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INTRODUCTION
Bone grafting procedures can promote the healing of critical-
size osseous defects. The autologous bone graft remains the 
gold standard of treatment for delayed union or non-union of 
long bone fractures. The risk of donor morbidity is present, but 
can be avoided by the application of bone graft substitutes with 
osteoconductive and/or osteoinductive properties in various 
combinations.(1,2) In current practice, orthopaedic surgeons mainly 
use demineralised bone matrix (DBM) as an osteoconductive 
material that has some osteoinductive properties to induce bone 
formation.(3)

Platelet-rich plasma (PRP) is increasingly used in many 
surgical fields and has various soft tissue applications, such as in 
chronic tendinosis and the treatment of chronic, difficult wounds, 
with good results.(4,5) PRP is an autologous blood-derived product 
with an increased concentration of platelets. It is rich in numerous 
growth factors that promote the recruitment, proliferation and 
differentiation of cells involved in tissue regeneration. Thus, PRP 
has the potential to enhance tissue healing at the cellular level. 
These growth factors can also stimulate the proliferation and 
differentiation of cells of osteogenic lineage and, therefore, PRP 
may be used to promote bone healing.(6) In the literature, there 
are few experimental studies on the use of PRP in combination 
with DBM to enhance bone union in large bone defects.(7,8) The 

present study aimed to determine if autologous PRP (prepared 
from rabbit blood) alone or used in combination with xenogeneic 
DBM promotes osteogenesis when applied to critical-size defects 
in rabbit ulnas.

METHODS
A total of 36 New Zealand White rabbits were used in this study, 
with an average weight of 3.5 (range 3.3–3.7) kg. Approval from 
the regional ethical board was obtained (Animal Health Service 
T/2174/25-6-2009). All guidelines for the care and treatment of 
laboratory animals were adhered to. Randomisation of the animals 
was performed without considering their sex. All the rabbits were 
skeletally mature; preoperative radiological evaluation was done 
to ensure skeletal maturity and the absence of abnormalities. 
The rabbits were singly housed with food and water available 
ad libitum.

A unilateral, critical-size ulnar defect was surgically created 
in each rabbit, while the contralateral limb remained intact. They 
were subdivided into three groups of 12 rabbits each and the 
ulnar defect was treated with PRP, treated with PRP combined 
with DBM or not treated. Group A received only PRP in the 
critical-size defect. Group B received PRP in combination with 
xenogeneic (human) DBM. Human DBM was used with carrier 
collagen (Accell, IsoTis OrthoBiologics, Irvine, CA). In Group C, 
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a simple closure of surrounding soft tissue was performed in 
the unilateral ulnar defect, with no material in the defect. All 
the animals were evaluated using radiography of the forelimbs 
immediately after the operation as well as at postoperative weeks 
4 and 12. At the end of the study period, 12 weeks postoperatively, 
the animals were euthanised and sent for histological study and 
biomechanical testing.

PRP was prepared using PRP Fast (Bioteck, Vicenza, Italy). 
Before the surgical procedure, two animals from each group 
were used as donors. Their platelet counts were measured with 
a standard haemocytometer, and concentrations of transforming 
growth factor beta-1 (TGFB1) and platelet-derived growth factor-
BB (PDGF-BB) of blood and the extracted PRP were taken with 
enzyme-linked immunosorbent assay kits, according to the 
manufacturer’s instructions. After anaesthesia and prior to the 
surgical procedure, 8 mL of autologous blood was collected 
from an ear vein and 2 mL of PRP was prepared, as per the 
manufacturer’s instructions, from each rabbit. Blood collected 
in a tube was allowed to stand for 15 minutes in order to reduce 
platelet activation during centrifugation. Following centrifugation, 
the upper half of the suspension, consisting of platelet-poor 
plasma, was removed using sterile pipettes. The lower half 
(i.e. PRP) was selected with a pipette by aspirating it up to the 
interface zone, consisting of blood cells. For every 8 mL of blood, 
about 2 mL of PRP was produced. According to the manufacturer’s 
instructions, the PRP produced had 3–7 times more platelets and 
growth factors after centrifugation than blood. In this study, PRP 
was used in a gel form after adding calcium chloride solution in 
a ratio of 10:1 for secure application to the osseous defect alone, 
or mixed well with DBM.

