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Abstract

Background: The need for bone graft substitutes including those being developed to be applied together with
new strategies of bone regeneration such as tissue engineering and cell-based approaches is growing. No large
animal model of bone regeneration has been accepted as a standard testing model. Standardization may be the
key to moving systematically towards better bone regeneration. This study aimed to establish a model of bone
regeneration in the sheep that lends itself to strict standardization and in which a number of substances can be
tested within the same animal. To this end the caudal border of the ovine scapula was used as a consistent bed of
mineralized tissue that provided sufficient room for a serial alignment of multiple experimental drill holes.

Results: The findings show that for the sake of standardization, surgery should be restricted to the middle part of
the caudal margin, an area at least 80 mm proximal from the Glenoid cavity, but not more than 140 mm away
from it, in the adult female Land Merino sheep. A distance of 5 mm from the caudal margin should also be
observed.

Conclusions: This standardized model with defined uniform defects and defect sites results in predictable and
reproducible bone regeneration processes. Defects are placed unilaterally in only one limb of the animal, avoiding
morbidity in multiple limbs. The fact that five defects per animal can be evaluated is conducive to intra-animal
comparisons and reduces the number of animals that have to be subject to experimentation.

Background
Bone grafting takes place in over 100 000 procedures an-
nually in the US [1]. Where autograft material is limited
or inadequate, or when donor-site morbidity is to be
avoided [2, 3], substitute materials are required. The
market for bone graft substitute materials exceeds 2 bil-
lion dollars in a group of 10 major countries [4].
This need for bone graft substitutes also motivates the

development of new methods to improve bone regener-
ation; increasingly, these novel treatment techniques in-
clude tissue engineering and cell-based approaches.
Proof of concept in bone regeneration studies can only
be shown with the help of animal models; no in vitro

method can mimic the complexity of an in vivo environ-
ment sufficiently or predict clinical efficacy. Whereas
initial screening and feasibility testing are popularly car-
ried out in rodent models, large animal models whose
bone regeneration is closer to the same processes in
humans are essential to provide translational proof of
concept.
The FDA, for example, often requires the testing of

bone therapies in both a small and large animal model
before accepting an agent for clinical trials [5, 6]. Rodent
models cannot adequately mimic human bone regener-
ation for a number of reasons, among them a lack of
cortical remodeling and the fact that cessation of growth
occurs much later than in other mammals [7, 8]. The
biomechanical conditions of human skeletal loading can
obviously not be simulated in small animal models with
their lower body mass. The mechanisms of bone regen-
eration depend on the size of the defect, because a mass
transport of oxygen and nutrients, cell migration and
vascular invasion into and the removal of degradation
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products out of the defect area are strongly influenced
by the distances that have to be overcome [9, 10]. This
constitutes a need to create large defects that can only
be set in large animals [7]. Also the fact that the immune
system of large animals is more similar to humans than
that of rodents is especially important when the influ-
ence of immunogeneic substances and (allogeneic) cells
on bone regeneration is studied [11–16].
Although many studies have been carried out already

[17, 18], no final consensus on the standardization of
large animal models has been reached so far. Factors
that potentially influence the outcome like defect size,
time points of evaluation or the species of test animal
continue to be controversially discussed.
One important requirement is that the model should

not be too rigid in its application. When new experi-
mental needs and different indications arise it should be
adaptable enough to meet these new demands. However
a standardized animal model where the quality and
quantity of bone regeneration and its ability to integrate
bone substitute material are known in detail could be of
great value. The most important factor to achieve this
standardization is the fact that several defects can be
evaluated in the same narrow anatomical region of the
same individual animal. Uniform surgical technique is
paramount to facilitate comparability in animal models
and the exact location of a bone defect has a profound
influence on the bone regeneration properties being
tested. Hopefully the sum of this could lead to a wider
acceptance of this model as a standard method in testing
bone graft substitute materials and thereby improve
comparability between studies. Standardization may be
the key to moving systematically towards better bone re-
generation therapies in the future.
In the following study, we aimed to establish an ortho-

topic model of bone regeneration in the sheep that al-
lows stringent standardization and in which several test
substances can be analyzed within the same animal. The
products or substances that are about to be tested in the
defects should be subjected to identical physiological in-
fluences by being implanted in the same narrow anatom-
ical region where conditions are constant. We describe
here the establishment of this standardized model from
selection of animals to surgery to the histologic and
morphometric evaluation as it has been proven in a re-
cently published study on the preclinical testing of hy-
droxyapatite biomaterials [19].

Results
All animals tolerated the surgery well, no lameness or other
clinically relevant findings were seen after the immediate
postoperative period and the animals returned to free pas-
ture after sutures were removed 10 days after surgery.

All samples from all animals were available for CT ana-
lysis although two defects were not analyzed due to CT
reconstruction problems. One defect site was not available
for histological analysis because of faulty drilling.

