
Background: Polymethyl methacrylate (PMMA) bone cement is widely used for osteoplasty. 
However, previous studies have demonstrated the adverse effects of PMMA due to its excessive 
stiffness and heat production. Recently, calcium phosphate cement (CPC) that overcomes those 
negative effects has been successfully applied in osteoplasty. The potential problem of CPC is 
markedly less initial stiffness. It leads to progressive, repeated collapse in the treated vertebra 
before CPC has been replaced by new bone that would provide substantial improvement in 
compressive strength and stiffness. The activated platelets in platelet-rich plasma (PRP) release a 
high concentration of growth factors which play an important role in bone healing. 

Objective: To investigate whether PRP could accelerate the osteoconduction of CPC and enhance 
the bone strength of the treated vertebra in an animal model.

Study Design: Controlled animal study.

Setting: Laboratory animal study,

Methods: Thirty-two female Sprague-Dawley rats were ovariectomized at 8 weeks of age. After 3 
months, they were randomly divided into 4 groups and received cement augmentation in the fifth 
caudal spine with different filler materials; sham-operated rats (S), PMMA (P), CPC (C), and CPC + 
PRP (CP). Bone mineral density (BMD) and trabecular type-associated morphological parameters, 
including trabecular bone volume fraction and trabecular thickness in the augmented caudal spine, 
were evaluated by micro-computed tomography (mirco-CT) 2 weeks after the cementoplasty. 
Histological analysis was also performed to compare the bone regeneration. 

Results: The trabecular bone volume fraction in the CP group was significantly greater than those 
of all the other groups. Trabecular thickness was higher in the CP group than the S and P groups. 
This augmented trabecular structure in the CP group accordingly showed higher BMD. Histological 
evaluations showed significantly more bone regeneration in the CP group. 

Limitations: There has been a concern that the effect of PRP would be dependent on the 
species, and might show different results in humans. Baseline values of micro-CT analysis were 
not measured, which could have provided exact evidence of the changes in trabecular micro-
architecture parameters and cement resorption profiles. Finally, caudal vertebrae with filler 
materials used in biological study should have been compared by their mechanical properties using 
biomechanical evaluations for a more coherent study, which was not possible due to technical 
problems.

Conclusions: Incorporating PRP into CPC could accelerate osteoconduction in the augmented 
vertebra leading to improvement of trabecular bone microarchitecture and BMD in rats. 

Key words: Bone mineral density, calcium phosphates, cementoplasty, histology, osteoconduction, 
osteoporosis, platelet-rich plasma, polymethyl methacrylate, vertebra
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regeneration (13-18). Since PRP was first introduced in 
1998 by Marx et al (13) for maxillofacial reconstructions, 
extensive attempts were made to promote bone regen-
eration with PRP, but the results are not consistent (13-
16). However, though only a few studies investigated 
the relevance of PRP in osteoporosis, their results re-
vealed that PRP treatment was shown to improve over-
all bone quality in osteoporotic mice (17,18). According 
to the other studies which showed that increased bone 
marrow adipocytes are correlated to decreased bone 
mineral density in the osteoporotic model (19,20), the 
underlying mechanism of PRP-mediated treatment is 
simultaneous up-regulation of osteogenesis and down-
regulation of adipogenesis.

Caudal vertebrae in rats exhibit bone morphology 
and remodeling similar to the human adult iliac crest 
(21,22). Trabecular microfractures were observed in the 
rat caudal vertebra under cyclic overloading which is 
known to be correlated to stress or compression verte-
bral fractures (23). The caudal vertebrae in ovariecto-
mized rats exhibit pathologic bone changes consistent 
with osteoporosis, and represent a valuable and cost-
effective model for evaluating the performance of po-
tential bioresorbable bone cements engineered for use 
with osteoplasty (24). Previous studies demonstrated 
that a substantial effect of PRP might be observed at 2 
weeks (25,26). The total bone area and bone formation 
rate at 2 weeks were much higher than at 4 weeks for 
maxillary sinus augmentation with PRP incorporated 
into bone grafts in a rabbit model (25). Also, in combi-
nation with autologous bone applied in the forehead 
area of pigs, a significant accelerating effect of PRP on 
early bone regeneration (2 weeks) was shown (26).