Intramuscular injections of xylazine (RompunTM Injectable; 
Bayer HealthCare, Shawnee, Kansas, USA) 5–7 mg/kg, atropine 
(DEMO, Krioneri, Attica, Greece) 0.15 mg and ketamine 
(Imalgene; Rhone Merieux, Lyon, France) 12–15 mg/kg were 
used for the rabbits’ anaesthesia. Supplemental sedation was 
given during surgery when required. At regular intervals, 1 mL 
2% lidocaine-adrenaline solution (AstraZeneca, London, 
United Kingdom) was injected at the incision site as local 
anaesthesia. The forelimbs of the rabbits were then shaved. 
Using standard aseptic techniques, a lateral ulnar approach was 
made at the border of the upper- and middle-third of the ulna 
unilaterally, where the bone is subcutaneous. After dissection of 
the periosteum, bony defects were created with an oscillating saw. 
The size of the defect was approximately 2–2.5 times the ulna 
diameter in this area, as measured intraoperatively with a ruler. 
This skeletal gap represented a critical-size defect that would not 
heal spontaneously, according to the literature.(9-11) Radiography 
performed immediately after the operation also confirmed that 
the defects were of the required size. The defects were irrigated 
with saline solution to remove bone debris.

The graft materials were carefully placed in the osseous 
defects of the rabbits in the two treatment groups. DBM was mixed 
with autologous PRP before administration to Group B defects. 
The periosteum and the surrounding soft tissues were enclosed 
in layers with running sutures, forming an envelope to hold the 

filling of the osseous defect. The radius provided mechanical 
stability and internal fixation was not used. The skin was closed 
with clips. Immobilisation was not required after surgery, and 
the rabbits were allowed to perform their daily activities in their 
cages without restriction. They were treated with intramuscular 
antibiotics for three days after the operation and analgesics, as 
required.

At the end of the study period, 12 weeks postoperatively, 
the animals were sacrificed with a 10% potassium chloride 
intracardiac injection under general anaesthesia. The ulnas 
and radii were harvested and placed in saline solution to be 
prepared for biomechanical testing and histological assessment. 
Anteroposterior radiographs of the forelimbs were obtained 
immediately after surgery as well as at postoperative weeks 
4 and 12. The radiographs were evaluated using the six-point 
radiographic grading scale for the degree of healing defined 
by Cook et al.(12) Radiological scores in this system range from 
a minimum of 0 (no change from immediate postoperative 
appearance) to a maximum of 6 (defects absolutely bridged with 
new bone).

After the rabbits were sacrificed, the specimens were 
surgically prepared. Soft tissue was removed from the defect site 
together with contralateral tissue. One-third of the specimens 
were delivered to the laboratory for biomechanical testing 
according to a protocol similar to that of Karachalios et al.(13) A 
gross assessment was performed macroscopically and specimens 
were tested only when their callus was found to be stable. For 
biomechanical evaluation, a computerised testing machine 
(Imperial 2500, N Load Cell ILC 2500N; Mecmesin, Horsham 
District, West Sussex, UK) was used. A digital caliper (500-181U; 
Mitutoyo, Kawasaki, Kanagawa, Japan) and a digital photo and 
video recorder (DCR-TRV80E; Sony, Minato, Tokyo, Japan) were 
used to capture still pictures and videos during biomechanical 
testing. Biomechanical testing of specimens involved loading 
under a three-point bending configuration. The two lower 
supports were fixed at a centre-to-centre distance of 30 mm and 
the upper support was driven downwards at a speed of 0.05 mm/s 
or 3 mm/min.(14)

The treated specimens were placed on the two lower 
supports with the mid-callus region along the loading axis and 
the concave diaphyseal aspect facing upwards. The control 
specimens were similarly placed on the two lower supports with 
their corresponding site along the loading axis. During loading, 
force and displacement were recorded at a sampling frequency 
of 100 Hz, and curves were plotted for all specimens. From 
these graphs, the following quantities were calculated for each 
specimen in absolute values: (a) stiffness (N/mm); (b) load to 
failure (N); and (c) energy to failure (mJ). In order to standardise 
outcome values, it was also considered necessary to calculate 
comparative values in percentage between the treatment and 
control groups.

All specimens, including those that were subjected to 
biomechanical analysis, were assessed histologically. The 
harvested tissue was immersed in 4% formalin solution. After 
24 hours, the specimens were decalcified in a Surgipath 
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Decalcifier II® solution (Leica Biosystems, Buffalo Grove, IL, USA). 
Complete decalcification was achieved in 8–10 days. The samples 
were then sustained via the typical histopathologic process and 
sectioned to a thickness of 5 μm. Mounted histological sections 
were stained using haematoxylin and eosin as well as Alizarin 
Red.(15,16) Histological analysis was performed on longitudinal 
sections that included the site of the bone-defect interface, using 
the three most central sections from each specimen. A 14-point 
histological grading system described by Salkeld et al was used 
for histological grading of the healed sites.(11) The quality of union 
(range 0–4), cortex development and remodelling (0–4), and 
the degree of bone graft incorporation and new bone formation 
(0–6) were assessed according to Salkeld et al’s grading scale. 
Histological scores ranged from 0 (minimum) to 14 (maximum) 
and were the sum of the abovementioned parameters.

