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1 | INTRODUCTION

| Alberto Valenciano®?

Abstract

Langebaanweg is a Mio-Pliocene locality located on the West Coast of South Africa.
It is renowned for its rich diversity of both terrestrial and marine vertebrate fossils.
Several carnivorans have been identified from this site, amongst which is the recently
described jackal-like canid, Eucyon khoikhoi. One of the skeletons assigned to E. khoik-
hoi exhibits anatomical deformities on several bones of the skeleton. Here, we use
multiple methodologies (anatomical descriptions, CT scanning and histology) to inves-
tigate the bony overgrowths or exostoses evident in the radius, and we compare these
findings with those of a radius from a healthy individual of the same species from
Langebaanweg. Our results show that anatomical observations are important for first
level observation of the pathology, but that micro-CT scanning permits a more pre-
cise assessment of how the pathology affected the internal organization of the bone,
both periosteally and endosteally. This methodology permitted us to diagnose the
tumors as benign rather than cancerous. Our observations of calcified cartilage in the
histological thin sections in the region of the exostosis allowed us to further diagnose
the exostosis as an osteochondroma. This study has demonstrated the usefulness of
applying multiple techniques to characterize and diagnose pathological bony growths
in a fossil canivoran. We have also demonstrated the usefulness of histological studies

in permitting a more refined diagnosis of the exostosis as an osteochondroma.
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documented the diversity of terrestrial and marine animals that ex-

The Mio-Pliocene locality of Langebaanweg (situated within the
West Coast Fossil Park) on the Southwestern coast of the Western
Cape Province of South Africa is globally known for its rich ver-
tebrate fossils that are dated to ~5.2 million years ago (Roberts
et al., 2011). Since the discovery of fossils at this locality more

than 60years ago, there have been a host of studies that have

isted here during the early stage of the Early Pliocene transgression
(e.g., Bernor & Kaiser, 2006; Gentry, 1980; Govender et al., 2012;
Harris, 1976; Hendey, 1970, 1973, 1982; Hendey & Gentry, 1970;
Jiangzuo et al., 2023; Matthews et al., 2007; Valenciano et al., 2022;
Valenciano & Govender, 2020a, 2020b).

Initially, Brett Hendey recognized a number of the Langebaanweg
carnivorans (Hendey, 1974, 1978a, 1978b, 1980, 1981, 1982), and
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over the next few decades there have been various other reports
(e.g., Govender, 2015; Hunt Jr, 1996; Werdelin, 2006; Werdelin
etal., 1994). More recently, Valenciano et al. (2022) described Eucyon
khoikhoi, a new species of a jackal-like canid from the Langebaanweg
‘E’ Quarry. This medium-sized canid, with an estimated weight of
about 9kg, suggests a direct relationship with the extant Schaeffia
adusta (side-striped jackal) and confirms the presence of this group
in Africa more than 5 million years ago. Like S. adusta, E. khoikhoi is
interpreted as an omnivorous scavenger. In the taxonomic diagno-
sis of E. khoikhoi, Valenciano et al. (2022) mentioned that another
specimen also ascribed to E. khoikhoi SAM-PQL40041 exhibited
several skeletal anomalies that were probably pathological: over-
growths of bone were noted on the periosteal surfaces of the long
bones, metacarpals, phalanges and a caudal vertebra, and endosteal
bony growths were observed around the medullary cavity of a bro-
ken metacarpal IV and a radius. Although Hendey (1974, 1982) had
noted deformities in the skeletal remains of several Langebaanweg
vertebrates, there have only been a few studies that have attempted
to assess the nature of the pathologies in these taxa: sivatheres
(Franz-Odendaal et al., 2004); seals (Govender et al., 2011; Woolley
et al., 2019), and a sabretooth cat (Rabe et al., 2022).

