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The effect of void creation prior to vertebroplasty
on intravertebral pressure and cement distribution
in cadaveric spines with simulated metastases
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Abstract

Background: For osteoporosis or spinal metastases, percutaneous vertebroplasty is effective in pain relief and
improvement of mobility. However, the complication rate (cement extravasation and fat embolisms) is relatively
higher in the treatment of spinal metastases. The presence of tumor tissue plays a significant role in intravertebral
pressure and cement distribution and thereby affects the occurrence of complications. We investigated the effect
of void creation prior to vertebroplasty on intravertebral pressure and cement distribution in spinal metastases.

Methods: Eighteen vertebrae (T8–L4) from five cadaveric spines were randomly allocated for two groups (group
with and without void) of nine vertebrae each. Defect was created by removing a central core of cancellous bone
in the vertebral body and then filling it with 30% or 100% fresh muscle paste by volume to simulate void creation
or no void creation, respectively. Then, 20% bone cement by volume of the vertebral body was injected into each
specimen through a unipedicular approach at a rate of 3 mL/min. The gender of the donor, vertebral body size,
bone density, cement volume, and intravertebral pressure were recorded. Then, computed tomography scans and
cross sections were taken to evaluate the cement distribution in vertebral bodies.

Results: No significant difference was found between the two groups in terms of the gender of the donor,
vertebral body size, bone density, or bone cement volume. The average maximum intravertebral pressure in the
group with void creation was significantly lower than that in the group without void creation (1.20 versus 5.09 kPa,
P = 0.001). Especially during the filling of void, the difference was more pronounced. Void creation prior to
vertebroplasty allowed the bone cement to infiltrate into the lytic defect.

Conclusions: In vertebroplasty for spinal metastases, void creation produced lower intravertebral pressure and
facilitated cement filling. To reduce the occurrence of complication, it may be an alternative to eliminate the tumor
tissue to create a void prior to cement injection.
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Background
The spine is the most common location for skeletal me-
tastases in patients with cancer [1,2]. Spinal metastases
are found in approximately 36% of patients dying from
malignant neoplasm [2]. The most frequent sites of pri-
mary tumors are the breast, prostate, and lung. Spinal
metastases can cause local pain, pathological fracture,
and neurologic compromise. Conservative treatments,
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including bed rest, back bracing, narcotic analgesics,
radiotherapy, chemotherapy, and biphosphonates, do not
provide stability of the spine. Although conventional
surgical interventions can provide pain relief, decom-
pression of neurologic elements, and improvement of
biomechanical stability [3], patients with metastases may
be unable to safely bear them due to the high morbidity
related to surgery. Hence, the treatment of spinal metas-
tases remains largely palliative [4]. Minimally invasive
techniques with a lower morbidity than conventional
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surgical interventions can afford palliation and are gain-
ing increasing popularity.
Percutaneous vertebroplasty (PVP) is a minimally in-

vasive procedure consisting of injecting bone cement
into structurally weakened or destructed vertebrae under
radiological guidance, and has been successfully applied
in the pain management of osteoporotic vertebral com-
pression fractures [5], hemangiomas [6], and myeloma
[7,8]. Studies have revealed that PVP is effective for
spinal metastases in pain relief and improvement of mo-
bility [9-11]. Although it does not improve the survival
outcome, pain relief and improved mobility are rea-
sonable goals for patients with metastases whose life
expectancies are short [9]. However, the frequency of
complications which include cement extravasation and
fat embolisms is 10% in PVP for metastases [12]. Stud-
ies have reported that the incidence of cement leakage
in PVP for spinal metastases is approximately 50% to
85% [13-15]. A retrospective research even reported
that 423 cement leakages occurred in the treatment of
304 metastatic vertebral bodies using PVP [16]. Fortu-
nately, only a small percentage of leakages result in
symptomatic complications. Other complications in-
clude embolisms due to the bone marrow, tumor frag-
ments, or bone cement. The presence of tumor tissue
in the vertebral body contributes to a higher intraver-
tebral pressure and unsatisfactory cement distribution
[17]. It is necessary to explore a method to reduce the
adverse effects of tumor tissue and investigate the
underlying basis of the method in vertebroplasty.
We hypothesize that void creation by removing tumor

tissue prior to vertebroplasty may decrease the intraver-
tebral pressure and improve bone cement distribution.
The purpose of this study was to research the effect of a
void created by tumor elimination prior to vertebro-
plasty on intravertebral pressure and cement distribution
in simulated spinal metastases.