Anatomical and histological characteristics of the
experimental site
The caudal border of the ovine scapula is a thick bony
structure that provides a bone volume that is sufficient for
placing several drill hole defects in a row parallel to the
caudal margin (Fig. 1). While the main body of the shoul-
der blade is flat and thin, the caudal border shows a bulge
or thickening on the medial aspect. This bulge or torus is
predominantly semi-circular in cross-section and is sur-
rounded by cortical bone of the plexiform type (Fig. 2d),
while the center is filled with lamellar cancellous bone
and fatty marrow. The overall height of the semi-circular
bulge (Fig. 3a-1) is on average 10.9 +/− 1.2 mm and its
width (Figs. 3a-4) is 16.9 +/− 2.5 mm. There are topo-
graphic differences: closer to the Glenoid cavity the ridge
is higher and narrower, but it flattens out in the proximal
direction, i.e. it becomes lower and wider (Figs. 1, 4).
The cortical wall of the bulge is thickest on the medial

face (Fig. 3a-2) with a mean value of 3.2 +/− 0.9 mm.
Again, the dimensions show a gradient, because the bone
is thicker close to the joint and thinner farther away from
it. In the cortical bone of the lateral face (Fig. 3a-3) where
the defects are placed, no such change in dimension can be
observed. It shows an almost constant thickness of about
1.3 +/− 0.3 mm over the whole area. A demarcation of the
bulge in the cranial direction is difficult to make, as it grad-
ually becomes thinner. In some cases, the medial and lateral
cortical plate fuse with one another, forming one unified
cortical plate (Fig. 3a). In other cases, the two plates run
parallel to each other, separated by a thin layer of cancellous
bone (Fig. 3c). For the purposes of this study, the cranial
border of the bulge was per definition placed at the point
where the lateral cortical bone wall together plus the mar-
row space were at least 5 mm high (Fig. 3a-4). This demar-
cates the area where the drill holes can be optimally placed
and constitutes the relevant experimental space available
for the placement of the drill hole and the test substances
(green area in Fig. 3a). This experimental space shows little
variation in its height in the proximodistal direction (Fig. 4)
while its width increases in the proximal direction.
The minimum necessary distance of the drill hole to

the caudal margin (Fig. 3a-5) was measured on histo-
logical specimens. This distance was important to guar-
antee a minimal height of the experimental space of
5 mm and to securely place the defect in the marrow
space without impinging on the caudal cortical bone.
On average this minimal necessary distance from the
caudal margin was 3.4 ± 0.7 mm (Fig. 4). The absolute
largest value was 5.1 mm.
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Histologic and histomorphometric healing characteristics
Not all of the defects had fully healed after 6 months. In
the empty control group only 27% of the drill holes and
17% of the autologous bone group were completely
bridged. Discontinuities in the cortical region left
deep depressions that penetrated into the marrow
space (Figs. 2c and 5a).
The bone tissue that filled the drill holes was a mixture of

lamellar bone in the form of secondary osteons and inter-
spersed remnants of plexiform bone (Fig. 2b). Plexiform
bone, which consists of woven bone and parallel fibered
bone (Fig. 2e), is formed in the early stages of bone healing
[20, 21]. It initially fills the gaps and stabilizes the defect.
After mechanical stability is achieved, this primary bone is
resorbed by osteoclasts and replaced by more mature sec-
ondary lamellar bone, formed by osteoblasts. At 6 months,
this process of remodeling had already progressed far in
our model. In most cases, more than half of the primary
plexiform bone in the cortical region had already been re-
placed by secondary osteons. This process of remodeling
was still going on at a very high rate, as proven by the pres-
ence of many large secondary osteons in all active stages of
formation (Fig. 2b). In the cancellous region of the defect,
trabecular bone filled the space and was also a mixture of

primary plexiform and secondary lamellar bone, but re-
modeling activity was far lower than in the cortex. Only a
few hemiosteonal remodeling sites could be observed on
the surface of the trabeculae. In the autochthonous bone
surrounding the drill hole, pre-existing trabeculae were
compacted and thickened by layers of bone that had been
added posttraumatically. A similar effect was seen at the
periosteal surface surrounding the defects, where often
large quantities of bone tissue had been laid down.
After 12 months, the findings were not remarkably dif-

ferent. In the empty control group 33% showed continu-
ous bony bridging while in the autologous bone group
the rate was 25%. Histologically, the tendencies detect-
able at 6 months had simply continued and progressed.
More, but not all, of the primary bone had been con-
verted by remodeling into secondary osteons. The most
striking difference was the lower rate of ongoing remod-
eling. Far fewer active remodeling sites were seen than
at the 6 month time point.
These qualitative histologic findings were not signifi-

cantly different between drill holes filled with autologous
bone and those left completely empty. Autologous bone
graft had obviously been resorbed rapidly; only small
traces of it were still detectable after 6 months.