Studies of pathologies in extinct animals provide fascinating
insight into diseases that affected prehistoric animals (e.g., Anné
et al.,, 2015; Chinsamy & Tumarkin-Deratzian, 2009; de Souza
Barbosa et al., 2013; Ekhtiari et al., 2020; Fernandez-Monescillo
et al,, 2019; Gonzalez et al., 2017; Haridy et al., 2019; Heckert
et al., 2021; lurino et al., 2015; Lucas & Schoch, 1987; Moncunill-
Solé et al., 2019; Moodie, 1923; Rabe et al., 2022) and in some cases
permit deductions regarding how the particular trauma may have
affected the behavior of the animal (e.g., lurino et al., 2013; Rabe
et al., 2022; Redelstorff et al., 2015). Several studies have described
pathologies in extinct carnivores (e.g., Domingo et al., 2012; lurino
et al., 2013, 2015; lurino & Sardella, 2015; Luna et al., 2023; Slaba
et al., 2018; Wang et al., 2023), and some have specifically focused
on canids (e.g., Bartolini-Lucenti et al., 2021; Rothschild et al., 2001,
Tong et al., 2020; Wang & Rothschild, 1992; Werdelin & Lewis, 2013),
although it is evident that the majority of these studies have focused
on dental or oral pathologies. Furthermore, most of these studies
combined anatomical descriptions with computer tomography (CT)
scanning but rarely has the osteohistology of the pathology been
investigated (e.g., Woolley et al., 2019).

By investigating the internal microstructural organization of the
bone (i.e., its microstructure or osteohistology) more insight can be
obtained to characterize the pathological tissues (Anné et al., 2015).
For instance, while CT scanning provides a non-destructive 3D view
of the internal organization of the bone, osteohistological studies
allow the identification of the tissues that form the pathology. Thus,
a combination of these different methodologies affords greater in-
sight into the nature of the palaeopathology.

Interestingly, even though there has been an increasing number
of studies on the osteohistology of extinct mammals (e.g., Hill, 2006;
Jannello & Chinsamy, 2023; Kolb et al., 2015; Nacarino-Meneses
et al, 2016; Nacarino-Meneses & Chinsamy, 2022; Seymour
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etal., 2018), as well as on extant mammals (e.g., Calderén et al., 2021;
Chinsamy & Warburton, 2021; Kohler & Moya-Sola, 2009; Kolb
et al., 2015; Legendre & Botha-Brink, 2018; Montoya-Sanhueza
et al., 2021; Montoya-Sanhueza & Chinsamy, 2018), most of these
studies have focused on bones that were recovered from non-
diseased individuals. However, there are a few palaeohistological
studies that have identified and described pathological bone tissues
in extinct mammals, for example, seals (Woolley et al., 2019). Except
for the latter study, which included anatomical descriptions, and
micro-CT scanning, as well as osteohistological assessment of the
phocid seals from Langebaanweg, all the previous investigations on
the pathologies that affected the Langebaanweg vertebrates were
based on gross anatomical observations.

In the current study, we utilize multiple methods (i.e., gross
macro-anatomical descriptions, micro-anatomical observations
[through micro-CT scanning], and osteohistology) to characterize
and diagnose the nature of the pathologies that afflicted the skel-
eton (and more specifically the radius) of the Langebaanweg jackal-
like canid, E. khoikhoi.

2 | MATERIALS AND METHODS

As mentioned previously in the original description of E. khoikhoi,
it was recognized that the skeleton of specimen number SAM-
PQL40041 showed several pathological features (Valenciano
et al., 2022). Since histological sectioning is destructive, the South
African Heritage Agency (SAHRA permit number: 13721) permit-
ted us to section just the radius of the disease-ridden skeleton of E.
khoikhoi (SAM-PQL40041), and an equivalent bone from a healthy
specimen of E. khoikhoi (SAM-PQL31272). Both radii were frag-
mented, minimizing the degree of destruction of the bones, and
thereby averting the cutting of complete bones. Both specimens
(Figures 1 and 2) were recovered from the Pliocene Langebaanweg
‘E’ Quarry (LBW) locality on the West Coast of South Africa and
the material is currently housed in the Cenozoic collections of Iziko
Museums of South Africa in Cape Town.

The radius of both specimens was micro-CT scanned at the
University of Stellenbosch Scanning Facility (du Plessis et al., 2016)
in the Western Cape Province of South Africa. Using the guidelines
outlined by du Plessis et al. (2017), the General Electric V|TomeX
L240 system was used to scan the bones. Each specimen was
scanned using the following specifications: 80kV (voltage), 240 A
(current), and 100p resolution. Visualization and analysis of the
micro-CT scanned data were obtained using Volume Graphics
(MyVGL). Images were imported into Coreldraw and prepared for
publication.