The purpose of this study is to compare the early 
effects of bone filler materials including PMMA, CPC, 
and CPC + PRP in the ovariectomized rat caudal verte-
broplasty model. 

Methods 

Preparation

Animals’ Preparation
At age 8 weeks, 32 female Sprague Dawley rats 

were ovariectomized and were divided equally into 4 ex-
perimental groups (8 in each group), which are Sham (S), 
PMMA (P), CPC (C), and CPC + PRP (CP) groups. Two addi-
tional rats were used as blood donors to obtain PRP. Three 
months after ovariectomy, they weighed approximately 
350 – 400 g. All surgical procedures were performed 

As the aging population increases each year, 
the rising prevalence of osteoporosis-related 
injuries has become quite an important 

medical issue. Vertebral body fracture is one of the 
most common fractures associated with osteoporosis 
(1). The treatment of osteoporotic vertebral fracture 
includes bracing and external orthoses, medications, 
and physical therapy. Another effective treatment 
option is vertebroplasty, the cement augmentation of 
fractured osteoporotic bone.

Polymethyl methacrylate (PMMA) bone cement 
is the most widely used bone substitute for verte-
broplasty. The stabilization of an unstable fractured 
vertebral body by increasing its stiffness and strength 
and the thermal ablation and/or chemical toxicity of in-
traosseous neural tissue have been proposed to explain 
the pain relief after the procedure (2). However, these 
properties also induce several potential adverse effects, 
which are adjacent vertebral body fracture from exces-
sive stiffness (3) and thermal and chemical necrosis of 
surrounding tissues (4).

Calcium phosphate cement (CPC) is highly osteo-
conductive and is gradually replaced by new bone that 
can provide substantial improvement in the compressive 
strength of the osteoporotic or fractured bone (5-7). It 
reduces the adverse effects of PMMA. The elastic modu-
lus of PMMA is 2700 MPa which is much higher than 
that of human cancellous bone (168 MPa). In contrast, 
the elastic modulus of CPC is 180 MPa, which is more 
effective at avoiding the stress shielding effect and 
abnormal load transfer, as well as reducing secondary 
fracture of adjacent vertebral bodies (8). PMMA would 
also induce a significant and dose-dependent reduction 
of human nucleus pulposus cells, which is significantly 
more severe than with CPC (4). Intradiscal PMMA leak-
age is known to be one of the important risk factors 
in new vertebral body fracture after percutaneous ver-
tebroplasty (9,10). But at the same time, CPC also has 
some disadvantages. As a crystalline substance, CPC is 
known to be prone to show failure under shear loading 
(11). CPC might not provide enough initial stiffness, and 
therefore progressive and repeated collapse has oc-
curred in the treated vertebra (12). In order to facilitate 
bone regeneration, growth factors (GFs) are combined 
with osteoconductive substances.

Platelet-rich plasma (PRP) is considered to be a rich 
source of GFs, including a high concentration of plate-
let-derived growth factor (PDGF), transforming growth 
factor-β1 (TGF-β1), and insulin-like growth factor-1 
(IGF-1), which are assigned an important role in bone 
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according to the protocol approved by Pusan National 
University Institutional Animal Care and Use Committee.  

PRP Preparation
Approximately 8 mL of whole blood was with-

drawn using cardiac puncture into an EDTA-HEPES 
saline containing tube to prevent coagulation in the 
ovariectomized rats. PRP was prepared after 2 centrifu-
gations (Combi-514R, Hanil, Seoul, Korea) at 200 g for 
10 minutes to separate the plasma portions from the 
red blood cell fraction, and at 400 g for 15 minutes to 
separate the PRP from the platelet-poor plasma. The 
platelet count was conducted in the whole blood and 
PRP using a hematology analyzer. 