Fig. 1 Anatomical and histological characteristics of the ovine scapula model. On the right a radiographic presentation of the scapula in lateral
view with 5 drill holes in the caudal margin. On the left the histologic specimens through the center of the defects (red lines) filled with different
bone substitute materials showing the regional differences from proximal to distal. In the center μCT images depicting the regions between the
drill holes (blue lines). The medial bulge decreases in height from distal to proximal while its width increases

Ferguson et al. BMC Veterinary Research          (2018) 14:330 Page 3 of 10



Histomorphometry
After 6 months, the mean percentage of newly formed
bone (nBV/TV) in the cortical region was 54.39 ±
21.71% for the empty control while it was 60.36 ±
18.34% in the autologous bone group, i.e. the defects
were about half filled, with a large degree of variation. In
the medullary areas, nBV/TV for the empty control was
28.52 ± 14.20% and that for autologous bone 18.34 ±
13.82%. Bone regeneration was only about half as strong
as in the cortical environment. There were no significant
differences between the two treatment groups.
After twelve months, the percentage of newly formed

bone in the cortical region was not greatly different from
that at 6 months. The drill hole in the empty control
group was filled to 56.34 ± 25.92% with new bone and
that of the autologous bone group to 59.83 ± 27.98%.
The situation in the medullary space was not as unam-
biguous. The empty control group showed higher values
for nBV/TV of 40.56 ± 15.85% while in the autologous
bone group they were with 32.41 ± 13. Again, there were
no significant differences between the treatment groups.
To characterize the completeness of bone regeneration

in a cortical defect, it is important to measure the fraction
of the area that was not filled with bone, but with soft tis-
sues that invaded from the periosteal region and impaired
bone formation. The percentage of these soft tissues in
areas were only cortical bone should be was 35.06 ±

25:67% for the empty control and 29.72 ± 22.55% for au-
tologous bone after 6 months. After a period of 12 months,
the values were 37.26 ± 30.69% and 32.67 ± 33.39% re-
spectively. Variation was conspicuously high.
These results for nBV/TV have been used in the

publication by Hruschka et al. [19] as control groups
in comparison to several bone substitute materials
but were not described in greater detail. They are
presented here more extensively in order to illustrate
the quantitative healing properties of the experimental
model.

Description of technical problems with the model
The exact placement of the drill holes proved to be the
most severe problem. The planned ideal defect, which
should cut through the lateral cortical wall and then pene-
trate the medullary space with bone marrow surrounding
it on all sides (Fig. 3a) could not always be established in
the in vivo scenario. In some cases the drilling was placed
too close to the caudal margin and the caudal cortical
bone was penetrated leading to stronger bone formation
due to the greater regenerative potential of this cortical re-
gion (see histomorphometric results). A drill hole placed
too far caudally was subjected to disproportionately high
bone formation (Fig. 3c). If the drill hole is located too far
cranially, there is a risk of cutting through the entire bone
thickness, which is thinner in these regions (Fig. 3b).

Fig. 2 Histological presentation of the involved tissue types. An overview of the region is depicted in the lower center (black frame). The newly
formed bone tissue inside of the drill hole is stained darker purple than the surrounding old bone tissue. Histological details in higher
magnification are arranged around the overview: a The border of the drill hole, with old bone tissue on the left and darker newly formed bone
tissue on the right is still visible. b Inside of the newly formed bone a large number of secondary osteons in all stages of formation are present.
They are surrounded by the remnants of primary plexiform bone. c Parts of the drill hole are filled with fibrous soft tissue that penetrated the
defect from the periosteal side. d The cortical bone of the medial bulge consists of plexiform bone. e Plexiform bone is also found inside of the
defect. It consists of a network of woven bone (asterisks) on which parallel fibered bone (arrow heads) was laid down. This primary type of bone
tissue is continuously replaced by the lamellar bone of secondary osteons. Micrographs of undecalcified thin ground sections stained with
Levai-Laczko dye
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The titanium pins marking the centre of the defects
proved to be unnecessary. Even after long observation
periods, the empty drill holes were clearly visible on
x-rays. Degradation of bone graft substitute material was
easily followed over periods up to one year. A critical
size model could not be established. Bone growth after
one year in the empty defects was much higher than the
10% that stipulates a critical size defect [22] but healing
was severely impaired.

Discussion
In the adult sheep a 60 mm long area of the caudal
border of the scapula shows a bone architecture and

quality constant enough for a standardized serial align-
ment of multiple test drill holes. To uphold and improve
standardization, surgery should be restricted to the mid-
dle part of the caudal margin because of the regional dif-
ferences in the height and width of the bulge mentioned
above. A reasonable recommendation is to use an area
beginning at least 80 mm from the Glenoid cavity, but
not more than 140 mm away from it (Fig. 4). The nar-
rower the chosen region is, the more similar the ana-
tomical and histological characteristics will be.
Nevertheless, there should be at least 5 mm distance
from the margins of one drill hole to the next, so that
the healing processes of the individual defects will not
interfere with one another. These measurements apply
to the adult female Land Merino breed and will differ in
other breeds and in male sheep.
Precision operating technique is needed in this model

and is perhaps the most challenging aspect with the
greatest influence on standardization. That a true critical
size defect is not possible in this anatomical site is, in-
deed, an admitted weakness.
The immediate milieu and environment of drill hole

test sites consists of well vascularized muscle tissue on
one side and bone marrow on the other side providing a
plethora of progenitor cells and factors necessary for de-
fect healing. Because of this, the region facilitates sub-
stantial new bone growth and, in longer observation
periods, allows the evaluation of remodeling and degrad-
ation of bone substitutes. The sharp dissection of the
muscle tissue adjacent to the scapula test area also does,
to a certain extent, mimic the soft tissue damage seen in
the vicinity of a typical traumatic wound/defect.
Sheep are compliant and docile animals [23] and are a

