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Abstract: Ossa cordis and cartilago cordis are heterotopic bone and cartilage, respectively, in the cardiac
skeleton of the heart. Relatively few species have cartilage cordis, an even smaller number have ossa cordis,
and very few observations of cartilage surrounding ossa cordis have been published. In species presenting
with ossa cordis, the prevalence, anatomical location, histological structure, architecture, number of ossa
cordis per heart, existence of cartilage circumventing the bone, and links to cardiovascular disease vary
between species, and between individuals of the same species. The current, novel, research utilized X-ray
computed microtomography (UCT) in the cardiac skeleton of the reticulated giraffe (Giraffa reticulata, for-
mally Giraffa camelopardalis reticulata). A giraffe ossa cordis has also never been observed using histological
and microscopic methods. Therefore, haematoxylin and eosin (H&E), special stains Von Kossa (indicating
calcium deposits), Alcian blue pH 0.2 and 2.5 (indicating acidic polysaccharides, such as glycosaminoglycan
present in cartilage) and immunohistochemistry alongside light microscopy, and Picrosirius red (indicating
collagen) with polarized light microscopy accompanied the uCT study. This research established the size,
shape and microstructure, including bone thickness throughout the giraffe ossa cordis using dissection and
UCT. The types of bone and cartilage were identified using histological methods, and detailed microstructure
aspects including collagen quantity and types, vasculature and disease status. This work also explored the
theories relating to endochondral and intramembranous ossification. Importantly, this case study described
giraffe ossa cordis shape, size, microstructures and histological features for the first time.

Introduction

bones, which are hypothesized to develop via endochondral os-
sification or intramembranous ossification, or a combination of

In adult mammals, the left and right sides of the heart are divi-
ded by interatrial and interventricular septa between the atria
and ventricles respectively. The four chambers are surrounded
by internal supporting fibrous tissue (cardiac skeleton) and
myocardium (1). The cardiac skeleton (also termed the cardiac
fulcrum in people) is a fibrous structure made up of collagen and
elastin fibers which act to maintain the hearts shape during
systole (2-6). In mammals, the cardiac skeleton consists of two
trigones, left and right, each incorporating an atrioventricular
ring (6, 7). The cardiac skeleton may contain dystrophic calcifi-
cation (also referred to as plaques), cartilage including fibrocar-
tilage and hyaline cartilage (cartilago cordis) and, on occasion,
bone (ossa cordis) (7, 8). Abnormal, benign formation of bone
within soft tissues where bone does not normally exist, is ter-
med heterotopic ossification, a process frequently triggered by
systemic changes (9). Whilst it is often related to pathology, this
is not always the case. Ossa cordis are considered heterotopic

both (7). Endochondral ossification occurs via the calcification of
cartilage and which, in turn, usually develops into cancellous
bone and eventually mature bone. Intramembranous ossifica-
tion, in contrast, occurs when mesenchymal cells differentiate
into osteoblasts which then produce bone tissue directly (6, 10).
Both of these processes are naturally occurring during skeletal
development, bone remodeling and repair.

In general, bone, when fully developed, may contain trabecular
bone and cortical (lamellar/compact) bone, which may be surro-
unded by periosteum. Ossa cordis is similar but rarely has a peri-
osteum, and trabeculation and marrow are not always present
(7). Bone tissues exhibit three main cell types (osteocytes, oste-
oblasts and osteoclasts), in addition to vasculature containing en-
dothelial cells and smooth muscle, these features have been no-
ted in many ossa cordis publications. Cartilage contains no vascu-
lature or nervous tissue and is mostly composed of chondrocytes
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within a ground substance of mainly collagen, this is the same for
cartilago cordis (8). It has been hypothesized that endocardial os-
sification contributes towards the formation of ossa cordis, as car-
tilage surrounding the bone has been observed in a few species
and some species can contain both cartilago cordis and ossa
cordis (6, 8, 11-13).