All results were expressed as mean ± standard deviation 
(SD). Significant differences among groups were evaluated using 
chi-square test. SPSS version 11.5.0 (SPSS Inc, Chicago, IL, USA) 
was used for analysis and a p-value < 0.05 indicated statistical 
significance.

RESULTS
Serious complications and death were not observed during our 
study. All the rabbits were able to walk 2–3 days postoperatively. 
Radiography performed immediately after surgery (Figs. 1a–c) 
showed segmental, critical-size defects of uniform size in 
the area between the upper and middle third of the ulna. 
Platelet concentration (mean ± SD) of blood and PRP was 
480 ± 208 × 103/μl and 3,850 ± 818 × 103/μl, respectively. In blood 
and PRP, the concentration of TGFB1 was 51.25 ± 12.37 ng/mL 

and 195.78 ± 40.28 ng/mL, respectively, while the concentration 
of PDGF-BB was 3.61 ± 0.42 g/mL and 18.90 ± 7.45 ng/mL, 
respectively.

The defects filled by new bone were evaluated and the mean 
radiographic scores are listed in Table I. Group B (PRP and DBM) 
had significantly higher mean radiographic scores than Group A 
(PRP only) and Group C (control) at postoperative weeks 4 and 12. 
Defects treated with a mixture of PRP and DBM showed callus 
formation of significant size with a diffuse irregular appearance 
at 12 weeks postoperatively (Fig. 1b). New bone formation was 
noticed within the osseous defects, expanding into the surrounding 
soft tissues. Most of the defects had a radiographic score > 4. In 
four of the skeletal defects in Group B, a radiolucent line across 
the site of the previous osteotomy could still be seen 12 weeks 
postoperatively although bone union was achieved (Fig. 1b).

Critical-size defects treated with PRP only (Group A) or not 
treated (Group C) showed minimal or no formation of new bone 
at postoperative weeks 4 and 12. Both Groups A and C had a 
mean radiographic score of 0 or 1 at 12 weeks postoperatively 
(Figs. 1a & c, respectively). Statistical analysis at postoperative 
weeks 4 and 12 using chi-square test showed a significant 
difference among the three groups (Table II). A gross assessment 
of the specimens revealed no union in Groups A and C, but 
macroscopic bone union in Group B (Fig. 2). Specimens from 
Groups A and C were not mechanically tested due to instability 
on manual palpation. The results of biomechanical analysis of 
the specimens in Group B are summarised in Table III.

Fig. 1 Radiographs show (a) no union in Group A (platelet-rich plasma 
[PRP]); (b) union in Group B (PRP and demineralised bone matrix); and 
(c) no union in Group C (control) at postoperative week 12.

1a

1b

1c

Table I. Radiographic grading of degree of healing of the osseous 
defects, according to the scale by Cook et al.(12)

Group Mean ± standard deviation

Immediate 4 wk 12 wk

A 0.70 ± 0.50 0.75 ± 0.45 0.75 ± 0.45

B 0.70 ± 0.50 3.55 ± 0.79 4.92 ± 0.79

C 0 0.50 ± 0.52 0.5 ± 0.52

Scores range from 0 (no change) to 6 (defects absolutely bridged with new 
bone). Group A: platelet-rich plasma (PRP); Group B: PRP and demineralised 
bone matrix; Group C: control

Table II. Comparison of postoperative radiological scores among 
the three groups.

Group p‑value

4 wk 12 wk

A vs. B 0.045 0.029

A vs. C 0.546 0.572

B vs. C 0.022 0.019

Chi-square test used to compare between groups. p < 0.05 was considered 
statistically significant. Group A: platelet-rich plasma (PRP); Group B: PRP and 
demineralised bone matrix; Group C: control

Table III. Results of biomechanical analysis of the treated (PRP and 
demineralised bone matrix) and intact contralateral limbs.

