurs in males and females as a result of an 

age-related reduction in the amount of matrix laid down by osteo

blasts relative to the amount of bone removed by osteoclasts during 

bone remodelling. This can lead to a reduction in cortical bone thick

ness and in the mean thickness of trabeculae with an increased risk of 

fracture. Furthermore, resorption by osteoclasts through the full 

thickness of trabecular plates can account for the appearance of 

isolated trabecular elements in histological sections of bone from 

osteopenic individuals (Parfitt et al. 1983). 

The problem of age-related bone loss may be compounded in 

females after the menopause since the oestrogen lack that follows 

ovarian failure leads to increased osteoclastic bone resorption during 

the fifth and sixth decades without an equivalent increase in bone 

formation. The administration of oestrogen to postmenopausal fe

males can prevent this bone loss and subsequent increased risk of 
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fracture since it inhibits osteoclastic bone resorption in these circum

stances (AI-Azzawi et al. 1987). 

Osteoporosis may also result from the effects of increased blood 

levels of glucocorticosteroids. These can be produced in excessive 

amounts by the adrenal glands as a result of a pituitary adenoma 

secreting excessive adrenocorticotrophic hormone (ACTH), by a 

tumour or hyperplasia of the adrenal glands or by the inappropriate 

secretion of ACTH by a malignant tumour, such as lung cancer. 

Occasionally, an ACTH-producing pituitary tumour may cause exces

sive pressure-related expansion of the sella turcica in the base of the 

skull. When associated with concomitant osteoporosis in an ancient 

skeleton, this finding might suggest that there had been excessive 

steroid production during life. However, one cannot rely upon these 

two findings to confidently make such a diagnosis since, on the one 

hand, most pituitary tumours that cause expansion of the pituitary 

fossa do not produce ACTH, and on the other hand, osteoporosis is a 

common finding in elderly subjects. 

The precise mechanism of action of corticosteroids in bone resorp

tion is unclear. Steroid-related reduced calcium absorption from the 

gut may cause secondary hyperparathyroidism but, unlike most cases 

of primary or secondary hyperparathyroidism, there appears to be 

suppression of bone formation or at least a significant reduction in the 

coupling of formation to sites of previous bone resorption. Osteoporo

sis may also occur in patients with a variety of inflammatory diseases 

due to the side-effects of steroids given therapeutically. These include 

asthma, rheumatoid arthritis, and other autoimmune and systemic 

inflammatory diseases, such as systemic lupus erythematosus. Osteo

porosis can also occur in patients who have excessive production or 

administration of thyroid hormones since these cause increased bone 

turnover with resorption slightly exceeding formation. 
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3 Cytokine-Related Bone loss 

Cytokines such as interleukin-1 (IL-1), tumour necrosis factor 

(TNF), and interleukin-6 (IL-6) are released in high concentration at 

sites of acute and chronic inflammation by inflammatory cells, such 

as leucocytes and macrophages. IL-1 and TNF are powerful stimula

tors of bone resorption in vitro and in vivo (Mundy 1988) and they 

are considered to be involved in the bone loss that occurs around 

joints in rheumatoid arthritis and at sites of infection in bone. They 

may also be released locally in bone by tumour cells or by 

tumour-related immune cells to account, in part at least, for the 

osteolysis seen around metastatic deposits in bone. 

3.1 Rheumatoid Arthritis 

Rheumatoid arthritis is an autoimmune disease that affects many 

tissues including the synovial membrane of joint capsules. The syno

vial villi become enlarged due to oedema and infiltration by leuco

cytes. These cells release a variety of factors and enzymes which 

cause pain and swelling of the joint capsule as well as destruction of 

the articular cartilage and bone. Almost any joint can be affected but 

the metacarpolphalangeal joints, knees, wrists, and shoulders are 

involved most frequently. Permanent damage to the metacarpol 

phalangeal joints and jOint capsules causes characteristic ulnar devia

tion of the fingers. The local release of osteoclast activating factors 

into joints is likely to be responsible for the osteopenia that is seen 

around affected joints. Systemic administration of cytokines such as 

IL-1, TNF, and Iymphotoxin cause systemic osteoclastic resorption. 

Thus, the generalized osteoporosis that is seen in some patients with 

rheumatoid arthritis may be due, in part at least, to the systemic 
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effects of cytokines on bone resorption. 

3.2 Osteoarthritis 

Osteoarthritis is more common than rheumatoid arthritis and is 

caused by excessive wear and tear on joints coupled with a poorly 

understood susceptibility of joint cartilage to degradative enzymatic 

action in some individuals. In the early stages of the disease there is 

fibrillation of the surface of the joint cartilage which gradually be

comes eroded down to the underlying bone. There is often prolifera

tion of new bone at the joint margins in the later stages of the di

sease and this may limit joint movement. In response to the joint 

damage, synovial villi may become enlarged and infiltrated with in

flammatory cells and thus can appear similar to those seen in rheuma

toid arthritis. Release of cytokines by these inflammatory cells could 

aggravate existing damage. The knees, hips, and spine are affected 

most frequently and fusion of vertebral bodies can lead to severe 

limitation of cervical and lumbar movement. 

3.3 Periodontal Disease 

Periodontitis is a common dental disorder that is characterized by 

the presence of infection and inflammation of gums. The local release 

of osteoclast activating factors by immune cells can lead to loss of 

bone around affected teeth. Inflammation typically causes localized 

rather than generalized bone loss from the jaws. 
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Fig. 1 Undecalcified section of iliac bone from a patient with primary 
hyperparathyroidism. Multinucleated osteoclasts (large arrows) 
are present within Howship's resorption lacunae in which there 
is also marrow fibrosis. Unmineralized osteoid (small arrows) is 
present or part of the bone surface. (1 % aqueous toluidine 
blue, original magnification x165) 
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4 Malignancy 

Bone is a common site to which malignant tumours metastasize. 