The ossa cordis in the giraffe has been known about for some
years. In the 1800s three anatomists stated the presence of ossa
cordis in giraffes following dissection. Following the dissection
of one whole Nubian (Giraffa camelopardalis camelopardalis)
male, and parts of one male and one female giraffe (subspecies
and ages not specified) a description was provided of ossa cordis
(14). Owen stated that the ossa cordis was located at the base
of the heart, near the origin of the aorta, imbedded in the ten-
dinous circle attaching to the muscular fibres of the ventricle in
the adult giraffe. It is not stated whether this was in all three
hearts, or just the whole male dissected. Two other papers im-
plied or stated the presence of an ossa cordis in giraffes — these
were in undetermined subspecies, ages, sexes, and numbers of
specimens (15, 16). In a more recent case study, a single ossa
cordis in the right fibrous trigone of a Giraffa camelopardalis
rothschildi (17). This was alongside a ‘tiny structure consisting of
hyaline cartilage’ (cartilago cordis) in the left fibrous trigone in
the giraffe heart (17). The aims of these previous publications
concentrated on overall anatomical descriptions of cardiovascu-
lar structures or the whole body, therefore the ossa cordis and
cartilago cordis were noted during the dissections, and no histo-
logical or imaging methods were applied to any of the ossa
cordis or cartilago cordis.

The present study investigated an endangered, reticulated gi-
raffe (Giraffa reticulata) presenting with an ossa cordis. Compu-
ted tomography and microtomography (UCT) has only been
used more recently to investigate ossa cordis, firstly in the chim-
panzee (11), then in cattle and camels (18-20). Therefore, the
present study used UCT to visualize the ossa cordis within car-
diac skeleton of the giraffe. This research also used a variety of
histological stains, visualized with brightfield and polarized light
microscopy, to explore the microstructure and composition of
the ossa cordis, surrounding ectopic cartilage, and adjacent
myocardial tissue. This novel study therefore provides the first
MCT and histological investigation into the giraffe ossa cordis.

Materials and methods

Ethics and sample collection

All research included in this thesis received ethical approval
from the University of Nottingham School of Veterinary Medi-
cine and Science ethics committee under UK approved ethical
guidelines (ethics number: 3186 200604). The giraffe died fol-
lowing a medical procedure (non-research purposes). Following
death, the giraffe underwent a postmortem examination and
was subsequently received by the University of Nottingham. The
male, adult, captive bred, reticulated giraffe (Giraffa reticulata)
was 11 years old, had an estimated weight of 1000kg and had a
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heart weight of 5.147kg. The heart was fixed in 10% neutral buf-
fered formalin.

uCT

Working from apex to base, the heart was finely resected and
palpated for hyperdense tissues. The interatrial septum contai-
ned dense material therefore this region was excised and pCT
scanned as conducted previously (11, 20). The tissue was se-
cured in sheets of X-ray transparent polyethylene and placed in
a plastic sample container. Using a Waygate Technologies
‘v|tome|x M’ 240 kV cone beam X-ray uCT scanner, the speci-
men was scanned with a tube energy of 120 kV and 100 pA cur-
rent, collecting 180 projection images over a 360° rotation. Each
projection image was the integration of 4 images to reduce no-
ise using a detector timing of 250 ms per image. The scan reso-
lution was 15 um and the scan time was approximately 40 mi-
nutes. Imaging data from the uCT was visualised using VGStudi-
o0MAX v2.2 Software (Volume Graphics GmbH, Germany). Mean
local thickness for the bone within the ossa cordis was also me-
asured using the Bonel plugin for the open-source image quan-
tification and analysis software Imagel 1.44 following previous
protocols (11, 21-23). Localised variation of bone density was
measured by mapping the variation in image grayscale values
which relate to the X-ray attenuation of the material using
VGStudioMAX (e.g. higher density materials have higher X-ray
attenuation and thus higher grayscale values). The local
thickness heat map images were imported into VGStudioMax
and visualised.

Tissue processing and embedding

Following uCT scans, five tissue samples were dissected from the
cardiac skeleton, hyperdense (ossa cordis) region and neighbo-
uring myocardium. Half of the ossa cordis was photographed fol-
lowing soft tissue removal, the other half was processed for histo-
logical staining with the surrounding myocardial tissue intact. In
addition, atrial septum tissue not containing bone/cartilage was
also excised, then processed for histology. All tissues were
dehydrated in a series of ethanol solutions (VWR International Li-
mited, USA) for at two hours each (50, 70, 90 and 100%) followed
by xylene (VWR International Limited, USA) for two hours. All
samples were immersed in 60°C paraffin wax for four hours, then
mounted in a paraffin block and sectioned at 7 um using a micro-
tome (Leica, Germany) and N35 blades. For each sample, up to
300 serial sections of tissue were mounted onto polysilinated mic-
roscope slides (Fisher Scientific, UK). Slides were dried on a 50 °C
heat plate followed by 24 hours at room temperature. Prior to
staining, sections were deparaffinised in xylene (VWR Internatio-
nal Limited, USA) for five minutes then rehydration in a graded
ethanol series (100, 90, 80, 70%; VWR International Limited, USA)
followed by dH>0, then phosphate buffered saline (all five minu-
tes each). Following staining, sections were dehydrated in graded
ethanols (70, 80, 90, 100%; VWR International Limited, USA) for
five minutes each and coverslips mounted using DPX mounting
media (Merck Life Sciences, UK).

