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Abstract. Bone cement is widely used, particularly in hip 
replacements, but the potential clinical complications of its use 
have been largely unrecognized. The purpose of the present 
study was to investigate the effects of bone cement in the 
proximal femoral medullary cavity (PFMC) on bone mineral 
density (BMD), intraosseous pressure (IOP), articular cartilage 
and subchondral bone in the distal femurs of rabbits. A total 
of 32 New Zealand white rabbits were randomly numbered 
and the left hind limb of the odd‑numbered rabbits and the 
right hind limb of the even numbered rabbits were selected as 
the experimental side. For each rabbit, the non‑experimental 
hind limb was labeled as the control side by the principal 
investigator. An intramedullary injection of polymethyl meth‑
acrylate was made into the experimental hindlimb of each 
rabbit and the PFMC filled with bone cement. BMD and IOP 
of the distal femur of the bilateral hindlimb were measured 
at 4 and 16 weeks after surgery, and histological and ultra‑fine 
structural features were examined by light and transmission 
electron microscopy, respectively. At week 4 after the opera‑
tion, IOP in the experimental limb was significantly higher and 
BMD lower compared with the control limb. At the 16th week 
after operation, the IOP in the experimental limb was lower 
than at the 4th week after operation, but still higher compared 
with controls, and the BMD was significantly higher than the 
controls. In the controls, IOP and BMD was not significantly 
different between the 4th and 16th week after operation. 
Compared with controls, the cartilage in the experimental 

group was thinner, the chondrocytes partially necrotic and the 
trabecular structure of the subchondral bone broken. Analysis 
of ultra‑fine structural features in the experimental group 
showed chondrocytes with necrotic cytoplasm and pyknotic 
nuclei relative to controls. The results indicated that blockage 
of the PFMC with bone cement resulted in an increase in 
the IOP in the distal femur, a change in BMD and damage 
to the subchondral bone and articular cartilage.

Introduction 

Artificial hip arthroplasty is used extensively in replacement 
of damaged hips. To affix the artificial hip to the native 
bone, both cement and non‑cement methods are used. Bone 
cement fixation is particularly suitable for aged patients with 
osteoporosis, as the early stability is generally good (1). With 
the development of new bone cement technology, the use 
of bone cement in artificial hip replacements is now more 
commonly accepted in clinics (2‑4). However, bone cement 
in the proximal femoral medullary cavity (PFMC) can cause 
potential complications, such as high intraosseous pressure in 
the proximal femur and systemic bone cement implantation 
syndrome, including hypotension, arrhythmia, severe hypox‑
emia, myocardial infarction and increased pulmonary artery 
pressure (5‑7). Previous studies have shown that a cement‑fixed 
artificial joint prosthesis can lead to long‑term occlusion of the 
medullary cavity and the destruction of intramedullary blood 
vessels (8). In addition, Yoon et al (9) have confirmed that the 
use of bone cement in total hip arthroplasty increases the risk 
of deep infection. 

There are negative effects of bone cement on tissue around 
the cement at both the proximal and the distal end of the 
femur (10). In previous clinical observations, it was noted that 
some patients had pain and discomfort of the knee joint after 
artificial bone cement hip replacement (11), though the specific 
mechanisms underlying this were unclear. Our previous study 
found that blocking of PFMC with bone cement was associ‑
ated with a significant decrease in blood circulation and 
bone metabolic rate of the distal femur (10). However, to the 
best of our knowledge, the effects of bone cement on bone 
mineral density (BMD), intraosseous pressure (IOP), articular 
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cartilage and subchondral bone of the distal femur have not 
been explicitly reported. Therefore, in the present study, the 
effects of bone cement in the PFMC on the distal femur in 
rabbit models were assessed by measuring the BMD and IOP 
of the distal femur and observing changes in articular cartilage 
and subchondral bone structure using light microscopy (LM) 
and transmission electron microscopy (TEM).

