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Introduction

The healing of a diaphyseal fracture of the cortical 
bone area is mainly characterised by callus formation, 
with both intramembranous and endochondral 
ossification, where the amount of callus depends on 
the type and stability of the fracture fixation (Claes 
et al., 1995; Claes et al., 1997; Rabie et al., 1996). In 
contrast, healing at the metaphyseal area occurs 

mainly through a direct membranous bone formation 
in the trabecular region, with little or no callus 
formation (Claes et al., 2011; Sandberg and Aspenberg, 
2016; Uhthoff and Rahn, 1981). There are many animal 
models for diaphyseal fracture healing, whereas 
only a very few in vivo models for metaphyseal bone 
healing, particularly in large animals (Alt et al., 2013; 
Beil et al., 2010; Claes et al., 2009; Claes et al., 2011; Fan 
et al., 2008; Meyer et al., 2001; Uhthoff and Rahn, 1981).
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Abstract

Despite the high incidence of metaphyseal bone fractures in patients, the mechanisms underlying the healing 
processes are poorly understood due to the lack of suitable experimental animal models. Hence, the present 
study was conducted to establish and characterise a clinically relevant large-animal model for metaphyseal 
bone healing.
	 Six female adult Merino sheep underwent full wedge-shaped osteotomy at the distal left femur metaphysis. 
The osteotomy was stabilised internally with a customised anatomical locking titanium plate that allowed 
immediate post-operative full-weight bearing. Bone healing was evaluated at 12 weeks post-fracture relative 
to the untouched right femur.
	 Histological and quantitative micro-computed tomography results revealed an increased mineralised bone 
mass with a rich bone microarchitecture. New trabeculae healed by direct intramembranous ossification, 
without callus and cartilaginous tissue formation. Stiffness at the cortical and trabecular regions was 
comparable in both groups. Functional morphological analysis of the osteocyte lacunae revealed regularly 
arranged spherically shaped lacunae along with the canalicular network. Bone surface biochemical analysis 
using time-of-flight secondary-ion mass spectrometry showed high and homogeneously distributed levels of 
calcium and collagenous components. Ultrastructure imaging of the new trabeculae revealed a characteristic 
parallel arrangement of the collagen fibrils, evenly mineralised by the dense mineral substance. The specialised 
bone cells were also characterised by their unique structural features. Bone remodelling in the fractured 
femur was evident in the higher expression levels of prominent bone formation and resorption genes. In 
conclusion, the novel metaphyseal fracture model is beneficial for studying healing and treatment options 
for the enhancement of metaphyseal bone defects.
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	 Small animal models in comparison to large 
animal models are faced with several limitations, such 
as their small skeletal size, limited life expectancy, 
and different bone status as compared to the human 
situation (Komori, 2015; Martini et al., 2001; Turner, 
2002). Some of these shortcomings are addressable 
for bone healing studies by using larger animals, 
particularly sheep (Lill et al., 2003; Martini et al., 
2001; Simpson and Murray, 2016; Turner, 2002; 
Zarrinkalam et al., 2009). These studies have revealed 
major similarities between sheep and human 
bone in terms of size, microstructure, rate of bone 
healing, and mechanical properties, regardless of the 
variations in experimental conditions used in these 
studies, such as health status of the animal, species, 
age and skeletal site (Den Boer et al., 1999; Turner et 
al., 1995; Turner, 2002).
	 Although previous studies have confirmed the 
use of sheep as a large animal model for orthopaedic 
research, their use has not yet developed into a 
clinically relevant experimental animal model for 
metaphyseal bone healing. Most sheep fracture or 
bone defect models reported in the literature were 
carried out using defects created on skeletal sites 
other than the metaphyseal area of long bones (Aaron 
and Skerry, 1994; Christou et al., 2014; Den Boer et al., 
1999). To the best of the authors’ knowledge, only 
three studies are available on metaphyseal bone 
healing using sheep models. Malhotra et al. (2014) 
have compared the healing rate of different drill-hole 
defect sizes (8, 11 and 14 mm) created in the proximal 
tibia and distal femoral epiphysis of young and adult 
sheep. In the other two studies, the healing process 
of a 3 mm partial osteotomy, created in the trochlear 
groove of the distal femur in skeletally matured sheep 
(Claes et al., 2009) and osteoporotic sheep (Bindl et 
al., 2013), was studied. Despite having interesting 
experimental outcomes, the models mentioned are 
somewhat limited by the lack of full discontinuity 
of the bone at the fracture site and the absence of a 
clinically relevant fixation technique owing to the 
simple nature of the fracture, which is often not 
the case with clinical fractures. Based on current 
literature review, a complete discontinuity of bone 
at the metaphysis and proper internal fixation are 
among the main criteria required for an animal model 
to be considered clinically relevant for a metaphyseal 
bone healing study (Cheung et al., 2016; Wong et al., 
2018).
	 The present study aimed to establish and 
characterise the healing outcome of a metaphyseal 
fracture model in the distal femur of a skeletally-
mature sheep at 12  weeks post-fracture. This new 
model employed full discontinuity of bone at the 
metaphysis, where the fracture was internally 
stabilised with an anatomical locking titanium plate 
as commonly used in clinical practice. By employing 
both basic and specialised methods, including 
micro-computed tomography (µCT), histology, 
biomechanics, quantitative PCR, time-of-flight 
secondary-ion mass spectrometry (ToF-SIMS) and 

transmission electron microscopy (TEM), the healing 
outcome of the operated left femur was compared 
to the unoperated contralateral femur. ToF-SIMS 
is a very sensitive surface analytical technique that 
is used in the field of life science for evaluating the 
molecular and elemental components of biological 
tissues (Fletcher and Vickerman, 2010; Henss et al., 
2013). Thus, by employing ToF-SIMS, the level of 
bone matrix mineralisation at the fractured area were 
determined by differentiating the organic from the 
inorganic tissue components. TEM analysis enabled 
high-resolution imaging of the ultrastructural 
components of the new trabeculae, namely bone 
mineral material, collagenous fibrils and specialised 
bone cells (osteoblasts, osteoclasts and osteocytes).

Materials and Methods

Study design and ethics statement
The local animal care committee approved the study 
according to the German animal protection laws of 
the District Government of Darmstadt under the 
reference number V 54-19 c 20/15 - FU/1061. All 
the animals were handled in conformity with the 
guidelines for care and use of laboratory animals of 
the National Institutes of Health, Bethesda, MD, USA.
	 Six 6-7 years old female Merino land sheep, with 
an average weight of 99  kg, were used. Animals 
were fed with standard sheep diet (S6189-S010; 
Sondermischung Schaf, 4-mm pellet; ssniff-
Spezialdiäten GmbH, Soest, Germany) and allowed 
free movement. 2  weeks after acclimatisation, the 
femoral osteotomy was performed. Thereafter, 
healing was allowed for 12  weeks, followed by 
euthanasia, sample harvesting and analysis using 
different methods.