Staining, immunohistochemistry and microscopy



Hematoxylin and Eosin (H&E): Sections were incubated in hema-
toxylin (Merck Life Sciences, UK) for three minutes, washed in tap
water for three minutes, then incubated in industrial methylated
spirit solution (VWR International Limited, USA) for 15 seconds.
Sections were then washed in tap water for three minutes, in-
cubated in 1% ammoniated water for 15 seconds, then washed
once more, in tap water for three minutes. Sections were incuba-
ted in eosin (Merck Life Sciences, UK) for five minutes followed by
a final three-minute wash in tap water then dH0.

Alcian blue: For pH 0.2 Alcian blue staining, 0.3 g of solid Alcian
blue (J60122, Alfa Aesar, USA) was mixed with 30ml of 10% sul-
phuric acid to produce a 1% solution of pH 0.2 Alcian blue stain.
Sections were incubated in the pH 0.2 Alcian blue solution for
15 minutes. For pH 2.5 Alcian blue staining, sections were in-
cubated in 3% acetic acid for five minutes before being incuba-
ted in a commercially available pH 2.5 alcian blue stain
(MKCL4108, Sigma-Aldrich, USA) for 30 minutes. Sections were
washed in tap water for five minutes. All pH 0.2 and pH 2.5 sec-
tions were then rinsed in deionized water for one minute, coun-
terstained with nuclear fast red for one minute, followed by a
one-minute tap water wash.

Von Kossa: Von Kossa staining was performed using a commer-
cially available kit (HC993161, Merck Millipore, Germany) as
conducted previously (11). Sections were incubated in 0.1M sil-
ver nitrate solution for 20 minutes then placed under direct light
for another 20 minutes. Sections were washed in tap water for
three minutes before being incubated in sodium thiosulphate
(20 g/L) for five minutes, then washed in tap water for a minute.

Picrosirius red: Tissue sections were incubated for one hour with
Picrosirius red stain (ab150681, Abcam, UK), washed twice with
acetic acid, then submerged in 100% ethanol (VWR International
Limited, USA) for 10 minutes as conducted previously (11, 24, 25).
Imaging and quantification were also conducted following pre-
vious protocols (11, 24) using Fiji software (26) to calculate the
area coverage of coloured pixels, which was calculated into pro-
portions using Microsoft Excel (Microsoft Corp. USA).

Immunohistochemistry: Immunohistochemistry was performed
using an anti-osteocalcin primary antibody (also called bone
gamma-carboxyglutamate BGLAP; ab93876; Abcam, UK) as con-
ducted previously (27). Following deparaffinization and rehydra-
tion of the tissues, antigen retrieval was undertaken in 1mM so-
dium citrate, microwaved for 20 minutes, allowed to cool for 20
minutes then washed in dH20 for 5 minutes. Immunohistoche-
mistry was performed using a commercially available diamino-
benzidine based kit (7150-K, Leica Biosystems, Germany) ac-
cording to the manufacturer’s protocol. Sections were either
exposed to the primary antibody (1:100) or the buffer only (5%
fetal calf serum) to serve as negative controls. A positive control
containing mouse bone and skeletal tissue was also conducted.
Sections were counterstained in hematoxylin.

Microscopy: All sections were visualized using a Leica DM5000
B microscope (Leica, Germany). Standard brightfield was used
for all stains except for Picrosirius red which required polarized

light. A brightfield light slide scanner (NanoZoomer S60v2, Ha-
mamatsu, Japan), was also used with images viewed on
NDP.view2Plus (https://www.hamamatsu.com/eu/en/product/
life-science-and-medical-systems/digitalslide-scanner/U12388-
01.html; Hamamatsu Photonics K.K., Japan).