less controversial test subject in the public opinion than,
for example, the dog. The body weight of sheep and the
size of its long bones are roughly similar to those of
humans. Their remodeling rate, lamellar bone structure
and primary bone healing characteristics are similar to
humans [11]. Monitoring and delivery techniques can be
the same as those used in humans. The ability to use
young, aged or ovariectomized ewes as well as male ani-
mals means that the influences of age, sex and patholo-
gies such as osteopenia/osteoporosis can be simulated in
sheep models. When biomechanical testing is important,
large animals such as the sheep have an advantage over
rodent models [24] as they more readily approximate
human anatomy.
A number of models have been developed, also in the

sheep and also utilizing drill hole defects, to test bone
graft substitutes [12, 23–25], some placing the drill holes
in the long bones of the extremities, others using a com-
bination of femur drill holes and a slot defect in the tibia
[26–28]. The comparison of different variants or different
dosages of bioactive substances is best achieved when

Fig. 3 a Definition of the measurements for the characterisation of
the anatomical properties of the experimental site in the shoulder
blade of sheep: Total height of the medial bulge (1), cortical
thickness of the medial wall (2), cortical thickness of the lateral wall
(3), width of the medial bulge (4), minimal necessary distance from
caudal margin (5), height of experimental space (6). The
experimental space in which the defect should be placed to achieve
controlled and reliable results is marked by a green inlay. b Cranially
displaced drill hole breached both cortical walls. c Caudally
displaced drill hole located too close to the caudal cortical wall
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comparisons of all can be made in a single animal. Nuss et
al. and others [17, 25] proposed a sheep model with 8 bi-
lateral drill hole sites in both the femur and humerus. Van
der Pol achieved a higher degree of standardization [29]
by using customized drilling jigs but in sites in two differ-
ent bones (the tibia and femur). Gisep et al. tested non-
loaded bone regeneration in a drill hole model combined
with a loaded tibia slot defect [27]. The use of different
anatomical bone sites are not, however, comparable with
regards to loading boundaries and amount and quality of
new bone growth and bone densities [24].
The site of a bone defect has a large influence on its

properties of regeneration. The density of bone in vari-
ous anatomic sites varies widely [24]. When multiple de-
fects are drilled in the epiphysis, their differing
proximity to the metaphysis can directly influence
growth and tissue characteristics. Defects placed in the
metaphysis and the neighboring diaphysis differ starkly
in new bone growth [30]. Bone regeneration is site spe-
cific; in our model, all graft samples and controls are
placed in the same osteologically homogenous anatom-
ical region. Different bone sites are also influenced by
the type of tissue in its immediate vicinity (i.e. muscle)
and may suffer from lack of uniform bone growth
environments.
The use of bilateral defects, in which limbs on both

sides of the animal are affected, are discouraged due to
animal welfare reasons [7].
A model in which all test substances can be implanted

in a single animal can keep animal numbers down [31].
The assessment of multiple defects in one animal pro-
vides for control of variation between animals and thus
limits the number of animals needed [7]. Indeed, the

main advantage of this model is the possibility of
implanting 5 different test items or allowing 5 treatment
groups in a single large animal while refraining from set-
ting a bilateral defect.
This model allows for implantation biocompatibility

testing of new bone graft substitutes as well as efficacy
testing, although short term evaluations maybe more ef-
ficient in, or in combination with, a rodent model. Short
term observation periods would allow for the tracking of
inflammatory reactions, osteofibrosis or osteonecrosis.
The model lends itself particularly well to following and
comparing the degradation characteristics of bone graft

Fig. 5 Presentation of the regions of interest in the caudal border of
the ovine scapula used for histomorphometric evaluation. The
cortical region of interest inside of the defect is surrounded by a
green frame while the medullary region of interest is depicted in
blue. The margins of the drill hole are presented as a black dashed
line. Newly formed bone is red and bone substitute materials yellow.
a empty control defect; b defect filled bone substitute material

Fig. 4 Variation of the dimensions of the test region dependent on
the distance from the glenoid cavity of the ovine scapula. (Definition
of measurements see Fig. 3)
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substitutes and their replacement with new bone over
longer periods of time.
Clearly, no animal model matches human physiology

perfectly. Sheep do tend to have higher trabecular bone
densities than humans, depending on site [32, 33].
Although some breeds cycle all year round, sheep are
seasonal breeders that have varying oestrogen levels over
the course of the year and this must be taken into ac-
count during the study design phase and season of the
year of any interventions reported [18, 34].
This model also allows for the use of autologous graft

that is comparable to the cancellous graft applied in
clinical human use – something that is not possible in
rodents in which typically only bone marrow with cor-
tical bone and periosteum is available for grafting and in
which osteogenic colony forming units in grafts are
much lower than in humans [7].
Aside from the practicalities and the mechanical

factors that speak for the use of large animals in bone
regenerative medicine, there are other biological rea-
sons as well. An example of this is the difference in
bone regeneration between small animals and large
animals as can be seen in the fact that calcium phos-
phate scaffolds rarely show osteoinduction in rodent
models while successfully inducing bone growth in
large animals [35]. Also the immune system of large
animals is more similar to humans than that of ro-
dents [11–16].
One of the largest obstacles in the study of regenerative

medicine is the host/graft reaction against human cells in
animal models. No immunodeficient sheep model is avail-
able for cell transplantation, although protocols of sheep
immunosuppression have been developed [36]. Looking
towards the future, induced pluripotent stem cells have
been recently produced from sheep cells [37, 38] and may
find their way into preclinical testing methods.