Materials and methods

Ethical approval. The Institutional Animal Care and Use 
Committee approved the use of rabbits in this study, and the 
study protocol was approved by The Ethics Review Board 
of Guangxi Medical University (Nanning, China). The study 
complied with the National Institutes of Health Guide for Care 
and Use of Laboratory Animals (Publication No. 85‑23) (12). 

Animals and surgery. A total of 32 New Zealand white rabbits 
(weight, 2.6‑3.5 kg; age, ~6 months; 16 males and 16 females) 
were purchased from the Animal Center of Guangxi Medical 
University (Nanning, China). Rabbits were housed in indi‑
vidual cages at constant temperature (18‑22˚C) and humidity 
(40‑60%) on a 12‑h light‑dark cycle with free access to food 
and water and were monitored every 24 h.

The experimental rabbits were randomly numbered 1‑32 
and the left hind limb of the odd‑numbered rabbits and the 
right hind limb of the even numbered rabbits was selected 
as the experimental side, whereas the other hind limb of the 
rabbit was labeled as the control side by the principal investi‑
gator; the surgeons and the independent researchers were both 
blinded to the identity of the rabbit.

Surgery was performed as described in a previous 
report  (13): First, rabbits were anesthetized with an intra‑
muscular injection of ketamine (50  mg/kg) and xylazine 
(10 mg/kg). The fur at the bilateral surgical site of the hind 
legs was then shaved after 9% sodium sulfide treatment, the 
operation field was further disinfected using iodophor and 
then covered with a surgical drape. The rabbits were placed on 
the surgical table on prone position. Using the third trochanter 
of the bilateral femur of the experimental rabbit as the central 
mark, a 4‑cm long arc incision was made. The lateral part of 
the trochanter was excised by a bone saw, and the entrance of 
the medullary cavity was established with a probe. The PFMC 
was created by repeatedly reaming with a medullary cavity file 
until the cavity reached about 3/5 of the length of the femur. 
Polymethyl methacrylate (PMMA) solution was prepared by 
mixing two parts PMMA powder and one part PMMA liquid 
according to manufacturer's instructions (weight ratio, 2:1; 
DePuy International Ltd.). PMMA solution (2 ml) was injected 
into the medullary cavity of the right femur, which was then 
filled with the dough‑like bone cement. The left femur was 
used as the control (without any bone cement). The wounds 
were washed with sterile saline, and the tissues were sutured 
to close the incision. After surgery, each rabbit received one 
injection of antibiotics, including 1 ml gentamicin and 400,000 
units of penicillin sodium. At the 4th or 16th week after opera‑
tion, rabbits (n=16 rabbits per time point) were anesthetized 
with an intramuscular injection of ketamine (50 mg/kg) and 
xylazine (10 mg/kg) and euthanized by air embolization by 
intravenously injecting 40‑50 ml of air into the auricle vein. 

Death was confirmed by respiratory and cardiac arrest, pupil 
diffusion and disappearance of the nerve reflex.

IOP measurement. At the 4th or 16th week after operation, 
the rabbits were fixed on a custom‑made operating table, 
and the skin and muscles were cut to expose the femoral 
medial condyle. At 1 cm above the femoral medial condyle, 
a bone puncture needle was inserted into the PFMC, and the 
needle was immediately connected to the pressure‑measuring 
device tightly. Once the connection was established, the 
recording system was turned on and the pressure data recording 
was started  (14). After the pressure signal was converted 
into an electrical signal, the pressure signal was input into a 
specially designed computer system to amplify and process, 
and the pressure data and curves could then be displayed (15). 
The IOP was recorded by a Physiological Pressure Transducer 
(SP844; MEMSCAP SA).