Both shafts of the radii were prepared for histological analyses
using standard methods for processing undecalcified fossil bone
(Chinsamy & Raath, 1992) in the Department of Biological Sciences
at the University of Cape Town. Figure 2 indicates where the bones
were sectioned, and Table 1 indicates the slides that were prepared
from each of the radii. The samples were embedded in clear resin
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FIGURE 1 Selected mandibular and postcranial remains of Eucyon khoikhoi SAM-PQL40041 from Langebaanweg ‘E’' Quarry showing the
pathological bones. (a, b) Right hemimandible in buccal (a) and lingual (b) views. (c, d) Right fragmentary humeral head in caudal (c) and medial
(d) views. (e, f) Right fragmentary ulna in medial (e) and caudal (f) views. (g, j) Left fragmentary radius in cranial (g), lateral (h), caudal (i) and
medial (j) views. (k) Right mounted manus in dorsal view composed by the Metacarpal 1I-V, and several first, second, and ungual phalanges
from uncertain anatomical element (both manus or pes). (I, m) Fourth caudal vertebra in dorsal (I) and ventral (m) views. (n) Left pyramidal in
lateral view. (o) Left magnum in medial view. (p) Right ectocuneiform in lateral view. (g-s) First phalange in dorsal (q), lateral (r) and proximal
(s) views. (t) First phalange in dorsal view. (u-x) Second phalange in dorsal (u), lateral (v), palmar/plantar (w), and proximal (x) views. (y, z)
Ungual phalange in lateral (y) and proximal (z) views. Scale bar equals 5¢cm (a-m), and 2cm (n-2).

FIGURE 2 Analyzed radii of Eucyon khoikhoi from Langebaanweg
‘E’ Quarry for paleohistological analyses. (a) General view of the
fragmentary radius of SAM-PQL31272 that corresponds with a
healthy individual in cranial and caudal views respectively, and
fragmentary radius of SAM-PQL40041 with pathologies in cranial
and caudal views. (b) Specifications of the cuts performed over
SAM-PQL31272. (c) Specifications of the cuts performed over
SAM-PQL40041 in cranial and caudal views. Red lines specify
the exact area of the cuts, white arrows indicate the position of
the successive serial cuts for each fragment of the radius cut. A,

B indicate sectioned blocks; H, healthy specimen; P, pathological
specimen.

consisting of a mixture of Epoxacast 690 resin and Epoxacast 690
hardener in the ratio 100:30. Each radius was sectioned and labelled
as indicated in Figure 2. The exposed surface of each block was pol-
ished using a series of abrasive carbide grinding discs (400p, 600p,
and 1200p) on the IMP Imptech polishing machine. The final polish-
ing was done using a velvet cloth covered lap-wheel with a solution
of Struers OP-U. Once smooth and well-polished, the block was then
mounted onto a frosted petrographic slide using Epoxacast resin

TABLE 1 Listof the thin sections prepared from the healthy
radius (H) and the pathological radius (P).

Specimen Slides

Eucyon khoikhoi

SAM-PQL40041, Pathological radius PAI
PAII
PAIII
PBI
PBII
PBIII

SAM-PQL31272, Healthy radius HAI
HAII
HBI
HBII
HBIII

Note: Refer to Figure 2 to see the location of the thin sections on the
shaft of the bone.

and Epoxacast hardener. Thin sections were cut off the mounted
blocks using a precision cut-off machine (Struers Accutom), and the
cut surfaces were then ground down using graded carbide grind-
ing discs. During the grinding process, sections were checked fre-
quently under the microscope until the optimal thickness to view
the microstructure of the bone (about 50-30 um) was reached. High
quality photomicrographs were taken using normal, and polarized
light using a Nikon Eclipse E200 polarizing microscope and a Zeiss
AX10. NIS-Elements microscope imaging software by Nikon for
producing micrographs; Kolor Autopano Giga (APG) software was
used for making composite images and all images were edited using
Coreldraw version 14, 2022.

3 | RESULTS
3.1 | Anatomical description

In particular, the abnormal bones in E. khoikhoi SAM-PQL40041 are
both hemimandibles, the right proximal epiphysis of the humerus, the
right proximal epiphysis of the ulna, the left distal epiphysis of the ra-
dius, the complete right metacarpals Il, lll and V, and a broken right
Mc 1V, the left both pyramidal and magnum, the right ectocuneiform,
several sesamoids, four first phalanges, three second phalanges, one
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ungual phalanx and the fourth caudal vertebra (Figure 1). The surface
of these bones appears irregular with globular textures that form bulg-
ing areas between the ligamentous area of the carpals and the ectocu-
neiform, as well as in the dorsal and palmar areas of the metacarpals. In
the areas close to the epiphysis of the humerus, radius, ulna, and pha-
langes, the bony overgrowths are more prominent and form distinct
bulges. Similar overgrowths are visible in the endosteal region of the IV
metacarpal and the radius. In the mandibles, the pathology appears to
be different: there is a loss of the mandibular corpus around the tooth
root, and the bony overgrowths form a continuous band over the roots
of the lower first to the second molars and appear to be more devel-
oped in the right hemimandible. Additionally, a white-to-grey porous

layer appears over the roots of the teeth.