Phylogenetic tree

A published systematic review (7) plus updated literature sear-
ches were used to collate species containing ossa cordis, and the
reticulated giraffe was added to that data. Papers that did not spe-
cifically confirm ossa cordis, cartilago cordis or ectopic calcifica-
tion (e.g. where only CT scans were completed without necessary
histological confirmation of hyperdense CT material) were exc-
luded from the tree. A phylogenetic tree was created using iTOL
Interactive Tree of Life (https://itol.embl.de/) and PhyloT v2
(https://phylot.biobyte.de/) as conducted previously (8).

Results

Dissection, uCT observations

Within the giraffe, a single, rectangular shaped bone was pre-
sent in the atrial septum in the right trigone (Figure 1+2+3B), no
bone or cartilage was present in the rest of the atrial septum.
The bone was classified as an ossa cordis dextrum based on the
anatomical location and the combined pCT and histological fin-
dings. The ossa cordis dextrum measured 18.5 mm long, 7 mm
wide and 7 mm deep at its maximum points (using uCT and ca-
liper measurements; Figures 1, 2 and 3B). Total volume of solid
material of the ossa cordis measured using uCT was 139.72 mm?
and its surface area was 1399 mm?2. The uCT imaging identified
trabeculations within the ossa cordis, a characteristic feature of
bone (Figure 2, Supplementary Videos 1+2). There were also
lower density regions between the trabeculations —identified as
bone marrow in the histological examinations. The mean bone
thickness was 0.227 mm (SD 0.09), however showed regions
within both the cortical bone and trabeculae that ranged from
0.07 — 0.6 mm (Figure 2C, D). Bone density varied and ranged
from 24000 — 65535 CT image gray value units, with a mean and
standard deviation of 43837.5 and 5497.9, respectively (Figure
2E, F).

The phylogenetic tree construction illustrated the species with
confirmed ossa cordis, including the reticulated giraffe as a no-
vel species following these findings (Figure 3). In total, there-
fore, 22 species/subspecies now have a verified ossa cordis ob-
served in at least one individual.
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Figure 1: uCT images showing shape and structure of the giraffe ossa
cordis. Surface rendered image of the giraffe ossa cordis. A) Ventralis,
B) Sinistral, C) Dorsalis, D) Dextral, at 120 kV, 100 pA, and scan resolu-
tion 15 pm. Scale bar represents 5 mm
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Figure 2: uCT images showing size, thickness, local density and trabe-
culations in the giraffe ossa cordis. Surface rendered image of the gi-
raffe ossa cordis A) Ventralis view and B) digital frontal section to reveal
the trabeculations. C) Local thickness measurement heatmaps of the
whole ossa cordis (Ventralis view) and D) a digital frontal section to re-
veal the thickness of trabeculations (0 — 0.6 mm). E) Map of uCT image
gray value variation as an indication of bone density variation of the
ossa cordis (Ventralis view) F) a digital frontal section to reveal the va-
riation in density of trabeculations of the giraffe ossa cordis. Scale bar
represents 5 mm
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Histological observations

Within the heart tissue sections, cardiomyocytes within typically stri-
ated myocardium including blood vessels were observed. No evi-
dence of heart disease was seen. The bone on the peripheral edges
of the ossa cordis dextrum was cortical bone, composed of mature
lamellar bone. Distinct bone marrow with adipose tissue was seen
within the trabeculated ossa cordis structure (Figure 4), thus confir-
ming the uCT findings of bone. Blood vessels were seen frequently
on the peripheral edges of the bone tissue and on occasion within
the bone marrow too (Figure 4). Histological observations confirmed
chondrocytes and cartilage surrounding the peripheral cortical bone
regions of the ossa cordis dextrum. Chondrocytes were, on occasion,
seen adjacent to the bone tissue (Figure 4). Alcian blue staining at pH
0.2 stained a deep blue colour around cartilage, especially compared
to pH 2.5 stained sections. Alcian blue was also seen in lighter shades
within the bone tissue and myocardium (Figure 5). This suggested
presence of acid mucins, notably glycosaminoglycans which are usu-
ally present in cartilage.

Von Kossa stained positively the bone tissue (Figure 5), indicating
calcium deposits were present, further indicating bone tissue that
was mineralised. In addition, the calcification was uniform across
the ossa cordis (Figure 5) indicating more mature lamellar bone ver-
sus immature woven bone (which would show irregular calcifica-
tion). Positive osteocalcin immunohistochemical staining was ob-
served in the ossa cordis, vasculature and in the myocardial tissue
(Figure 6).