H&E staining and LM examination. The articular cartilage 
of the bilateral distal femur was harvested (including the 
subchondral bone). A 1  cm long cancellous bone mass of 
femoral condyle was selected near the articular surface. After 
rinsing the specimens with normal saline, the specimens were 
immediately fixed in 10% formaldehyde for 24‑48 h at room 
temperature, followed by EDTA decalcification, washing 
with water and dehydration using a gradient of ethanol solu‑
tions (from 70‑100%). Following treatment with xylene I and 
xylene  II for 30 min at room temperature the transparent 
tissues were paraffin embedded and sliced into 4‑µm thick 
sections using EM UC7 ultramicrotome (Leica Microsystems 
GmbH). H&E staining was carried out according to standard 
procedures (16). Briefly, slides were immersed in filtered Harris 
hematoxylin, rinsed with water, immersed in 0.3% ammonium 
hydroxide and rinsed with water. Subsequently, the sections 
were stained with eosin staining solution for 2‑3 min, followed 
by 70 and 90% alcohol dehydration for 10 min. Dehydrated 
slides were immersed in xylene and mounted using Permount™ 
mounting medium (Thermo Fisher Scientific, Inc.) and cover 
slips. Slides were observed under a light microscope (model, 
BX53; Olympus Corporation) after sealing.

TEM. The cancellous bone mass of the femoral condyle 
(including the articular cartilage and facial segment) near the 
articular surface was fixed for 2 h at room temperature with 2% 
glutaraldehyde (Panreac Química SLU) and 2.5% paraformal‑
dehyde at pH 7.4 with 0.1 M sodium cacodylate, rinsed with 
phosphate buffer and fixed in 1% osmium‑acid solution. After 
rinsing, the bone mass was dehydrated using an ascending 
acetone series (50, 70, 90 and 100%), soaked in a mixture of 
acetone/encapsulated solution, embedded in Epons12 embed‑
ding agent, and then sliced into 50‑nm thick sections using an 
EM UC7 ultramicrotome (Leica Microsystems GmbH). The 
ultrastructure of cartilage and subchondral bone was observed 
using a JEM‑1230 transmission electron microscope (JEOL 
Ltd.) according to standard procedures (17).

Bone mineral density (BMD) measurement. The cancellous 
bone mass of femoral condyle (including articular cartilage 
and facial subdivision) near the articular surface was selected 
for BMD measurement. Specifically, a 0.5 cm length piece 
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of intact cancellous bone of femoral condyle, 1 cm above the 
femoral condyle and close to the proximal articular surface, 
was used for BMD examination. The specimen was scanned 
using a high‑resolution mode on a Hologic QDR 4500 fan‑beam 
bone densitometer (DXA, Hologic, Inc.). The method was 
adapted from previous reports (18,19).

Statistical analysis. All numerical data are presented as 
the mean ± standard deviation. All statistical analyses were 
performed with SPSS18.0 statistical software (SPSS Inc.). 
Comparisons of BMD and IOP were analyzed by two‑way 
ANOVA with Dunnett's post hoc test. P<0.05 was considered 
to represent a statistically significant difference.

Results

Surgery. All animals tolerated the surgical procedure well. 
At 5 days post‑operation, 2 rabbits had a minor infection at 
the incision site, but this healed well following treatment with 
antibiotics following debridement.

Gross anatomical morphology observation and X‑ray of 
femurs in rabbits post‑surgery. From the gross anatomical 
analysis of the femoral specimens, it was observed that the 
bone cement‑filled bone marrow cavity was very tight without 
obvious gaps (Fig. 1). The presence of a bone cement shadow 
could be seen in X‑ray images (Fig. 2); the upper middle femur 
of the experimental side of the rabbit was filled with cement, 
whereas the upper middle femur of the control side was not 
filled with cement, which demonstrated that the bone cement 
was filled to the middle segment of femur. 