Osteotomy at the distal femur metaphysis
A complete wedge-shaped osteotomy was created in 
the distal metaphyseal area of the left femur under 
sterile conditions and under general anaesthesia 
performed through intravenous administration of 
2  mg/kg propofol (20  mg/mL propofol; Fresenius 
Kabi, Bad Homburg, Germany) and 2  mg/kg 
fentanyl (50  mg/mL Fentanyl-Hameln; Hameln 
Pharmaceuticals GmbH, Hameln, Germany). After 
draping the lateral region of the left thigh, incisions 
were made to expose the lateral femur from the lateral 
condyle area to the midshaft area between the vastus 
lateralis muscle and the lateral head of the femoral 
biceps muscle. For stable fixation of the distal femur, 
a custom-made angular stable 11-hole titanium plate 
(aap Implantate AG, Berlin, Germany) was inserted 
into the lateral side of the distal femur (Fig. 1a,b). Care 
was taken to fix the locking plate to the distal femur 
just proximal to the joint line of the knee joint and a 
non-locking screw was used to fix the plate onto the 
lateral cortex through the oval hole. Six 50 mm long 
locking screws (aap Implantate AG) were fixed into 
the distal part of the plate with penetration from the 
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medial cortex, without violation of the cartilage or 
other intraarticular structures (Fig. 1c). The remaining 
locking screws were fixed into the diaphyseal region.
	 The patella was gently dislocated with the aid of 
blunt Hohmann retractors that exposed the ventral 
aspect of the distal femur. A line just proximal and 
parallel to the articular cartilage was marked. At the 
lateral aspect of the distal femur, the line was extended 
10 mm proximally and connected to the medial origin 
of the line resulting in triangular/wedge-shaped 
guidelines for subsequent sawing. The osteotomy 
was carried out using a motorised oscillating saw. 
Afterwards, the created defect (Fig. 1d) was rinsed 
with sterile water and multiple-layered wound layer 
closure was performed. Resorbable stitches were used 
for skin closure. A spray silver dressing was applied 
to prevent infection. The stable angular fixation of 
the fracture permitted the immediate post-operative 
full-weight bearing. A short video clip showing the 
surgical procedure can be viewed (Supplementary 
video file).

Post-operative follow-up
Animals were kept separate for 1  week to ensure 
wound healing and for the rest of the observation 

time in a flock on a nearby meadow, fed with 
standard diet and water ad libitum. General health 
status and wound healing were checked daily during 
the first 2 post-operative weeks by a veterinarian. 
This included administration of relevant analgesics, 
observation of weight bearing and return to daily 
activities. Thereafter, animals were monitored weekly 
until the end of the observation period. Post-operative 
X-ray of the femur on day 1 was performed without 
additional anaesthesia to ascertain if the metal 
implant was correctly placed and to exclude any 
additional peri-implant fractures of the femur.

Euthanasia and sample harvesting
All animals were euthanised at 12  weeks post-
surgery by intravenous administration of 50  mg/
kg pentobarbital (Anestesal; Pfizer) under general 
anaesthesia, as described above. After euthanasia, 
both left and right femora were harvested. Femora 
were carefully cleaned of any unwanted soft tissue in 
contact with the cortical bone surface and plates were 
carefully removed from the femora. All harvested 
femora remained stable after plate removal and no 
plate breakage was recorded. The distal ends of the 
operated left and unoperated right femora of the six 

Fig. 1. Internal fixation of the custom-made locking plate and full osteotomy on the sheep distal femur 
metaphysis. (a) Overview image of the customised titanium locking plate for fixation of the distal metaphyseal 
area of the femur. (b) The condylar part of the plate allows for stable fixation of the distal femur with six 
50 mm-long locking screws. (c) Intraoperative image after fixation of the locking plate to the lateral part 
of the left femur with stable fixation of the locking screws into the condylar area before osteotomy. (d) 
Intraoperative appearance after the creation of the wedge-shaped osteotomy with a full discontinuity at the 
femur distal metaphyseal area.
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sheep were harvested and sectioned into thin coronal 
bone slices using a diamond saw (Trennband 0. 2 mm; 
Patho-service, Oststeinbek, Germany) under constant 
cooling and, subsequently, assigned to various 
analytical methods. For biomechanical analysis, 
coronal bone slices of about 4.5  mm in thickness 
were immediately frozen without processing to 
avoid any alteration in bone quality. About 3 mm-
thick coronal bone slices were allocated for gene 
expression and TEM analysis. Samples for gene 
expression analysis were immediately placed in 
RNAlater™ (1204027, Ambion) and stored at − 80 °C 
until further processing. 4.5 mm-thick coronal bone 
slices were allocated for both µCT analysis and 
histological staining, since µCT involved no specimen 
destruction. Bone specimens were immediately fixed 
in 4 % phosphate-buffered paraformaldehyde (Carl 
Roth) and stored at 4 °C until further processing.

Sample processing
Coronal bone slices for histological analysis were 
embedded in Technovit® 9100 NEU, according to the 
manufacturer’s protocol (Heraeus Kulzer, Hanau, 
Germany). Subsequently, samples were scanned for 
µCT measurements, followed by sample sectioning 
and staining. Newly formed trabeculae harvested 
within the fractured area were used for TEM analysis 
after prior embedding in Epon 812 type resin (Serva, 
Heidelberg, Germany), as briefly described below. 
Samples were cut into smaller pieces (1-2 mm thick) 
and fixed overnight at 4 °C in yellow fix buffer and 
glutaraldehyde solution (Carl Roth). Afterwards, 
they were washed 9 times at 4 °C in 0.1 M cacodylate 
buffer (Carl Roth) under vigorous shaking and, then, 
post-fixed in 1 % osmium tetroxide (Carl Roth) for 
2 h at room temperature, followed by 6 rounds of 
washing in 0.1 M cacodylate buffer. Subsequently, 
samples were dehydrated through an ascending 
ethanol gradient, followed by xylene. Next, they were 
incubated for 72 h in 5 different infiltration solutions 
containing xylene and Epon 812 type mixtures in the 
following proportions: 

1.	 10 mL xylene + 5 mL Epon 812
2.	 5 mL xylene + 5 mL Epon 812
3.	 5 mL xylene + 10 mL Epon 812
4.	 15 mL Epon 812
5.	 15 mL Epon 812.

Finally, samples were embedded in Epon 812 type 
epoxy resin mixture, composed of 47.5 mL glycidyl 
ether resin (21045; Serva, Heidelberg, Germany), 
20  mL of 2-dodecenylsuccinic acid anhydride 
(20755; Serva), 31  mL of methylnadic-anhydride 
(29452; Serva) and 1.5  mL of 1.5  % 2,4,6-Tris 
(dimethylaminomethyl) phenol (20755; Serva) and 
polymerised for about 24 h at 60 °C.

µCT scanning
Technovit-embedded coronal bone slices were 
scanned using a Bruker µCT (SkyScan 1173) at an 
X-ray energy of 130  kV and 60 µA for assessment 
of bone microstructure, as described by Bouxsein et 

al. (2010). Samples were positioned on a computer-
controlled rotation stage and scanned at 240° around 
the vertical axis in rotation steps of 0.25° with a noise 
reduction and a frame averaging of 4-fold. A 0.25 mm 
brass filter was used for beam filtration to reduce 
beam hardening. A pair of hydroxyapatite (HA)-
phantoms with a diameter of 32  mm and mineral 
densities of 250-750 mg HA were scanned at each scan 
for system calibration of linear attenuation coefficient 
to the density of HA. Image reconstructions were 
carried out using the NRecon-Software (Bruker), 
resulting in an 8-bit grayscale image. A Gaussian filter 
(kernel = 1) was employed for image reconstruction 
with a moderate smoothing.

µCT image post-processing and data acquisition
Qualitative assessment of left femora bone specimen 
µCT images was performed by two independent 
investigators to determine the extent of bony bridging 
at both the cortical and trabecular regions of the 
fractured area. Examination was conducted with 
the Skyscan Dataviewer software (Bruker microCT, 
Kontich, Belgium) for three-dimensional (3D) image 
analysis. Before assessment, 3D images of bone 
slices were orientated in a similar direction. Then, 
the fractured area was divided into the following 
three parts: medial cortex, defect centre and lateral 
cortex. Healing at these regions was graded using the 
radiographic grading scale shown in Table 1, which 
was adapted from previous studies (Den Boer et al., 
1999; Malhotra et al., 2014). Images were reviewed 
in transverse, coronal and sagittal planes to ensure a 
thorough and precise assessment. Sum of the grades 
was used to determine the healing status of each 
specimen.
	 For quantitative analysis, a direct 3D morphometry 
of the newly formed trabeculae of the operated left 
femur was analysed and compared to the unoperated 
right femur. Creation of region of interest (ROI), 
segmentation and quantitative morphometry were 
performed using the CTAn Software (Version 1.18.4, 
Bruker). A triangular/wedge-shaped ROI was 

Table 1. Radiographic image grading scale.