Bone Filler Materials and Surgical Procedure
Before surgery, anesthesia was induced with 5% 

isoflurane in an induction box and maintained with 
2.5% isoflurane via a mask. The animals were infiltrated 
with 1% lidocaine to the incision site to reduce the op-
erative pain. 

A tourniquet was introduced at the highest point of 
the tail. Under sterile conditions, a posterior midline inci-
sion was made along the proximal tail exposing the dorsal 
view of the caudal vertebral bodies at the level of the fifth 
caudal vertebra. After dissecting posterior tendons and 
dorsal segmental muscles bilaterally, a cavity-like defect 
(diameter 2 mm, depth 2 mm) was made by a round bone 
bur at the distal 1/3 of the caudal vertebral body. When 
trabecular bone was exposed, it was gently curetted. 

PMMA (Surgical Simplex P, Striker Orthopedics, 
Mahwah, NJ) and CPC (Polybone, Kyungwon Medical, 
Seoul, Korea) were prepared according to the manu-
facturer’s instructions. Prior to implantation, in the CP 
group, the CPC was soaked and kneaded with PRP and 
solvent (10:1:1 volume ratio) for 5 minutes. Each defect 
was filled with different bone filler materials and the 
materials gently compressed with a bone tamp. In the S 
group, the same defects were created in the same place 
but were not filled with any bone filler material. The 
posterior tendons and dorsal segmental muscles were 
repositioned and closed. 

Evaluation of the Results
To compare the effects of the 3 different bone 

materials, initially high-resolution micro-computed 
tomography (micro-CT) imaging was performed for the 
evaluation of the trabecular bone microarchitectures 
and bone mineral density (BMD). Secondly, histological 
analysis was performed to determine bone regenera-
tion in each group. 

Micro-CT Scan Analysis 
Two weeks after cement injection, micro-CT scan-

ning was performed on the fifth caudal vertebra of 
each group. After isoflurane anesthesia, all micro-CT 
scans were performed with a Siemens Inveon Small 
Animal micro-PET/CT scanner (Siemens Medical Solu-
tions, Siemens Healthcare Molecular Imaging, Malvern, 
PA). For each sample, a total of 512 micro-tomographic 
slices were obtained to scan the whole defect and the 
surrounding bone. From the micro-CT scan datasets, 
3-D models were reconstructed for morphological 
analysis using the Siemens Inveon Research Workplace 
Software (IRW, version 3.0, Siemens Medical Solutions, 
Siemens Healthcare Molecular Imaging, Malvern, PA). 

The region of interest (ROI) was selected as the 
cylinder shape, with a diameter of 1.6 mm and a height 
of 2.5 mm, running along the inner edge of the defect 
or cement as an axis, so that a similar cement volume 
would be included. The controlling threshold of the 
trabecular bone and bone cements were separated due 
to a different threshold. Morphological analysis of the 
ROI was determined for the vertebral body, including 
bone volume fraction (BV/TV), trabecular thickness (Tb.
Th), trabecular number (Tb.N), and trabecular separa-
tion (Tb.Sp) (27). Additionally, the cement volume (CV) 
fraction in the ROI was calculated. The BMD of the ver-
tebral bodies were also determined after subtraction 
of the cement data. 

Histological Analysis
After micro-CT imaging, rats were euthanized 

using carbon dioxide. All fifth caudal vertebrae were 
harvested and fixed in 10% formalin. For morphologi-
cal analysis, they were decalcified in 14% EDTA for 3 
days and subjected to paraffin-embedding. Specimens 
were then cut and milled into 10-µm axial sections and 
stained with hematoxylin and eosin. 

A fixed rectangular ROI, including the surgical 
area, was chosen in each slide at the same magnifica-
tion (40 X objective). In the ROI, the degree of osteo-
genesis was classified into 3 categories: fibrosis and 
chronic inflammation, mineralization, and new bone 
formation. All the grading was done in a blind fashion 
by the pathologist.

