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Abstract

Most osteoporotic fractures occur at metaphyseal regions of long bones. The present study proposed a 
clinically relevant animal model that satisfied: i) induction of osteoporosis, ii) unilateral complete osteotomy 
at metaphysis, iii) internal fixation. 6 months old female Sprague-Dawley rats (n = 64) were randomly divided 
into the ovariectomised-metaphyseal osteotomy (OVX, n = 32) and metaphyseal osteotomy (SHAM, n = 32) 
groups. The metaphyseal-osteotomy model was created with a plate-fixation of the osteotomy and assessed 
by X-ray, micro-computed tomography, histomorphometry and mechanical testing at weeks 1, 3 and 6. 
X-ray results showed complete healing of metaphyseal osteotomy at week 6. Histology showed 3 stages of 
metaphyseal healing. Stage 1 was characterised by fibrous tissue, consisting of disorganised orientation of 
collagen fibres, and infiltration of immune cells. At stage 2, a transitional zone consisting of maturing fibrous 
tissue and differentiating mesenchymal cells with early trabecular bone formation and disorganised woven 
bone were observed. During stage 3, cortical bone ends unified and woven bone underwent transformation 
to lamellar bone. OVX group healing was significantly delayed when compared to SHAM samples.
	 The study demonstrated that healing of osteoporotic osteotomy at the metaphyseal region was delayed 
in terms of radiography, histomorphometry and mechanical strength. These quantitative evaluations, along 
with histological features, may provide key references for future studies. The animal model may provide 
additional clinical relevance as most osteoporotic fracture in humans occurs at metaphyseal regions.
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Introduction

Osteoporosis is a major skeletal disorder predisposing 
patients to increased risk of fragility fractures. 
Despite advances in the prevention and treatment of 
osteoporotic fractures, their prevalence continues to 
rise (Rachner et al., 2011). There are approximately 
2.5  million osteoporotic fractures each year in the 
United States, resulting in increased morbidity, 
mortality and healthcare expenditures (Solomon 
et al., 2014). Failure of fracture union results in 
pain, weakness and reduced mobility and these 
complications are most common in elderly patients.

	 Most osteoporotic fractures occur at metaphyseal 
regions of long bones (Larsson, 2002), including distal 
radius, proximal humerus or proximal femur (Alt 
et al., 2013). Despite the evidence, most pre-clinical 
studies have concentrated on healing of osteoporotic 
diaphyseal fractures with intramedullary fixation 
based on the classic model described by Bonnarens 
and Einhorn (1984). Few experimental studies 
have been performed on osteoporotic metaphyseal 
osteotomies on rats (Kolios et al., 2010; Komrakova 
et al., 2015; Stuermer et al., 2013), goats (Cheung et al., 
2016) and sheep (Bindl et al., 2013). Amongst these 
limited studies, many are clinically inadequate, with 
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over-simplified models including drill-hole defects 
and partial osteotomy models (Wong et al., 2018). 
Within the remaining complete osteotomy models, 
most are performed on both limbs of the animal. 
However, bilateral osteotomies should be avoided 
due to the negative influence on the weight bearing 
status of the animal (Auer et al., 2007). Therefore, the 
use of a unilateral limb complete osteotomy is more 
appropriate. Currently, there is a lack of clinically 
relevant models comparing osteoporotic with normal 
bones; therefore, metaphyseal bone repair is poorly 
understood (Cheung et al., 2016; Histing et al., 2012; 
Wong et al., 2018).
	 A recently published systematic review 
recommended that a clinically relevant osteoporotic 
metaphyseal fracture animal model should satisfy 
the following criteria: i) induction of osteoporosis, ii) 
complete osteotomy or defect unilaterally, iii) internal 
fixation (Wong et al., 2018). The primary objective 
of the present study was to present a reproducible, 
clinically relevant animal model that satisfied the 
guidelines for future osteoporotic bone studies and 
clinical translation.