Conclusion
We have presented here a large animal model for the
study of bone regeneration that is relatively easy to
perform and provides a strictly standardized testing
assay from surgery to quantitative evaluation. It has
defined uniform defects and defect sites with uniform
regeneration and allows up to 5 defects per animal,
conducive to intra-animal comparisons and to redu-
cing animal numbers. Defects are placed unilaterally
in only one limb of the animal, avoiding the morbid-
ity associated with the use of multiple limbs seen in
other models.

Methods
Animals
This study was approved by the local ethics commit-
tee (“Thüringer Landesamt für Verbraucherschutz”)

and was consistent with the Guide for the Care and
Use of Laboratory Animals of the National Institute
of Health (revised 2011) and the European directive
2010/63/EU.
The model was tested in a study by Hruschka et al.

[19] using 24 adult (aged 2–3 years) female Land Merino
sheep. Empty ewes which had experienced at least one
lactation period were purchased by the research institute
from an agricultural company prior to the study. The
animals were fed with hay and allowed to drink water ad
libitum and housed in a free stall barn in the immediate
postoperative period, then transferred to free ranging
pasture.
General anaesthesia was induced by an intravenous ad-

ministration of xylazine (Rompun, Bayer GmbH), diazepam
(Gewacalm, Takeda GmbH) and ketamine (Ketamidor,
Richter pharma AG) (0.1 mg/kg, 0.1 mg/kg, 4.4 mg/kg).
After induction, the animals were intubated and anesthesia
was maintained with isoflurane at 1.0–1.5 vol% and oxygen.
The animals received both a pre-emptive analgesic, carpro-
fen (Rimadyl, Pfizer Inc.; 1.4 mg/ kg intravenous) and a sys-
temic antibiotic (Veracin-Compositum, Albrecht GmbH,
3 ml/50 kg intramuscular). Haematological and parasito-
logical examinations were performed prior to the study and
animals were operated on in late autumn.

Surgery
The animal was laid in lateral recumbency. The region of
the left shoulder blade was clipped, shaved and disinfected
and the animal was draped. A longitudinal skin incision
approximately 15 cm long and parallel to the caudal
border of the left scapula was made using the acromion
and caudal angle of the scapula as landmarks. The caudal
margin of the scapula was exposed by sharp dissection of
the musculature. All soft tissue was separated from the
bone with a periosteal elevator. Using a trephine drill, five
defects with a diameter and depth of 8 mm were created,
leaving a 5 mm bony bridge in between each defect. The
defects were irrigated with saline solution during drilling.
The longitudinal axis of the drill holes was oriented per-
pendicular to the lateral face of the scapula and included
the lateral cortical layer and the trabecular layer down to
the medial corticalis (Fig. 1).
The cylinders from the drill holes were preserved for

autologous bone grafting. Titanium pins (3 mm long,
0.7 mm in diameter) were placed close to the defects to
mark their exact location. The five drill hole defects
were randomized to either an empty control, autologous
graft or test article group. Autologous cancellous mater-
ial was mixed together as a rough paste before implant-
ation. The surgical incision was closed in multiple layers
using absorbable Monocryl 3–0 (Ethicon Inc.) suture
material with the skin closure using everting horizontal
mattress sutures and nonabsorbable material. The
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animals received carprofen subcutaneously for five days
post-operatively.
Animals were euthanised under general anaesthesia as

described above. T61, a commercial euthanasia solution
based on embutramide, mebozonium, iodide and tetra-
caine hydrochloride (Merck Animal Health, Munich,
Germany), was administered by a trained veterinarian by
slow intravenous injection at a dosage of 0.1 ml/kg body
weight. Sampling was carried out at 6 months and
12 months after treatment.

Histology and sample preparation
The left shoulder blades were removed from the animals
and fixed in buffered formalin. An overview radiograph
was produced of each sample to ascertain the exact loca-
tion of the augmentation sites. Blocks containing each
one of the defects were cut using a diamond coated
band saw (EXAKT Apparatebau, Norderstedt, Germany)
separating them precisely in between the drill holes as
visible on the radiograph (Fig. 1). These blocks were
scanned after 14 days of fixation with a SCANCO μCT
50 (SCANCO Medical AG, Bruttisellen, Switzerland)
micro-CT (μ CT) at 90 kV/200 μA with an isotropic
resolution of 17.2 μm and an integration time of 500 ms.
The scans were exported as 16 bit DICOM image stacks.
Three-dimensional reconstruction of the data was per-
formed using the visualization software Amira 6.2
(Thermo Fisher Scientific, Waltham, USA).
After μCT scanning, blocks were dehydrated and em-

