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Abstract

Palaeopathological studies can contribute to the reconstruction of the biology of extinct species. Here we 
present the case of a pathological radius of a Bison menneri calf from the late Early Pleistocene fluviatile 
site of Untermassfeld (Central Germany). Based on macroscopic and radiographic analyses, a diagnosis of 
post-traumatic osteomyelitis is put forward. According to our reconstruction, a comminuted open fracture 
of the distal radius was accompanied by invasion of the fracture site by microorganisms. This infection 
caused a massive inflammation that spread from the diaphysis via the growth plate to the distal epiphysis 
and led to the formation of an extended, multilocular Brodie’s abscess. Accompanying inflammation of the 
periosteum (periostitis) caused the formation of a thick cloak of periosteal new bone in the distal radius and 
an associated thickening and abnormal contour of this bone portion. The radius furthermore shows pre-
mature onset of epiphyseal fusion at both ends. Based on the pathological findings it is suggested that the 
fracture and associated inflammation of the radius was survived for some weeks. It is possible that due to 
lameness resulting from the condition and despite the likely protection by its mother and the herd, the bison 
calf was killed by a predator. It is, however, also conceivable that the disabled animal drowned during one of 
the high flood events that led to the formation of the site, or that spreading of the infection via the vascular 
system had caused sepsis and death from organ failure. The presented case expands the spectrum of skele-
tal pathology known in large mammals from the Untermassfeld site and in fossil species of the genus Bison.

1. Introduction

Studies on the palaeopathology of extinct mammals and other vertebrates have a relatively long history 
(Moodie 1923; Tasnádi-Kubacska 1962; Baker and Brothwell 1980; Rothschild and Martin 1993; Barto-
siewicz 2013) and can contribute to our understanding of the lifestyle, behaviour, and ecology of animals 
from the past (Garutt 1999; Iurino et al. 2013; 2015; Bishop et al. 2015; Foth et al. 2015; Haynes and 
Klimowicz 2015; Kierdorf et al. 2016; Palombo and Zedda 2016; Woolley et al. 2021). Incorporation of 
palaeopathological data into the study of extinct species is therefore recommended when attempting to 
reconstruct their biology.§
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More recently, the need for increased scientific rigor and terminological precision in palaeopathological re-
porting and diagnosis has been emphasised by different authors (Ortner 2012; Appleby et al. 2015; Buikstra 
et al. 2017; Klaus and Lynnerup 2019). While these requirements were expressed mainly with respect to 
human palaeopathology, the same also applies to investigations in animals. A further necessity in palaeo-
pathological studies on both human and animal remains is the distinction between pathological changes 
and alterations formed postmortem due to taphonomic processes (Bartosiewicz 2008; 2013; Haridy et al. 
2019; Klaus and Lynnerup 2019).§
The late Early Pleistocene site of Untermassfeld (Thuringia, Germany) has been investigated for more than 
four decades, and the recovered fossil remains constitute the most complete mammal assemblage from the 
Epivillafranchian biochron (1.2–0.9 Ma BP) of the western Palaearctic (Kahlke 1997; 2001; 2006; 2020). 
Some palaeopathological findings on large mammals from this locality have previously been reported 
(Kahlke and Kierdorf 1997; Kierdorf et al. 2012; Kierdorf and Kahlke 2020). In continuation of this research, 
the present contribution describes a radius of an immature Bison menneri from Untermassfeld showing 
evidence of post-traumatic osteomyelitis.