Evaluation of cartilage and bone tissue structural features 
by LM. At the 16th week post‑surgery, it was found that the 
cartilage surface was smooth, chondrocytes were arranged 

in columnar shape and that the distribution of chondrocytes 
and the size of the nucleus was uniform on the control side 
(Fig. 4a). In control animals, the trabecular structure of the 
subchondral bone was normal, the bone cells were regularly 
arranged, the structure of bone was largely intact, and the 
lamellar line is clear (Fig. 3a). By contrast, chondrocytes in 
the experimental group were thinner and the surface layer 
was almost absent with a typical irregular moth‑eaten shape 
(Fig. 4b). The arrangement of chondrocytes was disordered, 
the quantity was reduced, and a large number of chondrocytes 
were necrotic in the experimental group (Fig. 4b). A large 
number of empty bone lacunae in the subchondral trabeculae, 
a decrease in the number of bone cells, a disappearance of 
lamellar lines and broken trabecular structures were observed 
(Fig. 3b).

Evaluation of cartilage and bone tissue ultrastructural 
features by TEM. At the 16th week after intervention, the 
nuclei of some chondrocytes in the experimental group 
showed typical features of pyknosis and some cell and nuclear 
membranes could not be distinguished (Fig. 5b); overall, the 
general structure of the chondrocytes was disorganized, with 
necrotic and disintegrated cytoplasm (Fig. 5b). Similarly, the 
size of bone cells in the experimental group was reduced 
and the cell edges were unclear (Fig. 6b); the continuity of 
cell membrane and nuclear membranes was interrupted, 
with a disappearance of cytoplasmic components and the 
high‑density substances in cells was increased (Fig. 6b). By 
contrast, the chondrocytes of the control group were more 
round‑shaped, with an abundant rough endoplasmic reticulum 
and developed Golgi complex in the cytoplasm (Fig. 5a); the 
nucleus was large and complete and chromatin was abundant 
and evenly distributed throughout (Fig. 5a). Bone cells in the 
control group were located in the lacuna of bone with a flat oval 
shape, rich cytoplasm and endoplasmic reticulum, scattered 
free ribosomes, moderate mitochondria and well‑developed 
Golgi complex (Fig. 6a).

Comparison of BMD of femurs between the two groups 
post‑surgery. At the 4th week following operation, the BMD 
of the distal femur in the experimental group (0.275±0.005) 
was significantly lower compared with that in the control 
group (0.344±0.06) (P<0.05; Fig. 7). However, at the 16th 
week post‑operation, the BMD of the distal femur of the 
experimental group (0.401±0.006) was significantly higher 
compared with the BMD at the 4th week (P<0.05), and also 
higher than the control group at the 16th week (0.355±0.005) 
(P<0.05). By contrast, there was no significant difference in 
BMD between the 4th and 16th week after operation in the 
control group (P>0.05; Fig. 7).

Comparison of IOP between the two groups post‑surgery. 
At the 4th week post‑operation, the IOP of the distal femur 
in the experimental group (36.483±1.005) was significantly 
higher compared with that in the control group (21.972±0.640) 
(P<0.05; Fig.  8). However, at the 16th week following 
surgery, the IOP of the distal femur on the experimental side 
(29.858±0.733) was lower compared with that at the 4th week 
after the operation (P<0.05), but still higher compared with the 
control group at the 16th week (23.204±0.359) (P<0.05). No 

Figure 1. Gross observation of bone. The femur originated from the experi‑
mental side of the rabbit hind limb, and the anatomy of the gross specimen 
confirmed that the proximal femoral medullary cavity of the experimental 
side was filled with bone cement. 
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significant difference in IOP was identified between the 4th 
and 16th week after operation in the control group (P>0.05; 
Fig. 8).

Discussion

Bone cement is widely used in hip replacements, but the 
potential clinical complications of its use have been largely 
unrecognized or ignored (4,5). In the present study, a rabbit 
model of the PFMC was successfully established, the cavity 
blocked with bone cement and the BMD and IOP of the distal 
femur measured; structural changes in the articular cartilage 
and subchondral bone of the distal femur were also observed. 
The BMD of the distal femur decreased significantly 
at 4 weeks following bone cement treatment but was increased 
at week 16 following surgery, and this was significantly higher 
compared with the control group BMD. The IOP of the distal 
femur increased significantly after intervention and continued 
to be significantly higher compared with the control group. LM 

and TEM analyses showed that distal femur articular cartilage 
and subchondral bone were severely affected by the specific 
intervention, which suggested that the effect of bone cement 
on BMD, IOP, articular cartilage and subchondral bone of 
the distal femur should be considered when considering a hip 
replacement with bone cement fixation.