3.2 | Micro-CT scanning results

The CT scans of the bones provided insight into the 3D structure of
the normal and pathological radii. The longitudinal scans of the radii

permit an assessment of the microanatomy of the bones.

3.2.1 | Normal bone, SAM-PQL31272

The normal bone appears to have an evenly thick bone wall all along
the shaft of the bone that surrounds a vacant medullary cavity
(Figure 3a,b). The periosteal and endosteal surface of the bone ap-

pears to be smooth without any signs of resorption or excavations

FIGURE 3 CT scanimages of the healthy radius (a, b), and

the pathological radius (c, d). (a) and (c) are longitudinal views

of the bones, whilst (b) and (d) are cross sectional views of the
microanatomy. Note that in the healthy radius, the bone wall
thickness is relatively even, and both the periosteal and endosteal
surfaces appear to be smooth. However, in the pathological radius,
notice the uneven thickness of the medial and lateral walls of the
diaphysis, and the excavated, uneven endosteal surface of the
bone. On the medial side of the bone, some lumps of bony growth
are visible. Note also that the pathological bone appears to have
many more cavities present in the bone wall.

CHINSAMY and VALENCIANO

into the bone wall (Figure 3a,b). In general (except for some post-
mortem cracks during fossilization), the entire bone wall appears to
comprise predominantly compact bone tissue, with just a few ero-

sion cavities evident (Figure 3a,b).

3.2.2 | Pathological bone, SAM-PQL40041

Although the gross anatomy allowed an assessment of the distribu-
tion of the bony growths, the CT scan permitted insight into how such
deviant growth affected the entire bone wall. The medial part of the
bone wall appears to have the most pronounced bony growth, but it
is evident that such growths extend all along the medial aspect of the
shaft (Figure 3c). The longitudinal view through the thickest part of the
shaft shows how disproportionate is the thickness of the bone wall
(Figure 3c): the medial side of the bone wall appears to be substantially
thicker than the lateral side of the bone wall which interestingly ap-
pears thinner than the normal bone wall thickness of the unaffected
radius (Figure 3a). The entire periosteal surface of the medial side of
the bone appears to be overlain by the bony growths, and it is evident
that the endosteal margin on the medial side of the bone is also se-
verely affected, with some irregular bone deposits on the endosteal
side of the lateral bone wall (Figure 3c,d). In the latter region, there
appear to be excavations into the bone wall. Overall, the medial bone
wall is much more “porous” with many more erosion cavities visible as
compared to the lateral side of the bone wall. The medullary cavity is
mostly vacant, although there are occasional struts that extend from

the pathological medial endosteal side into the medullary cavity.

3.2.3 | Osteohistology of the normal and
pathological radii

Histology of “normal” radius, SAM-PQL31272

The thin sections of this radius confirmed that the bone wall com-
prised of essentially compact bone (without erosion cavities) that
surrounded the medullary cavity (Figure 4a). The bone is richly vas-
cularized with vascular canals that tend to have a more reticular ar-
rangement, and which are embedded in a woven bone matrix. The
medullary cavity is lined by a distinct layer of lamellar bone tissue,
the Inner Circumferential Layer (ICL), wherein the osteocyte lacunae
are all flattened and tend to be elongated (Figure 4b). The thickness
of the ICL is variable across the section, with the thickest part in
the lateral part of the bone wall. In this anterior region, there is a
small trabecula that projects into the medullary cavity (Figure 4b).
Other than this, the medullary is completely free of any bony tis-
sue. Preceding the ICL, in most of the compacta there appears to be
a large amount of compacted coarse cancellous bone (cccb), which
indicates that this region of the shaft was close to the metaphysis of
the growing bone (Figure 4a,d). There are secondary osteons scat-
tered throughout the compacta, but they mostly tend to be located
mid-cortically with some occasional ones nearer the periosteal sur-

face (Figure 4c). In the medial part of the bone wall, periosteally, a
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FIGURE 4 Osteohistology of the healthy radius, thin section HAI. (a) Overview of the thin section, showing the vacant medullary cavity
that is surrounded by a thick layer of compacted bone. (b) Higher magnification of the framed region in (a), showing the OCL (white arrow)
and the ICL (black arrow). (c) Higher magnification of the framed region in (a) showing some detail of the secondary osteons (white arrows)
and primary osteons near the periosteal margin of the bone wall. (d) Higher magnification of the framed region in (a), showing compacted
coarse cancellous bone tissue that makes up most of the bone wall in the endosteal region of the compacta. (b) and (d) use a % lambda filter
and polarized light. ICL, inner circumferential layer; OCL, outer circumferential layer.

narrow, outer circumferential layer (OCL) comprising lamellar bone
tissue is visible, indicating that this bone was from a young adult
(Figure 4b). This layer is thin and not uniformly distributed across the
thin section, with some areas (like the posterior margin) lacking any

such deposits.