Statistical Analysis
Data were expressed as a median (interquartile 

range) or a number (%). For continuous variables, a 
Kruskal-Wallis test with a post hoc Mann-Whitney 
U test was performed, while a Chi square test was 
performed for categorical variables. When multiple 
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comparisons for post hoc tests were performed, Bonferroni cor-
rection was used to determine the statistical significance between 
the experimental groups. For Bonferroni correction, a P value 
was considered to be significantly if less than 0.0083 (0.05/6), 
otherwise less than 0.05. All analyses were performed using SPSS 
statistics 18.0 (SPSS Inc., Chicago, IL). 

Table 1. Clinical results during study period.

Group
Bone 
filler 

materials

Baseline
3 months after 

ovariectomy

Number Weight, g Number Weight, g

S None 8 198 (195 – 202) 7 342 (316 – 383)

P PMMA 8 198 (194 – 204) 7 352 (346 – 374)

C CPC 8 199 (193 – 210) 7 339 (328 – 379)

CP CPC+PRP 8 202 (194 – 208) 8 343 (330 – 370)

Data are expressed as median (interquartile range). PMMA, polymethyl methacry-
late; CPC, calcium phosphate cement; PRP, platelet-rich plasma; S, sham; P, PMMA; 
C, calcium phosphate cement; CP, calcium phosphate cement + platelet-rich plasma.

Fig. 1. Representative micro-CT images 2 weeks after surgery: axial and sagittal view of  osteoporotic caudal spine in ovariectomized 
rats. Polymethyl methacrylate (PMMA) bone cement is used to fill in the defect, but no bone formation is observed. The 
radiolucent area is seen between the PMMA and the defect. Calcium phosphate cement (CPC) and CPC + platelet-rich plasma 
(PRP) are slowly resorbed, and replaced by newly formed trabecular bone which occurs mostly in the peripheral region. However, 
the central area of  the CPC+PRP cement is additionally replaced by newly formed trabecular bone (arrowhead). 

Results

Thirty-two rats were used in this study, 
3 died during and after surgery. The remain-
ing 29 rats had an uneventful recovery and 
gained weight after the bilateral ovariec-
tomy (Table 1). The platelet count of the 
first rat was 4.12 x 109/mL in PRP and 1.08 x 
109/mL in whole blood. The platelet count of 
the second rat was 4.01 x 109/mL in PRP and 
1.15 x 109/mL in whole blood.

Micro-CT Scan Analysis
Two weeks after surgery, newly formed 

bone showed in the C and CP groups (Fig. 1). 
CPC had been partly absorbed and replaced 
by newly formed trabecular bone. In the CP 
group, newly formed trabecular bone was 
found not only at the periphery but also in 
the central area of the cement. 
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The trabecular bone morphology parameters from 
micro-CT analysis are shown in Fig. 2. The trabecular 

BV/TV of the CP group is significantly greater than that 
of all the other groups (P < 0.001 compared to the S 

Fig. 2. Microarchitecture and density of  the osteoporotic caudal spine in ovariectomized rats. (a) Bone volume fraction (BV/
TV), (b) Trabecualr thickness (TB.Th), (c) Trabecular number (TB.N), (d) Trabecualr separation (Tb.Sp), (e) Cement 
volume (CV) fraction, (f) Bone mineral density (BMD). All analyses were performed with the Kruskal-Wallis test with a post 
hoc Mann-Whiteney U test. S, sham; P, polymethyl methacrylate; C, calcium phosphate cement; CP, calcium phosphate cement + 
platelet-rich plasma; *P < 0.0083 compared to S group; †P < 0.0083 compared to P group; ‡P < 0.0083 compared to C group.
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group, 0.001 compared to the P group, 0.006 compared 
to the C group). Tb.Th is higher in the CP group than 
the S and P groups (P = 0.002 compared to S group, < 
0.001 compared to P group). This augmented trabecu-
lar structure in the CP group is in accordance with the 
higher BMD (P < 0.001 compared to the S and P groups). 
However, Tb.N and Tb.Sp were not different in the 3 
cement implanted groups, only showing marked differ-
ence from the S group (P = 0.002 compared to the P and 
C groups, 0.001 compared to the CP group for Tb.N and 
P = 0.001 compared to the P group, 0.002 compared to 
the C groups, < 0.001 compared to the CP group for 
Tb.Sp). There is no difference in the CV fraction among 
the P, C, and CP groups. 