Materials and Methods

Experimental design and induction of osteoporosis
64 six-month old female Sprague-Dawley rats 
(n  =  64), weighing 200-250  g, were obtained from 
the Laboratory Animal Services Centre of The 
Chinese University of Hong Kong, China (animal 
experimental ethics committee reference number: 16-
037-MIS). Following 1 week of acclimatisation (Leung 
et al., 2009), rats were randomly divided into 2 groups: 
ovariectomised metaphyseal osteotomy (OVX, n = 32) 
and SHAM metaphyseal osteotomy (SHAM, n = 32). 
Under general anaesthesia (Shi et al., 2010) with 
intra-peritoneal injection of ketamine (20-60 mg/kg) 
and xylazine (2.5 mg/kg), the OVX group underwent 
bilateral ovariectomy, with a dorsolateral approach to 
both ovaries performed sequentially. The peritoneal 
cavity was entered and the ovary was identified, 
ligated and removed. SHAM rats underwent the 
same procedure but ovaries were identified and kept 
intact. 0.05 mg/kg intra-muscular buprenorphine was 
given 15 min before surgery and for 3 consecutive 
days after the procedure to minimise pain. The rats 
were housed for 3 months before fracture induction.
	 Rats were euthanised at 1 (n = 8), 3 (n = 8) and 
6  weeks (n  =  8). Assessments included clinical 
analysis, X-ray, micro-computed tomography (μCT) 
and histomorphometry. The remaining 8 rats were 
also euthanised at week 6 for mechanical testing, 
which required a separate batch.
	 Bone mineral density (BMD) was assessed by 
dual energy X-ray absorptiometry (DXA; UltraFocus, 
Faxitron, Houston, TX, USA) at the lumbar spine, 
proximal femur and distal femur. Each rat was 
subjected to DXA while under general anaesthesia, 

pre-ovariectomy at 6 months and pre-fracture 
induction at 9 months.

Metaphyseal osteotomy model
After general anaesthesia with intra-peritoneal 
injection of ketamine (20-60  mg/kg) and xylazine 
(2.5  mg/kg), the left femur was disinfected with 
povidone-iodine [Betadine® Antiseptic topical  
solution 10  %, Mundipharma (Hong Kong) Ltd., 
Hong Kong, China] and draped in sterile material. 
A 25 mm-long incision was made along the lateral 
aspect of the distal femur. The fascia was incised. 
The vastus lateralis and lateral head of biceps femoris 
were split to access the lateral condyle to the femur 
mid-shaft. Joint capsule arthrotomy was performed 
and the patella was dislocated medially for a better 
exposure and to facilitate the subsequent osteotomy. 
A 6-hole 1.0 mm-long T-shaped mini-plate (T-plates, 
Bioortho®, Suzhou, China) was used to fix the lateral 
femur with 1.1  mm self-tapping cortical screws. 
Two 8  mm screws were inserted perpendicular 
to the knee articular surface at the distal femur 
and three 6 mm screws proximally to the shaft. A 
small oscillating saw, 0.35  mm in width (OT7S-3, 
Piezosurgery® Touch, Metron®, Carasco, Italy), was 
used to create an osteotomy just proximal to the 
epiphyseal cartilage at the metaphysis (Fig. 1). The 
wound was irrigated with saline. Then, the patella 
was reduced into position and the joint capsule 
arthrotomy was repaired with a 4-0  vicryl suture. 
The fascia was repaired with a 4-0 vicryl suture and 
the skin was closed with a 5-0 nylon suture. 0.05 mg/
kg intra-muscular buprenorphine was given 15 min 
before surgery and for 3 consecutive days after the 
procedure to minimise pain.

Clinical monitoring
Animal welfare was observed in terms of a score 
sheet based on the New Zealand “Good practice 
guide for the use of animals in research, testing and 
teaching” (Web Ref. 1). The observed parameters 
included body weight, balance of risk (BAR) score, 
general clinical signs, behavioural signs of pain, water 
balance, operation site and post-operative support. 
A post-operative care card from the Department of 
Orthopaedics and Traumatology, Prince of Wales 
Hospital, The Chinese University of Hong Kong, 
China was also used to document treatment.

X-ray plain radiograph
Healing was monitored by two independent 
surgeons, as previously described (Leung et al., 2009). 
Anteroposterior and lateral views were acquired. The 
exposure settings for each of the X-ray image were 
32.0 kV, 0.34 mA, 1.73 mAs, 5.03 s (UltraFocus DXA, 
Faxitron, AZ, USA). For the evaluation of the relative 
radio-opacity, each measurement of the osteotomy 
site was normalised to the radio-opacity sampled 
at the metal implant where X-ray attenuation was 
the highest. The metaphyseal osteotomy site was 
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assessed through 3 randomly selected regions of 5 × 5 
pixels each, whose intensity was quantified using the 
image analysis software ImageJ.