Histology of the pathological radius, SAM-PQL40041
The CT scan of the pathological radius (Figures 3a-c and 5; Table 1)
showed that the medial margin of the bone wall was most severely

affected, although the bony growths also extended toward the pos-
terior parts of the bone wall. The thickness of the bone wall across
the section varies, with the thickest part of the bone wall in the
posterior-medial region. The bony growths on the surface of the
bone are more developed in the medial region (Figure 3c,d). In the
posterior region, the overlaying bony growth layer is generally nar-
row, with just a slight bulge in the mid-posterior part of the bone wall.

The normal peripheral margin of the bone wall comprises a dis-
tinct wide OCL consisting of lamellar bone (Figure 5a-c), which
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FIGURE 5 Osteohistology of the pathological radius (SAM-PQL40041). (a) Overview of the thin section PALI. Black arrow indicates the
pronounced overgrowth in this region of the bone wall, White arrow indicates the poorly vascularized outer part of the compacta. (b) Higher
magnification of the periosteal parts of the compacta including the bony overgrowth (black arrow). White arrow showing the poorly
vascularized periosteal bone tissues of the OCL. (c) Higher magnification of the bone wall showing the poorly vascularized bone tissue

in the peripheral part of the bone wall (white arrow). (d) Higher magnification of the exostosis showing the patches of calcified cartilage

near the margins, some in columns (small black arrow), as well as islands of calcified cartilage (white arrows). Overall, this exostosis is richly
vascularized. (e) Higher magnification of the bone wall using a lambda filter, showing fibro-lamellar bone tissue with many vascular canals in
the mid-cortical region. In the endosteal region a distinct ICL (white arrow) comprising of lamellar bone tissue is visible. This tissue is overlain
by a more woven type tissue (black arrow) with more globular osteocyte lacunae and vascular canals. (f) The black arrow indicates the more
woven textured pathological bone that lines the medullary cavity. Note the blood vessels in this tissue, one of which is enlarged to form

an erosion cavity (white arrow). (g) Higher magnification of the peripheral region in (e) showing the diagenetically altered tissue. (h) Several
enlarged erosion cavities (black arrow) near the perimedullary margin extend into the ICL (a), (b), (e), (f) use a % lambda filter and polarized
light. (a), (c), and (e-g) are from thin section PA1, whereas (b), (d), and (h) are from thin section PAIl. ICL, inner circumferential layer; OCL,
outer circumferential layer.

indicates that this individual was a mature adult. Below this nar- wall (Figure 5e,g). Some of the peripheral bone tissue (including
row band of tissue, the bone wall comprises predominantly of the secondary osteons) near the region of the bony growth ap-
fibro-lamellar bone with many vascular canals, several of which pears to be diagenetically altered (Figure 5g). The endosteal mar-
are enlarged due to resorption (Figure 5c,d,h). Several secondary gin consists of an ICL, which comprises of a thick layer of lamellar
osteons occur right up to the original periosteal margin of the bone bone, that is overlain by a layer of woven bone tissue with vascular
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canals, some of which show secondary resorption (Figure 5e,f).
In some areas, remnants of the swirled lamellar texture of ccch
are visible (see Figure 5a,c), which indicates that during early on-
togeny this part of the bone wall was in the metaphysis. In the
medio-anterior region, there are large erosion cavities visible in
the ICL, and trabecular bone extends into the medullary cavity
(Figure 5a,f,h). It should also be noted that the endosteal margin
appears to be quite resorptive with excavations that extend into
the underlying bone tissue (Figure 5h). In anterior-lateral side of
the bone wall, there appears to be deposits of unusual endosteal
bone tissue that appears to be more woven textured with dense
number of globular osteocyte lacunae, and a few erosion cavities
(Figure 5¢,f). In the medial part of the bone wall, erosion cavities
are visible (Figure 5h). Several Volkmann's canals extend from the
medullary cavity into the ICL (Figure 5c,h).