Methods
Eighteen intact vertebrae (T8–L4) were harvested from
five human cadaveric spines and stored at −20°C. The
average age of the donors was 71.4 ± 6.1 years (range, 63
to 79 years; three males and two females). The speci-
mens were randomly allocated for two groups of nine
vertebrae each. For each vertebra, computed tomography
(CT) was taken to rule out pathological lesion or abnor-
mality and to measure the vertebral body size. The ver-
tebral body size was obtained by measuring vertebral
body height and calculating cross-sectional areas based
on an ellipsoid shape at the superior, middle, and infer-
ior planes. The periosteum and intervertebral discs were
left to maintain the integrity of the vertebral body. The
specimens were thawed at 3°C overnight and then
placed in a saline bath at 37°C for 2 h prior to testing to
get close to human body temperature as much as pos-
sible. The research was approved by the Medical Ethical
Committee of Qilu Hospital, Shandong University.
To create a defect of which the volume represented

15% of the vertebral body volume, a central core of can-
cellous bone was removed from the middle of the lateral
wall of the vertebral body with a cylindrical trephine and
a curet, without breaking through the opposite posterior
and anterior vertebral wall. The muscle of the thigh,
excised from living New Zealand white rabbits, was
chopped and ground until it became a paste. Then, the
paste was placed in a syringe and injected into the de-
fect. The animal experimental protocol complied with
the Animal Management Rules of the Chinese Ministry
of Health (Document No. 55, 2001) and was approved
by Animal Care and Use Committee of Shandong Uni-
versity. The volume of muscle paste was equal to 100%
or 30% volume of defect for each vertebra in the two
groups, respectively, to represent no void creation or
void creation. Then, the hole in the lateral wall of verte-
bral body was sealed with polymethylmethacrylate bone
cement. The bone density of each vertebra was deter-
mined by the dry weight and trabecular size of the re-
moved bone core, a methodology previously described
by Reidy et al. [17].
Two 11-gauge bone biopsy needles (SterilabHiggins

KB S.r.l, Buccinasco, Italy) were inserted through both
pedicles of each vertebra under fluoroscopic control.
The tip of one cannula used for cement injection was
placed into the defect. Another cannula connected to
a digital manometer (8230, AZ Instrument Corp., Taichung,
Taiwan) was placed just beyond the pedicle-body
junction.
The volume of radio-opaque polymethylmethacrylate

bone cement (Simplex P, Stryker Howmedica Osteonics,
Mahwah, NJ, USA) injected was 20% of the vertebral
body volume. The bone cement that had been cooled to
4°C for 24 h was mixed according to the manufacturer’s
instructions (20 mL monomer to 40 g powder). The ce-
ment was loaded in a 10-mL injection syringe which was
connected to the injection cannula. To keep a constant
injection speed (3 mL/min), the injection syringe was
placed on a holding jig and the plunger was coaxially at-
tached to an electromechanical universal testing ma-
chine (CMT5105, SANS, Shenzhen, China). The room
temperature was strictly kept at 22°C, and the time from
mixing the bone cement to injection for all specimens
was consistent. The intravertebral pressure was recorded
by a digital manometer throughout the process of ce-
ment delivery.
CT scans were taken to assess bone cement extrava-

sation in specimens after vertebroplasty. Finally, the
vertebrae were axially sectioned to visualize cement
distribution in the vertebral body.



Figure 1 The comparison of maximum intravertebral pressure
during vertebroplasty between two groups. The average
maximum intravertebral pressure was significantly higher in the
group without void creation than in the group with void creation
(5.09 versus 1.20 kPa). *P < 0.05.
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Data was calculated and presented as mean ± standard
deviation for vertebral body size, bone density, cement
volume, and intravertebral pressure. Statistical analysis
was done using the Mann-Whitney U test to compare
the difference between the two groups in terms of intra-
vertebral pressure. Fisher’s exact test was used for the
analysis of extravasation. A P value of ≤0.05 was consid-
ered significant for all statistical analyses. Statistical ana-
lysis was carried out using SPSS V17.0.