Specimen harvest
Metaphyseal-osteotomy rats were sacrificed at week 
1, 3 and 6 as healing was achieved at 6 weeks (Alt 
et al., 2013). 8 rats were assigned to each time point 
with a separate batch for mechanical testing at the 
end-point. Rats were administered with an overdose 
intra-peritoneal injection of sodium pentobarbital to 
induce euthanasia. The left femur was harvested and 
the implants were removed.

μCT analysis
Harvested femora (n = 8) were scanned by μCT (μCT-
40, Scanco Medical, Brüttisellen, Switzerland) at each 
time point according to an established protocol (Chow 
et al., 2011; Shi et al., 2010). A small region of interest 
(ROI), 1.8 mm above and below the osteotomy site, 
was selected to avoid the diaphyseal region. Micro-
architectural parameters were evaluated in terms of 
tissue volume (TV), bone volume (BV), trabecular 

bone number (Tb.N), trabecular thickness (Tb.
Th), trabecular bone separation (Tb.Sp), trabecular 
number (Tb.N), trabecular spacing (Tb.Sp), apparent 
BMD at the TV [BMV(TV)] and BV [BMV(BV)], 
connectivity density (Conn-Dens) and structural 
model index (SMI).

Histomorphometric analysis
After μCT, femora were decalcified, cut into two 
halves along mid-sagittal plane and embedded 
in paraffin wax. 5  μm-thick specimens were cut 
and stained with haematoxylin-eosin (H&E) and 
safranin O (SO). Each specimen slide was examined 
and analysed by microscopy (Leica DMRB DAS). 
Three microscopic views per specimen for SHAM 
and OVX osteotomy sites captured, using a 40× 
objective, were randomly sampled for osteoblast 
(N.Ob) and osteoclast (N.Oc) number and analysed 
by histomorphometry (Osteomeasure®, OsteoMetrics, 
Decatur, USA). Bone area (B.Ar) and tissue area (T.Ar) 
were evaluated covering 1.5 mm proximal and distal 
to the osteotomy site (total 3 mm) (ImageJ). Safranin 
O uptake was evaluated for all groups (ImageJ).

Fig. 1. Surgical technique for the metaphyseal osteotomy model. (a) An incision was made to expose the 
lateral condyle to the mid-shaft of the femur. (b) A 6-hole 1.0 mm T-shaped mini-plate was used to fix the 
lateral femur. (c) A small oscillating saw of 0.35 mm in width was used to create an osteotomy immediately 
proximal to the epiphyseal cartilage at the metaphyseal region. (d) The wound was irrigated with sterile 
saline and closed in layers using 4-0 vicryl and 5-0 nylon sutures.
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Mechanical testing
Mechanical testing for OVX, SHAM and contralateral 
intact bones was performed at week 6 (n = 8). Each 
femur was embedded in a performance polymer 
(Ureol 2020, Ciba, Hong Kong, China) (Leung et al., 
2006) at the proximal end and fixed to the material-
testing machine (H25KS Hounsfield Test Equipment 
Ltd. Redhill, Surrey, UK) 25° above the horizontal 
line, where the angle mimics the in situ physiological 
loading conditions (Fig. 2). A compressive force at 
the constant downward velocity of 25 mm/min was 
applied by a metal blade at the epiphysis, directly 
above the second screw hole. After testing-to-
failure, load-displacement curves were generated. 
Ultimate load (N), stiffness (N/mm) and energy to 
failure (N × mm) were recorded and analysed using 
a built-in software (QMAT Professional Material 
testing software, Hounsfield Test Equipment Ltd. 
Redhill, Surrey, UK) (Shi et al., 2010). Normalisation 
was calculated as OVX/OVX-intact-bone and 
SHAM/SHAM-intact-bone. Normalisation with the 
contralateral intact bone provided data in the relative 
mechanical strength of the bone after healing.

Statistical analysis
All quantitative data were expressed as mean 
± standard deviation and analysed with SPSS version 
24.0 software (SPSS Inc., Chicago, IL, USA). Student 
t-test was used to compare BMD values. Two-way 
ANOVA and post-hoc test were used to compare 
differences at different time points. Significant 

difference was set at p  ≤  0.05. Data normality was 
confirmed by Kolmogorov-Smirnov test.