Histological Analysis
Two weeks after implantation, a combination of 

CPC and PRP yielded the best performance in bone for-
mation in histological examination compared to all the 
other groups (Fig. 3). All slides of the CP group showed 
evidence of new bone formation. In the C group, 2 of 
the 7 slides showed new bone formation and the others 
only showed mineralization. In contrast, in the S and P 
groups, there was no obvious indication of new bone 
formation, and chronic inflammation with fibrous tis-
sue was observed. The data obtained with the histo-
logical grading system are shown in Table 2. Statistical 
analysis indicated that the CP group has a significantly 
higher grade of osteogenesis than the other groups.

Fig. 3. Representative histological sections of  the implanted cements and surrounding trabecular bone (TB) with H&E stain. Two 
weeks after surgery, chronic inflammation and fibrous tissues were observed in the S (X40) and P groups (X100). The PMMA 
has dissolved due to the embedding process. In the C group, mainly mineralization (M) was shown rather than newly formed bone 
(NB) (X200). Newly formed bone, inflammatory cells, and fibrous tissues were observed in the CP group (X200). PMMA, 
polymethyl methacrylate; C, calcium phosphate cement; CP, calcium phosphate cement + platelet-rich plasma; IM, implanted 
material. 
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Discussion

The aim of this study was to investigate whether 
CPC mixed with PRP can be used as an alternative filler 
material to PMMA and CPC in vertebroplasty, overcom-
ing their disadvantages, such as adjacent vertebral frac-
ture and early vertebral body recollapse, respectively. 
The histological and radiological results demonstrated 
that PRP in combination with CPC accelerates new bone 
formation in osteoporotic rat models.

Vertebroplasty using CPC has been successfully used 
as a minimally invasive therapeutic strategy for the treat-
ment of osteoporotic vertebral fracture (5-7). CPC is an 
osteoconductive biomaterial that is more biocompat-
ible than PMMA. It has been reported that subsequent 
fractures of the adjacent vertebral body are frequent 
after vertebroplasty with PMMA, which is assumed to 
be caused by increased stiffness (3,28). To overcome 
this potential complication, low modulus, low viscosity, 
and more biocompatible PMMA have been introduced 
(29-31). However, more to the mechanical complica-
tion, chemical toxicity of PMMA reduces human nucleus 
pulposus cells which is much severe than CPC (4).

In spite of the advantages, clinical application of 
CPC is limited by its mechanical weakness (32,33). In-
corporating various additives has been a strategy to 
overcome its poor mechanical performance (33,34). To 
accelerate replacement of CPC by new bone formation 
leading to an early acquisition of adequate compres-
sive strength, PRP would be a powerful additive, a rich 
source of autologous GFs, and would enhance bone 
regeneration.

Considerable research has demonstrated that PRP 
accelerates new bone formation (13,14,17,26). In spite 
of the experimental evidence, its use is still a subject 
of controversy (15,16,25). Several explanations for this 
debate have been suggested. First of all, the interval 
between implantation and investigation is too long to 
prove the impact of PRP on bone regeneration. Because 
the life span of PRP and growth factors is short, it is 
better to observe the effect of PRP on bone regenera-
tion during early stages of bone healing (35,36). Sec-
ondly, the PRP concentration needs to be measured. 
A medium-concentration of PRP (2.5 – 4.5 X 109/mL) 
promotes bone regeneration. Higher concentrations 
of PRP would inhibit osteogenic proliferation, and a 
lower concentration of PRP would have no effect on 
osteogenesis (37,38). In the present study, a medium 
concentration of PRP was used with CPC and the effects 
were investigated at 2 weeks after operation.