The use of Picrosirius red allowed for analysis of collagen types
within the bone and surrounding myocardium. The collagen fibres
within the bone tissue were well organized, densely packed, usually
in clear bundles running the same direction, again indicating ma-
ture lamellar bone as opposed to immature woven bone (Figure 7).
The layers of unidirectional collagen bundles were evident thro-
ughout the ossa cordis. There was a distinct difference between the
red/yellow staining of the bone and the more abundantly green sta-
ining in the surrounding myocardium (Figure 7). The bone was pre-
dominantly red/yellow, indicating type | collagen. The levels were
so high in the ossa cordis (Figure 7A-H) itself that true quantitative
analysis, looking at both collagen types (red/yellow versus green),
was not possible due to the strong stain given by the red and yellow
stained fibres. Quantitative analysis was possible regarding the
myocardial tissue, immediately adjacent to bone and further away
(Figure 7C-L). Microscopic observations showed lower levels of thic-
ker red fibers (type | collagen) compared to green (type Ill) occurred
in the myocardium around the periphery of bone/cartilage tissue.
Ratios analysis showed 16% red fibers/84% green in the myocar-
dium adjacent to the ossa cordis, whereas in the myocardium
where the ossa cordis was not immediately adjacent, the percen-
tage of red fibers (type 1) increased to 42%, and the green fibers
reduced to 58% green (type lll; Figure 7L). The Picrosirus red sta-
ining, in addition to the other stains, also assisted with identifying
the presence of a periosteum. There were also clear boundaries
between the bone showing predominantly red/yellow staining
(type I collagen) indicative of Sharpey fibres, and the predominantly
green fibres (collagen type lll) of the myocardium (especially evi-
dent in Figure 7C-G).
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Figure 3: Gross structure of the giraffe ossa cordis and phylogenetic tree. A) Phylogenetic tree of species with confirmed ossa
cordis. B) Photograph of the ossa cordis dissected from the interatrial septum, prior to (above), and following (below) soft tissue
removal
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Figure 4: Giraffe ossa cordis with ectopic cartilage formation (H&E stained). Giraffe ossa cordis with bone evident (pink stain of eosin) with ectopic
cartilage surrounding the ossa cordis, evidenced by chondrocytes (purple haematoxylin stain). This may indicate endochondral ossification as
chondrocytes were observed invading bone tissue (indicated in the boxes within A+C and in B+D which are higher magnifications of A+C respecti-
vely). A, E, F) Bone marrow within ossa cordis. Scale bars represent A+C) 500um, D) 20um, E) 100um. F-H) 50um. BM = Bone marrow, Bo = bone,
Bv = blood vessel, Ca = cartilage
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Figure 5: Giraffe ossa cordis following Alcian blue and Von Kossa staining. A-D) Alcian Blue at pH0.2 (A-C) and pH2.5 (D). E+F) Von Kossa silver
nitrate. Scale bars represent: A, B, F) 250um, C, D)100um, E) 500um
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Figure 6: Giraffe ossa cordis following osteocalcin immunohistochemistry. A) Giraffe ossa cordis and blood vessel, B) Giraffe myocardium, (1:100
dilution), C) Giraffe negative control (primary antibody omitted). D) Mouse bone and skeletal muscle (asterix) positive control tissue. Scale bars
represent A+D) 50um, B+C) 100um
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Figure 7: Picrosirius red staining on giraffe ossa cordis and myocardium. Red/yellow indicates collagen type | and green staining indicates collagen
type llI, under polarized light microscopy. A-H) Ossa cordis stained red/yellow following Picrosirius red stain. E-H) Myocardium directly attached
to the bone presented as yellow staining with adjacent myocardium presented with more green staining. I-K) Myocardium further away from the
bone presented with more red/yellow staining compared to myocardium adjacent to the bone. L) Percentage of red/yellow (collagen type 1)
versus green (collagen type Ill). Scale bars represent A, C, E, G) 200um, B, D, F, H) 100um, I-J 500pum