Results

Clinical results
One rat died from general anaesthesia within the 
OVX group; the others were alert and responsive. 
31 OVX (97 %) and 32 SHAM (100 %) rats survived 
throughout the entire observation period. All rats 
resumed weight-bearing after surgery and no weight 
loss of 10  % or more was measured throughout 
the study. No clinical complications, wound 
complications or behavioural signs of pain were 
observed. Rats were placed 4 per cage and drank an 
amount of water corresponding to around 10 % of 
their body weight per day.
	 All rats achieved healing at the metaphysis. No 
evidence of screw hole loosening was present at 
sacrifice.

Osteoporotic induction
Mean BMD over L3-L5 lumbar spine decreased from 
309 ± 30.6 mg/cm2 to 267.9 ± 14.8 mg/cm2 (p = 0.05), 
over proximal femur from 428.1  ±  5.10  mg/cm2 to 
293.4 ± 1.97 mg/cm2 (p < 0.001) and over distal femur 
from 396.0  ±  1.79  mg/cm2 to 309.1  ±  3.50  mg/cm2 
(p < 0.001).

X-ray plain radiograph
Complete healing occurred at 6 weeks for metaphyseal 
osteotomies. No significant callus formation was 
observed (Fig. 3a,b). Radiopacity of OVX osteotomy 
site was increased at week 6 as compared to week 1 
(p = 0.002) and 2 (p = 0.007). Radiopacity of SHAM 
osteotomy site was increased at week 6 as compared 
to week 1 (p = 0.047). Radiopacity of SHAM group 
was significantly more at week 6 as compared to OVX 
group (p = 0.045) (Fig. 4).

μCT
μCT showed complete osteotomy performed at 
metaphyseal region with evidence of cancellous 
trabecular bone at proximal and distal ends (Fig. 3c).
	 Quantitative analysis of OVX rats demonstrated 
an increase in total BV from week 1 to week 3 
(p = 0.00) and from week 3 to week 6 (p = 0.00). Total 
TV increased between week 1 and week 3 and 6 
(p  =  0.00). BV/TV increased between week 1 and 
3 as compared to week 6 (p = 0.009 and p = 0.006, 
respectively). Tb.N was larger from week 3 as 
compared to week 6 (p = 0.028) (Fig. 5).
	 Quantitative analysis of SHAM rats demonstrated 
increased BV from week 1 to week 6 (p = 0.048). In 
terms of BV/TV, an increase was observed in week 1 
and 3 as compared to week 6 (p = 0.029 and p = 0.016, 
respectively). Tb.N was larger in week 1 as compared 
to week 3 (p = 0.025) and 6 (p = 0.021). Tb.Th increased 
between week 1 and 3 as compared to week 6 
(p = 0.023 and p = 0.006, respectively). A decrease in 

Fig. 2. Mechanical test of the metaphyseal 
fracture model. Each femur was embedded in a 
performance polymer at the proximal end and 
fixed to the material-testing machine 25° above 
the horizontal line. The angle was chosen to mimic 
the in situ physiological loading conditions. A 
compressive force at a constant downward velocity 
of 25 mm/min was applied by a metal blade at the 
epiphysis, directly above the second screw hole.
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Tb.Sp was observed from week 1 to week 6 (p = 0.008) 
(Fig. 5).
	 Comparing OVX and SHAM groups, there was 
significantly larger TV at week 3 and BV at week 
1 for the SHAM group (p = 0.00 and p = 0.00). Tb.N 
was also significantly larger at week 3 in the SHAM 
group (p = 0.00). Tb.Sp was larger in the OVX group 
at week 1 (p = 0.02). SHAM rats showed more Conn-
Dens at week 3 (p  =  0.01) and BMD(TV) at week 
6 (p  =  0.04) as compared to the OVX group. No 
significant differences were detected between groups 
in BMD(BV) and SMI (Fig. 5).

Histomorphometric results
Complete bony bridging at 6  weeks occurred for 
all metaphyseal-osteotomy rats. 3 stages were 
observed during healing (Fig. 6,7). Stage 1, with 
fibrous tissue consisting of disorganised orientation 
of collagen fibres and a collection of immune and 
mesenchymal cells. Stage 2, with a transitional 
zone consisting of maturing fibrous tissue and 