Most tumour deposits, for example, lung and breast cancer, cause 

osteolysis (Fig. 2) while some, for example, prostatic cancer, are 

typically osteosclerotic. Malignant tumour cells can secrete a number 

of osteoclast activating factors such as growth factors and cytokines 

(Mundy 1998). These factors cause the local proliferation of osteo

clasts from bone marrow precursors and these, rather than the malig

nant cells, directly resorb the bone. Some malignancies, for example 

multiple myeloma, may cause the appearance of multiple lytic lesions 

within bones due to the local release of cytokines such as Iympho

toxin, IL-1 and IL-6. Malignant tumours can also affect bone turnover 

without metastasizing by secreting osteoclast activating factors into 

the blood stream. These factors can then cause a generalized increase 

in osteoclastic resorption and thus be responsible for humorally 

mediated hypercalcaemia of malignancy (Mundy 1988). Some, such 

as parathyroid hormone-related protein, may also have a PTH-like 

effect on the kidney to increase calcium reabsorption and so contri

bute to the hypercalcaemia. 

Tumour cells can also secrete osteoblast activating factors, most 

of which have yet to be fully characterized and purified. A list of 

known osteoblast stimulating factors is given in Table 2. Some of the 

osteoclast activating factors such as IL-1, TNF and platelet-derived 

growth factor (PDGF) have also been shown to stimulate indices of 

bone formation in some in vitro organ culture systems (Canalis, 

Fig. 2 Undecalcified section of iliac bone from a patient with meta
static breast cancer. Two osteolytic deposits of metastatic 
tumour are present near the iliac crest. (1 % aqueous toluidine 
blue, original magnification x8) 
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McCarthy and Centrella 1988). Thus, it is possible that some factors 

may stimulate resorption and/or formation and that their net effect 

might be determined by, for example, the local concentration and 

duration of release. Prostatic cancer is the best characterized osteo

sclerotic metastatic tumour and recent studies have indicated that an 

osteoblast stimulating factor(s) can be secreted by hyperplastic and 

neoplastic as well as normal postpubertal but not prepubertal prosta

tic cells (Canalis et al. 1988). 

TABLE 2 Osteoblast-stimulating Factors 

Insulin like growth factors I and II (lGF) 
Parathyroid hormone, insulin 
Vitamin D metabolites 
Anabolic steroids, thyroxine 
Bone morphogenetic protein (BMP) 
Prostaglandins 
TGFb, IL-1, TNF, macrophage-derived factors 

The radiological appearances of metastatic tumours in bone 

depend upon the number of metastatic deposits and whether they are 

osteolytic or osteosclerotic. Metastatic tumours are much more com

mon in adults than primary bone tumours which tend to arise in one 

site in bone and metastasize to soft tissues. 

4.1 Paget's Disease 

Paget's disease of bone is not a metabolic bone disease since 

calcium and/or hormonal imbalance is not the primary underlying 

disorder. It is a monostotic or, more typically, polyostotic disorder 

caused by excessive bone resorption by larger than normal osteo

clasts at affected sites. This is followed by excessive new bone 
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formation, much of which is woven and laid down in irregularly 

shaped resorption lacunae giving rise to the typical mosaic pattern 

seen histologically in the sclerotic bone. In the early stages of the 

disease, lytic defects may be seen radiologically at affected sites and 

these later become sclerotic. Despite the increased mass, the bone is 

structurally weaker than normal and there is an increased incidence of 

fracture and deformity which can lead to arthritis in the nearby joints. 

Malignant tumours develop in affected bones in less than 1 % of indi

viduals with this condition. 

5 Summary 

The process of normal bone remodelling can be disturbed in meta

bolic bone diseases due to an increase in the number of microscopic 

sites of bone turnover. This may lead to a reduction in bone mass if 

there is an imbalance between the amount of bone removed by osteo

clasts and the amount laid down subsequently by osteoblasts. There 

are many known osteoclast activating factors which are secreted 

locally or systemically in excessive amounts in malignancy and in 

metabolic bone and joint diseases to account for the increased bone 

loss that can be observed in affected bones. At this time, there are 

fewer known osteoblast activating factors and these have been less 

well characterized. However, the list of known agents is growing. The 

local release of such factors could account for the increased bone 

mass seen around some secondary tumour deposits and inflammatory 

lesions in bone. 



184 

References 

AI-Azzawi F, Hart DM, Lindsay R (1987) Long-term effect of oestro
gen replacement therapy on bone mass as measured by dual pho
ton absorptiometry. Brit Med J 294:1261-1262 

Boyce BF, Fell GS, Elder HY (1985) Hypercalcaemic osteomalacia due 
to aluminium toxicity. Lancet ii: 1 009-1 013 

Canalis E, McCarthy T, Centrella M (1988) Growth factors and the 
regulation of bone remodelling. J Clin Invest 81 :277-281 

Chambers T J (1985) The pathobiology of the osteoclast. J Clin Pathol 
38:241-252 

Ellis HA, Pearl KM (1973) Azotaemic renal osteodystrophy: a quanti
tative study on iliac bone. J Clin Pathol 26:83-101 

Koutsilieris M, Rabbini SA, Bennet HPJ, Goltzman D (1987) Characte
ristics of prostate-derived growth factors for cells of the osteoblast 
phenotype. J Clin Invest 80:941-946 

Mundy GR (1988) Hypercalcemia of malignancy revisited. J Clin In
vest 82:1-6 

Parfitt AM (1986) The cellular basis of bone remodelling: the quan
tum concept reexamined in light of recent advances in the cell 
biology of bone. Calcif Tissue Int 36:537-545 

Parfitt AM, Mathews CHE, Villaneuva AR (1983) Relationships be
tween surface, volume and thickness of iliac trabecular bone in 
ageing and in osteoporosis: implications for the microanatomic and 
cellular mechanism of bone loss. J Clin Invest 72: 1396-1409 

Verbeuken AH, van de Vyver FL, van Grieken RE, de Broe ME (1985) 
Microanalysis in biology and medicine: ultrastructural localization of 
aluminum. Clin Nephrol 24:s58-s77 



Initial Stages of Systemic Bone Disease 
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Palaeopathology is a discipline that plays a significant part in the 

reconstruction of the way of life of prehistoric and historic popula

tions (Schultz 1982). In recent years, microscopic investigation has 

become more important in the diagnosis of ancient diseases. Often, 

the result of a macroscopic or radiological investigation is not able to 

provide a reliable diagnosis. Light microscopy and scanning electron 

microscopy are good tools with which to confirm a diagnosis (Schultz 

1988a). In many cases microscopy can detect vestiges of diseases, 

not visible by gross examination. Thus, initial stages of bone diseases 

can also be clarified by microscope techniques. Nevertheless, some 

authors still do not think much of palaeohistopathology: ..... as a gene

ral rule, in archeological skeletal material, microscopic data add little 

to what can be seen grossly or on X-ray films" (Ortner and Putschar 

1981, p. 52). 