2. Material and methods

2.1. The Untermassfeld fossil assemblage

The site of Untermassfeld is situated on the eastern valley slope of the river Werra 2km south of the town 
of Meiningen in Southern Thuringia, Central Germany. Continuous excavations at Untermassfeld were per-
formed between 1979 and 2019 (Kahlke in this volume and references therein). They yielded about 18,250 
palaeontological specimens or series (status as of 1 July 2020), of which nearly 14,300 are large mammal 
finds that were mostly identified at the species level (Kahlke 2001; 2006; in this volume). The Untermassfeld 
finds are stored and curated at the Senckenberg Research Station of Quaternary Palaeontology in Weimar, 
Germany (IQW).
Accumulation of the unusually high amount of vertebrate remains is attributed to a succession of high flood 
events that carried complete or partial carcasses in different stages of decomposition as well as isolated 
skeletal elements to the site. The material accumulated under the lee of a clastic mudflow fan close to the 
right bank of the river (Ellenberg and Kahlke 1997; Kahlke et al. 2020; Kahlke in this volume, Fig. 2). It has 
been assumed that the finds include both direct victims of the floods as well as leftovers of predator and 
scavenger activities, swept away from areas upstream of the site (Hemmer 2001; Kahlke and Gaudzinski 
2005; Kahlke 2006; in this volume).§
The Untermassfeld faunal assemblage is assigned to Marine Isotope Stage (MIS) 31 and has an absolute age 
of slightly more than one million years (Kahlke 2006; 2007; in this volume; Gerdes et al. 2020). The compo-
sition of the fauna indicates a temperate climate with warmer summers than occur today in the region and 
mild winters (Kahlke 2001; 2006; Böhme 2020). In addition to Bison menneri, the Untermassfeld ungulate 
fauna includes Capreolus cusanoides, Cervalces carnutorum, Eucladoceros giulii, Pseudodama vallonneten-
sis, Hippopotamus antiquus, Stephanorhinus hundsheimensis and Equus wuesti. Carnivora are represented 
by Panthera onca gombaszoegensis, Acinonyx pardinensis pleistocaenicus, Puma pardoides brevipes (Hem-
mer and Kahlke in this volume), Megantereon cultridens adroveri, Homotherium crenatidens, Pachycrocuta 
brevirostris, Ursus cf. dolinensis, Canis (Xenocyon) lycaonoides, Canis mosbachensis and others (complete 
faunal list in Kahlke in this volume). The climatic conditions indicated by the composition of the Untermass-
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feld faunal record are supported by oxygen isotope data obtained on the phosphate in the mineral phase of 
Equus bones from the site (Stephan et al. 2001).
According to the palaeoenvironmental reconstruction, at the time of formation of the site most of the 
Werra river valley was covered by deciduous riparian forests, while the area outside the valley was a park-like 
landscape with sparsely wooded to open biotopes (Kahlke 2006; Van Asperen and Kahlke 2017). No homi-
nin remains have been recovered at Untermassfeld, and there is no evidence for the presence of hominins 
at the site during its formation (Kahlke 2006; Roebroeks et al. 2018).

2.2. The Untermassfeld bison material

The vast majority of bovid finds from Untermassfeld are considered to represent a single taxon that was 
described as a new species, Bison menneri, with the Untermassfeld site as the type locality (Sher 1997; 
Bukhsianidze 2020). B. menneri is the most common mammal species in the Untermassfeld fossil record 
with almost 2,200 bone samples recovered during the excavations (detailed compilation in Arnold in this 
volume). These finds represent an MNI of 69, including 51 adults of both sexes and 18 immature individu-
als. The mortality profile of the Untermassfeld bison material corresponds to that of a natural population. 
Therefore, it seems likely that larger bison groups with herd-like age structures fell victim to the recorded 
high flood events (Kahlke and Gaudzinski 2005; Kahlke 2006).§
B. menneri was a very tall and slender species with long legs, a high hump and a rather small head with 
short horns (Sher 1997; Kahlke 2006; skeletal reconstruction in Van Asperen and Kahlke 2017; Kahlke in 
this volume, Fig. 5). Based on dental mesowear data, the species has been characterised as a mixed feeder 
similar to the extant North American wood bison (B. bison athabascae) (Van Asperen and Kahlke 2017).
In more recent taxonomic works, extant bison is often assigned to the genus Bos (e.g., Groves and Leslie 
2011). Contrary to this usage, in the present contribution the generic name Bison will be retained for both 
extant and extinct bison species.