0 No healing: no visible bone bridging within the 
fractured region.

1

Partial cortical and trabecular healing: minor 
bone bridging with gaps; defect visible, with 
lower radiographic density than adjacent bone 
outside the fractured region.

2

Advance cortical and trabecular healing: bone 
bridging evident with minimal gaps; defect 
visible, with radiographic density fairly similar 
to that of adjacent bone outside the fractured 
region.

3

Complete cortical and trabecular healing: 
bone bridging with no gaps; defect hardly 
visible, with radiographic density equivalent 
to adjacent bone outside the fractured region.
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manually contoured within the fractured area of the 
operated left femur and at a comparable region in 
the unoperated right femur. Cortical bone region was 
excluded from the ROI. Wedge height at the lateral 
and medial sides of each bone sample was about 
10.5 mm and 0.5 mm, respectively. Contoured wedge 
was interpolated into a defined specimen volume. For 
trabecular bone morphometry, a global threshold of 
30 % of the maximum grey values corresponding to 
a mineral density of 400 mg HA/cm3 was defined. 
The analysis approach was adapted from previous 
reports (Morgan et al., 2009; Nyman et al., 2009).

Biomechanical analysis
Stiffness of the trabecular and cortical regions within 
and adjacent to the fractured area was determined 
using an indentation test. To enable comparison, 
similar points were also measured from the matching 
unoperated right femur. Non-processed fresh coronal 
bone sections with a thickness of about 4.5 mm were 
used for analysis. Samples were marked at nine points 
with a special water insoluble pen (Fig. 2). Points 2, 
5, 7, 8 and 9 were within the fracture area, 1 and 3 

were around the cortical region while 4 and 6 were 
located within the inner part of the bone adjacent to 
the fracture area. Thereafter, the indentation test was 
performed on the marked points using a standard 
material test machine (Z10, Zwick Roell, Ulm, 
Germany). The machine was fitted with a force sensor 
(500  N maximum load, KAF-Tw, A.S.T., Dresden, 
Germany) and the deformation was measured with 
a laser distance sensor (IL-D220-20, Mikro-Epsilon, 
Ortenburg, Germany). Samples were placed on an 
even surface and kept moist throughout the test 
using 0.9 % sodium chloride solution. After applying 
a preload of 5 N with a stamp of 2.6 mm in diameter, 
the indentation test was conducted at a constant 
deformation rate of 1  mm/min. Measurement was 
automatically terminated if either the sample failed to 
withstand the applied force or a compressive force of 
120 N was reached. Stiffness (N/mm) was calculated 
from the linear part of the force-deformation curve. 
This occurred at an indentation depth of maximally 
10 % of the sample height for trabecular bone and 
around 2 % of the sample height for cortical bone.

Fig. 2. Localisation of indentation points. Schematic representation of the measurement locations on the 
bone slices of the (a) operated left femur and (b) unoperated right femur. Photographs of coronal bone slices 
of the (c) operated left femur and (d) unoperated right distal femur. The dashed-wedge-shape outline shows 
the fractured area.
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Histological analysis
A part of each of the Technovit-embedded samples 
was ground and polished to about 70 µm in thickness 
using a cutting-grinding machine (Exakt-300, EXAKT 
Advanced Technologies, Norderstedt, Germany); 
the remaining part was trimmed and sectioned 
into 5  µm-thick sections using the Kawamoto’s 
film [Cryofilm type 2C (9), Section-Lab Co. Ltd., 
Hiroshima , Japan] on a microtome (RM2155, Leica) 
equipped with a hard-metal knife (400215, Leica). 
The undecalcified ground sections were stained 
with Masson-Goldner trichrome to investigate the 
microstructural features of the newly formed cortical 
and trabecular bone within the fractured area, as 
described below. Briefly, samples were deplastified in 
2-methoxyethyl-acetate-1 (Merck) and, subsequently, 
rehydrated in a graded ethanol series. Samples were 
stained with Wiegert’s iron haematoxylin A + B (Carl 
Roth) and, then, in Masson solution prepared from 
Ponceau-fuchsin S-azophloxin compounds (Chroma, 
Münster, Germany). Afterwards, the samples were 
rinsed in 1 % acetic acid (Merck) and immersed in 
tungstophosphoric acid orange G solution (Merck 
and Chroma). Finally, samples were stained with 
0.2 % light green (Fluka), rinsed in 1 % acetic acid and 
dehydrated very rapidly in 100 % ethanol followed 
by clearing in xylene (Carl Roth).
	 Undecalcified bone sections were stained with 
von Kossa-van Gieson to differentiate the mineralised 
bone area from the osteoid area and to quantify the 
newly mineralised bone within the fractured area, as 
described briefly below. Samples were deplastified 
in 2-methoxyethyl-acetate and, then, rehydrated in a 
decreasing ethanol series. Thereafter, samples were 
stained with von Kossa by incubation for 5 min in 3 % 
silver nitrate solution (131459, Applichem) and for 
about 2 min in 10 % sodium carbonate-formaldehyde 
solution. Subsequently, samples were fixed in 5 % 
sodium-thiosulphate solution (Merck) for 5  min 
and contrasted in 0.8 % methyl green solution (Carl 
Roth) for 8 min. Next, samples were stained with van 
Gieson by incubation in Weigert’s iron haematoxylin 
for 6 min, washing under flowing tap water for 10 min 
and immersion in van Gieson solution (Chroma) for 
5  min. Thereafter, samples were dehydrated very 
quickly in ethanol and cleared in xylene.
	 Undecalcified bone sections were stained with 
silver nitrate to visualise the morphology of the 
osteocyte-lacuna canaliculi network and quantify the 
osteocyte lacunae within the fractured area. Briefly, 
after sample deplastification and rehydration, bone 
sections were decalcified in a solution containing 
3.4 % Tris (Carl Roth) and 10 % Titriplex III (Merck) 
for 3 d. Thereafter, samples were stained with a silver 
nitrate mixture for 90 min in a dark chamber and, 
then, incubated in 5 % sodium-thiosulphate solution 
for 10 min. Subsequently, samples were dehydrated 
through an ascending ethanol gradient and cleared 
in xylene.

Light microscopy
Images were acquired using a Leica microscopy 
system (Leica DM5500 photomicroscope equipped 
with a DFC7000 camera and operated by LASX 
software version 3.0).

ToF-SIMS analysis
To study the local distribution of calcium and 
collagen within the fractured area, undecalcified 
coronal ground sections were scanned using the ToF-
SIMS 5-100 machine (IONTOF Company, Münster, 
Germany) equipped with a 25  keV Bi-cluster ion 
source for surface analysis. ToF-SIMS method has 
been previously described (Schueler, 2013). Briefly, 
a primary ion gun using Bi3+ as main ion species 
was operated in the high current bunched (hc-bu) 
mode with the highest mass resolution and a lateral 
resolution of about 10 µm. Ca+ signal represented 
the mineralised area while signals collected from 
C4H8N+, a proline fragment, which is one of the 
main components of collagen, was used to image 
the collagen distribution (Henss et al., 2013). To 
obtain a good mass image of the bone slice, an entire 
stage scan with a density of 100 pixel/mm, a cycle 
time of 60 µs, 5 frames per patch and 3 scans were 
generated. Single images with sizes of 400 × 400 µm2 
were stitched together to obtain areas of several mm2. 
Data evaluation was performed with Surface Lab 6.7 
software of IONTOF Company.