IOP is the pressure produced by the blood flow of the 
phalanx in the intramedullary cavity or the interosseous 
space and is the most reliable index to gauge intraosseous 
hemodynamics and the state of intraosseous circulation (20). 
Porsch  et  al  (21) used modern bone cement implantation 
technology to set up pressure measuring devices in different 
positions of femur. They observed that bone cement and 
prosthesis implantation could lead to a significant increase in 
IOP (21). Welch et al (22) and Otto and Matis (23) also found 
that intramedullary filling with cement could lead to long‑term 
high pressure in bone in animal experiments. These studies 
confirmed that the intramedullary pressure of the distal femur 
increased significantly after bone cement implantation, and it 

Figure 2. X‑ray imaging of the femur. The X‑ray imaging demonstrated that the proximal femoral medullary cavity of the experimental side was filled with 
bone cement (left), while the control side was not filled with bone cement (right). Arrows indicate the position of bone cement filling into the cavity.  

Figure 3. H&E staining. (a) Subchondral bone structure of the control group under LM at the 16th week after intervention. The arrows indicate that the bone 
cells were well arranged, and the trabeculae were well structured. (b) Structure of articular subchondral bone in experimental group under LM at the 16th 
week after intervention. The arrows indicate a large number of empty bone lacunae in the subchondral trabeculae, the number of osteocytes being decreased 
compared with the control and the trabecular structure being broken. Magnification, x200. LM, light microscopy. 
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continued to be significantly higher than that of the control 
group. This may be due to the long‑term occlusion of the 
medullary cavity caused by the implantation of bone cement, 
which not only reduces the volume of the medullary cavity, but 
also destroys blood circulation in the bone and the pulp during 

the filling process of bone cement. This could further cause 
a series of hemodynamic changes resulting in increased IOP. 
The damage caused by bone cement implantation is a compli‑
cated one, and it likely takes a long time to repair. Therefore, 
intramedullary high pressure will exist for a long time after 

Figure 5. (a) Articular cartilage in the control group under TEM at the 16th week after intervention. The arrow indicates that the nucleus was large and complete 
and chromatin was abundant and evenly distributed throughout. (b) Articular cartilage of experimental group under TEM at the 16th week after intervention. 
The arrows indicate that the general structure of the chondrocytes was disorganized. Magnification, x12,000. TEM, transmission electron microscopy 

Figure 6. (a) Bone cells in the control group under TEM at the 16th week after intervention. The arrow indicates that osteocytes are rich in cytoplasm and 
endoplasmic reticulum and have a well‑developed Golgi complex. (b) Bone cells on the experimental group under TEM at the 16th week after intervention. The 
arrow indicates that the continuity of cell membrane and nuclear membranes was interrupted, with a disappearance of cytoplasmic components. Magnification, 
x12,000. TEM, transmission electron microscopy. 

Figure 4. H&E staining. (a) Articular cartilage in the control group under LM at the 16th week after intervention. The arrows indicate that the surface of 
cartilage is smooth and evenly distributed. (b) Articular cartilage of experimental group under LM at the 16th week after intervention. The arrows indicate 
that the cartilage layer became thin, the chondrocyte arrangement was disordered, and their quantity decreased. Magnification, x200. LM, light microscopy. 
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bone cement implantation (22,23). In turn, this increase in IOP 
could reduce blood flow in the bone marrow, which could lead 
to further dysfunction of the intraosseous vein reflux and a 
compression of the surrounding tissue, and this congestion 
may further reduce arterial blood flow, eventually causing 
irreversible subchondral ischemic necrosis (24). 