2.3. Imaging methods

The pathological bison radius was photographed with a digital camera (Nikon D 300). Subsequently, the 
specimen was X-rayed (70kV, 16mAs) and CT scanned (Phillips Brilliance 64 CT scanner; 120kV, 250mAs, 
1mm slice thickness). The radiograph and the initial axial and reformatted CT images were viewed and 
processed using the RadiAnt DICOM viewer and Adobe Photoshop CS4.

3. Case description

The pathological specimen IQW 1980/16656 (Mei. 16177) is a right radius of B. menneri of undetermined 
sex (Fig. 1). The ulna, which in bisons is initially attached to the radius by a syndesmosis and later united 
synostotically, is not fused to the pathological radius. This demonstrates that the two elements of the ante-
brachium had still been connected only syndesmotically. However, despite the individual’s young age, both 
epiphyses are already attached to the diaphysis. Proximally and distally, the epiphyseal lines are still com-
pletely visible (Fig. 1), indicating a very early stage of epiphyseal fusion. Data on the normal age at epiphy-
seal fusion are not available for B. menneri. For extant Bison species, fusion of the proximal radial epiphysis 
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has been reported to start at the beginning of the fourth year of life, while fusion of the distal epiphysis 
occurs early in the sixth year (Duffield 1973).
Greatest length of the pathological radius is 259mm. The greatest length of radii of adult B. menneri ranges 
between 350 and 370mm in females (n = 5) and between 375 and 418mm in males (n = 8) (Sher 1997). 
Thus, on the basis of its length it can be confirmed that the pathological radius is that of an immature indi-
vidual. The fossil assemblage from Untermassfeld contains only one further radius of an immature B. men-
neri (also from the right side of the body). This specimen IQW 2011/38035 (Mei. 35009) is represented by 
the diaphysis only, which has a greatest length of 235mm and shows no pathological changes. Greatest 
length of the diaphysis of the pathological radius is 204mm, suggesting that it belonged to a considerably 
younger individual than the mentioned non-pathological radius diaphysis.§
Data for radius length in the European bison or wisent (B. bonasus) were reported by Koch (1932). The high-
est value recorded for the radius of an adult individual was 318mm. This is considerably less than the values 
reported for B. menneri, which is a particularly long-legged species (Sher 1997; Kahlke 2006). According to 
Koch (1932), greatest radius length in 8-month-old B. bonasus calves (n = 4, both sexes represented) ranges 
between 244 and 246mm, while a value of 261mm is given for the radius of a 1-year-old individual of un-
determined sex. Comparing the length of the pathological B. menneri radius (259mm) with the values given 
above, it is concluded that the individual to which it belonged probably died in its first year of life, i. e., was 
a calf (Fuller 1959). The fact that both epiphyses are already initially fused to the diaphysis therefore clearly 
denotes premature onset of epiphyseal fusion in the pathological radius.§
The material state of preservation of the pathological radius is good, as is the case for most of the Unter-
massfeld vertebrate remains. There is some postmortem loss of cortical bone (exposing the spongiosa) at 
the epiphyses, as well as at the proximal (caudomedially) and distal ends (caudally) of the diaphysis (Fig. 1).
In the latter location only a thin sheet of cortical bone is present, a portion of which has been fractured away 
(Fig. 1c). As is denoted by their light colour, some of the breakage surfaces are fresh, indicating that the 
damage occurred during or after recovery. Signs of root etching in the form of a dendritic pattern of shallow 