Results
There was no significant difference between the two
groups in terms of the gender of the donor, vertebral
body volume, bone density, or volume of bone cement
(Table 1). The average maximum intravertebral pressure
was approximately four times higher in the group with-
out void creation than in the group with void creation
(5.09 versus 1.20 kPa). Although there was a lot of
variation and overlap, the difference was statistically sig-
nificant between the two groups (P = 0.001, Table 1,
Figure 1). Especially during the filling of void, the differ-
ence was more apparent. The average intravertebral
pressure was 23.25% of the average maximum pressure
when the filling of void (10.5% volume of the vertebral
body) was just completed in the group with a void. In
contrast, 59.72% of the average maximum pressure was
reached when 10.5% bone cement by volume of the ver-
tebral body was intruded in the group without a void.
While the intravertebral pressure increased over the
course of cement injection generally in both groups, the
pressure remained very low until the filling of void was
completed in specimens with a void. Typical pressure-
volume curves in two specimens, which were introduced
with a similar cement volume (4,965 and 4,611 mm3),
from different groups are shown in Figure 2. In addition,
bone marrow was released out of the vertebral body
through cortical defects in some specimens without void
creation during cement injection (Figure 3).
CT scans showed that leakage occurred in five of the

specimens without void creation and in three of the
specimens with void creation (Table 1). Although the
Table 1 Summarized data of the results

Void + VP VP alone P

Maximum intravertebral
pressure (kPa)

1.20 ± 1.04 5.09 ± 2.84 0.001*

Cement extravasation 33.3% (3 of 9) 55.6% (5 of 9) 0.319

Gender of donor
(male versus female)

5 versus 4 6 versus 3 1.000

Bone density (g/cm3) 0.27 ± 0.074 0.21 ± 0.051 0.085

Vertebral body size (mm3) 22,995 ± 6,243 24,222 ± 6,616 0.691

Cement volume (mm3) 4,599 ± 416 4,844 ± 441 0.691

VP vertebroplasty.
*Significant difference.
number of extravasation was less in the group with void
creation, there was no statistically significant difference
between the two groups (P = 0.319). Cement extravasa-
tion into the spinal canal was present in seven cases. A
part of the cement infiltrated into the pedicle with ex-
travasation in one specimen. Following CT scans, the
vertebrae were sectioned to assess the bone cement
distribution. Bone cement was deposited in the cavity as
well as in areas lateral, anterior, or posterior to the
muscle paste in specimens with void (Figure 4a, b).
However, in specimens without void, the muscle paste
remained within the defect and cement filled the regions
around the muscle paste, which was accompanied by ce-
ment extravasation (Figure 4c, d).
Discussion
In the current study, we measured and compared intra-
vertebral pressure and cement distribution in vertebro-
plasty in simulated lytic metastases with and without
void creation prior to cement injection.
A previous study has elaborated that metastases led to

the decrease of hydraulic permeability of the vertebral
body on the account of a relatively higher viscosity of
tumor tissue as compared with the bone marrow, which
generated higher intravertebral pressure during cement
injection [17]. The creation of a void replaces tumor tis-
sue with space and reduces the effect of tumor tissue on
the hydraulic permeability of the vertebral body. Conse-
quently, intravertebral pressure decreases with an in-
crease of the hydraulic permeability of the vertebral
body. It may explain the decreased intravertebral pres-
sure in the specimens with void creation, especially in



Figure 2 The pressure-volume curves during cement injection.
(a) In a specimen with a void, the intravertebral pressure remained
very low (about 0.3 kPa) until the filling of void is completed. The
maximum intravertebral pressure was 1.4 kPa, and the volume of
injected cement in this specimen was 4,965 mm3. (b) In a specimen
without a void, the intravertebral pressure rose constantly during
cement injection. The maximum intravertebral pressure was 8.7 kPa,
and the volume of injected cement in this specimen was 4,611 mm3.