mesenchymal cells differentiating into bone cells, 
including osteoblasts and osteoclasts. In addition, 
early trabecular bone formation and disorganised 
woven bone were observed. Stage 3, with cortical 
bone ends mostly unified. The trabecular bone also 
underwent transformation to lamellar bone and 
further remodelling. Osteoblasts were observed to 
further differentiate into osteocytes, which were 
embedded into lamellar bone structures. At week 
1, less fibrous tissue and more osseous tissue were 
observed for the SHAM group as compared to the 
OVX group. At week 3, the amount and staining 
intensity of the newly formed osseous tissue at 
the osteotomy site for the SHAM group provided 
evidence of more mature bone formed as compared 
to the OVX group. At week 6, the healing was more 
mature, with much more dense osseous tissue 
observed as compared to the OVX group.
	 Quantitatively, for the OVX group, osteoblast 
density increased from week 1 (p  =  0.005) and 3 
(p = 0.017) as compared to week 6. B.Ar/T.Ar increased 

Fig. 3. Model establishment and monitoring of the healing process. (a) Serial X-ray images showing 
representative OVX samples. (b) Serial X-ray showing representative SHAM samples. (c) Three-dimensional 
(3D) reconstructed µCT images of the metaphyseal osteotomy site at week 1, providing evidence of 
trabecular bone at the proximal and distal ends. (d) Serial representative 3D reconstructed images of the 
metaphyseal osteotomy site comparing OVX versus SHAM group. 
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from week 1 to week 6 (p  =  0.003). Osteoblast 
density was higher at week 1 and 3 for the SHAM 
group (151.9  ±  41.4 and 156.5  ±  48.5  osteoblasts/
mm2, respectively) as compared to the OVX group 
(0 ± 0 and 50.6 ± 21.1 osteoblasts/mm2, respectively) 
(p  =  0.003 and p  =  0.026, respectively). Osteoclast 
density was higher at week 1 for the SHAM group 
(96.7 ± 41.4 osteoclasts/mm2) as compared to the OVX 
group (4.6 ± 7.97 osteoclasts/mm2) (p = 0.019). B.Ar/T.
Ar was higher at week 1 for the SHAM group as 
compared to the OVX group (p = 0.012) (Fig. 5,8).
	 Qualitatively, trabecular bone was decreased after 
ovariectomy. At week 1, more fibrous tissue and less 
osseous tissue were observed in the OVX group. At 
week 3, more trabecular bone and newly formed 
osseous tissue were observed in the SHAM group. At 
week 6, SHAM rats showed more mature and dense 
osseous tissue (Fig. 6,7).
	 Safranin O staining confirmed the presence of a 
minimal amount of proteoglycans in the metaphyseal 
model. Image analysis showed minimal uptake of 
Safranin O for the OVX group with 0 ± 0 % at week 
1, 0.01 ± 0.01 % at week 3 and 0.12 ± 0.12 % at week 
6. For SHAM rats, Safranin O uptake was 0 ± 0 % at 
week 1, 0.01 ± 0.01 % at week 3 and 0.12 ± 0.12 % at 
week 6. Both groups significantly lacked cartilage 
formation (Fig. 7).

Mechanical testing
Energy to failure was significantly higher for the 
SHAM (38.9 ± 6.21 N × mm) as compared to the OVX 
group (11.2 ± 3.23 N × mm; p = 0.03). Normalisation 
with intact SHAM bone was 38.6 ± 8.8 % and OVX 
bone 29.4  ±  22.8  % (p  =  0.53). Mean ultimate load 
showed no significant difference between the SHAM 
(17.7  ±  11.9  N) and the OVX group (9.17  ±  1.02; 
p = 0.42). Normalisation with intact SHAM bone was 
66.3 ± 18.4 % and OVX bone 29.4 ± 5.0 % (p = 0.00). 
Mean stiffness showed no significant difference 
between the SHAM (11.35 ± 8.1 N/mm) as compared 
to the OVX group (3.87 ± 1.25; p = 0.33). Normalisation 
with intact SHAM bone was 63.8 ± 13.4 % and OVX 
bone 24.0 ± 4.6 % (p = 0.00). No failure was observed 

during mechanical testing, with all breakages at the 
healed osteotomy.