Limb Stiffness (N/mm) Load to 
failure (N)

Energy to 
failure (mJ)

Treated 180.5 ± 78.7 242.5 ± 73.8 275.5 ± 72.5

Intact 128.6 ± 6.7 185.0 ± 65.4 180.8 ± 51.3

Data presented as mean ± standard deviation. PRP: platelet-rich plasma
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Comparative values in percentage were also calculated 
between the treated and intact contralateral specimens of 
Group B. The treated specimens had average stiffness, load to 
failure and energy to failure values that were 88.0%, 153.0% 
and 152.5% more than the intact contralateral specimens of 
Group B, respectively. Histological scores for the three groups 
are shown in Table IV.

The defects filled with PRP only and those that were not treated 
showed minimal or no formation of new bone. Histologically, 
these defects also had the most fibrous tissue bridging them. 
Defects treated with PRP and DBM, however, were bridged with 
new bone formation. The newly formed bone was found inside 
the defect and also extended into the surrounding soft tissue, 
creating an oversized callus at 12 weeks postoperatively. There 
were mineralised areas of cartilage, new osteoid deposition and 
complete bone formation with mature bone, as evidenced by 
the presence of lamellar bone deposition and medullary cavities 
(Figs. 3a & b). Similar to the radiological results, statistical analysis 
with chi-square test showed a significant difference between the 
histological scores of the three groups (Table V).

The histological scores for osseous defects treated with 
platelet-rich plasma and demineralised bone matrix were 
significantly greater than that of the other groups; Groups A and 
C achieved scores of about 0 or 1 (p < 0.05). Inside the callus, 
there was complete absorption of the graft as new bone was 

produced, thus showing that new bone replaced the xenograft. 
All the groups did not show complete development of cortices 
12 weeks after the operation, although specimens from Group B 
had partial cortex formation and recreation of marrow space.

DISCUSSION
Autologous PRP is prepared from blood after simple centrifugation 
to concentrate platelets. Platelets contain alpha granules that 
are rich in several chemotactic and proliferative growth factors, 
such as the PDGF, TGFB1, insulin-like growth factor, vascular 
endothelial growth factor, epidermal growth factor and many 
others that play key roles in tissue repair mechanisms and bone 
healing.(17,18)

Fig. 2 Group B: photograph shows macroscopic union with significant 
callus (arrows) in a defect.

Table IV. Results of histological assessment.

Parameter Group A Group B Group C

Quality of union (0–4) 0.920 ± 0.289 3.580 ± 0.515 0.170 ± 0.389

Cortex development and remodelling (0–4) 0.250 ± 0.452 3.420 ± 0.515 0.170 ± 0.389

Bone graft incorporation and new bone formation (0–6) 0.420 ± 0.515 4.670 ± 0.888 0.170 ± 0.389

Total (0–14) 1.580 ± 0.904 11.670 ± 1.497 0.500 ± 1.000

Data presented as mean ± standard deviation. Group A: platelet-rich plasma (PRP); Group B: PRP and demineralised bone matrix; Group C: control

Table V. Comparison of histological scores among the three groups 
12 weeks postoperatively.

Group p‑value

A vs. B 0.045

A vs. C 0.229

B vs. C 0.021

Chi-square test used to compare between groups. p < 0.05 was considered 
statistically significant. Group A: platelet-rich plasma (PRP); Group B: PRP and 
demineralised bone matrix; Group C: control

Fig. 3 (a & b) Photomicrographs from Group B show new bone formation 
in undecalcified histological sections of a critical-size defect treated with 
platelet-rich plasma and demineralised bone matrix. There is endochondral 
ossification (bone margin of the defect), presence of medullary cavities, 
xenograft resorption and filling of the defect with new bone (Haematoxylin & 
eosin, × 200). C: cartilage; MC: medullary cavities; NB: new bone

3a

3b
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Upon application to the fracture site and activation with 
thrombin or calcium chloride solution, platelets contained in PRP 
release many of these growth factors and cytokines. They may 
induce the healing of tissue at the cellular level, as they influence 
cells involved in tissue regeneration. They also can stimulate 
the formation of blood vessels at the fracture site (angiogenesis) 
and migration of mesenchymal stem cells, monocytes and 
macrophages. Additionally, these platelets can promote cellular 
differentiation and further aggregation of platelets.(19,20) Thus, these 
growth factors do not directly stimulate bone formation but affect 
the above critical repair functions.(3)

DBM preparations contain osteoconductive materials with 
some osteoinductive properties.(2) Ideally, the combination of PRP 
and DBM induces bone regeneration. A few studies have reported 
that when applied to osseous defects, PRP with DBM induces 
bone healing,(21) while other studies concluded that PRP with 
DBM inhibits fracture healing.(7,22) However, these latter studies 
have some critical differences from the present study; they either 
used different species of animals, with different metabolisms, or 
had a smaller sample size. Also, these studies applied the mixture 
of PRP and DBM to different sites, leading to varying levels of 
DBM activity and subsequently affecting osteogenic ability and 
the course of bone formation.(8,23) Lastly, different PRP preparation 
devices were used.