bedded in plastic (Technovit 7200 VLC + BPO; Kulzer &
Co., Wehrheim, Germany). Undecalcified, thin ground
sections were made using a method established by
Donath [39]. These histologic specimens were stained
with Levai-Laczko dye, a variant of the Giemsa dye that
allows to distinguish reliably between old bone, new
bone and bone substitute materials [40].
This model allows qualitative and descriptive histo-

logical evaluations of bone regeneration as well as a his-
tomorphometric analysis. Histologic thin ground
sections were segmented histomorphometrically using
Definiens Developer XD 2.1 (Definiens AG, Munich,
Germany) and corrected manually using Photoshop CS
4 (Adobe Systems Inc., San Jose, CA, USA). The cor-
rected images were then measured in Definiens Devel-
oper XD 2.1.
Two specific regions of interest were defined to allow

a differentiated evaluation of bone growth and test sub-
stance degradation. The cortical region of interest was
defined as the area between the boundaries of the drill
hole inside the cortical bone and the periosteal and end-
osteal margins of the neighboring bone. A medullary re-
gion of interest was set at a location 1 mm beneath the
cortical region of interest and had a height of 1 mm (Fig.
5). This medullary region of interest included the

marrow space within the whole breadth of the drill hole.
The corrected images then were measured using the De-
finiens software. Examples of evaluation parameters that
can be measured include: areas of newly formed bone,
areas of soft tissue, amount of residue substitute material
and the complete region of interest (tissue volume).
Also, the sizes of individual graft substitute particle ag-
glomerates and their number can be determined. From
these primary measurements the following parameters
can be calculated: The percentage of bone substitute
material in the regions of interest, the average size of
particle agglomerates in mm2, the number of bone sub-
stitute particle agglomerates per mm2, the percentage of
newly formed bone in the regions of interest (BV/TV),
the percentage of the composite of newly formed bone
plus bone substitute material, the percentage of the re-
gion of interest filled with soft tissue that had grown
from the periosteal region into the defect area (Perios-
teal void volume). An example of the model that used
these parameters of evaluation has been published [19].
For the purposes of this study, only the bone healing

of the empty control group and the autologous bone
group were histomorphometrically characterized. These
two treatment regimens are commonly used as a control
and in comparison with newly developed test substances.
The amount of newly formed bone tissue (nBV) was di-
vided by the size of the complete region of interest
(TV), resulting in the percentage of new bone tissue in-
side of the region of interest (nBV/TV).

Statistical evaluation
Descriptive statistics were performed calculating means
and standard deviations. Multiple linear mixed models
for all independent variables were constructed, where
treatment was used as an independent variable and ani-
mal ID as a random factor. Tukey-type post-hoc tests
were calculated for treatment effect [19].
All computations were done using R version 3.2.3 [41].

Micro-CT
We scanned samples at 90 kV with an isotropic reso-
lution of 17.2 μm. We evaluated the closure of defects
and categorised them either as “non-bridging” (leaving a
continuous opening in the cortical bone which allowed
communication of the medullary cavity with the perios-
teal area) or “bridging” when the continuity of the cor-
tical bone was completely restored.

Abbreviations
BPO: Benzoyl peroxide; nBV/TV: New bone volume per tissue volume;
μCT: Microcomputed tomography

Acknowledgements
We would like to thank Julia Drnek and Amin Rezakhani for their technical
help with the production of thin ground sections and the
histomorphometric classification.

Ferguson et al. BMC Veterinary Research          (2018) 14:330 Page 8 of 10



Funding
Not applicable.

Availability of data and materials
Figure 4 contains the set of individual measurements in graphic form. If the
reader requires further information, the datasets are available from the
corresponding author on reasonable request.

Authors’ contributions
JCF and ST contributed equally to this publication. HR and VH conceived,
designed and supervised the study. DB and AG developed the animal model
and participated in the surgery. TN and JCF performed the experimental
surgery. ST performed the histological evaluation and histomorphometry. PH
carried out the μCT-scans and was involved in the histomorphometric
measurements. JCF and ST drafted the manuscript and produced the figures.
HR, TN and VH were involved in the critical revision of the manuscript. All
authors read and approved the final manuscript.

Ethics approval and consent to participate
This study was approved by the local ethics committee (“Thüringer
Landesamt für Verbraucherschutz” Reg.-Nr.: 14–004/13) and was consistent
with the Guide for the Care and Use of Laboratory Animals of the National
Institute of Health (revised 2011) and the European directive 2010/63/EU.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Ludwig Boltzmann Institute for Experimental and Clinical Traumatology in
AUVA research center, Vienna, Austria. 2Austrian Cluster for Tissue
Regeneration, Vienna, Austria. 3Department of Evolutionary Anthropology,
Faculty of Life Sciences, University of Vienna, Vienna, Austria. 4Karl Donath
Laboratory for Hard Tissue and Biomaterial Research, Department of Oral
Surgery, School of Dentistry, Medical University of Vienna, Vienna, Austria.
5Research Centre of Medical Technology and Biotechnology, fzmb GmbH,
Bad Langensalza, Germany.