Fig. 1 Bison menneri Sher, Untermass-
feld. – a–d Right immature radius IQW 1980/
16656 (Mei. 16177) with angulation of its 
distal portion towards lateral, loss of cor-
tical bone caudodistally, and signs of root 
etching, cranial, lateral, caudal, medial 
views. – Scale: 30mm.
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grooves are present in various regions of the radius (Fig. 1), demonstrating that it had been in contact with 
plant roots for some time after its deposition. Corresponding traces have been observed also in numerous 
other finds from Untermassfeld (e.g., Kahlke 2001, 935, 976; 2006, 81; Kotowski et al. 2020, 1274f.). Bite, 
chew or gnaw marks are missing in the pathological radius, suggesting that the specimen had been rapidly 
covered by fluviatile sediments after its final deposition.§
The proximal half of the diaphysis of the pathological radius is of a normal shape. In contrast, the distal half 
of the bone is thickened, has an irregular contour and exhibits an abnormally coarse surface (Fig. 1). Con-
ventional X-ray (Fig. 2) and CT images (Figs. 3–5) reveal a normal cortex in the proximal part of the diaphy-
sis as well as normal bone architecture in the proximal metaphysis and epiphysis. They further demonstrate a 

Fig. 2 Bison menneri Sher, Untermassfeld.  – 
X-ray image of right immature radius IQW 
1980/16656 (Mei. 16177) with radiolucent (os-
teolytic) areas in the distal metaphysis and epi-
physis, multilayered periosteal new bone forma-
tion in the distal half of the diaphysis, fragments 
of the original cortex (arrow) and transverse ra-
diodense line (arrowhead), craniocaudal projec-
tion, proximal to top of figure. – Scale: 30mm.

Fig. 3 Bison menneri Sher, Untermassfeld. – CT images of immature radius 
IQW 1980/16656 (Mei. 16177). – a Coronal section. Note lytic lesions in the 
distal metaphysis and epiphysis and local widening of the physeal space.  – 
b–f Axial sections at different levels along the proximodistal axis. Proximally, 
the diaphyseal cortex shows a normal structure (b–c). In the distal half of the 
diaphysis, the original cortex is partly (d–e) or completely (f) destroyed, and 
pronounced deposition of periosteal new bone has occurred. – Arrows: frag-
ments of lateral cortex. – Arrowheads: endosteal border of original cortex. – 
Scale: 30mm.



1330 U. Kierdorf et al. · Post-traumatic osteomyelitis in an immature Bison menneri

fracture in the distal half of the diaphysis. Several fragments of the lateral cortex are visible on the X-ray and 
CT images, and the fracture is accordingly classified as comminuted (Resnick et al. 1995a; Lovell et al. 1997).
The fracture is undisplaced, but the radius exhibits a slight deformity as its distal portion is angulated to-
wards lateral by about five degrees (Fig. 1a, c). The X-ray image (Fig. 2) shows an increased radiodensity 
extending along the fracture line that is oriented more or less at a right angle to the shaft. This indicates that 
some fracture consolidation had already occurred at the time of death (de Jong et al. 2014).§
The X-ray image further shows several radiolucent areas in the distal portion of the radius that denote 
marked bone destruction in the course of an inflammatory process (Fig. 2). CT imaging (Figs. 3–5) demon-
strates that the osteolytic areas in the metaphysis are confluent, indicating that they represent a large mul-
tilocular abscess cavity. A rim of sclerotic bone surrounding the lesion is not apparent on the images. The 
metaphyseal lytic lesions are connected to the growth plate region by tracts of varying widths (Fig. 4), indi-
cating spreading of the inflammation from the metaphysis to the physis. CT imaging further demonstrates 
a local widening of the physeal space (Fig. 4). From the growth plate, the bone destructive process further 
spread into the distal epiphysis, as is indicated by a large osteolytic lesion representing an extended medul-
lary abscess cavity (Figs. 2–4). Coronal and sagittal CT sections also show localised bony bridging between 
the metaphysis and epiphysis both proximally and distally (Figs. 4–5).
The X ray and CT images moreover demonstrate pronounced periosteal new bone formation in the distal 
diaphysis of the pathological radius (Figs. 3–4). Except for a dense outer layer, the periosteal new bone, 
which partly appears multilayered, is of a loose structure (Fig. 3d–f). Its deposition has led to a marked 