There was significantly higher new bone formation 
in the CP group compared with all the other groups, 
in both micro-CT and histological evaluation. The mor-
phological results from micro-CT analysis represented 
an overall increase of trabecular structure in the CP 
groups. Interestingly, Tb.N and Tb.Sp were not differ-
ent in the 3 cement implanted groups, despite a higher 
BV/TV and Tb.Th in the CP group. This can be explained 
by a recent report that a mechanism of bone apposition 
is to build upon the existing microarchitecture rather 
than by increasing the number of trabeculae (39). Based 
on this study, new trabecular bone formation could oc-
cur by closing inter-trabecular spaces which leads to a 
lower Tb.Sp. Nevertheless, the muted changes in Tb.Sp 
along with an increase in Tb.Th can be assumed to show 
that it was too early for significant change in Tb.Sp in 
the present study.

There have been a few investigations about the 
effects of CPC and PRP mixture on bone regeneration. 
A recent report (40) demonstrated that the bone tissue 
regeneration of the CPC with PRP group showed a sig-
nificantly larger area of new bone formation compared 
with the CPC only group at 9 weeks post-operation in 
rabbits. However, in terms of the early effect of PRP, 
there is a report (16) that PRP had no effect on the 
early stages of cranial defect healing in rats. There are 
a number of possible explanations for this discrepancy 
in the effect of PRP-added CPC. First, the defect size was 
different. Smaller injuries heal faster. Plachokova et al 
(16) made a 6.2 mm defect, while a 2.0 mm defect was 
made in our study. Second, normal rats were used in 
their study, however; osteoporotic rats were used in the 
present study. Recently, effects of PRP on osteoporosis 
have been investigated (17,37). In those studies, PRP en-
hanced osteogenesis in ovariectomized mice and even 
treated osteoporosis. Also, PRP promoted osteoporotic 

Table 2. Degree of  osteogenesis.

Group

Degree of  Osteogenesis 

Fibrosis 
and chronic 

inflammation
Mineralization

New bone 
formation

S 7 (100) 0 (0) 0 (0)

P 7 (100) 0 (0) 0 (0)

C*† 0 (0) 5 (71.4) 2 (28.6)

CP*†‡ 0 (0) 0 (0) 8 (100)

Data was expressed as number (%). S, sham; P, polymethyl methacrylate; 
C, calcium phosphate cement; CP, calcium phosphate cement + platelet-
rich plasma.*P < 0.0083 compared to S group; †P < 0.0083 compared to 
P group; ‡P < 0.0083 compared to C group. 
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According to this study, the incorporation of PRP 
into CPC can accelerate trabecular bone formation in 
osteoporosis. The improvement of trabecular microar-
chitecture parameters can lead to an increase in bone 
strength. There have been several studies showing that 
trabecular microarchitecture and bone strength are sig-
nificantly correlated (41,42). In these studies, ultimate 
stress, which is the most important mechanical property 
related to clinical fracture, was strongly correlated with 
BV/TV and Tb.Th. Although PRP + CPC itself has been 
known to have lower modulus compared with CPC 
(40), its ability of releasing GFs accelerates bone regen-
eration which can lead to improved bone quality and 
strength.

There are some limitations that should be consid-
ered in this study. This animal study used rats. There has 
been a concern that the effect of PRP would be depen-
dent on the species (43). And no standardized methods 

to prepare rat PRP, such as critically effective amounts of 
platelets or levels of GFs, have been published. Baseline 
values of micro-CT analysis were not measured, which 
could have provided exact evidence of the changes in 
trabecular micro-architecture parameters and cement 
resorption profiles. Finally, caudal vertebrae with filler 
materials used in biological study should have been 
compared by their mechanical properties using biome-
chanical evaluations for a more coherent study, which 
was not possible due to technical problems.

Conclusion

In conclusion, the incorporation of PRP into CPC 
could accelerate osteoconduction in the augmented 
vertebra leading to improvement of trabecular bone 
microarchitecture and BMD in rats. Further studies are 
needed to prove the results that CPC with PRP would be 
a good alternative to PMMA and CPC, including biome-
chanical and clinical investigations.
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