Figure 3 Photograph of a vertebra without void creation after
cement injection. The bone marrow (black arrows) was shown
to be displaced out of vertebral body through defects in the
cortical shell.
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the phase of filling of the void, as observed in the
present study.
Bone marrow was displaced out of the vertebral body

in some specimens without void creation during cement
delivery in the study. Animal studies have revealed that
fat embolism and hypotension were associated with the
elevation in intravertebral pressure, as a result of release
of bone marrow contents into the circulation system
during vertebroplasty [18,19]. “Snow-flurry,” an indica-
tion of small amounts of bone marrow in the blood-
stream, was noted by transesophageal echocardiograms
in patients when intramedullary pressure was above 6.7
kPa during medullary nailing [20]. In this study, the
maximum intravertebral pressure in the specimens with
void creation was 3.4 kPa, below the risk level (6.7 kPa)
for embolism during medullary nailing [20]. Clinical
studies revealed that a vent hole in the distal femur to
decrease the intramedullary pressure reduced the occur-
rence of fat embolism during total hip replacement
[21-26]. In addition, an animal study suggested that a
vent hole reduced the amount of fat embolism and
attenuated the deterioration of mean arterial blood pres-
sure in vertebroplasty [27]. These showed that cardio-
pulmonary changes were correlated with the elevation
of intraosseous pressure and decreased pressure could
reduce the risk of cardiopulmonary changes. The
current study showed that a void could significantly
decrease intravertebral pressure in metastatic verte-
brae. Therefore, a void may play the same role, attenu-
ating the severity of cardiopulmonary changes, as vent
hole in vivo. This should be further verified in pro-
spective clinical studies.
There has been no evidence that intravertebral pres-

sure is a factor influencing the risk of leakage so far. The
parameters which had an influence on cement extravasa-
tion included the cement viscosity, bone permeability,
marrow viscosity, diameter of the extravasation, bone
porosity, size of the injection cavity, and bone pore size
[28]. In brief, bone extravasation depended on cement
viscosity and bone structure. Weisskopf et al. [29] and
Reidy et al. [17] revealed that no correlation between



Figure 4 CT scans and sections showing cement distribution after vertebroplasty. (a, b) In a specimen with void creation, bone cement
was deposited in the cavity and no extravasation occurred. (c, d) In a specimen without void creation, bone cement filled the regions
lateral and posterior to the muscle paste and extravasated into the spinal canal. Black arrows, bone cement; blue arrows, muscle paste;
white arrows, normal bone.
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intravertebral pressure development and cement ex-
travasation could be established. However, when bone
cement augments a specific region in the vertebral body,
it is required to extrude the tumor tissue out of the re-
gion of metastases. Due to the higher viscosity of tumor
tissue, bone cement will be confronted with larger resist-
ance in the region occupied by the tumor and tend to
follow a path of least resistance within the vertebral
body, resulting in cement extravasation or distribution
in the region without tumor. Therefore, we think that
void creation decreases the intravertebral pressure, and
thereby, bone cement is prone to deposit in the cavity
with less cement extravasation, which is demonstrated
by the results of this study and not consistent with pre-
vious studies. Although less extravasation occurred in
the group with void creation compared with the group
without void creation (three versus five), no statistically
significant difference was found between the two groups.
The small sample size is an important reason for the
result, and other factors including cement viscosity and
individual anatomy of vertebrae also affect cement
extravasation [28,30-32]. The effect of void creation on
cement extravasation may be weakened by the factors
mentioned above. Furthermore, the current study re-
vealed that void creation prior to vertebroplasty allowed
cement to fill the structurally weakened lytic defect,
which was identical with previous results reported by
Ahn et al. in a cadaveric study [33]. In brief, our find-
ings revealed that the presence of a void led to a re-
duction of intravertebral pressure and thus to less
cement extravasation and improved cement distribu-
tion in vertebroplasty.
In other in vitro researches about vertebroplasty, a

specific volume of bone cement was introduced for all
specimens [17,33]. It is convenient to manipulate and
calculate, but the identical volume of bone cement may
affect the measurement of intravertebral pressure and
cement distribution for vertebrae with various volumes.
Hence, 20% bone cement by volume was injected into
each vertebra in the current study, which is a similar ap-
proach to that used in clinical practice. It was demon-
strated that the vertebral body required at least 20%
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filling of polymethylmethacrylate bone cement to im-
prove the mechanical integrity [34,35]. In some situa-
tions, when a transpedicular approach is used, the
device used for tumor elimination cannot completely re-
move the tumor as a result of geometric factors related
to the location of the lesion away from the needle trajec-
tory [33,36]. To better simulate void creation in practice,
30% muscle tissue by volume filled the defect created by
removing a core of cancellous bone in this study.
However, there are limitations in this study as follows.