Ultramicrotomy
Epon-embedded samples were first cut into semi-
thin 0.5  µm-thick sections. Sections were stained 
with toluidine and safranin O solution and, then, 
visualised using the light microscope to localise the 
ROI for further electron microscope investigation. 
Then, ultra-thin sections in the range of 60-80  nm 
thickness were cut from the localised region 
using an ultra-microtome (Reichert-Jung ultra-cut 
701701, Leica microsystems, Wetzlar, Germany) 
equipped with a diamond knife (DU3525, Diatome, 
Nidau, Switzerland). Subsequently, sections were 
contrasted with 0.5 % uranyl acetate (Ultrostain 1, 
Laurylab, Brindas, France) for 30 min and 3 % lead 
citrate (Ultrostain 2, Leica) for 80 s using the Leica 
contrasting machine (Leica EM AC20) according to 
the manufacturer’s protocol.

TEM
Images were acquired using a Zeiss TEM system 
(Zeiss EM912 OMEGA) equipped with a camera (TRS 
Sharp Eye 2k slow-scan CCD, Tröndle, Moorenweis, 
Moorenweis) and controlled by the Olympus iTEM 
software (Olympus, Tokyo, Japan).

Gene expression analysis
Fresh-frozen bone slices stored in RNAlater solution 
at − 80 °C were thawed at room temperature. Newly 
formed trabeculae within the fractured area of 
the operated femur were carefully selected. For 
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comparison, trabecular bone was also collected from 
the metaphyseal area of the unoperated contralateral 
side. Subsequently, about 50  mg were collected 
from each sample with the aid of forceps for RNA 
isolation using the Lipid Tissue Mini Kit (160021969, 
Qiagen) according to the manufacturer’s protocol. 
Isolated RNA was quantified using the NanoDrop™ 
1000 Spectrophotometer (NanoDrop Technologies, 
Wilmington, Delaware, USA). After DNase treatment 
to remove genomic DNA, 0.5  µg RNA from each 
sample were reversed transcribed to cDNA using 
the QuantiTect Reverse Transcription Kit (157036867, 
Qiagen), as described by the manufacturer.
	 Quantitative PCR analysis of major bone formation 
markers, namely bone morphogenetic protein-2 
(BMP2), osteoprotegerin (OPG), alkaline phosphatase 
(ALP), osteocalcin (BGLAP), collagen type-1 alpha-1 
(COL1A1) and collagen type-2 alpha-1 (COL2A1), 
and bone resorption markers, including receptor 
activator of NF-kB ligand (RANKL) and cathepsin-K 
(CTSK), was performed with the Quantifast SYBR 
Green PCR Mastermix kit (151050429, Qiagen) on 
the LightCycler® 2.0 instrument (software version 
4.1, Roche). Beta-2 microglobulin (B2M) was used 
as reference gene. The thermal cycling program 
comprised of 1 denaturation cycle at 95 °C for 5 min 
followed by 40 cycles at 95 °C for 10 s and at 60 °C 
for 30 s. Specificity of the amplicon was verified with 
a melting curve analysis: temperature was gradually 
increased to 95  °C, followed by 15  s at 60  °C and 
subsequent return to 95  °C. The final cycle was a 
cooling step at 40 °C for 30 s. Each sample was treated 
in duplicate with necessary controls. Mean values 
were determined and normalised to the reference 
gene, B2M. Afterwards, relative expression of the 
target gene of the operated left femur was compared 
to that of the unoperated right femur using the 2-ΔCT 
method (Livak and Schmittgen, 2001). Forward and 
reverse sequence of all the primers and the amplicon 
length are reported in Table 2.

Statistical analysis
Data analysis and graphical presentations were 
carried out using GraphPad Prism 7.0 (GraphPad 
Software Inc.) and SPSS (V.22.0, SPSS Inc.). All 
results are presented as means ± standard error of 
the mean. Mean values from the operated left femur 

were compared with those of the unoperated right 
femur using the Wilcoxon matched-pairs signed rank 
test or paired Student’s t-test. p < 05 was considered 
statistically significant.

Results

Clinical observations
All six animals tolerated the 10 mm osteotomy gap 
created at the distal metaphyseal area of the left 
femur. They returned to their normal activity and 
full load bearing around day 3 post-surgery. Post-
operative X-ray of the femur revealed the fractured 
gap at the metaphyseal area of the distal femur with 
correct placement of the plate and locking screws that 
extended into the epiphysis for better stability of the 
fracture (Fig. 3a,b). All sheep survived throughout 
the observation period without any plate breakage, 
fracture or other relevant adverse events and could 
be euthanised according to the study protocol.

µCT analysis
Healing quality at the fractured area was determined 
by a macroscopic analysis of the reconstructed 3D 
µCT images of the bone slices. Qualitatively, images 
of all samples revealed a complete bridging of the 
fracture gap from the medial side up to two-thirds 
of the fractured area. Four out of six samples (Fig. 
4a-d) achieved almost complete bridging of the entire 
fracture gap from the medial to the lateral cortex; 
the remaining two samples attained partial healing 
(Fig. 4e,f). Blind scoring of the healing degree by two 
independent investigators ranged between 4 and 8.5 
from a total score of 9 (Fig. 5).
	 Direct 3D-quantitative morphometry of a defined 
ROI within the trabecular bone area of the operated 
femur and a corresponding region within the 
unoperated femur showed that bone volume (BV) 
and bone volume to total volume ratio (BV/TV) 
were comparable in both femora (Fig. 6a,b). Also, the 
number of trabeculae within the healed femora was 
comparable to the unoperated contralateral side (Fig. 
6c). However, thickness and spacing of the trabeculae 
were significantly increased in the operated femora 
when compared to the unoperated side (Fig. 6d,e). 
The structural model index (SMI), a parameter for 

Table 2. Forward and reverse primer sequence of the target genes.

Target gene Forward sequence (5’-3’) Reverse sequence (5’-3’) Amplicon length (bp)
BGLAP CAGCGAGGTGGTGAAGAGAC GCTCATCACAGTCAGGGTTG 122
CTSK GGGTCAATGTGGTTCCTGTT GCAGCCATCATTCTCAGACA 133
COL1A1 CCAGTCACCTGCGTACAGAACG GCCAGTGTCTCCTTTGGGTCC 246
ALP TCAGCAGACCCTGAAAAATG TTCTTAGCCACGTTGGTGTTG 60
BMP2 GAAAGGACACCCTCTCCACAG GCAACGATCCAGTCATTCCAC 135
OPG AAACAGCGACACAACTCACG TGTCCAATATGCCTCCTCACG 140
RANKL CTGTGCAGAAGGAAATGCAAC GCGTTAATCGTGAGATGGGC 139
COL2A1 ACCCAGAACCAACACAATCC TCAGTGCAGAGTCCTAGAGTG 81
B2M CCAGAAGATGGAAAGCCAAA AGCGTGGGACAGAAGGTAGA 159
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estimating trabecular shape, was also significantly 
lower in the operated femora (Fig. 6f).

Bone biomechanical strength analysis
An indentation test on nine different points covering 
both the trabecular and cortical regions within the 
fractured region and sub-regions was performed on 
the bone slices to compare the stiffness of the operated 
left to the unoperated right femora. Quantitative 
assessment of the mechanical strength of the newly 
formed bone based on the degree of stiffness showed 
that the operated femora, both at the cortical and 
trabecular area, were not statistically different from 
the intact contralateral side (Fig. 7). Moreover, the 
stiffness at the cortical area of both operated and 
unoperated femora was about 2-fold more than in 
the trabecular area.