Received: 22 May 2018 Accepted: 15 October 2018

References
1. Kinaci A, Neuhaus V, Ring DC. Trends in bone graft use in the United States.

Orthopedics. 2014;37:e783–8.
2. Matsa S, Murugan S, Kannadasan K. Evaluation of morbidity associated with

iliac crest harvest for alveolar cleft bone grafting. J Maxillofac Oral Surg.
2012;11:91–5.

3. Jäger M, Westhoff B, Wild A, Krauspe R. Knochenspanentnahme am Becken.
Techniken und Probleme. Orthopade 2005;34:976–82, 984, 986–90, 992–4.

4. North American bone grafts and substitutes market to hit $2.1 billion by
2023. GlobalData Plc. 2017. https://www.globaldata.com/north-american-
bone-grafts-substitutes-market-hit-2-1-billion-2023/. Accessed 15 Apr 2017.

5. Thompson DD, Simmons HA, Pirie CM, Ke HZ. FDA guidelines and animal
models for osteoporosis. Bone. 1995;17(4 Suppl):125S–33S.

6. Osteoporosis: Nonclinical evaluation of drugs intended for treatment; draft
guidance for industry; availability. Federal Register. 2016. https://www.
federalregister.gov/documents/2016/06/14/2016-13988/osteoporosis-
nonclinical-evaluation-of-drugs-intended-for-treatment-draft-guidance-for-
industry. Accessed 15 Apr 2017.

7. Muschler GF, Raut VP, Patterson TE, Wenke JC, Hollinger JO. The design and
use of animal models for translational research in bone tissue engineering
and regenerative medicine. Tissue Eng Part B Rev. 2010;16:123–45.

8. Kilborn SH, Trudel G, Uhthoff H. Review of growth plate closure compared
with age at sexual maturity and lifespan in laboratory animals. Contemp
Top Lab Anim Sci. 2002;41:21–6.

9. Muschler GF, Nakamoto C, Griffith LG. Engineering principles of clinical cell-
based tissue engineering. J Bone Joint Surg Am. 2004;86-A:1541–58.

10. Knothe Tate ML, Steck R, Forwood MR, Niederer P. In vivo demonstration of
load-induced fluid flow in the rat tibia and its potential implications for
processes associated with functional adaptation. J Exp Biol. 2000;203(Pt 18):
2737–45.

11. von Rechenberg B. Experiences with sheep models in musculoskeletal
research at the MSRU. Eur Cell Mater. 2008;16(SUPPL. 4):31.

12. Harding J, Roberts RM, Mirochnitchenko O. Large animal models for stem
cell therapy. Stem Cell Res Ther. 2013;4:23.

13. Cibelli J, Emborg ME, Prockop DJ, Roberts M, Schatten G, Rao M, et al.
Strategies for improving animal models for regenerative medicine. Cell
Stem Cell. 2013;12:271–4.

14. Gibson AJ, Coffey TJ, Werling D. Of creatures great and small: the advantages
of farm animal models in immunology research. Front Immunol. 2013;4:124.

15. Hein WR, Griebel PJ. A road less travelled: large animal models in
immunological research. Nat Rev Immunol. 2003;3:79–84.

16. Yuan H, van Blitterswijk CA, de Groot K, de Bruijn JD. Cross-species
comparison of ectopic bone formation in biphasic calcium phosphate (BCP)
and hydroxyapatite (HA) scaffolds. Tissue Eng. 2006;12:1607–15.

17. Nuss KM, Auer JA, Boos A, von Rechenberg B. An animal model in sheep for
biocompatibility testing of biomaterials in cancellous bones. BMC
Musculoskelet Disord. 2006;7:67.

18. Oheim R, Amling M, Ignatius A, Pogoda P. Large animal model for
osteoporosis in humans: the ewe. Eur Cell Mater. 2012;24:372–85.

19. Hruschka V, Tangl S, Ryabenkova Y, Heimel P, Barnewitz D, Möbus G, et al.
Comparison of nanoparticular hydroxyapatite pastes of different particle
content and size in a novel scapula defect model. Sci Rep. 2017;7:43425.

20. Schenk RK. Bone regeneration: biologic basis. In: Buser D, Dahlin C, Schenk
RK, editors. Guided bone regeneration in implant dentistry. London:
Quientessence; 1995. p. 49–100.

21. Martin RB, Burr DB. Structure, function, and adaptation of compact bone.
New York: Raven Press; 1989.

22. Spicer PP, Kretlow JD, Young S, Jansen JA, Kasper FK, Mikos AG. Evaluation
of bone regeneration using the rat critical size calvarial defect. Nat Protoc.
2012;7:1918–29.

23. Turner AS. Animal models of osteoporosis-necessity and limitations. Eur Cell
Mater. 2001;1:66–81.

24. Liebschner MAK. Biomechanical considerations of animal models used in
tissue engineering of bone. Biomaterials. 2004;25:1697–714.