The specimen was dissected from cadaveric spines into
individual vertebra. Though the periosteum and inter-
vertebral discs were left to maintain the integrity of the
vertebral body, the defects in the cortical shell could lead
to pressure relief during cement injection, resulting in a
lower intravertebral pressure. Tumor tissue simulated
with muscle tissue from an animal could not fully repre-
sent the characteristics of metastases occurring naturally,
such as growth form, heterogeneity, stiffness and perme-
ability, and so on. It may contribute to the inaccuracy of
intravertebral pressure measurement. Hence, the in vitro
model created by individual vertebra from cadaveric
spines with muscle tissue could only simulate the spinal
metastases to a limited extent. In addition, the small
sample size in this study caused an adverse effect on the
analysis of cement extravasation data. Due to the in vitro
study, we could not directly obtain the effect of de-
creased intravertebral pressure caused by void creation
on cardiopulmonary changes. Some studies revealed that
pre-vertebroplasty tumor ablation using minimally inva-
sive techniques, such as radiofrequency ablation [37,38],
Coblation [36,39,40], was feasible, safe, and effective for
metastatic spinal lesions in clinical practice. Hence, a
prospective and randomized controlled trial with a large
patient number is necessary to validate the preliminary
results in this study and to further delineate the clinical
benefits of void creation prior to vertebroplasty in spinal
metastases.
Conclusions
The high intravertebral pressure and unsatisfactory ce-
ment filling appear in vertebroplasty for spinal metasta-
ses. The creation of a void contributes to the decreased
intravertebral pressure, which potentially reduces the
risk of fat embolism and improves cement distribution
in spinal metastases. To reduce the occurrence of com-
plications, it may be an alternative to eliminate the
tumor tissue to create a void prior to cement injection.

Abbreviations
PVP: Percutaneous vertebroplasty; CT: Computed tomography.

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
KL performed the experiments and wrote the manuscript. JY performed the
experiments and participated in the design of the study. QY and ZL
participated in the design of the study and the statistical analysis. JL
conceived the study, participated in its design and coordination, and helped
to draft the manuscript. All authors read and approved the final manuscript.

Authors’ information
KL has a Master degree. JY, QY, ZL, and JL have a M.D. degree. They are all
from the Department of Orthopedics, Qilu Hospital, Shandong University,
Jinan, Shandong, People’s Republic of China.

Acknowledgements
The authors thank Jianqiang Bi for technical support. This study was
supported by the National Natural Science Foundation of China (81401849).

Received: 11 December 2014 Accepted: 7 January 2015

References
1. Toma CD, Dominkus M, Nedelcu T, Abdolvahab F, Assadian O, Krepler P,

et al. Metasatic bone disease: a 36-year single centre trend-analysis of
patients admitted to a tertiary orthopaedic surgical department. J Surg
Oncol. 2007;96:404–10.

2. Wong DA, Fornasier VL, MacNab I. Spinal metastases: the obvious, the
occult, and the impostors. Spine. 1990;15:1–4.

3. Hatrick NC, Lucas JD, Timothy AR, Smith MA. The surgical treatment of
metastatic disease of the spine. Radiother Oncol. 2000;56:335–9.

4. Singh K, Samartzis D, Vaccaro AR, Andersson GB, An HS, Heller JG. Current
concepts in the management of metastatic spinal disease: the role of
minimally-invasive approaches. J Bone Joint Surg (Br). 2006;88:434–42.

5. Gerling MC, Eubanks JD, Patel R, Whang PG, Bohlman HH, Ahn NU. Cement
augmentation of refractory osteoporotic vertebral compression fractures:
survivorship analysis. Spine. 2011;36:E1266–9.