On the other hand, there are authors with long experience in the 

histopathology of dry bones (e.g. Hackett 1976). Some of them have 

published results, demonstrating that particular diseases cause a 

typicallesion'in the bone matrix, which cannot be mistaken for the 

lesion of a different disease. For example, Hackett (1976), in his 

classical article on treponematosis, published some figures which 

described very clearly the different stages of such a specific disease. 

The basis for this convincing elucidation of the stages lay in long 

years of experience in histopathology. When studying the microstruc-
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ture of dry bones, it is striking that the bony tissue does not always 

react in the same way, when affected by an inflammation (Schultz 

and Teschler-Nicola 1987a). This fact is well demonstrated in the 

case of bone tissue damaged by treponematosis (Weber 1927c 

Hackett 1976; Schultz and Teschler-Nicola 1987a). 

However, the basis of microscopic research relies not only on 

experience, but also on a sufficiently good technique in producing thin 

or ground-sections of dry bone samples. There are several methods 

described on how to obtain adequate specimens (see Schultz 1988a). 

It is well known that post mortem soil erosion often causes 

changes which could be mistaken for the product of bone disease 

(Wells 1967; Schultz 1986a). For these alterations Wells (1967) 

created the expression "pseudopathology". As the bones of neonates 

and infants are very fine and fragile, they can be severely affected by 

all kinds of decomposition. In these cases, it is often very difficult to 

differentiate intra vitam changes, especially the initial stages, from 

post mortem alterations. Only a few typical examples will be presen

ted here in order to demonstrate the efficiency of histodiagnosis. 

1 Porotic Structures of the Skull Vault of Infant Skeletons 

Occasionally, the external surface of infant skulls show slightly 

porotic structures (examples are also shown in Schultz, 1990a, fig. 2 

and Schultz 1990b, Table 14;2 and Table 15;2). These changes could 

be caused by post mortem erosion (decomposition) or by a pathologi

cal process. If the lesion is caused by a pathologic process, anaemia, 

rickets, or inflammation (e.g. ostitis, osteomyelitis) it could be con

sidered for differential diagnosis. It is exceptionally difficult to make a 

reliable diagnosis by macroscopic study alone, if the porotic struc

tures are only slightly developed and if the diseased skull bone is part 



187 

of a neonate or young infant skeleton. Thus, in these cases, light 

microscopy is absolutely necessary. In the case of a fully developed 

porotic structure, e.g. caused by anaemia, diagnosis is easier. As is 

well known, the skull bone is built up of external and internal laminae, 

and the spongy bone called diploe (Fig. 1). 

In the case of anaemia (stage 1) the internal lamina is not de

stroyed and shows a normal structure (Fig. 2); also the diploe is 

usually not affected. Occasionally, the external section of the diploe 

shows slightly enlarged cavities. The external lamina is usually partly 

disintegrated (Fig. 2). In the next stage (stage 2) the skull bone be

comes thicker. As the bone mainly grows in the area of the external 

diploe, the cavities are clearly enlarged. The internal lamina is not 

involved, while the external lamina is almost completely destroyed 

(Fig. 3). In the last stage (stage 3) the affected skull vault has thick

ened markedly. The trabeculae of the diploe take on a parallel orienta

tion, i.e. the diploic trabeculae are arranged radially with thinning of 

the external lamina (Fig. 4). In X-rays, the typical "hair-on-end pheno

menon" has been established (Steinbock 1976). In the region of the 

thickened skull vault, the external lamina is no longer observable (Fig. 

4). Macroscopically the skull shows the signs of spongy hyperostosis 

(see, for example, EI-Najjar et al. 1976). 

In the case of rickets, pathological alterations are mainly found on 

the external skull surface. Very small squamous appositions cover the 

external lamina and give the bone a porotic aspect. As they partly 

grow together they may become a confluent layer. Occasionally, both 

anaemia and rickets can affect an infant skull. In this case the correct 

diagnosis is extremely difficult (for examples see Schultz 1990b, Tale 

14;3; Schultz 1984). 

In the case of inflammation of the skull bones (i.e. ostitis and 

osteomyelitis) various kinds of bone structures can be observed. 

Porotic structures, especially at the beginning of the disease, are 
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frequently seen. They look very similar to the defects caused by anae

mia (for examples see Schultz 1987, Fig. 6; Schultz 1990b, Table 

15;2). Often, though not as a rule, the vestiges of inflammation of 

the skull bones in neonates and young infants are associated with 

vestiges of an inflammation of the periosteum (i.e. periostitis). In such 

cases, the child died before typical vestiges of a periostal process 

could develop on the bone surface. Since the variety of newly for

med bone structures caused by osteomyelitis or ostitis is large, a 

typical case is described. 

The skull vault of a 6- to 12-month-old child from the early Bronze 

Age cemetery of Ikiztepe (Anatolia) shows only a slight porotic struc

ture on the external lamina, while the internal lamina is characterized 

by a partly porotic, partly squamous layer (see also Schultz 198, Fig. 