Qualitative histology
The overall microstructural appearance of the newly 
formed bone was determined by Masson-Goldner 
trichrome staining. An advanced bony bridging 
that correlated with radiological image was evident. 
Medially, there was both inter-cortical and trabecular 
bone bridging of the fractured area, as shown in the 
representative overview image of sheep 2 (Fig. 8a). 
The fractured area was almost completely bridged 
with new bone, as seen in the radiological image. 
Only a minor area within the trabeculae was bridged 
with soft connective tissue, mostly in the form of 

dense collagenous fibres. The bridged cortical bone 
area revealed tightly-packed osteons of concentric 
lamellae, while the connective tissue area showed 
dense collagenous fibres (Fig. 8b,c). The newly formed 
trabecular bone revealed dense and well-structured 
trabeculae and marrow space enriched with adipose 
tissue, as the native bone lying outside the fractured 
area (Fig. 8d). Also, chondrocytes were absent in the 
fractured area. The new trabeculae formed through 
a direct membranous transformation into bone at 
the marrow cavity without any observable callus. 
However, a thin layer of periosteal callus was seen 
only at the medial end of the femoral cortex; whereas, 
at the lateral cortex, no external callus formation 
was visible. Furthermore, the level of the new bone 
matrix mineralisation was determined by von Kossa-
van Gieson staining. The images revealed a large 
mineralised bone area (black staining) and a smaller 
osteoid area (pink staining) in the fractured area 
comparable to the native bone lying outside (Fig. 
9a). The osteoid region surrounded the mineralised 
area and was majorly composed of dense collagenous 
fibres with numerous osteoblasts embedded within 
(Fig. 9b,c). Histomorphometric quantification of both 
areas revealed 40 % of a mineralised area and 20 % 
of an osteoid area.
	 The quality of the healing outcome in the fractured 
area was further characterised by quantifying 
osteocytes lacunae and morphological arrangement 
of the osteocyte-lacuna canaliculi network. Images of 

Fig. 3. Post-operative X-ray analysis of the operated femur. (a) Post-operative X-ray image on day 1 revealed 
the wedge-shaped metaphyseal fracture in the frontal plane on the anteroposterior view (arrow) fixed in 
place with locking plate and screws. (b) Lateral view showing proper alignment of the plate along the femur 
axis. The fracture is not visible on the lateral image due to the overlying plate.
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Fig. 4. µCT image evaluation of the healing status of all six sheep at 12 weeks post-fracture. Four out of 
six sheep, namely sheep (a) 2, (b) 3, (c) 5 and (d) 6, showed almost complete bony bridging of the whole 
fractured area. Partial bony bridging of the fracture gap was seen in (e) sheep 1 and (f) 4. Wedge-shaped 
outline shows the fractured area.
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decalcified bone sections stained with silver nitrate 
revealed mostly spherically shaped osteocytes lacunae 
organised in lamellae and interconnected through 
canaliculi, which resembled those of the unoperated 
contralateral side (Fig. 9d-f). The canalicular 
system was mostly arranged perpendicular to 
the longitudinal axis of the trabeculae. There 
was an increased number of osteocytes lacunae 
in the fractured area. However, the amount was 
significantly higher in the unoperated femora (Fig. 
9g). Empty lacunae were mostly seen at the lateral 
cortex, where the least bone bridging occurred.

ToF-SIMS analysis
Local distribution pattern of calcium and collagen 
components of the newly formed bone within the 
fractured area was analysed by ToF-SIMS. Mass 
images of calcium and collagen, represented by Ca+ 
and C4H8N+ signals, respectively, as well as overlay 
images were generated (Fig. 10). Calcium mapping 
revealed a quite homogeneous calcium distribution, 
with increased calcium content in the cortical region. 
The colour scale encoded the signal intensity for 
each pixel, which meant the brighter the colour, 

Fig. 6. Quantitative µCT image analysis. A direct 3D quantitative morphometry of a defined ROI within 
the trabeculae of the operated left femur and the unoperated contralateral side showing positive structural 
changes of the new trabeculae as revealed by a higher (a) BV, (b) BV/TV and (c) comparable number of 
trabeculae (Tb.N). (d,e) Significantly higher trabecular spacing (Tb.Sp) and thickness (Tb.Th). (f) Negative 
SMI value. ns = not significant.

Fig. 5. Qualitative evaluation of the extent of bone 
healing. Healing score was determined from the 
macroscopic assessment of the fractured area from 
the medial cortex to the lateral side.

the more the detected signal. Collagen signal also 
showed a homogeneous distribution within the 
dense trabecular network. No obvious difference 
was seen in Ca+ and collagen signal intensity between 
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Fig. 7. Assessment of biomechanical competence of 
the newly formed bone. Bone stiffness at the cortical 
and trabecular areas of the operated and unoperated 
femora. Bone stiffness of the operated femur was 
not statistically different from the unoperated right 
femur. Stiffness was about two-fold higher in the 
cortical area of both groups.

Fig. 8. Microstructural features of the newly formed cortical and trabecular bone in the fractured area. 
(a) Overview image of a coronal bone section of sheep number 2 stained with Masson-Goldner trichrome 
showing an advanced bony bridging at the fractured area. Gap was almost completely replaced with new 
bone with an appearance comparable to the native bone outside the fracture site. No callus formation was 
evident at the lateral cortex whereas a thin layer of periosteal callus was visible at the medial end. A minor 
area within the trabeculae was filled with soft connective tissue, marked as c. Detail images of (b) cortical 
bone area showing a compact mineralised cortex with the typical Haversian system, (c) connective tissue 
showing bundles of dense collagenous fibres and (d) trabecular bone area revealing dense and well-structured 
mineralised trabeculae with marrow cavity lying within. The mineralised bone area was stained greenish-
orange and the unmineralised bone area was stained green.
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Fig. 9. Major bone matrix mineralisation and regularly arranged osteocytes lacunae with the canaliculi 
network as proof of new bone maturation. (a) Overview image of an undecalcified bone section of the 
operated femur stained with von Kossa-van Gieson showing the mineralised area in black and the osteoid 
area in pink within the fractured area, as represented with the dashed-line. (b) A close-up image of the 
fractured area revealed mainly mineralised bone area. (c) The minor osteoid area revealed collagenous fibres 
that surrounded and lined the surface of the mineralised bone with numerous osteoblasts cells embedded 
within. (d) Overview image of a decalcified silver nitrate stained bone section of the operated femur showing 
abundant spherically shaped osteocytes (arrows) regularly arranged within the trabecular lamellae. Close-up 
images of (e) operated and (f) unoperated femur revealed similar osteocyte-lacuna canaliculi network. The 
canaliculi networks were arranged perpendicular to the bone surface (arrowheads). (f) The number of the 
osteocyte lacunae was significantly higher in the unoperated femur.
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Fig. 10. Local distribution pattern of calcium and collagen in the fractured area. Mass images of (a) Ca+ and 
(b) collagen fragment C4H8N+ showed homogenous intensity distribution within and outside the fractured area. 
(c) An overlay image of calcium in red and collagen in green. Unmineralised collagen signal was detectable at 
the edge of the medial cortex. Line scans below the Ca+ and C4H8N+ mass images showed the signal intensity 
of calcium and collagen, respectively, within the fractured area, as marked with the white rectangle. Signal 
intensity generated in the y-axis was summed up and plotted against the distance in the x-axis.