6. Acosta Jr FL, Dowd CF, Chin C, Tihan T, Ames CP, Weinstein PR. Current
treatment strategies and outcomes in the management of symptomatic
vertebral hemangiomas. Neurosurgery. 2006;58:287–95.

7. Chen LH, Hsieh MK, Niu CC, Fu TS, Lai PL, Chen WJ. Percutaneous
vertebroplasty for pathological vertebral compression fractures secondary to
multiple myeloma. Arch Orthop Trauma Surg. 2012;132:759–64.

8. Chew C, Ritchie M, O'Dwyer PJ, Edwards R. A prospective study of
percutaneous vertebroplasty in patients with myeloma and spinal
metastases. Clin Radiol. 2011;66:1193–6.

9. Lee B, Franklin I, Lewis JS, Coombes RC, Leonard R, Gishen P, et al. The
efficacy of percutaneous vertebroplasty for vertebral metastases associated
with solid malignancies. Eur J Cancer. 2009;45:1597–602.

10. Trumm CG, Jakobs TF, Zech CJ, Helmberger TK, Reiser MF, Hoffmann RT. CT
fluoroscopy-guided percutaneous vertebroplasty for the treatment of
osteolytic breast cancer metastases: results in 62 sessions with 86 vertebrae
treated. J Vasc Interv Radiol. 2008;19:1596–606.

11. Tseng YY, Lo YL, Chen LH, Lai PL, Yang ST. Percutaneous
polymethylmethacrylate vertebroplasty in the treatment of pain induced by
metastatic spine tumor. Surg Neurol. 2008;70 suppl 1:78–84.

12. Chiras J, Depriester C, Weill A, Sola-Martinez MT, Deramond H. Percutaneous
vertebral surgery: technics and indications. J Neuroradiol. 1997;24:45–59.

13. Mousavi P, Roth S, Finkelstein J, Cheung G, Whyne C. Volumetric
quantification of cement leakage following percutaneous vertebroplasty in
metastatic and osteoporotic vertebrae. J Neuroradiol. 2003;99:56–9.

14. Trumm CG, Pahl A, Helmberger TK, Jakobs TF, Zech CJ, Stahl R, et al. CT
fluoroscopy-guided percutaneous vertebroplasty in spinal malignancy:
technical results, PMMA leakages, and complications in 202 patients. Skeletal
Radiol. 2012;41:1391–400.

15. Corcos G, Dbjay J, Mastier C, Leon S, Auperin A, De Baere T, et al. Cement
leakage in percutaneous vertebroplasty for spinal metastases: a
retrospective evaluation of incidence and risk factors. Spine. 2014;39:E332–8.

16. Barragan-Campos HM, Vallee JN, Lo D, Cormier E, Jean B, Rose M, et al.
Percutaneous vertebroplasty for spinal metastases: complications. Radiology.
2006;238:354–62.

17. Reidy D, Ahn H, Mousavi P, Finkelstein J, Whyne CM. A biomechanical
analysis of intravertebral pressures during vertebroplasty of cadaveric spines
with and without simulated metastases. Spine. 2003;28:1534–9.



Li et al. Journal of Orthopaedic Surgery and Research  (2015) 10:20 Page 7 of 7
18. Aebli N, Krebs J, Schwenke D, Davis G, Theis JC. Pressurization of vertebral
bodies during vertebroplasty causes cardiovascular complications: an
experimental study in sheep. Spine. 2003;28:1513–20.

19. Aebli N, Krebs J, Davis G, Walton M, Williams MJ, Theis JC. Fat embolism and
acute hypotension during vertebroplasty: an experimental study in sheep.
Spine. 2002;27:460–6.

20. Wenda K, Runkel M, Degreif J, Ritter G. Pathogenesis and clinical relevance
of bone marrow embolism in medullary nailing–demonstrated by
intraoperative echocardiography. Injury. 1993;24 suppl 3:73–81.

21. Wenda K, Degreif J, Runkel M, Ritter G. Pathogenesis and prophylaxis of
circulatory reactions during total hip replacement. Arch Orthop Trauma
Surg. 1993;112:260–5.