6; Schultz 1990b, Table 15.2,3). In the thin section, the porotic bone 

surface can be diagnosed as the product of hypervascularization. The 

small holes are the foramina of blood vessel canals (not microfistulae 

!). Thus, the structures are quite different to the structures seen in 

the hypertrophy of the diploe in anaemia. Here, the holes represent 

bone marrow cavities. The light microscope investigation of the partly 

porotic, partly squamous layer on the internal lamina detects a multi

layered structure (Fig. 5). The examination by polarized light shows 

that the organization of the layer had already begun. The stratification 

of the layer and the state of organization demonstrate that the pro

cess was underway before the child died. Furthermore, the microsco

pic investigations show that there was also an affection of the dura 

mater (suspicion of pachymeningitis). This kind of destruction of the 

diploe and the evidence of repair seen as a metaplastic process (Fig. 

5) verify the reaction described above. These findings and the results 

of the examination of the postcranial skeleton yield a clear diagnosis: 

non-specific haematogenic osteomyelitis. 

The importance of microscopic investigation for the epidemiology 
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of diseases in prehistoric populations can be demonstrated with an 

example from the early Bronze Age population from Ikiztepe in nor

thern Anatolia. 

Out of a total of 144 infant burials, 1 29 skeletons with evidence 

of anaemia, rickets or osteomyelitis and 117 skeletons with evidence 

of irritation of the meninges were suitable for skull examination 

(Schultz 1990b). The first investigation was carried out at the site of 

excavation using only macroscopic techniques. The frequency of the 

four diseases was as follows: 

Anaemia 7.0 % 

Rickets 0.0 % 

Osteomyelitis 8.5 % 

Irritation of meninges 6.8 % 

After microscopic examination, according to the new diagnosis, the 

frequency of the four diseases was as follows: 

Anaemia 4.7 % 

Rickets 3.9 % 

Osteomyelitis 4.7 % 

Irritation of meninges 9.5 % 

The differences in the frequency of all four diseases is striking. 

Three cases were macroscopically diagnosed as osteomyelitis but 

microscopically diagnosed as irritation of meninges. Three other cases 

were macroscopically diagnosed as anaemia but microscopically dia

gnosed as osteomyelitis. Five cases were macroscopically diagnosed 

as osteomyelitis but microscopically diagnosed as rickets. 
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Fig. 1 Thin section through the skull vault of a 5-year-old child from 
the neolithic site of Alburg-Straubing in lower Bavaria (Ger
many); normal bone structure 

Fig. 2 Thin section through the skull vault of a 1 1/2- to 2- year-old 
child from the early Bronze Age cemetery of Ikiztepe in 
northern Anatolia (Turkey); anaemia (stage 1) 

Fig. 3 Thin section through the skull vault of a 2- to 3-year-old child 
from the early Bronze Age cemetery of Ikiztepe in northern 
Anatolia (Turkey); anaemia (stage 2) 

Fig. 4 Thin section through the skull vault of the child presented in 
Fig. 1; anaemia (stage 3) 

Fig. 5 Thin section through a fragment of the parietal bone of a 6- to 
1 2-month-old child from the early Bronze Age cemetery of 
Ikiztepe in northern Anatolia (Turkey). The multilayered, newly 
formed bone structure is seen below the internal lamina. The 
diploe shows signs of disintegration and metaplastic processes. 
Osteomyelitis; magnification x25 
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Fig. 6 Thin section through the frontal bone of a 2- to 3-year- old 
child from the early Bronze Age cemetery of Ikiztepe in 
northern Anatolia (Turkey). As the product of an inflammatory 
process of the meninges (meningitis, pachymeningitis) small, 
calcified, scale-like particles, connected to the internal lamina 
by pedicles, are seen. The bone surface is covered by small 
crystals of post mortem origin; 

a magnification x25; 
b magnification x 100 

Fig. 7 Thin section through the frontal bone of a 5- to 7-year-old child 
from the early Byzantine cemetery of Bogazkoy in central 
Anatolia (Turkey). Calcified, plaque- like structure on the 
internal lamina can be seen. Haemorrhagic meningitis; magni
fication x25 

Fig. 8 Tumour metastasis in the temporal bone of an adult individual 
from the Roman cemetery of Linz in upper Austria (Austria). 
View of the external lamina; the newly developed metastasis 
has grown around a small blood vessel canal. Scanning 
electron microscopy; magnification: see scale 

Fig. 9 Howship's lacunae in a malignant osteoclastic tumour in the 
skull base of a late adult male from the Coptic cemetery of 
Sayala in Nubia (Egypt). Scanning electron miroscopy; 
magnification: see scale 
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2 Porotic Structures on the Orbital Roof 

Porotic structures on the orbital roof, known as cribra orbitalia, are 

frequently seen in prehistoric and historic infant skulls. They can 

occur in three different stages (Schultz 1988b): slight (stage 1), 

middle (stage 2), and severe (stage 3). 

The causes of their occurrence is usually restricted to anaemia 

(e.g. Stuart-Macadam 1985; 1987) or possibly to racial or geographic 

factors (cf. Henschen 1961). The results of recent microscopic in

vestigations, however, have shown that cribra orbitalia were, in many 

cases, caused by inflammation in the adjoining region (Schultz 1987; 

Gotz 1988), such as the paranasal sinuses (e.g. sinusitis frontalis), 

the endocranial cavity (e.g. pachymeningitis), or the skull vault (e.g. 

osteomyelitis). Microscopic examinations of cribra orbitalia detect in 

the case of anaemia enlarged, bubble-like marrow cavities in the di

ploe and, in the case of inflammation irregular foci of liquefaction and 

a dilation of the bone trabeculae (Schultz 1987; Gotz 1988). In cases 

of anaemia, the bone trabeculae, however, could very often have a 

parallel orientation (see Schultz 1987, Fig. 28). Furthermore, in in

flammatory processes small blood vessel impressions and signs of 

periostal reaction could be seen. Thus, the results of the light micros

cope and scanning electron microscope investigations described by 

Gotz (1988) are a very important contribution to the aetiology of 

cribra orbitalia. Porotic structures in the orbital roof have also been 

observed in cases of rickets (Schultz 1987). 