Discussion

The aim of this study was to investigate a giraffe heart cardiac
skeleton for hyperdense tissue, and to identify whether cartilago
cordis, ossa cordis, or cartilage surrounding ossa cordis presented
in the heart. This is the first report of giraffe ossa cordis being
investigated using radiographical and histological techniques
with detailed morphological and histological details revealed. By
using UCT alongside histological techniques it was possible to
show that a single ossa cordis dextrum was present in the giraffe
heart within the interatrial septum. Confirmation of an ossa
cordis within the reticulated giraffe adds another species to the
phylogenetic tree of animals containing ossa cordis, and another
within the Artiodactyla order. The Atriodactyla order has many
more species/subspecies, including the giraffe investigated in this
study, with ossa cordis present compared to other phylogenetic
orders (14/22 in Artiodactyla versus 8/22 from other mammalian
orders). Notably all of the Artiodactyla order animals are within
Pecora infraorder, except for the camel. This differs from the spe-
cies variation observed in cartilago cordis, which has around 70
confirmed species with the structure but also more variation in
relation to class, order, family, genus and species (8, 28-30). At
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present the mere observation that many species have ossa cordis
in one order compared to others does not prove there is an evo-
lutionary or genetic link to the occurrence of ossa cordis, more
studies need to be completed in more species. It should also be
noted that across most species where ossa cordis have been
identified, they rarely occur in all of the individuals studied. There
has been a range of 0-100% prevalence (7) and previous
published works in the giraffes were either case studies or did not
publish specimen numbers or prevalence (14-17). As the present
study was a case study it would be interesting to gain a better
comprehension of giraffe ossa cordis in a larger population in fu-
ture research.

The present case study discovered a single ossa cordis dextrum in
the giraffe. The previous, historical, dissection only observations,
also indicated only ossa cordis dextrum (or assumed dextrum),
not sinistrum, in adult giraffes (14-17). Notably, in one giraffe case
study, a small cartilaginous structure in the left trigone was ob-
served (17), this was not found in our specimen. The reticulated
giraffe in the present study had one ossa cordis dextrum and did
not have an ossa cordis sinistrum. This makes it similar to goats,
cats, chimpanzees, sea lions, and dogs where a single ossa cordis
dextrum has been observed (11, 31-33). Studies in other species
that noted ossa cordis sinistrum, showed it was always in addition
to ossa cordis dextrum (never instead of). Sheep, buffalo, cattle,



camels, deer, elephants and otters, can have both ossa cordis
dextrum and sinistrum (12, 13, 18, 19, 34-38). It is essential to
note the prevalence of the second bone (ossa cordis sinistrum)
was not 100% in these species, and of course the presence of
ossa cordis dextrum was rarely 100% either in any given species
either (7). It is interesting that predominantly other members of
the Artiodactyla order do have both ossa cordis dextrum and si-
nistrum, unlike this giraffe specimen. Given the ossa cordis
dextrum plus cartilaginous tissue in one previous giraffe case
(17), and the fact that prevalence is variable within all species,
there is the possibility a full ossa cordis sinistrum may yet reside
in other individual giraffes.

The reticulated giraffe ossa cordis dextrum measured 18.5x 7 x 7
mm and was rectangular in shape. Owen stated that in the giraffe
ossa cordis was a curved bone two-thirds of an inch in length, this
equates to ~16.9 mm (14), whilst Crisp recorded a bone ‘nearly
an inch’ (nearly ~25.4 mm) long in the adult giraffe (16). The
number of specimens, species/subspecies, ages other than being
adult, were not stated, but 18.5 mm was relatively similar to the
sizes they observed. Murie and Perez did not state ossa cordis si-
zes or shapes in their giraffes (15, 17), but it must be noted none
of these publications were ossa cordis focused manuscripts. In
comparison to other species, the length of the ossa cordis in the
present study was most similar to that found in an Iranian-breed
sheep (39). It was smaller compared to the average sizes known
for buffalo, cattle, sea lions, deer, elephants, and goats as previo-
usly presented (7). In contrast the giraffe ossa cordis dextrum was
longer than that observed in otters, some sheep breeds and
chimpanzees (11, 12, 36). Sadly, comparisons between all species
were limited as not all published studies detailed size, however it
does show that animals with much smaller heart weights and
body masses had larger ossa cordis present compared to the gi-
raffe. In general, ossa cordis have shown large variations in shape
between species and even between individuals within the same
species (7). Many publications do not state shape, predominantly
due to the imaging modes used. The giraffe in the study looked
more like a long bone (rectangular), whereas most are irregular
and sometimes a little flat. Bones can be curved, Y shaped, oval
to mainly elongated quadrilateral or rectangular with a pointed
caudoventral end and a rounded cranial end (20), rounded and
completely irregular (11, 12), elongated rectangular through to
short or long elliptical (19) and triangular or elongated (38). The
rectangular shape observed in the giraffe adds to the variability
seen in ossa cordis shapes in different individuals.