Fig. 11. Ultrastructure of organic matrix and bone mineral material. (a,b) Sample electron micrographs 
showed the unmineralised organic matrix consisting mostly of collagen fibrils closely packed and parallel 
arranged. The densely mineralised area revealed a homogenous distribution of the bone mineral substance 
that localised within and on the collagen fibrils (arrows). At the active mineralisation front, the organic 
matrix appeared less dense.
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the newly formed bone in the fractured area and the 
native bone outside the fracture area. The line scan, 
giving the summed signal intensity along the x-axis, 
revealed higher calcium and collagen signal intensity 
at the dense cortical bone region in comparison to 
the trabecular bone region. However, within the 
fractured gap, the line scans complemented the 
mappings and demonstrated the presence of calcium 
and collagen in the fractured area.

Ultrastructural analysis
To further characterise the composition of the organic 
and inorganic matrix as well as the unique structural 

features of osteoblasts, osteoclasts and osteocytes 
within the new trabeculae, the ultrastructural analysis 
was carried out by TEM.

Ultrastructure of organic matrix and bone mineral mate-
rial
The unmineralised organic matrix revealed smooth 
bundles of collagenous fibres (Fig. 11a,b). The fibrils 
had a thickness of about 50  nm and were tightly 
packed together in a parallel orientation, with their 
architecture resembling that of type I collagen. The 
organic matrix was homogenously mineralised by 
densely distributed bone mineral particle of a few 

Fig. 12. Osteoblast ultrastructure. (a) Active osteoblasts (obs) in cuboidal shape containing a large nucleus 
located perpendicular to the bone surface. (b) A close-up image of an obs revealed several electron-dense 
rough endoplasmic reticulum areas (rER) and mitochondria (m). Osteoblasts were attached to the bone surface 
by short electron-dense filopodia (arrows). Less active osteoblasts with elongated cytoplasmic extensions 
that appeared (c) less cuboidal and (d) flattened were evident. The less active osteoblasts occupied the less 
dense osteoid layer separating them from the more electron dense mineralised bone surface.
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micrometres thickness. Bone mineral deposition was 
both parallel and perpendicular to the direction of the 
collagen fibrils. Collagen fibril aggregation increased 
as more mineral particles were deposited within and 
on the fibrillar space. The partly mineralised area 
could be seen at the mineralisation front.

Ultrastructure of osteoblasts
Osteoblasts with different shapes, sizes and 
arrangements were evident in the new trabeculae. 
Osteoblasts were actively involved in the secretion 
of the new bone matrix along the mineralised bone 

surface. Active osteoblasts were mostly cuboidal 
shaped and arranged perpendicularly to the bone 
surface (Fig. 12a). Their nucleus was positioned 
opposite to the bone surface. A closer look into 
one of the osteoblasts revealed numerous rough 
endoplasmic reticulum areas and mitochondria 
within the cytoplasm (Fig. 12b). Furthermore, less 
active osteoblasts that were less rounded (Fig. 12c) 
and, in some cases, almost flattened along the bone 
surface (Fig. 12d) were seen located at the osteoid 
layer, which separated them from the mineralised 
bone area. Unlike the active osteoblasts, they 

Fig. 13. Osteoclast ultrastructure. Osteoclasts (ocs) actively involved in bone resorption were attached (a) 
directly to the bone surface and (b) some located near the bone surface. Their large nuclei were positioned 
away from the resorption area. (c) A higher magnification of b revealed several cytoplasmic components 
surrounding the nucleus. The nucleus (black arrow) also revealed its highly electron-dense nucleolus, located 
at the centre (white arrow). (d) A close-up image of the ruffled border showed deep invagination of the cell 
membrane into the resorption area (arrows). Small and large sized vacuoles (labelled V) and mitochondria 
(arrow head) localised very close to the ruffled border.
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appeared less developed and had several elongated 
cytoplasmic components.

Ultrastructure of osteoclasts
Large multinucleated osteoclasts actively involved in 
the resorption process were localised at the trabecular 
bone surface (Fig. 13a) and in the vicinity of bone (Fig. 
13b). Their nuclei, surrounded by Golgi apparatus 
components, were distributed in the cytoplasm and 
positioned away from the resorption area. Osteoclasts 
revealed typical prominent ruffled borders, known as 
active resorption sites, that directly connected them 
to the bone surface. Numerous large vacuoles, as 
well as mitochondria, were located very close to the 
ruffled border (Fig. 13c). A closer look into the ruffled 
border (Fig. 13d) revealed deep invaginations of the 
cell membrane in the area of the tissue to be resorbed.

Ultrastructure of osteocytes
Mature star-shaped osteocytes localised individually 
in flattened periosteocytic lacunae and embedded 
inside the fully mineralised bone matrix were 
evident in the new trabeculae (Fig. 14a). Furthermore, 
osteocytes surrounded by osteoid or partially 
mineralised bone matrix, referred to as osteoid-
osteocytes or young osteocytes, were seen connected 
by their cytoplasmic extensions to osteoblasts at 
the bone surface (Fig. 14b). A close-up image of a 
young osteocyte revealed long filopodia that linked 
it to the adjacent osteoblast on the bone surface. In 
comparison to osteoblasts, their nuclei appeared 
more prominent and their cytoplasm seemed less 
abundant.

Gene expression analysis
Gene expression of prominent bone formation 
and resorption markers in the fractured area was 
investigated by quantitative PCR. Although most 
of the tested genes appeared to be more expressed 
in the operated femora, the expressed quantities 
were not statistically different from those of the 
unoperated right femora (Fig. 15). The bone turnover 
markers, namely COL1A1 – a major extracellular 
matrix collagenous protein – BGLAP and ALP – 
major osteoblast markers known to support bone 
matrix mineralisation – were increased, whereas OPG 
and BMP2 were reduced. Furthermore, COL2A1, a 
marker of tissue cartilage, was expressed in negligible 
quantity in both the operated and unoperated 
femora (Fig. 15a-f). The reduced expression of OPG 
correlated positively with that of its agonist RANKL, 
which was similarly expressed, resulting in a similar 
RANKL/OPG ratio between operated and unoperated 
femora (Fig. 15f-h). CTSK, a major bone resorption 
marker, was expressed more in the operated femora 
relative to the unoperated ones (Fig. 15i).

Discussion

The present study was intended to establish and 
characterise a clinically relevant metaphyseal 
fracture model in the distal femur of adult sheep. 
The three main parameters identified from clinical 
practice for such a model to be clinically relevant 
include: i) full discontinuity of the metaphyseal 
area, ii) comparable internal fixation method and iii) 