Fig. 4 Bison menneri Sher, Untermassfeld. – Higher magnifica-
tion of a coronal CT section of the distal diaphysis and epiphysis 
of immature radius IQW 1980/16656 (Mei. 16177) showing 
metaphyseal and epiphyseal lytic lesions (×), lytic lesion in peri-
osteal new bone (arrow), bony bridging between epiphysis and 
metaphysis (arrowheads), tracts between metaphyseal lesions 
and physis, and fragments of the original lateral diaphyseal cor-
tex. – Scale: 30mm.
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thickening of the distal diaphysis. Small intracortical abscess cavities are also present in the periosteal new 
bone (Figs. 3–5). The underlying original diaphyseal cortex has partly been destroyed (Fig. 3d–f).

4. Discussion 

The macroscopic and radiological findings in the pathological radius demonstrate a transverse fracture in 
the distal half of its diaphysis with fragmentation of the lateral cortex. The fracture pattern suggests a strong 
traumatic impact from lateral as the likely cause of the fracture.§
The radius moreover shows distinct signs of bone destruction in the course of an inflammatory process, 
indicating that the fracture was complicated by infection. It is concluded that the fracture was an open one 
and that the fracture site was invaded by infectious agents, most likely bacteria, causing post-traumatic 
osteomyelitis. Direct implantation of infectious material, as is thought to have occurred in the present case, 
is one possible route of bone infection; others being haematogenous spread and spread from a contiguous 
source (Resnick and Niwayama 1995a; Craig et al. 2016; Roberts 2019).
The cavitary lesions in the metaphysis and epiphysis are evidence of pronounced bone destruction in the 
course of an extended inflammatory process. The lack of sclerotic rims in the cancellous bone surrounding 