Ossa cordis have been more prevalent in post-natal or adult, rat-
her than embryonic and juvenile, individuals (7). The giraffe in the
present study was 11 years old and approximately 44% through
its average lifespan. Crisp and Murie saw no ossa cordis in the
two independent ‘juvenile/young’ male cases studies, one aged
7 months, the other age not specified, they dissected indepen-
dently (15, 16). Murie did not specify how many adult giraffes
they dissected, or their sex, age or subspecies but he agreed with
Crisp regarding the cardiac ossicle (ossa cordis) in adults (presu-
med present) and the juvenile (explicitly stated absent) (15). The

presence of ossa cordis in the adults was not specifically by Mu-
rie, yet the absence in the juvenile was noted to be the exception
compared to adults. Perez and Owen showed ossa cordis in their
adult giraffes (14, 17). Despite the brevity of these observations,
they do give an indication that ossa cordis were generally present
in adult giraffes. The present study supports the presence of ossa
cordis in another adult specimen but given this information, no
conclusions can be drawn regarding the age of onset of ossa
cordis in this species. Further research into younger individuals
would help understand whether it develops in utero, or during
later developmental stages. Ossa cordis have been shown in he-
althy hearts across differing species. In a limited number of spe-
cies ossa cordis have been associated with cardiovascular dise-
ase, such as in cats, dogs and chimpanzees (11, 31, 33). The gi-
raffe in the present study did not present with cardiovascular
disease, therefore, it is unlikely that bone formation was influen-
ced by disease processes in this case, indicating a normal anato-
mical finding, not pathological occurrence.

Bone, cartilage and dystrophic calcification, an accumulation of
chemical compounds including calcium phosphate (40), can all
present as dense objects in CT scans, therefore histological iden-
tification of dense objects is vital. The present study used a vari-
ety of histological stains to enable observation of tissue morpho-
logy and to identify the cells and fibres within, and surrounding,
the cardiac skeleton. Trabeculated bone and bone marrow,
alongside vasculature confirmed the uCT dense object was bone,
with associated cartilage. Von Kossa staining was used to identify
calcium deposits, which can reside in both plagques and bone
(41), but this enabled visualization of calcium deposits in the gi-
raffe ossa cordis.

Alongside the discovery of ossa cordis dextrum, this study also
showed the novel discovery of cartilage tissue surrounding the
giraffe ossa cordis dextrum, as shown by the histological staining.
Alcian blue positively identifies acidic polysaccharides, such as
glycosaminoglycan present in cartilage (42) and was therefore
useful in differentiating bone from the surrounding cartilage in
the giraffe. Some chondrocytes appeared to be within the outer
regions of the bone itself, similar to that observed in cattle ossa
cordis (20). This close association may indicate the bone formed
via endochondral ossification. Previous studies in the water buf-
falo, camel, horse, sheep, otter, dog and chimpanzee (6, 12, 13,
19, 33, 43-45) have shown cartilage and/or suggested endochon-
dral ossification as a possible process for ossa cordis develop-
ment due to observations of cartilage in close proximity to bone.
Cartilago cordis, instead of ossa cordis, have been observed in
the same anatomical location, and within the same species, mos-
tly in younger animals, where older animals present with ossa
cordis (6, 8, 11-13, 43, 46). These studies again indicate the pos-
sibility of endochondral ossification in this anatomical location
within the heart. It is possible cartilaginous cells/foci result in car-
tilago cordis, which may develop into ossa cordis. Endochondral
ossification also requires involvement of type Il collagen. Picrosi-
rius red can be used to differentiate collagen types (11, 24, 47)
and was used in this giraffe case to determine rations of collagen
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type | versus collagen type lll and to describe the staining pat-
terns observed. Following microscopic analysis, the giraffe
myocardial tissue surrounding the ossa cordis had a much greater
proportion of green (likely collagen type Ill) fibers than myocar-
dial tissue further away from bone (84% compared to 58%). The
bone itself was predominantly collagen type I. During chondro-
genesis and osteogenesis, levels of differing collagens vary, but
once cartilage is ossified type | collagen becomes detectable in
ossifying chondrocytes and is present in bone (48, 49). Observa-
tions made in the development of another heterotopic bone, the
rat os penis, showed interstitial bone development can occur by
a combination of processes, both endochondral and intramem-
branous ossification - direct bone formation from mesenchymal
tissue (50, 51).