Fig. 14. Osteocyte ultrastructure. (a) Micrograph of the matured star-shaped osteocytes (arrow) embedded 
within a fully mineralised bone matrix. A close-up image of an osteocyte (see the insert) revealed its flattened 
periosteocytic lacuna and the prominent nucleus. (b) Micrograph of a young osteocyte localised in the 
osteoid area and connected through cytoplasmic projections to an adjacent osteoblast. A close-up image of 
the connecting area, as shown in the insert, revealed long filopodia (arrow) adjoining the osteocyte to the 
adjacent osteoblast.
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Fig. 15. Relative gene expression analysis using quantitative PCR. Relative expression of major bone 
formation markers, (a) CoL1A1, (b) CoL2A1, (c) ALP, (d) BGLAP, (e) BMP2 and (f) OPG, and bone 
resorption markers, (g) RANKL and (i) CTSK, in the operated left and unoperated right femora. (h) 
RANKL/OPG was similar in both operated and unoperated contralateral femora.
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post-operative full-weight bearing of the operated 
hind limb (Cheung et al., 2016; Wong et al., 2018). 
The establishment of the fracture gap at the distal 
metaphyseal region of the femur is of clinical 
relevance due to the high prevalence of fractures 
at this bone area (Mosekilde et al., 2000; Riggs and 
Melton, 1986). To generate full discontinuity at the 
metaphysis, a wedge-shaped fracture with a medial 
gap of approximately 0.1 mm and a width of 10 mm 
at the lateral end of the femoral cortex was chosen. 
As previously shown in a rat model, the wedge-shape 
conferred better stability at the medial cortex (Alt 
et al., 2013). It also eliminates the possible need for 
an additional fixation at the medial side that would 
have been necessary in case of a uniformly sized 
osteotomy. The full discontinuity allows comparison 
to frequently observed comminution defect zones in 
metaphyseal fractures in patients. The fracture gap 
was stabilised internally using a customised titanium 
locking-plate construct, which is also comparable to 
the fixation method used in patients with this type 
of fracture. A major benefit of this fixation technique 
is the allowance of full-weight bearing without any 
restriction for the animal. Since the selection of an 
appropriate time point is essential for achieving a 
successful bone regeneration, a 12-week healing 
time was decided upon based on the suggested 
estimated time of 10-14 weeks for the union of long 
bone defects in sheep (Mills and Simpson, 2012). 
Also, previous studies have reported the successful 
healing outcome at 12  weeks in both human and 
animal models (Christou et al., 2014; Den Boer et al., 
1999; Henderson et al., 2010).
	 All animals survived the surgical procedure and 
returned to their normal activity as well as full load 
bearing around day 3 post-surgery. Also, no form of 
plate breakage or secondary fracture was seen in the 
animals throughout the 12-week observation period. 
Therefore, all three identified parameters could be 
translated into the presented large animal model. 
Both the qualitative µCT and histological evaluation 
of the bone samples from the medial to the lateral end 
of the fractured gap showed prominent bony bridging 
from the medial cortex up to two-thirds of the defect. 
The lack of external callus formation at the lateral 
end of the cortex suggested good biomechanical 
stability achieved by the rigid internal fixation. This 
observation in the fractured metaphysis is similar 
to those of Claes et al. (1997) who linked periosteal 
callus formation in the metatarsus diaphysis to the 
size of interfragmentary movement and strain. They 
showed that higher interfragmentary movement, 
even though in the smaller gap, can have a negative 
impact on the overall diaphyseal fracture healing and 
the resulting instability most often leads to external 
callus formation. A similar finding by Henderson et al. 
(2010) showed decreased periosteal callus formation 
in patients with distal femoral fracture stabilised 
with a stable locking plate. However, the thin layer 
of periosteal callus found at the end of the medial 
cortex, where the defect was only 0.1 mm wide, could 

be likely due to minor periodic movements in this 
region since the major stability was provided at the 
lateral side of the femur by the locking plate. Such 
minor periodic movements are beneficial for optimal 
healing of trabecular bone both in humans and other 
animals (Claes et al., 2011; Lutz et al., 2015; Vicenti et 
al., 2014).
	 The new trabecular bone that bridged the 
fracture gap formed through direct membranous 
transformation into bone at the marrow cavity without 
any observable callus. The absence of cartilaginous 
tissue within the new trabeculae, as evidenced by 
the lack of chondrocytes and the negligible quantity 
of COL2A1, supported the notion of a direct bone 
transformation without an endochondral healing 
phase requiring cartilage formation. Cartilaginous 
tissue formation is linked to instability in both 
cortical and trabecular bone healing. Thus, the 
direct transformation into new bone without any 
cartilage stage could also be attributed to the good 
biomechanical stability provided by the locking plate. 
These results supported previous observations that 
metaphyseal bone healing occurs through a direct 
intramembranous bone formation under stable 
biomechanical conditions (Claes et al., 2009; Sandberg 
and Aspenberg, 2016; Uhthoff and Rahn, 1981). 
Furthermore, the presence of the Haversian system, 
consisting of tightly packed osteons of concentric 
lamellae at the newly bridged cortical bone area, is 
typical for a mature sheep compact bone and, also, 
similar to that of humans (Kalu, 1999; Martiniaková 
et al., 2007).
	 The high healing scores of the µCT images were 
good predictors of the healing outcome and correlated 
with the quantitative µCT results. The increased bone 
mass, also evident by the high percentage BV fraction, 
was comparable to the unoperated contralateral side. 
The improved quality of the newly formed trabeculae 
microarchitecture was evident in the derived key 
morphometric parameters. The significantly thicker 
trabecular bone and separation of the operated left 
femur also indicate dense trabeculae with abundant 
marrow-filled cavities. This suggested that bone 
healing in the fractured femur was still under 
remodelling, unlike in the contralateral femur where 
the aged trabeculae were not in remodelling, hence 
the thinner trabecular bone (Burr, 2002; Parfitt, 2002). 
The negative SMI values of the operated femur also 
suggested dense trabeculae with plate-like structure 
while the positive SMI value of the unoperated side 
suggested thinner trabeculae with a more or less rod-
like shape (Hildebrand et al., 1999; Hildebrand and 
Rüegsegger, 1997).
	 The newly formed bone that bridged the fractured 
gap also attained major matrix mineralisation as seen 
from the two-fold increase in the mineralised bone 
area when compared to the osteoid area. ToF-SIMS 
analysis is an excellent method to identify mineralised 
tissue (Ray et al., 2018; Thormann et al., 2013). The high 
calcium signal shows a high level of mineralisation of 
the newly formed bone matrix. Under-mineralisation 
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with increased heterogeneity of calcium in the bone 
matrix is reported in patients with fragility fractures 
in the metaphyseal area (Fratzl-Zelman et al., 2011). 
The increased mineralisation correlated positively 
with the high stiffness measured at both the newly 
formed cortical and trabecular bone areas of the 
operated femur, which was quite comparable to the 
unoperated femur. The higher stiffness recorded 
at the bridged cortical bone area was in line with 
previous reports and could be attributed to its 
unique structural features (Clarke, 2008; Oftadeh 
et al., 2015; Zysset et al., 1999). Furthermore, the 
similar distribution pattern observed in the collagen 
component of the fractured area implied abundant 
organic matrix. This observation, in agreement with 
several others, indicated that the quality of both 
organic and inorganic bone components played 
a major role in determining the ultimate bone 
mechanical strength (Wang et al., 2002; Zioupos et 
al., 1999).
	 The positive healing outcome was also reflected 
in the well-established osteocyte-lacuna canaliculi 
network, which showed proper formation and 
maturation of the newly formed bone. It also reflected 
an active involvement of the osteocytes in the 
regulation of local strains that might have occurred 
during mechanical loading episodes, thus, suggesting 
their role in mechanosensing (Aarden et al., 1994; 
Hemmatian et al., 2017; Klein-Nulend et al., 2013). In 
small animal models of osteoporosis, osteocyte death 
is associated with a reduction in bone formation and 
mechanical strength (Ma et al., 2008; O’Brien et al., 
2004). Similarly, bone loss, as reported in ovine and 
human models of osteoporosis, is caused by low 
osteocyte density along with an increasing number 
of empty lacunae (Mullender et al., 2005; Zarrinkalam 
et al., 2012). Given that the number of osteocytes and 
their appropriate response to mechanical stimuli is 
vital to the maintenance of superior bone quality, it 
is suggested that the increased density of osteocytes 
lacunae positively influenced the recruitment of 
active osteoblasts, osteoclasts as well as other relevant 
growth factors necessary for remodelling.
	 Changes in osteocyte-lacuna morphology and 
arrangement are recently proposed to influence the 
way bone responds to the applied mechanical signal 
during ageing and/or disease (Hemmatian et al., 
2017). A previous study by Carter et al. (2013) showed 
that osteocyte lacunae of the human femora become 
smaller and spherically shaped with ageing. Ubaidus 
et al. (2009) reported uniformity in the arrangement 
of the osteocyte-lacuna canalicular system in healthy 
bones. In line with the present study observation, they 
reported that osteocytes align parallel longitudinally 
to the bone surface and the canaliculi network 
extends perpendicularly. Therefore, the dominance 
of spherically shaped osteocyte lacunae along with 
regular canaliculi system in the newly formed 
trabeculae of the operated as well as the unoperated 
femora indicated that the morphological arrangement 