The results of the present study indicated that bone cells in 
the subchondral bone of the proximal femur were affected by 
cement filling, including necrotic chondrocytes and disrupted 
bone microstructures. At the 16th week of bone cement occlu‑
sion, the cartilage layer of the distal femoral articular surface 
was thinner, the arrangement of chondrocytes was disordered 
and the number of cells significantly lowered. Although the 

underlying mechanism of this pathological change is still 
unknown, it can be hypothesized that tissue metabolic disor‑
ders owing to disrupted blood circulation might be the major 
cause. In addition, a number of other factors, such as necrosis 
of subchondral bone and accumulation of metabolites, 
could have aggravated the cartilage damage and resulted in 
degeneration of the distal joint (25,26). A series of changes 
caused by toxicity, fever and osteolysis of bone cement may 
also accelerate the degeneration of the distal femoral articular 
surface. Further studies are needed to determine the precise 
contributions of these pathological processes to changes in 
IOP, BMD and bone and cartilage histology.

BMD refers to bone mineral content per unit bone tissue, 
which is a standard parameter to quantify bone quality (27). It 
can be used as a parameter to gauge the influence of cemented 
artificial joint implantation on the bone quality  (28). For 
example, when van Loon et al (29) used dual energy X‑ray 
absorptiometry to measure bone density in patients with a 
loosening prosthetic following artificial joint replacement, 
it was found that the loss of bone mass stimulated by bone 
cement was the main cause of the artificial joint loosening. 
Similarly, Kramhoft et al (30) also found that bone cement 
implantation reduced BMD and inhibited bone reconstruction 
and mineralization in dogs. The present results indicated that 
the BMD of the distal femur decreased significantly after bone 
cement blocked the PFMC, which may be due to the dual 
effects of high IOP and the actions of bone cement itself. It 
is well known that the implantation of bone cement into the 
medullary cavity leads to high IOP, which increases hypoxia 
at the distal end of the femur (31). This, in turn, could seriously 
affect bone and cartilage metabolism in the distal femur and 
result in a large loss of local bone mass (10). 

In addition, particles from bone cement implantation can 
cause histochemical reactions, stimulating macrophages and 
giant cells to secrete a variety of factors related to bone resorp‑
tion; therefore, bone cement might promote bone resorption in 
different ways (32). However, the results of the present study 
suggested that over time, BMD of the distal femur gradually 
increased and eventually exceeded normal BMD levels. This, 
at first glance, might be treated as good news, but further 
analysis found that this might not be a desirable outcome. In 
fact, this phenomenon may be due to abnormal bone repair and 
reconstruction, which can result in bone deposition and bone 
sclerosis (33). One previous study also reported an increase in 
BMD under pathological conditions (34).

The l imitat ions of the present study include: 
i) Observation was for only 16 weeks, which may not be long 
enough to model artificial joint surgery; therefore, future 
study of the long‑term effects of bone cement on the distal 
femur are warranted; ii) only a limited number of param‑
eters were assessed in this study; therefore, more clinically 
relevant parameters are warranted for future studies; and 
iii) species‑specific and model‑specific features might argue 
against the clinical relevance of the present model to clinical 
hip replacements in humans. Future studies will test this 
hypothesis and other clinically associated or relevant models 
are warranted. Overall, the present data support the idea that 
cement treatment could potentially increase IOP, disrupt the 
BMD and perturb the local articular cartilage and subchon‑
dral bone structure.

Figure 7. BMD in both groups at the 4th and 16th week after surgery. *P<0.05. 
BMD, bone mineral density. 

Figure 8. IOP in both groups at the 4th and 16th week after surgery. *P<0.05. 
IOP, intraosseous pressure. 
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In summary, blockage of the PFMC with bone cement results 
in an increase in the IOP of the distal femur, changes in BMD and 
damage to the subchondral bone and articular cartilage. Further 
studies are warranted to further confirm this finding in the clinic 
and to investigate the mechanisms underlying how bone cement 
occlusion in the PFMC exactly affects the distal femur.
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