The largest of the bony outgrowths is on the medial side of the
bone wall. The bone comprises of a woven textured bone matrix,
in which many globular osteocyte lacunae are located, although is-
lands of calcified cartilage are also evident in this mass of bone tis-
sue (Figure 5b,d). Several enlarged erosion cavities are also visible in
this bony outgrowth (Figure 5d). The surface of this bone appears
crenulated, and along the margin of the outgrowth, some calcified
cartilage is visible. Some of these are clearly aligned one below the
other -like tracts and suggest that endochondral ossification was
underway (Figure 5d). The junction between the underlying normal
bone and the bony outgrowth is richly vascularized by a high con-
centration of secondary osteons and appears to be marked by a high

concentration of osteocyte lacuna (Figure 5d).

4 | DISCUSSION

This study has demonstrated the value of using multiple meth-
ods (gross anatomical descriptions, CT scanning and thin section-
ing of bones) to assess the nature of the pathologies that afflicted
the Eucyon specimen (SAM-PQL40041). The same methodologies
were also applied to an unafflicted radius to allow us to see how
the pathological bone tissue deviated from the unafflicted radius.
Our histological observations, that is, the wide OCL present in the
peripheral parts of the compacta, permitted us to deduce that the
pathological individual was a mature adult that exhibited multiple
exostoses on the radius. The worn pattern of the lower dentition
preserved corroborated an old age for this individual. The nature
of the exostoses has macro- and micro-anatomical characteristics,
as well as histological features, which suggest that although these
bone tumors were widespread in the skeleton of E. khoikhoi (SAM-
PQL40041), they were benign, and most likely did not cause any
major trauma to the animal. More specifically, except for a couple
(e.g., on the humeral proximal epiphysis), most appear to be rela-
tively minor outgrowths that would not have significantly affected
the overlying soft tissue, although it is possible that some of the
tumors may have impeded efficient locomotion (e.g., those in the
phalanges).

s Anatomy RATRTSAEIPES

4.1 | Anatomical and microanatomical deductions

The gross anatomical observations provided the first indications
that several of the bones of the Eucyon specimen (SAM-PQL40041)
showed an unusual bone surface texture, that suggested a peri-
osteal reactive bone surface (Edeiken et al., 1966). The bone sur-
faces showed overgrowths of new layers of bone (exostoses) also
known as neoplasms or osteomas that extend beyond the surface
of the bone (Lewis, 2017; Stilson et al., 2016). As the normal radius
(specimen SAM-PQL31272) shows, this is a gross deviation from
typical adult bones which have a smooth bone surface. In the study
of rhinocerotids, Stilson et al. (2016) ranked the severity of exos-
toses from 1 to 4: (1) the bone surface is normal; (2) the bone surface
shows minor irregular bulging; (3) the bone surface shows protru-
sions of irregular bone growth; and (4) the bone surface shows the
irregular distortion of the non-articular bone surface, with a distor-
tion of the shape of the bone. Considering these categorizations, we
would rank the exostoses in our samples as (2)-(3). Even in the most
severely affected skeletal element, the exostoses do not deform the
original shape of the bone.

Typically, the diagnoses of a bone tumor depend on the follow-
ing factors: (i) the appearance of the radiograph (i.e., whether the
exostosis forms on a peduncle or stalk, like a spur, or whether it is
sessile); (ii) the type of periosteal reaction (i.e., is it interrupted or
uninterrupted across the bone surface? is their destruction of the
underlying bone tissue?) and the location on the bone. There are
different types of exostoses: solid with buttresses, solid longitudi-
nal, or solid undulating (Edeiken et al., 1966). Gross inspection of the
exostoses evident in our pathological radius revealed that they were
solid in texture, and appeared to undulate across the surface of the
afflicted bones (Edeiken et al., 1966), and in some areas, they ap-
peared to be thicker than in others. There appears to be an eccentric
enlargement of a sessile (as opposed to pedunculated) exostosis on
the medial side of the proximal end towards the metaphysis, of the
radius. One-sided exostoses are quite commonly observed and have
for example been reported in the dinosaur Edmontosaurus annectens
(BHI 6184) (Anné et al., 2015).