Fig. 5 Bison menneri Sher, Untermassfeld. – Sagittal CT sections of im-
mature radius IQW 1980/16656 (Mei. 16177) with small lytic lesions in 
periosteal new bone (arrows), bony bridging between epiphysis and me-
taphysis at both ends, bone loss except for a thin sheet of cortical bone 
caudally (arrowheads), and fragments of the original diaphyseal cortex. – 
a lateral half of radius. – b medial half of radius. – Scale: 30mm.
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the lytic lesions suggests that the destructive process was ongoing at the time of death of the calf. The cor-
tical fragments present in the distal diaphysis of the radius are considered to be fracture-related rather than 
formed by sequestration. However, like sequestra the fracture fragments represent pieces of necrotic bone 
that can harbour bacteria and thereby sustain an inflammatory process (Resnick and Niwayama 1995a; 
Freyschmidt 2016). In the course of the bone inflammation, the original diaphyseal cortex was partly de-
stroyed.
Our findings indicate that the infection spread from the metaphysis to the growth plate region and further 
to the epiphysis. Spreading of the infection across the growth plate is considered to have occurred via trans-
physeal blood vessels, which in humans and other mammals are present in young individuals (Resnick and 
Niwayama 1995a; Blickman et al. 2004; Craig et al. 2016). The widened space in the physeal area denotes 
local destruction of the physis in the inflammatory process, which is a common finding in cases of transphy-
seal spreading of infection (Craig et al. 2016).
Periosteal new bone formation in the distal diaphysis of the pathological radius, which led to the thickening 
and abnormal contour of this bone region, denotes affection of the periosteum by the inflammatory process 
(periostitis). Formation of an extensive cloak of periosteal new bone is often seen in cases of osteomyelitis 
in young individuals (Resnick and Niwayama 1995a). In these individuals, the periosteum is thick, elastic, 
richly vascularised, and only relatively loosely attached to the subjacent bone from which it can easily be 
lifted (Resnick and Niwayama 1995a; Bisseret et al. 2015). The cambium layer of this active periosteum has a 
high osteogenic potential, causing the deposition of large amounts of bone upon stimulation (Bisseret et al. 
2015). The presence of lytic lesions (intracortical abscesses) within the periosteal new bone shows that soon 
after its formation the newly deposited bone became affected by the inflammatory process.§
Based on their radiological appearance, we diagnose the lesions in the distal metaphysis and epiphysis of 
the pathological bison radius IQW 1980/16656 (Mei. 16177) as indicative of a subacute to chronic form of 
osteomyelitis known as Brodie’s abscess (Resnick and Niwayama 1995a). This type of abscess shows a predi-
lection for the ends of tubular bones, but can also occur in other locations (Resnick and Niwayama 1995a; 
Kornaat et al. 2010; Craig et al. 2016; Freyschmidt 2016). It has been suggested that a Brodie’s abscess 
develops when the infective organism has a relatively low virulence and/or the host shows an increased 
resistance to the infection (Resnick and Niwayama 1995a; Freyschmidt 2016).§
The typical presentation of a Brodie’s abscess is that of a well-demarcated pyogenic lesion of oval shape sur-
rounded by a rim of sclerotic bone (Resnick and Niwayama 1995a; Kornaat et al. 2010; Craig et al. 2016). 
This abscess type was first described in the amputated leg of a 24-year-old male patient who complained 
about leg pain for more than twelve years. In the man’s distal tibia, Brodie (1832, 242) observed »a cavity 
of the size of an ordinary walnut filled with dark-coloured pus« and further noticed that the »bone imme-
diately surrounding this cavity was distinguished from its neighbourhood by being of a whiter colour, and 
of a still harder texture, and the inner surface of the cavity presented an appearance of high vascularity«. 
He further observed the deposition of periosteal new bone in the tibia that he regarded as »the result of 
inflammation of the periosteum at some former period« (Brodie 1832, 241).§
Since the original description by Brodie (1832), the spectrum of bone abscesses classified as Brodie’s abscess 
has widened considerably (Miller et al. 1979; Kornaat et al. 2010). It has been argued that, notwithstanding 
the marked differences in their radiological appearance, all these lesions should be considered as a single 
entity with variable expression (Miller et al. 1979). Thus, in humans, cases described as Brodie’s abscesses in-
clude multilocular lytic lesions, abscesses traversing the growth plate, and abscesses surrounded by an only 
barely perceptible cancellous sclerosis (Miller et al. 1979). Moreover, although Brodie’s abscesses are not 
normally associated with the formation of sequestra (Freyschmidt 2016), such instances have occasionally 
been reported (Weaver 1972; Miller et al.1979; Kornaat et al. 2010).§
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The observations in the studied pathological bison radius suggest a rather vigorous inflammatory process. 