22. Engesaeter LB, Strand T, Raugstad TS, Husebo S, Langeland N. Effects of a
distal venting hole in the femur during total hip replacement. Arch Orthop
Trauma Surg. 1984;103:328–31.

23. Tronzo RG, Kallos T, Wyche MQ. Elevation of intramedullary pressure when
methylmethacrylate is inserted in total hip arthroplasty. J Bone Joint Surg
Am. 1974;56:714–8.

24. Jones RH. Physiologic emboli changes observed during total hip
replacement arthroplasty: a clinical prospective study. Clin Orthop Relat Res.
1975;112:192–200.

25. Herndon JH, Bechtol CO, Crickenberger DP. Fat embolism during total hip
replacement: a prospective study. J Bone Joint Surg Am. 1974;56:1350–62.

26. Kallos T, Enis JE, Gollan F, Davis JH. Intramedullary pressure and pulmonary
embolism of femoral medullary contents in dogs during insertion of bone
cement and a prosthesis. J Bone Joint Surg Am. 1974;56:1363–7.

27. Aebli N, Krebs J, Schwenke D, Davis G, Theis JC. Cardiovascular changes
during multiple vertebroplasty with and without vent-hole: an experimental
study in sheep. Spine. 2003;28:1504–12.

28. Bohner M, Gasser B, Baroud G, Heini P. Theoretical and experimental model
to describe the injection of a polymethylmethacrylate cement into a porous
structure. Biomaterials. 2003;24:2721–30.

29. Weisskopf M, Miltner O, Maus U, Gravius S, Ohnsorge JA. Intravertebral
pressure gradient during vertebroplasty. Skeletal Radiol. 2013;42:79–84.

30. Baroud G, Bohner M, Heini P, Steffen T. Injection biomechanics of bone
cements used in vertebroplasty. Biomed Mater Eng. 2004;14:487–504.

31. Weisskopf M, Ohnsorge JA, Niethard FU. Intravertebral pressure during
vertebroplasty and balloon kyphoplasty: an in vitro study. Spine.
2008;33:178–82.

32. Groen RJ, du Toit DF, Phillips FM, Hoogland PV, Kuizenga K, Coppes MH,
et al. Anatomical and pathological considerations in percutaneous
vertebroplasty and kyphoplasty: a reappraisal of the vertebral venous
system. Spine. 2004;29:1465–71.

33. Ahn H, Mousavi P, Chin L, Roth S, Finkelstein J, Vitken A, et al. The effect of
pre-vertebroplasty tumor ablation using laser-induced thermotherapy on
biomechanical stability and cement fill in the metastatic spine. Eur Spine J.
2007;16:1171–8.

34. Sun K, Liebschner MA. Biomechanics of prophylactic vertebral
reinforcement. Spine. 2004;29:1428–35.

35. Higgins KB, Harten RD, Langrana NA, Reiter MF. Biomechanical effects of
unipedicular vertebroplasty on intact vertebrae. Spine. 2003;8:1540–8.

36. Georgy BA, Wong W. Plasma-mediated radiofrequency ablation assisted
percutaneous cement injection for treating advanced malignant vertebral
compression fractures. AJNR Am J Neuroradiol. 2007;28:700–5.

37. Quraishi NA, Gokaslan ZL, Boriani S. The surgical management of metastatic
epidural compression of the spinal cord. J Bone Joint Surg (Br).
2010;92:1054–60.

38. Lane MD, Le HB, Lee S, Young C, Heran MK, Badii M, et al. Combination
radiofrequency ablation and cementoplasty for palliative treatment of
painful neoplastic bone metastasis: experience with 53 treated lesions in
36 patients. Skeletal Radiol. 2011;40:25–32.

39. Georgy BA. Bone cement deposition patterns with plasma-mediated
radio-frequency ablation and cement augmentation for advanced
metastatic spine lesions. AJNR Am J Neuroradiol. 2009;30:1197–202.

40. Prologo JD, Buethe J, Mortell K, Lee E, Patel I. Coblation for metastatic
vertebral disease. Diagn Interv Radiol. 2013;19:508–15.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Authors’ information
	Acknowledgements
	References