CT scanning of both the normal and pathological bone showed
how the pathological radius deviated from what would be the nor-
mal condition, and permitted a 3D view of how the entire bone wall
was affected. These findings are especially noteworthy, since often
in the literature on exostoses, there is a strong focus on the nature
of the periosteal reaction, but there is generally no mention of how
the underlying endosteal tissues are affected (e.g., Buikstra, 2019).
In the CT scan of the afflicted radius, the difference in thickness, and
osteoporotic nature of the medial side of the bone wall that under-
lies the exostosis was evident.

Exostoses have beenreported on the patella of the early Cenozoic
pantodont, Coryphodon (Lucas & Schoch, 1987); and distally in the
radius of an Oligocene canid Hesperocyon sp., as well as along its
shaft (Wang & Rothschild, 1992)—see below. Although x-rays were
taken of the bone, the microanatomical details of the radial shaft
are not that clear and cannot be compared to the micro-CT scans
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that we had taken of the pathological radius of Eucyon. Werdelin and
Lewis (2013) described a partial skeleton of the jackal Lupulella sp.,
from the Plio-Pleistocene fossil locality of Koobi Fora (Kenya) show-
ing several hyperostosis (e.g., radius, ulna, pisiform and metacarpals).
They noted that these pathologies were absent in the metaphyseal
region and they lacked areas of sequestration and interpreted them
as a systemic infection. Compared at a macroscopic level the patho-
logical individual of E. khoikhoi SAM-PQL40041 shows distinct exos-

toses being more widespread in its skeleton.

4.2 | Deductions based on the histology

The histological thin sections allowed us to examine the mi-
croscopic structure of the aberrant bone tissues as compared
to the “normal” bone tissues present in the radii of specimens
SAM-PQL40041 and SAM-PQL31272, respectively. Besides pro-
viding histological details of the exostoses detected macroscopi-
cally in SAM-PQL40041, we were able to document for the first
time, unusual changes along the endosteal margin of the bone
wall. More specifically, our analysis showed that in the case of
the large exostosis on the medial side of the bone, columns of
calcified cartilage were visible peripherally, particularly near the
surface of the exostosis (Figure 5d). Furthermore, within the ex-
ostosis, islands of calcified cartilage were evident (Figure 5d). The
presence of calcified cartilage overlying the bony growth from
the surface of the cortical bone, permits us to diagnose the tumor
as an osteochondroma (Dingwall et al., 1970; Pool & Carrig, 1972;
Reis et al., 2016). The identification of the exostosis as an os-
teochondroma was only made possible because the histology
of the bone permitted the identification of calcified cartilage
along the border of the exostosis. In most cases, exostoses are
only identified based on x-rays, and they can appear as simple
bony tumors. However, osteochondromas are characterized as
being bone tumors that originate on the bone surface to form
a projection and are overlain by cartilage (e.g., Lewis, 2017; Reis
et al., 2016). The exostoses develop as cartilaginous masses and
are progressively replaced by bone through endochondral ossi-
fication. Osteochondromas are generally located in long bones,
particularly in tubular bones and often at the articular ends
or in the metaphyseal regions (e.g., Buikstra, 2019; Dingwall
et al., 1970; Pool & Carrig, 1972). In our Eucyon specimen, we
clearly have an osteochondroma developing further along the
diaphysis (away from the metaphasis). It is possible that the con-
dition began when the individual was young, when this region
of the bone wall was located more metaphyseally (Enlow, 1962),
that is, during post-natal growth the metaphysis becomes incor-
porated into the diaphysis of long bones. Osteochondromas or
osteocartilagenous exostoses are commonly benign bone neo-
plasms (Buikstra, 2019), and aside from humans, are known to
occur in a wide variety of animals, including horses, cats (Pool &
Carrig, 1972; Reis et al., 2016), and dogs (Banks & Bridges, 1956;
Dingwall et al., 1970). As demonstrated in our pathological radius,
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benign bone tumors are well differentiated from the bone cortex,
and they tend to be slow growing and cause localized effects (e.g.,
Lewis, 2017).

Wang and Rothschild (1992) reported the presence of osteo-
chondroma in 61% of the museum specimens of the North American
Oligocene canid Hesperocyon sp., a genus that includes the earliest
members of the Family Canidae. Curiously, although the actual size
was variable, all affiliated individuals had bony outgrowths on the
medial border of the distal radius; and often these were bilaterally
symmetrical. Some of the specimens exhibited bony exostoses on
the diaphysis as well. In the geologically younger canid we stud-
ied, the exostosis occurred on the diaphysis, but prominent sessile
exostoses occurred at the proximal ends of several of the bones.
Unfortunately, we were not granted permission to thin section these
bones, but given their locations, it is quite likely that the latter exos-
toses represent osteochondromas.