According to the results of Gotz (1988), the aetiology of inflam

mation in the skull region is now much more comprehensible. This 

leads us not only to a better understanding of the resistance of pre

historic people to infection, but also gives us more knowledge on the 

correlation between some external environmental factors (Schultz 

1982). 
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3 Alterations on the Internal Lamina of the Skull Vault 

Vestiges of irritations of the meninges (e.g. inflammation, trauma, 

epidural haematoma, subdural abscess, tumour) on the internal lamina 

of the skull bones are very frequent in prehistoric and historic skeletal 

material (Schultz 1987). However, as a rule, the signs are so very 

slight that they are usually neglected by the palaeopathologist. 

Initial stages of this group of diseases can be easily detected by a 

magnifying glass or an endoscope. The most frequent disease here 

seems to be inflammation of the meninges i.e. meningitis or pachy

meningitis (Schultz 1987,1991). As is well known, the meningitis 

can be associated with increased cerebrospinal pressure and/or 

haemorrhage and/or small-grained, scale-like soft tissue formations 

which may calcify secondarily. The vestiges of all these structures 

can be differentiated in prehistoric and historic skulls (for examples 

see Schultz 1984,1987, 1990a, b, 1991). Occasionally, the increa

sing cerebrospinal pressure can cause a hydrocephalus to form 

(Schultz 1987; Schultz and Teschler-Nicola 1987b). 

As an example of a typical case of meningitis/pachymeningitis, we 

have taken the case of a 2- to 3- year-old child from the early Bronze 

Age cemetery of Ikiztepe in northern Anatolia. The internal lamina 

shows the signs of slightly increased pressure of the cerebrospinal 

fluid and the impressions ofthe cerebral gyri are deeper than normal. 

At the bottom of these digital impressions numerous small, scale-like 

particles are found; this is a sign of inflammation (cf. photographs of 

the macroscopic view in Schultz 1987, Fig. 18). The microscopic 

examination proves that these small, brittle particles are of intra vitam 

origin. They are fastened by their bases by short pedicles onto the 

internal lamina of the skull bone (Fig. 6). As the microstructure (e.g. 

collagen) of the bone is clearly observable, itis easily seen by pola

rized light microscopy that these particles are not ossified, but only 
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calcified (see Schultz 1987, Figs. 18, 19). Thus, these particles repre

sent the calcified product of an inflammation, which was originally of 

soft tissue character. 

The following case is typical for a small haematoma formation in 

the meningeal area (Fig. 7). The internal lamina of the skull vault of a 

5- to 7-year-old child from the early Byzantine cemetery in Bogazkoy 

in central Anatolia shows a thin, plaque-like porotic structure. Upon 

examination of the thin section with the microscope, it is seen that 

the thin, irregular structure is localized close to the internal lamina of 

the skull bone. The examination by polarized light microscopy shows 

that, at the time of death, the plaque-like structure was only calcified 

and not ossified. The localization and the microstructure confirm that 

it is the product of a haemorrhagic and inflammatory process of the 

meninges, apparently a slight bleeding in the region of a small vein 

running into the sagittal sinus, associated with (pachy)meningitis. 

Several stages of partly organized, typical epidural haematoma are 

described by photographs in other articles (Schultz 198Gb, 1987, 

1990a,b). Recent studies (Schultz 1987) have shown that, if the 

patient survived the bleeding, the organization of an epidural haema

toma is strongly characterized by the growth of very small, net-like 

blood vessels. These blood vessels form typical impressions in the 

internal lamina (pressure atrophy). Type and development of these 

blood vessel impressions demonstrate the stage of organization of 

such an epidural haematoma (see also photographs in Schultz 1987). 

As a rule, the blood vessel impressions are reduced or may even 

disappear after the complete healing of the lesion. 
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4 Alterations on the External Surface of the Diaphysis of Long Bones 

The health standards of prehistoric populations are often represen

ted by the state of health of their children. This means that the physi

cal condition of the juveniles is a reliable measure for the health con

dition of a particular population. In many cases chronic malnutrition 

induces restriction of the immunological system. The resulting condi

tion is an increase in the frequency of inflammations, which may also 

affect the osseous system. This reflection may explain why the fre

quency of chronic malnutrition and osteomyelitis in neonate and in

fant skeletons of prehistoric and, occasionally, of historic populations 

show almost the same relative levels (Schultz 1991). 

Unfortunately, the macroscopic features of the diaphysis of a 

baby or a young infant affected by chronic malnutrition (e.g. scurvy) 

look very similar to the diaphysis of a child suffering from an early 

inflammation (e.g. periostitis). In both cases the shaft of the long 

bone may be covered by a secondary layer consisting of calcified or 

even ossified tissue (Schultz 1986a; Schultz and Teschler-Nicola 

1987a). 

The histological examination of the layer demonstrates, in its mi

crostructure and kind of attachment (Schultz 1986a,b; 1988a), 

whether the new bone growth is caused by, for example (1) an orga

nized and calcified haematoma (induced by trauma under scurvy); (2) 

an involucrum (osteomyelitis); or (3) a periostal reaction (periostosis 

or periostitis, see Schultz 1986a). Sometimes, it is possible to diffe

rentiate microscopically between periostosis and periostitis (Schultz 

1986a; Schultz and Teschler-Nicola, 1987a). Such layers are not 

always found in a generalized, i.e. systemic, state but may also 

appear in a circumscribed state. 

Initial stages of inflammatory bone diseases, e.g. osteomyelitis, are 

very difficult to diagnose, especially in the long bones of babies or 
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young infants. A relatively positive sign for an inflammatory process 

on bone surfaces is the existence of an increased number of blood 

vessel canals representing hypervascularization. Usually, the foramina 

of these canals are relatively enlarged. 

Vestiges of osteoclastic activity and irregular, bulky bone trabecu

lae in the marrow cavities and/or the metaphyses of the long bones, 

without external, i.e. cortical, or periostal reaction is extremely rare 

(Schultz 1984, 1986a). In addition to X-ray investigations, the mi

croscope examination of transverse thin sections can help to achieve 

a reliable diagnosis. 