Osteocartilaginous metaplasia in sheep, not ossa cordis but loca-
ted within the myocardium, have also shown evidence of endo-
chondral ossification (52). Given the presence of cartilage in the
giraffe, it is therefore possible in this species the giraffe ossa
cordis develops via a combination of these two processes. Only
evidence supporting endochondral ossification was investigated
in this study as mature cartilage was present. The present obser-
vations included the presence of cartilage tissue, chondrocytes in
close proximity to the bone, and the collagen types observed,
add supporting evidence to the hypothesis that ossa cordis may
develop from cartilage via endochondral ossification. This does
not exclude possible involvement of intramembranous ossifica-
tion in ossa cordis development.

Osteocalcin is expressed in human cardiomyocytes, vascular en-
dothelial cells, pericytes, vascular smooth muscle cells and other
cell types (53). This hormone is the most abundant, non-collage-
nous peptide found in bone (54). In the giraffe heart, osteocalcin
was observed in the ossa cordis, cardiomyocytes, and within the
associated vasculature. This is the first study to show osteocalcin
expression in an ossa cordis from any species. Although secreted
by osteoblasts, osteocalcin exerts effects on a variety of tissues
throughout the body and is involved in many functions ranging
from cognitive function through to insulin synthesis (55). One no-
table function in muscle has been linked to IL-6 secretion, with
an IL-6/osteocalcin signaling loop suggested in the literature (56).
IL-6 also has many roles producing both anti-inflammatory and
proinflammatory effects, with links to coronary artery calcium
and cardiovascular disease (57, 58). The novel finding of osteo-
calcin in ossa cordis not only shows similarities with other bones
in the body, but also highlights some potential functions relating
to inflammation, calcium, and heart disease.

Similar to some other mammals which have ossa cordis, the gi-
raffe ossa cordis dextrum was found in the anatomical region of
the interatrial septum, an area subject to high mechanical stress.
This may support the hypothesis that functionally the bone could
help protect the heart from shearing under these forces (7). Also
residing in this region are the major conductive heart cells and
tissues, and therefore the ossa cordis may help prevent damage
to these critical conductive tissues. This hypothesis was first sug-
gested regarding ossa cordis in cattle but has since been sug-
gested following the discovery of ossa cordis in sheep and otters
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as well as supporting evidence from the discovery of cartilago
cordis in the platypus and many other species (8, 12, 36, 37, 44,
59). It is possible that ossa cordis may have more functions. The
human cardiac for example, aids the coordination of cardiac con-
traction by allowing myocardial fibers to insert into it acting as an
anchor against contraction (2-4). It is possible that ossa cordis,
and cartilago cordis, also perform this role as suggested in cattle,
sheep camels, where cardiomyocytes were found inserting into
ossa cordis (6, 38, 44). No cardiomyocytes were observed within
the ossa cordis of the giraffe, they appeared to surround the bone
and cartilage, however, this does not rule out the possibility that
they play a role in cardiac contraction.

This novel study confirmed the presence of an ossa cordis
dextrum, surrounded in part by cartilaginous tissue, in a reticula-
ted giraffe and additionally revealed the microstructure of this
cardiac bone. It must be recognized this is a case study, further
work investigating differing ages and disease states, and increa-
sed numbers of individuals, would show prevalence, develop-
mental processes and whether aging or pathological differences
alter occurrence and morphology in this species. This work im-
proves our understanding of cardiac anatomy in the giraffe and
provides interesting similarities and differences both within the
Artiodactyla order and other species. The discovery of ossa cordis
in giraffes, alongside previous findings in cattle, sheep, goat,
water buffalo, deer and camels, demonstrates that cardiac bone
is a common finding in the Artiodactyla order. This poses the
question that if more species were investigated, could more no-
vel discoveries of ossa cordis in differing species be made? This
could lead to further comprehension regarding phylogeny, for-
mation, function and presentation in different species. This may
also help us understand the formation processes of heterotopic
cartilage and bone for medical and surgical purposes. Treatments
towards preventing, reducing or increasing bone and cartilage
growth, both in vivo and ex vivo for implantation, could all be in-
formed by understanding heterotopic bone and cartilage forma-
tion.
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