However, in line with the view on the variability of the lesions in the case of Brodie’s abscesses (Miller et al. 
1979), interpretation of the present case as representing a variant of this condition is considered appro-
priate. It has been suggested that Brodie’s abscess has a natural history that includes a destructive phase 
followed by a containment phase (Miller et al. 1979). The apparent lack of sclerosis in the cancellous bone 
bordering on the abscess cavities of the pathological bison radius could indicate that a transition to the 
containment phase had not yet occurred when the individual died. However, the possibility of some tapho-
nomic loss of bone material along the lesion margins must also be considered.
The clinical stages of osteomyelitis are frequently referred to as acute, subacute and chronic (Resnick and 
Niwayama 1995a), with some variation in definition among authors. Osteomyelitis is usually characterised 
as subacute when the condition is present for more than 10 to 14 days but less than six to twelve weeks, 
while it is referred to as chronic when it has existed for longer (Riise et al. 2008; Freyschmidt 2016; Man-
dell et al. 2018). In humans, lytic bone lesions and apposition of periosteal new bone become detectable 
by plain radiography only after a delay period of about one to two weeks (Resnick and Niwayama 1995a; 
Riise et al. 2008). In post-traumatic osteomyelitis in dogs, radiological signs of a periosteal reaction were 
first detected between two and four weeks after the trauma (Pascalev 1999). In the human and veterinary 
medical literature, extended deposition of periosteal new bone onto the altered cortex is therefore consid-
ered evidence of subacute and chronic osteomyelitis (Resnick and Niwayama 1995a; Pascalev 1999). The 
recorded spectrum of bone lesions in the pathological bison radius from Untermassfeld suggests that the 
fracture was probably survived for some weeks, allowing the post-traumatic osteomyelitis to progress to the 
subacute or chronic stage.§
Localised bony bridging between the metaphysis and epiphysis was observed at both ends of the patholog-
ical bison radius. Premature epiphyseal fusion is a known sequel of osteomyelitis of long bones in humans 
and other mammals, which can result in angular deformity of limbs, limb shortening, or both (Resnick et al. 
1995a; Piddo et al. 2000; Bigham and Shafiei 2008). In the case described here, the angular deformity of 
the bone is, however, mainly attributed to the fracture rather than premature epiphyseal fusion.§
In conclusion, the lesions recorded in the pathological radius of the B. menneri calf from Untermassfeld are 
regarded as indicative of post-traumatic osteomyelitis with formation of a Brodie’s abscess and accompany-
ing ossifying periostitis. According to our interpretation, the condition was caused by a comminuted open 
fracture of the distal radius with bacterial invasion of the fracture site. The fact that the fracture is undis-
placed and shows only minor angulation is attributed to stabilisation by the attached ulna and by the thick 
and elastic nature of the periosteum in the young individual. Our findings suggest that the infection started 
in the distal diaphysis and from there spread to the physis and further to the epiphysis. The inflammation 
also affected the newly deposited periosteal bone, causing intracortical abscesses, and furthermore led to 
premature fusion of both epiphyses.
In the palaeopathological case discussed here, the diagnosis is based solely on gross pathologic and radio-
logical findings, while bacteriological and haematological data as well as clinical signs, which are of major 
importance for diagnosing osteomyelitis in human and veterinary medicine, are missing. Despite these 
inherent limitations, we conclude that on the basis of the documented spectrum of bone lesions a well-
founded diagnosis of post-traumatic osteomyelitis following a comminuted fracture of the distal radius can 
be put forward.
Regarding the differential diagnosis of the condition, primarily bone destruction in the case of malig-
nant bone tumours (osteosarcoma, Ewing’s sarcoma) must be considered (Resnick and Niwayama 1995a; 
Resnick et  al. 1995b; Chhem et  al. 2008; Freyschmidt 2016). Multi-layered periosteal bone apposition 
can likewise be evident in the case of malignant bone tumours (Resnick and Niwayama 1995a; Resnick 
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first detected between two and four weeks after the trauma (Pascalev 1999). In the human and veterinary 
medical literature, extended deposition of periosteal new bone onto the altered cortex is therefore consid-
ered evidence of subacute and chronic osteomyelitis (Resnick and Niwayama 1995a; Pascalev 1999). The 
recorded spectrum of bone lesions in the pathological bison radius from Untermassfeld suggests that the 
fracture was probably survived for some weeks, allowing the post-traumatic osteomyelitis to progress to the 
subacute or chronic stage.§
Localised bony bridging between the metaphysis and epiphysis was observed at both ends of the patholog-