Discussion

The presented model  satisf ied the recent 
recommendations for the study of osteoporotic 
bone healing, with: i) induction of osteoporosis, ii) 
complete osteotomy unilaterally at the metaphyseal 
region, iii) internal fixation. These are essential 
qualities for a successful animal model to aid in 
clinical translation (Wong et al., 2018). Osteoporotic 
fracture healing should be concentrated in the 
metaphyseal region (Alt et al., 2013; Histing et al., 
2012; Stuermer et al., 2010). More importantly, the key 
difference between the current metaphyseal model 
and the classic diaphyseal model was the presence 
of trabecular bone formation.
	 The ovariectomised rat model is Food and Drug 
Administration (FDA)-approved and is the most 
commonly used osteoporosis model for research 
(Egermann et al., 2005; Thompson et al., 1995). 
However, a limitation of ovariectomy models is 
that they cannot fully mimic the human situation 
(Egermann et al., 2005). Attempts with combined 
ovariectomy, calcium- and vitamin D-deficient diet 
and steroid therapy on sheep closely simulate human 
situations but have significant side-effects (Egermann 
et al., 2008). These sheep models have the benefit of a 
significant and reproducible reduction in cancellous 
BMD of more than 30  %. Furthermore, there are 
associated biomechanical properties and increased 
fracture risk (Egermann et al., 2008). Sheep models 
also have the benefits of sizable bones for fracture 
fixation. The rebound of BMD after steroid therapy 
allows a window for experimental studies (Goldhahn 
et al., 2005). Currently, only ovariectomised non-
human primates closely resembles the clinical 
situation but are uncommonly used due to costs, 
ethical issues and handling problems (Egermann et 
al., 2005).
	 The traditional Bonnaren and Einhorn (1984) rat 
model provides a valuable guideline for the creation 
of a new animal model. The current model is a unique 
and refined version of the existing osteoporotic 
metaphyseal fracture models (Wong et al., 2018). The 
model is well suited for investigation of drugs and 
non-invasive interventions. On the other hand, the 
metaphyseal defect model by Alt et al. (2013) is best 
suited for studying biomaterials.
	 The clear difference in healing between SHAM 
and OVX rats showed the importance and potential of 
enhancing fracture healing for osteoporotic patients. 
Radiologically, X-ray radiopacity was significantly 
lower for the OVX group at week 6. μCT results 
also demonstrated less mature and decreased bone 
healing, with BV/TV significantly lower in the OVX 
group. Significantly lower BV and TV in the OVX 
group at week 1 showed the delay at early phases of 
osteoporotic bone healing.

Fig. 4. Radiological evaluation of healing outcome 
in the metaphyseal osteotomy models. Optical 
density showing both OVX and SHAM groups.
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Fig. 5. ΜCT and histomorphometry results of OVX and SHAM groups. Comparing OVX and SHAM 
groups, there was significantly larger TV at week 3 and BV at week 1 for the SHAM group (p < 0.001 and 
p < 0.001). Tb.N was also significantly larger at week 3 in the SHAM group (p < 0.001). Tb.Sp was larger for 
the OVX group at week 1 (p = 0.02). SHAM rats showed higher Conn-Dens at week 3 (p = 0.01) and higher 
BMD(TV) at week 6 (p = 0.04) as compared to OVX rats. * p < 0.05, ** p < 0.01. 
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Fig. 6. Histology at the metaphyseal fracture site in SHAM and OVX rats. (a-c) Serial H&E histology at 
2.5× magnification showing SHAM versus OVX group fracture site from week 1 to week 6 post-fracture 
induction, followed by (d-f) histology at 40× magnification. (a,d) At week 1 post-fracture, accumulation 
of round-shaped immune cells (IC) of various sizes could be observed, with apparent laying down of 
ground substances and the formation of fibrous tissue (Fb). Less fibrous tissue and more osseous tissue 
were observed in the SHAM group as compared to the OVX group. (b,e) The amount of trabeculae 
increased at week 3 post-fracture; a clear transition zone could be observed consisting of various cell types, 
demonstrating actively differentiating mesenchymal cells (MSC) surrounded by slowly maturing (pink 
to purple shifting) fibrous tissue. The amount and stain intensity of the newly formed osseous tissue in 
the SHAM group provided evidence of more matured bone formed at this time point as compared to the 
OVX group. Osteoblast (Ob) and osteoclast (Ocl) were both observed toward the woven bone structures 
in the endosteal space. Chondrocyte and traces of endochondral ossification could not be observed. (c,f) At 
week 6 post-fracture, newly formed bone further mineralised to form lamellar bone (Lb) and remodelling 
continued, as indicated by terminally differentiated osteocytes (Ocy). Healing in the SHAM group was 
more advanced, with osseous tissue much more dense as compared to the OVX group.
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Fig. 7. Representative histology of Safranin O with fast green counter-staining demonstrated the lack 
of endochondral bone healing.