5 Initial Stages of Tumourous Diseases 

Vestiges of tumourous lesions are relatively frequent in prehistoric 

skeletal material (Broth well 1967; Strouhal1976; Steinbock 1976, 

Uhlig 1982; Schultz 1986a). Therefore, it is doubtful whether tu

mours should be characterized as a so-called civilization disease 

(Schultz 1982). 

Many tumours diagnosed in the skeleton do not belong to the 

group built up of fully developed tissue. Therefore, they usually grow 

very rapidly. Superficial lesions, caused by this tumour group, are 

normally marked by the great number of blood vessel canals. These 

newly developed blood vessels often represent the focus of an early 

metastasis ("mini-metastasis", Fig. 8). Thus, the external bone sur

face, affected by a tumour, may have an extremely porotic appea

rance. It is not rare that a bone affected by an early stage of osteo

myelitis (see above) sometimes looks very similar to a tumourous 

bone. Consequently, it is not easy to make a reliable diagnosis. Inci

dentally, it should not be forgotten that soil erosion (decomposition) 

may also cause similar porous alterations in bones (see above). These 
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short remarks show that macroscopic inspection is not satisfactory 

for the provision of correct information on the cause of disease. 

It is well known that there are osteoblastic as well as osteoclastic 

tumours. Several typical examples are published in the literature (e.g. 

Uhlig 1982; Grupe 1988; Schultz 1986a). For osteoblastic tumours 

irregular, sometimes bulky, sometimes fine bone trabeculae are cha

racteristic, while in osteoclastic tumours the numerous Howship's 

lacunae are microscopically the characteristic structure (Fig. 9). In 

many tumours, both vestiges of osteoblastic and osteoclastic reaction 

can be found, though as a rule, one kind of reaction predominates. 

In many tumours, especially in the group of solid, osteoblastic 

neoplasms, regularly structured osteons are missing (Schultz 1978, 

1987). In the place of regular Haversian systems, "Faserfilz-Osteone" 

(Knese et al. 1954; Schultz 1978) are principally found. This kind of 

osteon can also be regarded as an initial symptom of an osteoblastic 

process in compact bone tissue (Schultz 1986a). For differential dia

gnosis it is important to know that "Faserfilz-Osteone" can, occasio

nally, also be seen in normally structured bone tissue (e.g. in the 

mandibular corpus, in the bony attachment of muscles). 

When prehistoric bone findings are examined under the micro

scope, it is easily seen that in most cases tumorous lesions show a 

pattern typical for their structure, growth and development. Using 

these results in combination with the results produced by the macros

copic and radiological examination, diagnosis is exact. 

6 Summary 

This short communication describes typical lesions of initial stages 

of bone diseases. Furthermore, the possibilities and the importance of 

histodiagnosis are demonstrated. As examples, five groups of bone 
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changes characterizing special morphological features are presented: 

(1) porotic structures on the skull vault, caused by anaemia, rickets, 

osteomylitis, ostitis, and periostitis; (2) porotic structures on the 

orbital roof (so-called cribra orbitalia), caused by anaemia, rickets, and 

inflammatory processes in the adjoining region (e.g. paranasal 

sinuses, endocranial cavity or skull vault); (3) alterations on the inter

nal lamina of the skull vault, caused by meningitis, pachymeningitis, 

and epidural haematoma; (4) alterations on the external surface of the 

diaphyses of long bones, caused by scurvy, osteomyelitis, ostitis, and 

periostitis; and (5) initial stages of tumorous diseases (e.g. osteo

blastic and osteoclastic lesions). 
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For the purposes of this paper a wide interpretation is placed on 

the word 'trauma' to include all forms of damage inflicted on human 

bones by human activity. Soft tissue damage not involving bone will 

not, except in highly unusual circumstances, such as the accidental 

preservation of a body in a peat bog or deliberate preservation in a 

burial rite such as mummification, normally enter the archaeological 

record. This paper will consider examples of weapon injury, surgical 

intervention and burial ritual from a variety of sites. 

Studies of this nature combine experimental studies on contempo

rary bone with examination of archaeological material. This is essen

tial in order to establish firm diagnostic criteria for distinguishing 

between the effects of human activity and taphonomic changes, for 

example animal gnawing or the effects of weathering. One then uses 

the argument, proposed by Shipman (1981, 1988) that if a mark on 

an archaeological specimen shows the same macroscopic and micros

copic features as marks deliberately induced in a contemporary expe

riment it is reasonable to assume that the 'old' and 'new' marks were 

produced in a similar manner, by purposeful, human activity. 

Criteria used are, on the macroscopic level, the position of the 

marks and their appearance to the naked eye. For example, battlefield 

weapon injuries inflicted in formal, hand-to-hand fighting, tend to be 
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localized on the left side or frontal region of the skull (lnglemark 

1939; Manchester 1983; Wenham 1990). Butchering marks on 

animal bone, or marks on human bone inflicted in defleshing burial 

rituals are usually localized in areas of muscle attachment, whereas 

scrapes and grooves of taphonomic origin are randomly distributed 

over the bone surface (Andrews and Cook 1985; Cook 1986a,b; 

Fulchieri et al. 1986; Olsen and Shipman 1988; Shipman 1988). Cuts 

into living bone, or bone that is recently dead, with sharp-edged metal 

weapons, have flat, smooth, often polished surfaces that are clearly 

distinguishable from the rough surface produced by fracturing or 

cutting 'dry' bone from which the organic matrix has decayed (Broth

well 1971; Wenham 1990). 

Scanning electron microscopy has the facility to produce high

resolution images, with three dimensional information, of the surface 

of bone specimens or replicas (Figs. 1-3). It has been used with 

success in a number of archaeological investigations (Olsen 1988)' 

for example to identify cutting, chopping and scraping marks on bone 

marked by stone implements (Cook 1986b; Shipman 1981; Shipman 

and Rose 1983) and metal weapon injuries on Anglo-Saxon (Wakely 

and Wenham 1990) and Bronze Age skeletons (Wakely and Bruce 

1989). 