Osteochondromas are generally considered developmental in
origin although there are some indications that they may be the re-
sult of mutations in the exostosin gene family, or the result of periph-
eral vascular disease (Buikstra, 2019; Lewis, 2017).

The bony outgrowths are caused by the proliferation and dif-
ferentiation of chondrocytes that develop away from the growth
plate (in the epiphysis). Thus, the cartilage cap over the exostosis
undergoes endochondral ossification (as it does at the epiphysis)
(Buikstra, 2019). Note that often in dry bones (and fossilized bones)
the cartilage cap of the bony tumor is not preserved.

In the pathological Eucyon radius we studied, it is very likely that
the cartilage layer would have been more substantial, but we are only
seeing the calcified cartilage that was preserved during fossilization.
This is generally also the case in growing long bones, that is, at the
articular ends, only the calcified cartilage is preserved, whereas the
overlying disorganized hyaline cartilage is not preserved during the
fossilization process (Chinsamy-Turan, 2005). Indeed, if we had not
made a thin section in the region of the large exostosis, we would
not have been able to identify this exostosis as an osteochondroma.
Thus, contrary to the generally held view that such tumors are usu-
ally located in the metaphyseal area, we observed this osteochon-
droma slightly higher up in the diaphysis.

Another aspect of our histological analysis is that we were able
to describe the extreme thickening of the endosteal part of the
bone wall. These findings contrast with the normal radius wherein
both the medial and lateral bone walls were approximately equal
in thickness. Additionally, aside from the usual lamellar deposits
of the ICL (as in the normal radius), we found that the most re-
cent endosteal deposits in the pathological radius consisted of a
more woven type of bone tissue with vascular canals, and globular
osteocyte lacunae scattered in the matrix. Furthermore, in some
instances, large erosion cavities, reaching cancellous dimensions
extended into the medullary cavity. As compared to the “normal”
radius, it was also evident that in the pathological radius, there
were a lot more erosion cavities in the perimedullary regions.
These histological details of the endosteal region of the patholog-
ical bone have not been previously reported, probably since most
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diagnoses are made from x-rays or CT scan data without any os-
teohistological assessments.

In other parts of the diaphysis where the exostosis was not as
well developed, there appeared to be a thin coating of a narrow
layer of bone tissue with more globular osteocyte lacunae that
overlies the original periosteal bone margin (Figure 5e). Notably,
there appears to be the beginning of another more pronounced
exostosis more anteriorly (Figure 5a). Given that there are some
unusual secondary osteons near the periosteal margin of both
the healthy (Figure 4c) and pathological radius (Figure 5e,g), we
propose that these are simply diagenetic and unrelated to the

exostoses.

5 | CONCLUSIONS

In this study we were able to apply different methodologies (gross
anatomical descriptions, CT scanning, and osteohistology) to iden-
tify and diagnose multiple exostoses and an osteochondroma in
the skeleton of an early Pliocene canid E. khoikhoi. Although several
bones in the skeleton showed exostoses, because of the destruc-
tive nature of making thin sections, we were only able to section
the pathological radius, as well as an unafflicted radius of another
specimen of the same species (for comparative purposes), which has
limited our understanding of the nature of the other exostoses evi-
dent in several bones of SAM-PQL40041.

Our investigation has shown that gross anatomical observations
are important for first level identification and characterization of a
pathology; after this, micro-CT scanning allows a 3D view of the in-
ternal organization of the bony outgrowths. Although most other
studies do not undertake osteohistological analyses, we propose
that even though such analyses are destructive, if possible, histo-
logical sections should be prepared of the pathology, since they
provide unparalleled information regarding the nature of the tissues
associated with the pathology. In our study, although the anatomical
descriptions and CT scanning allowed us to recognize the exosto-
ses as benign bone tumors, if we had not prepared thin sections of
the bone, we would not have been able to identify the medial exos-
tosis on the radius as an osteochondroma, and we would not have
been able to describe the associated deviant endosteally formed
bone tissues. Given the predominance of exostosis in the articular
ends of the bones of this individual, it is likely that the pathology
was systemic, and we propose that these exostoses are likely to also
be osteochondromas. Unfortunately, such diagnoses will need thin
sectioning of the bones, and it is unlikely that permission would be
granted to do this. However, we propose that at the very least CT
scan studies could be conducted to investigate the pathologies evi-
dent on the mandibles of E. khoikhoi, since these appear to be starkly

different from the exostoses observed elsewhere in the skeleton.
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