25. Hannink G, Wolke JGC, Schreurs BW, Buma P. In vivo behavior of a novel
injectable calcium phosphate cement compared with two other
commercially available calcium phosphate cements. J Biomed Mater Res B
Appl Biomater. 2008;85B:478–88.

26. von Rechenberg B, Génot OR, Nuss K, Galuppo L, Fulmer M, Jacobson E, et al.
Evaluation of four biodegradable, injectable bone cements in an experimental
drill hole model in sheep. Eur J Pharm Biopharm. 2013;85:130–8.

27. Gisep A, Wieling R, Bohner M, Matter S, Schneider E, Rahn B. Resorption
patterns of calcium-phosphate cements in bone. J Biomed Mater Res A.
2003;66:532–40.

28. Theiss F, Apelt D, Brand B, Kutter A, Zlinszky K, Bohner M, et al.
Biocompatibility and resorption of a brushite calcium phosphate cement.
Biomaterials. 2005;26:4383–94.

29. van der Pol U, Mathieu L, Zeiter S, Bourban P-E, Zambelli P-Y, Pearce SG, et
al. Augmentation of bone defect healing using a new biocomposite
scaffold: an in vivo study in sheep. Acta Biomater. 2010;6:3755–62.

30. Takigami H, Kumagai K, Latson L, Togawa D, Bauer T, Powell K, et al. Bone
formation following OP-1 implantation is improved by addition of
autogenous bone marrow cells in a canine femur defect model. J Orthop
Res Off Publ Orthop Res Soc. 2007;25:1333–42.

31. Campion CR, Chander C, Buckland T, Hing K. Increasing strut porosity in
silicate-substituted calcium-phosphate bone graft substitutes enhances
osteogenesis. J Biomed Mater Res B Appl Biomater. 2011;97:245–54.

32. Pearce AI, Richards RG, Milz S, Schneider E, Pearce SG. Animal models for
implant biomaterial research in bone: a review. Eur Cell Mater. 2007;13:1–10.

33. Nafei A, Kabel J, Odgaard A, Linde F, Hvid I. Properties of growing
trabecular ovine bone. Part II: architectural and mechanical properties. J
Bone Joint Surg Br. 2000;82:921–7.

34. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG. Animal research:
reporting in vivo experiments: the ARRIVE guidelines. Br J Pharmacol. 2010;
160:1577–9.

Ferguson et al. BMC Veterinary Research          (2018) 14:330 Page 9 of 10

https://www.globaldata.com/north-american-bone-grafts-substitutes-market-hit-2-1-billion-2023/
https://www.globaldata.com/north-american-bone-grafts-substitutes-market-hit-2-1-billion-2023/
https://www.federalregister.gov/documents/2016/06/14/2016-13988/osteoporosis-nonclinical-evaluation-of-drugs-intended-for-treatment-draft-guidance-for-industry
https://www.federalregister.gov/documents/2016/06/14/2016-13988/osteoporosis-nonclinical-evaluation-of-drugs-intended-for-treatment-draft-guidance-for-industry
https://www.federalregister.gov/documents/2016/06/14/2016-13988/osteoporosis-nonclinical-evaluation-of-drugs-intended-for-treatment-draft-guidance-for-industry
https://www.federalregister.gov/documents/2016/06/14/2016-13988/osteoporosis-nonclinical-evaluation-of-drugs-intended-for-treatment-draft-guidance-for-industry


35. Barradas AMC, Yuan H, van Blitterswijk CA, Habibovic P. Osteoinductive
biomaterials: current knowledge of properties, experimental models and
biological mechanisms. Eur Cell Mater. 2011;21:407–29 discussion 429.

36. Wei L, Xue T, Yang H, Zhao G-Y, Zhang G, Lu Z-H, et al. Modified uterine
allotransplantation and immunosuppression procedure in the sheep model.
PLoS One. 2013;8:e81300.

37. Li Y, Cang M, Lee AS, Zhang K, Liu D. Reprogramming of sheep fibroblasts
into pluripotency under a drug-inducible expression of mouse-derived
defined factors. PLoS One. 2011;6:e15947.

38. Kumar D, Talluri TR, Anand T, Kues WA. Induced pluripotent stem cells:
mechanisms, achievements and perspectives in farm animals. World J Stem
Cells. 2015;7:315–28.

39. Donath K. Die Trenn-Dünnschliff-Technik zur Herstellung histologischer
Präparate von nicht schneidbaren Geweben und Materialien. Der Präparator.
1988;34:197–206.

40. Laczko J, Levai G. a simple differential staining method for semi-thin
sections of ossifying cartilage and bone tissues embedded in epoxy resin.
Mikroskopie. 1975;31:1–4.

41. R Core Team. R: A language and environment for statistical Computing R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,
URL http://www.R-project.org. 2012.

Ferguson et al. BMC Veterinary Research          (2018) 14:330 Page 10 of 10

http://www.R-project.org

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Anatomical and histological characteristics of the experimental site
	Histologic and histomorphometric healing characteristics
	Histomorphometry
	Description of technical problems with the model

	Discussion
	Conclusion
	Methods
	Animals
	Surgery
	Histology and sample preparation
	Statistical evaluation
	Micro-CT
	Abbreviations

	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