Large, fragile and valuable archaeological samples cannot, natural

ly, be placed directly in the scanning electron microscope. The stan

dard technique is to prepare first a latex negative replica of the sur

face under investigation and then, from this, an epoxy resin positive 

replica, which can be gold-coated and viewed in the scanning electron 

microscope without damage to the specimen or the instrument (Ship

man and Rose 1983; Cook 1986b; Bromage 1987). In the author's 

experience only intact, natural bone surfaces can be replicated. Sur

faces which are fragile due to poor preservation may be damaged by 

the latex replication procedure. Specimens which have been coated 
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with shellac or other varnishes make poor subjects because the sur

face topography may be filled in by the varnish. Surface coatings 

deposited as a result of cultural practices, for example, pigments, 

may also be lifted. It is important to consult an experienced conserva

tor before attempting to cast a specimen about which any of these 

doubts exist. The remainder of this paper will describe some examples 

from personal experience in examining human bone trauma by SEM. 

All specimens were viewed in an lSI DS130 SEM operated at 15 kV, 

and photographed on Kodak Technical Pan film. Magnifications of 

between x 10 and x300 yield the most useful information, though 

higher magnifications have been used on occasion. 

1 Injuries Made by Sharp Metal Weapons 

Figures 1-3, illustrate one of the injuries observed on an axis ver

tebra from a Bronze Age site at Covesea, Scotland. Seven, separate, 

flat, smooth cuts on the superior surface of this bone (Fig. 1) suggest 

that the individual had been decapitated, severing the spine between 

atlas and axis. Four of the cuts, including the one illustrated in Figs. 2 

and 3, lie in the same plane, the other three are separate from the 

first four and from each other, suggesting a sequence of four separate 

blows. The facets on the vertebral body and arch show faint 

suggestions of gently curved parallel striations. They are visible when 

viewed by low-magnification light microscopy, and by SEM they can 

be seen at high resolution (compare Figs. 2 and 3). 

Similar patterns have been observed on cut bone surfaces from 

sources as diverse as skeletons from an Anglo-Saxon cemetery in 

Eccles, Kent (Wenham 1990; Wakely and Wenham 1989), skulls from 

the Iron Age war cemetery at Maiden Castle, Dorset (Stevens and 

Wakely, unpublished) and a trophy head from Borneo (Beavitt and 
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Wakely, unpublished). They are clearly a general feature of bone that 

has been cleanly cut with a single blow from a thin, straight, metal 

blade. Experimental studies (Fig. 4; Wenham 1990) in which contem

porary bone was cut with a replica of an Anglo-Saxon sword produ

ced a similar pattern of parallel striations on the bone and periosteum 

that could be attributed to irregularities, some too small to be seen 

except by SEM, in the edge of the blade. Very fine striations, visible 

at magnifications of around 1200x, can be seen in well preserved 

archaeological material. Above this magnification the texture of the 

bone itself obscures the details of the injury. 

One interesting feature of the Covesea axis is that the striations 

on the four linked facets are curved so that they form part of a single 

wide arc, such as would be made by one swinging a long-bladed 

weapon, ego a sword, with some force across the bone. Their direc

tion relative to the anatomy of the bone as a whole suggests that the 

assailant was standing behind and to the right of the victim. 

While cuts and scrapes made by stone and metal implements have 

some features in common (Shipman and Rose 1983; Olsen 1988) the 

finer striations and greater likelihood of "chattermarks" if metal is 

used could possibly, but not certainly, indicate the use of metal. How

ever, SEM images of trauma from bronze and iron weapons are in

distinguishable. Unfortunately, therefore, this method cannot be used 

to indicate the transition from bronze to iron weapons. 

2 Surgical Wounds 

It is usually only possible to detect evidence of surgery archaeolo

gically if it leaves traces on the skeleton, so, for example, trephination 

is the oldest 'surgical' procedure described in the archaeological re

cord, and one for which the SEM is proving a valuable interpretative 
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method. It is possible to discern some aspects of the operator's tech

nique and, where there was post-operative survival, examine the 

process of healing. Interpretation of ancient trephinations draws on 

comparison with experimental cuts made on bone with stone imple

ments, since many ethnographic and archaeological examples of this 

procedure come from non metal-using cultures. Such cuts have se

veral major distinguishing features. They are V- or U-shaped in section 

with tapered ends. They bear on their sides fine parallel striations 

caused by minor irregularities in the blade edge. They show asym

metry with one rough side, or "shoulder" and one smooth side (Ship

man 1981; Shipman and Rose 1983; Bromage and Boyde 1984). 

More controversially, Bromage and Boyde (1984) attribute the asym

metrical appearance and the slope of the flakes on the rough side to 

'handedness', ie. that the rough side of a cutmark always lies on the 

side nearest to the operator's little finger, because of the tendency to 

supinate the hand when cutting. More experimental work is needed, 

using a large sample of operators of left and right hand preferences, 

to establish whether a general principle does in fact exist here. 

Five methods of trephination have been described in the archaeo

logical record. The use of a specialized instrument, the trephine, to 

cut out a round section of bone was uncommon in antiquity but be

came widely used in the mediaeval and post-mediaeval periods (Li

sowski 1967; Parker et al. 1986; Brothwell 1974). Sawing, in which 

four straight cuts are used to remove a rectangle of bone, and drilling 

are risky because of the poor control they afford over entry through 

the inner table of the skull. The two methods most commonly de

scribed ethnographically and in European archaeological material are 

grooving and scraping (Brothwell 1981; Lisowski 1967; Parker et al. 