Fig. 8. Histomorphometric results for OVX and SHAM groups. (a) Osteoblast density, (b) osteoclast 
density and (c) bone area ratio.

	 Histomorphometric results concurred with 
radiological data. Less osseous tissue formed in the 
OVX group at week 1, with significantly less bone 
area ratio and osteoblasts. Osteoblasts differentiate 
from mesenchymal stem cells at early stages of 
fracture healing (Ghiasi et al., 2017). At week 3, the 
OVX group continued to lag behind in newly formed 
bone, osteoblast and osteoclast number. Furthermore, 
the decrease in osteoclasts at week 6 indicated that the 
SHAM group healed faster, as shown in a previous 
study (Schindeler et al., 2008).
	 Mechanical results revealed that energy to 
failure was weaker after bone union in the OVX 
group. Although ultimate force and stiffness were 
not significant, the trend showed average values 
to be lower in the OVX group. The overall strength 
was decreased in osteoporotic bone healing. 
Normalisation for mean ultimate load and stiffness 
was significantly less in the OVX group. The trend 
could also be observed in the mean ultimate failure. 
These results not only implied a lower biomechanical 

strength for healed osteoporotic bone as compared 
to normal bone, but also to the contralateral intact 
bone. This reinforced the evidence of a weaker and 
poor healing of osteoporotic fractures.
	 Many existing clinical and basic science studies 
have shown that osteoporotic fracture healing is 
delayed as compared to normal bone (Cheung et al., 
2016). Convincing evidence exist that biomechanical 
properties and mineralisation are impaired when 
compared to normal bone (Chen et al., 2016). In fact, 
the impairment of osteoporotic fracture healing exists 
from the early to late phases of fracture healing. In 
the early phase, mesenchymal stem cell recruitment 
(Wei et al., 2016) and local fracture site inflammatory 
response are impaired (Chow et al., Vibration 
treatment modulates macrophage polarization and 
enhances early inflammatory response in estrogen-
deficient osteoporotic fracture healing; paper 
submitted for publication). Callus formation (Shi et 
al., 2010) and angiogenesis (Cheung et al., 2012) are 
also decreased during the callus phase. During the 
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late phase, the capacity of remodelling is also delayed 
(Chow et al., 2011). During the osteoporotic fracture 
healing, expression of chondrogenesis, osteogenesis 
and remodelling genes is decreased (Chung et al., 
2014). More importantly, biomechanical strength of 
ovariectomy-induced osteoporotic rats is reduced as 
compared to age-matched non-osteoporotic bone, 
when the fracture heals (Shi et al., 2010). Bone healing 
in osteoporotic patients is also delayed; the alterations 
characterised by poor bone quality (Tarantino et al., 
2011). These findings also concur with the results 
observed in the present study, where the OVX group 
had less mature healing as compared to the SHAM 
group. As a result, poor functional recovery, pain and 
fixation failure most often occurs in elderly patients 
(Wong et al., 2018). Therefore, the enhancement 
of osteoporotic fracture healing is a major goal in 
modern fracture management.
	 Currently, the most feasible method for simulating 
a metaphyseal fracture in a small animal is an 
osteotomy with plate fixation (Cheung et al., 2016; 
Wong et al., 2018). The use of a closed method for a 
consistent metaphyseal fracture with internal fixation 
is beyond current technology. A guillotine to fracture 
the metaphyseal region would lead to comminution 
and irreproducibility.
	 The primary objective of creating an osteoporotic 
metaphyseal osteotomy model fixed with plate and 
screws was met. Future pre-clinical studies and 
interventions should select a relevant model before 
proceeding to clinical trials.

Conclusion

The presented model had the essential quality of 
a successful animal model to aid in the clinical 
translation of future studies for osteoporotic 
metaphyseal healing. It also could serve as a platform 
for other potential interventions.
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Discussion with Reviewers

Stephan Zeiter: How technically challenging is this 
model?
Authors: The establishment of the animal model 
was not difficult but limited by the requirement 
of a precision bone-cutting instrument and an 
experienced small-animal surgeon. The surgery, 
involving the fixation of a mini-plate followed by the 
osteotomy at the metaphysis of the distal femur, was 
also not difficult to master and could easily be made 
highly repeatable with some practice. Working with 
a surgical assistant would greatly help the process.
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