ical bison radius. Premature epiphyseal fusion is a known sequel of osteomyelitis of long bones in humans 
and other mammals, which can result in angular deformity of limbs, limb shortening, or both (Resnick et al. 
1995a; Piddo et al. 2000; Bigham and Shafiei 2008). In the case described here, the angular deformity of 
the bone is, however, mainly attributed to the fracture rather than premature epiphyseal fusion.§
In conclusion, the lesions recorded in the pathological radius of the B. menneri calf from Untermassfeld are 
regarded as indicative of post-traumatic osteomyelitis with formation of a Brodie’s abscess and accompany-
ing ossifying periostitis. According to our interpretation, the condition was caused by a comminuted open 
fracture of the distal radius with bacterial invasion of the fracture site. The fact that the fracture is undis-
placed and shows only minor angulation is attributed to stabilisation by the attached ulna and by the thick 
and elastic nature of the periosteum in the young individual. Our findings suggest that the infection started 
in the distal diaphysis and from there spread to the physis and further to the epiphysis. The inflammation 
also affected the newly deposited periosteal bone, causing intracortical abscesses, and furthermore led to 
premature fusion of both epiphyses.
In the palaeopathological case discussed here, the diagnosis is based solely on gross pathologic and radio-
logical findings, while bacteriological and haematological data as well as clinical signs, which are of major 
importance for diagnosing osteomyelitis in human and veterinary medicine, are missing. Despite these 
inherent limitations, we conclude that on the basis of the documented spectrum of bone lesions a well-
founded diagnosis of post-traumatic osteomyelitis following a comminuted fracture of the distal radius can 
be put forward.
Regarding the differential diagnosis of the condition, primarily bone destruction in the case of malig-
nant bone tumours (osteosarcoma, Ewing’s sarcoma) must be considered (Resnick and Niwayama 1995a; 
Resnick et  al. 1995b; Chhem et  al. 2008; Freyschmidt 2016). Multi-layered periosteal bone apposition 
can likewise be evident in the case of malignant bone tumours (Resnick and Niwayama 1995a; Resnick 
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et al.1995b; Freyschmidt 2016), but is also present in other conditions, including hypertrophic osteoar-
thropathy (Resnick and Niwayama 1995b; Flohr et al. 2018). In the latter disease, the cortex of the affected 
bones is, however, not altered (Flohr et al. 2018). As detailed above, in the present case, the available evi-
dence in our view clearly supports the diagnosis of a fracture-related pyogenic inflammation in the radius 
of the bison calf.
Whether the radius fracture and its sequels were causally related to the death of the bison calf remains 
speculative. The individual’s locomotion was certainly impaired by the condition. Due to lameness, the an-
imal may have fallen victim to one of the large predators present in the Untermassfeld fauna (see section 
2.1.), despite the protection provided by its mother and the herd. It is, however, also conceivable that the 
disabled animal drowned when large parts of the valley floor were inundated during a torrential high flood 
event. A further possibility to be considered is that spreading of the infection via the vascular system had 
caused sepsis and death from organ failure.§
This is the second report of a limb bone fracture in B. menneri from Untermassfeld. Previously, a displaced 
tibial fracture in an adult B. menneri bull from the site has been described (Kierdorf et al. 2012). This frac-
ture had also been comminuted and had healed with massive callus formation and shortening of the tibia 
by about 6cm. Contrary to the present case, the tibia did, however, not show signs of osteomyelitis. Limb 
bone fracture has occasionally also been reported in other bison species. Thus, Kirillova et al. (2019) ob-
served the fracture of a metatarsal in a Late Pleistocene steppe bison (B. priscus) from NE-Russia. Also in this 
case, the fracture had healed with pronounced callus formation and shortening of the bone. In an extant 
American bison (B. bison), a displaced femoral fracture healing with massive callus formation was reported 
by Moodie (1923).
In human archaeological skeletons, post-traumatic osteomyelitis is most commonly observed in the cranium 
and long bones (Lovell 1997). Cases of post-traumatic osteomyelitis affecting skull bones or postcranial 
skeletal elements have previously also been described in different species of Pleistocene mammals (Tasná-
di-Kubacska 1962; Capasso 1998; Garutt 1999; Iurino et al. 2015; Nowakowski and Stefaniak 2015). How-
ever, to the best of our knowledge, the case presented here is the first report of post-traumatic osteomyelitis 
in a Pleistocene bison. Our observations thus expand the spectrum of skeletal pathology known in large 
mammals from the Untermassfeld site and in fossil species of the genus Bison.§
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