1986). Both these methods give a slow, controlled entry into the 

cranial cavity. In grooving the operator cuts round a circular or sub

circular track, gradually removing a roundel of bone and producing a 
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relatively steeply bevelled opening. In scraping the same area of bone 

is repeatedly pared until an opening appears in the inner table of the 

skull. This technique produces an elongated opening with widely 

sloping sides. To some extent "grooving" and "scraping" are not 

mutually exclusive terms: the sides of a groove will, of course, have 

been scraped, and the centre of a scraped opening will have much in 

common with a groove, particularly if the operator changes the angle 

of approach to deepen the opening. 

From the SEM point of view trephinations are of great interest. 

The manner in which they are produced should reveal itself in the 

pattern of marks made by the operator's instrument in and around the 

opening. This should provide reliable diagnostic criteria for differentia

ting the genuine trephination from the many other openings, often 

collectively called "pseudotrephinations" (Janssens 1987) that occur 

in ancient skulls, caused, for example, by weapon injury, rodent gna

wing or even excavation damage. The key point is that in scraping, or 

grooving, the operator repeatedly cuts at the same area of bone but is 

unlikely to cut twice in exactly the same place. Intersecting cutmarks, 

as opposed to the single set of parallel lines caused by a weapon 

blow, would be predicted. A limited sample of European skulls have 

been examined by SEM, by Wakely and Duhig (1990). 

The Beaker period skull from Crichel Down, Dorset, England has a 

large opening, 75 x 51 mm, on the left side. Its steeply bevelled sides 

point to grooving as the probable method (Piggott 1940). On the 

sides SEM shows a number of short, straight or widely curved, groo

ves, extending from the outer table, across the diploe and sometimes 

as far as the inner table (Fig. 5). Many of the grooves show evidence 

... 
Figs 1-3 An axis vertebra from Covesea, Scotland showing six cuts to 

the superior surface (1-6). Cuts 1,4,5 and 6 represent a 
single blow from a sharp metal weapon. Figs. 2 and 3 are 
views of cut 4 by light microscopy and SEM, to show (a) the 
parallel arrangement and curvature of the striations on the 
cut surface and (b) the greater resolution produced by SEM 
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Fig.4 Cut made on contemporary bone with a replica Anglo-Saxon 
sword, showing parallel striations on the cut surface 

Fig. 5 Grooves on the side of the opening in the trephined skull 
from Crichel Down (arrowed) 
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of the asymmetry identified by Shipman and Rose as a feature of the 

marks created by deliberate cutting with a stone implement. This 

feature lay consistently towards the outer table of the skull, 

suggesting a consistent cutting direction. 

An unprovenanced skull from Girton, Cambridge, possibly 

Romano-British or Anglo-Saxon, presents a D-shaped opening with 

widely bevelled sides, characteristic of trephination by scraping, in the 

midline of the skull vault immediately behind the bregma. The sides of 

the opening and a surrounding triangle of the outer surface of the 

skull bear many intersecting striations (Fig. 6). Some individual groups 

of striations descend from the outer table surface on to the sides of 

the opening. Others are cut off abruptly by striations running in a 

different direction, as the operator changed the scraping direction. 

In spite of the hazards associated with opening the skull without 

the benefit of modern surgical techniques there is archaeological and 

ethnographical evidence of recovery. Figure 7 shows part of the mar

gin of a healed opening from a Neolithic skull from Bougon Deux 

Sevres, France. The margins of the opening are rounded, not sharp. 

There are no striations and new bone, with vascular channels visible 

by SEM was forming at the time of the individual's death. 

3 Burial Practices 

Secondary burial is a rite in which the body is excarnated by natu

ral weathering, scavenging animals or deliberate cleaning, leaving only 

the bones to be interred. It is widespread in Neolithic Europe, and 

found in many parts of the world even in the present (Atkinson 1965; 

Ucko 1969; Grinsell 1975; Tainter 1978; Burl 1981; Bloch and Parry 

1982; Hedges 1983; Henderson 1988; Gilkes 1989). 

Purposeful removal of flesh, whether human or animal, will leave 

cutmarks concentrated in areas of muscular or ligamentous attach-
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ment to bone. Such patterned cutmarks have been observed on hu

man bones from the glacial period from Gough's Cave, Somerset, 

England by Cook (1986b). Also from the Palaeolithic are examples 

described by Ullrich (1982) and Russell (1987). De Laet (1958) and 

Fulchieri et al. (1986) describe bones from Neolithic burials in which 

cutmark distribution suggests an intentional removal of soft tissue. 

The single specimen examined by the author is part of a humerus 

from a Neolithic burial in Haddenham, Cambridgeshire, England. Two 

groups of cutmarks are visible, one in the area of attachment of the 

brachialis muscle, the other in the attachment of the medial head of 

the triceps. The cuts are parallel and sharply defined (Fig. 8). By SEM 

they show the V-shaped profile, tapering ends and internal striations 

characteristic of cuts made with a stone implement (Fig. 9). These 

features, taken together with the correlation with muscle attachment, 

suggest that this bone is an example of excarnation. The seven indivi

duals represented by the bones found in the burial in question were 

poorly preserved and no other cutmarks were found. The question of 

cannibalism is often raised in connection with cut human bone (see, 

for example, Ullrich 1982)' but probably cannot be answered from 

skeletal evidence alone. 

4 Summary 

Scanning electron microscopy is an additional technique, com

plementary to the examination of sections, that can be used to in

vestigate the fine structure of archaeological human bone. Replica 

methods render it non-destructive to the actual specimen. Its facility 

for producing high-resolution images of surfaces has been used to 

describe and interpret some examples of intentional damage to human 

bone, in the course of such culturally important activities as conflict, 

medicine and rituals associated with the disposal of the dead. 
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Fig. 6 Part of the opening in the skull from Girton and surrounding 
area of skull vault, showing superimposed and intersecting 
striations 

Fig. 7 Part of the opening of a healed trephination in the Neolithic 
skull from Bougon Deux Savres. Note the rounded undulating 
surface. The holes (arrowed) are evidence of vascular 
channels 

Figs. 8 and 9 
A group of parallel cuts on the medial side of the humerus 
from Haddenham, viewed by SEM in b 
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