of the osteocytes positively influenced their overall 
function.
	 High expression of major osteoblasts markers, 
namely ALP, BGLAP and COL1A1, indicated new bone 
formation. Increased expression of ALP and BGLAP 
could be related to the richly mineralised matrix, 
which suggested a possible role in mineralisation 
(Whyte, 1994). BMP2 is a bone-matrix-derived protein 
more expressed during the early healing phase and, 
subsequently, downregulated at the later phase (Cho 
et al., 2002; Yang et al., 2014; Yu et al., 2010). Hence, 
its low expression after 12 weeks could be linked to 
an advanced healing stage. Besides, the stimulation 
of transforming growth factors, in particular BMPs, 
is linked to OPG production (Schoppet et al., 2002; 
Udagawa et al., 2000). Thus, the low expression of 
BMP2 could be coupled with the decreased amount 
of OPG. Conversely, osteoclastic bone resorption 
was evident in the expression of RANKL and CTSK 
in the operated femora. CTSK is a key catabolic 
enzyme needed for the digestion of the collagenous 
matrix during bone resorption (Delaissé et al., 2003; 
Troen, 2006). Hence, its high level was suggestive of 
an active remodelling phase. Regardless of the high 
CTSK levels, the low level of RANKL/OPG indicated 
that resorption was well coupled with new bone 
formation, as evident by the increased bone mass. 
Thus, the high expression of CTSK could be related 
to the study time point. This could imply that high 
levels of CTSK are necessary even at the advanced 
healing stage since remodelling is still in progress. 
Since osteoclast-mediated bone resorption is strongly 
regulated by RANKL/OPG (Boyle et al., 2003; Udagawa 
et al., 2000), their controlled expression by osteoblasts 
is vital to achieving a balanced remodelling in normal 
bones.
	 To further characterise the quality and structural 
features of the newly formed trabeculae, the 
ultrastructure of collagen-mineral composite, 
osteoblasts, osteoclasts and osteocytes was determined 
by TEM. The typical parallel alignment of the rich 
collagen fibrils within the organic matrix resembled 
that of a normal human lamellar bone (Reid, 1986). 
Major mineralisation of the organic matrix seen in 
the dense and uniformly distributed bone mineral 
substance also implied new bone maturation. The 
mechanical competence of the organic matrix was 
reinforced by the dense minerals that localised 
within and on the collagen fibrils (Bonucci, 1984; 
Lees and Prostak, 1988). The less electron dense 
area observed very near the mineralisation front 
indicated an ongoing mineralisation. Thus, the 
unique composition and structural arrangement of 
the collagen fibrils and the bone mineral substance at 
the osteoid and mineralised bone areas, respectively, 
indicated that they both contributed to the final bone 
quality (Fratzl et al., 2004; Landis, 1995).
	 The large multinucleated osteoclasts with typical 
ruffled borders, attached to the surface of the newly 
formed trabeculae, showed their active and normal 
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involvement in the remodelling process (Boivin et 
al., 1990; Domon and Wakita, 1986). The abundant 
vacuoles situated very close to the ruffled border are 
necessary for digestion and transportation of cellular 
debris produced during bone resorption (Marks and 
Popoff, 1988). Alterations in structure and function of 
osteoclasts lead to several bone pathologies (Marks, 
1984).
	 The unique morphology and size of osteoblasts 
revealed their level of activity. Shape, size and 
arrangement of osteoblasts reflect their activity 
level (Ries et al., 1985; Zallone, 1977). The plump 
cuboidal-shaped osteoblasts characterised by a larger 
surface area and enriched cytoplasmic components, 
particularly the abundant rough endoplasmic 
reticulum and mitochondria, indicated their active 
involvement in the secretion of new bone matrix, 
whereas the flattened osteoblasts, characterised by 
several elongated cytoplasmic extensions with a 
poorly developed cytoplasm, possibly suggested a 
reduction in activity.
	 The ultrastructure of the osteocytes differed 
depending on the level of bone mineralisation. The 
matured star-shaped osteocytes localised individually 
in periosteocytic lacunae and were embedded within 
the fully mineralised bone area. The osteocytes 
embedded in the osteoid and partially mineralised 
bone regions connected through their cytoplasmic 
extensions to adjacent osteoblasts at the bone surface. 
Those located in the osteoid area are termed osteoid 
osteocytes, whereas those located in the partially 
mineralised area are called young osteocytes (Aarden 
et al., 1994; Palumbo, 1986). Generally, the structure 
of the osteoid or young osteocytes seemed more 
developed than the matured osteocytes, indicating 
that the former probably contributed to bone 
maturation. Also, by connecting directly to adjacent 
osteoblasts, young osteocytes could play major roles 
in inter-cellular communication as well as molecular 
transport (Sasaki et al., 2012).
	 Two major limitations of the study were the small 
sample size and the use of a single observation time 
point. Although a larger sample size could have 
improved the outcome of the statistical analysis, this 
was not possible due to the European welfare act on 
the use of laboratory animals that encourages the 
use of a reduced number of animals for experimental 
purposes. Secondly, additional time points, such 
as an earlier study time, would have enabled the 
understanding of the molecular and cellular events 
occurring during the early phase of bone healing. For 
example, studying the early phase of bone healing 
could have provided new insights in to the impact 
of the initial mechanical condition at the fracture 
area during the early remodelling phase. However, 
an additional time point was not possible due to the 
small sample size.
	 In conclusion, the study established and 
characterised a clinically relevant metaphyseal 
fracture model for metaphyseal bone healing in the 
distal femur of skeletally mature sheep. In contrast 

to the commonly used partial osteotomy model, 
this novel metaphyseal fracture model was the first 
large animal model to employ full osteotomy at the 
metaphysis and use a clinically relevant internal 
fixation technique to stabilise the fracture area. 
The customised anatomical locking plate conferred 
enough mechanical stability to the fractured area, 
allowing immediate post-operative full-weight 
bearing. The metaphyseal bone healed through a 
direct intramembranous bone formation, which was 
typical and unique to the trabecular bone without 
visible callus and cartilaginous tissue formation. 
Therefore, the presented large animal model is 
highly beneficial for conducting further studies on 
metaphyseal bone healing, such as the development 
of treatment options for the enhancement of 
metaphyseal bone defects.
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Discussion with Reviewers

Devakar Epari: Are the properties of an ideal 
biomaterial to augment metaphyseal bone 
regeneration different from those to support 
diaphyseal defects?
Authors: Since the characteristic healing pattern 
of a metaphyseal fracture differs from that of a 
diaphyseal fracture due to their different mechanical 
and biological environment, the properties of an ideal 
biomaterial to augment bone regeneration in both 
regions should be different. For example, a resorbable 
bone regenerative material would be more suitable 
for the treatment of a metaphyseal fracture, whereas 
a non-resorbable bone substitute material would be 
more appropriate for a diaphyseal fracture.

Wing Hoi Cheung: What kind of research do you 
suggest being most suitable to use this animal model 
for?
Authors: This animal model will be beneficial to study 
future treatment options, e.g. using novel composite 
biomaterials to locally augment the healing of 
metaphyseal bone fractures.

Wing Hoi Cheung: Do you think week 12 post-
surgery can be regarded as complete healing?
Authors: Based on the findings of the study, 
12  weeks post-surgery could be considered as an 
appropriate time to generate complete bone healing 
under mechanically stable condition in a normal 
metaphyseal bone fracture since an advanced healing 
outcome was achieved naturally without any external 
material.

Editor’s note: The Scientific Editor responsible for 
this paper was Juerg Gasser.