The results of this study suggest that PRP combined 
with DBM may enhance bone healing of segmental defects, 
while application of PRP alone does not lead to bone 
union. The human DBM (xenograft) acted as a scaffold with 
osteoconductive properties; this was combined with the 
osteoinductive properties of autologous PRP. Significant 
enhancement of bone union was found in these critical defects 
12 weeks postoperatively. The new bone filled the defects 
and expanded to the surrounding soft tissue. The callus that 
formed appeared to show cortex formation and remodelling 
of new bone, indicating incorporation of graft with new 
bone. Biomechanical and histological findings only showed 
enhancement of bone healing in Group B specimens.

This study used PRP in a gel form (activated with calcium 
chloride solution) alone or with DBM for better anchorage in 
the bone defects. New bone formation and filling of defects 
was achieved with the use of PRP combined with DBM. Some 
studies have concluded that PRP can increase the osteoinductivity 
of DBM when used without thrombin activation, as thrombin 
activation may lead to faster release of growth factors in PRP to 
the application site.(8) The use of xenogenous DBM was not a 
limitation of this study because it does not have any significant 
osteoinductive properties, and hence represented a purely 
osteoconductive material when mixed with osteoinductive 
PRP to fill the defects. In the present study, PRP was prepared 
according to the manufacturer’s instructions and had 3–7 times 
more platelets and growth factors. Bone healing may not be 
improved by using PRP with very high platelet concentrations 
that was obtained via aggressive processing techniques.(24,25) The 
preparation and use of PRP depend on many variables such as 
the centrifugation method and delivery system.(26)

The rabbit is an appropriate model for PRP experimental 
studies, as its haematological status is similar to that of humans. 
Rabbits have an average platelet count of 400,000/mm3. They also 
have a specific sequence of phases for bone healing that lasts for 
about 2–3 months after the operation. However, a limitation of 
this study could be the different (faster) rhythm of bone healing 
in rabbits compared to humans.(27-29) Another notable fact was 
that postoperative external immobilisation was not used in the 
rabbit forearm with the defect. The integrity of the radius and 
the strong fibro-osseous radioulnar union proximal and distal to 
the skeletal defect provided mechanical stability.(11) In addition, 
external immobilisation of a rabbit forearm would be difficult.

PRP has previously been applied alone or in combination 
with autografts or other bone grafts to enhance bone union. 
According to the literature, the use of PRP for osseous healing 
appears beneficial only when it is mixed with osteoconductive 
scaffolds.(25) The results of the present study support these findings. 
Although DBM has shown some osteoinductive activity in animal 
studies, it has never demonstrated this effect in clinical use.(3,9) 
This may be a possible limitation of the study, and future studies 
should address this question by including a group in which only 
DBM is used to fill bone defects.

Few studies in the literature have used large skeletal defects 
of this size filled with a material other than autograft, or osseous 
defects filled with autologous PRP (alone or combined with 
DBM). Although the primary aim of the present study was to 
show the effectiveness of PRP for bone enhancement, and not 
to compare it with the well-established autograft or DBM alone, 
the exclusion of the autograft or DBM groups may have been 
another limitation of this study, and these groups should be 
included in future research.

Additionally, different DBM products may vary in their 
osteogenic properties in animal studies. Most studies revealed 
no effect of PRP on bone healing, while a small number showed 
enhancement of bone healing.(6) Research involving a larger 
number of animals may be needed to support the encouraging 
results of PRP and enhancement of bone union found in our study.

PRP has been widely used in orthopaedic, periodontal and 
maxillofacial surgery with mixed results. It may initiate the 
process of fracture healing, acting during the early stages of 
bone healing.(30) Thus, transferring an increased concentration of 
platelets as PRP to a fracture site is advisable, provided that the 
preparation and application of PRP are not overly challenging 
in clinical practice, and may benefit bone and soft tissue healing 
with no side effects. Better understanding and knowledge of the 
mechanisms of PRP are required. The potential efficacy of PRP 
is controversial and more research is necessary.

In conclusion, this study found that enhancement of bone 
healing in critical-size defects was statistically significant when 
PRP was combined with DBM, while bridging of osseous defects 
with PRP alone did not seem to have any positive effect compared 
to the control group. Enhancement of bone union was shown in 
radiological findings, gross assessment, and biomechanical and 
histological results. Therefore, PRP was found to be effective only 
when used in combination with a bone graft.
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