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New technology

Cement leakage and filling pattern study of low viscous vertebroplastic
versus high viscous confidence cement

Mohamed Habib, MSc a, Hassan Serhan, PhD b,*, Connie Marchek, MSc b, Gamal Baroud, PhD a

a Universite de Sherbrooke, Sherbrooke, Quebec, Canada
b Depuy Spine, Raynham, MA

bstract

ackground: Vertebral augmentation has recently evolved as a medical procedure for the treatment of vertebral compression fractures, the
ost common type of skeletal fractures related to osteoporosis.
ethods: This study compared the cement leakage and filling behavior of 2 existing delivery systems (Confidence and Vertebroplastic; DePuy

pine, Raynham, MA). The Confidence system with the high viscosity cement has been recently introduced in an attempt to curtail cement leakage.
esults: The comparison was performed using an established benchmark model wherein the cement leakage, filling behavior can be assessed.
double-conduit introducer needle was used to deliver the cement and to measure the intravertebral pressure while delivering the cement. There

ere 5 experimental groups in this study: 3 low-viscosity groups, whose cement was injected at 3.5, 6.5, and 9.5 minutes after admixing the powder
nd monomer, and 2 high-viscosity groups injected at 3.5 and 6.5 minutes. The mass of leaked cement generally decreased with delaying the start
f the injection. Specifically, for the low-viscosity, the average smallest leakage mass obtained was 2.6 � 1.2g when the cement was delivered
t 9.5 minutes. If delivered after 3.5 minutes, the mass of cement leak was 4.0 � 1.2g. The high-viscosity system has showed improved results
n curtailing cement leakage, as compared to low-viscosity. Specifically, if injected after 3.5 and 6.5 minutes, the cement leakage amounts were
.5 � 1.2g and 0.92 � 0.6g, respectively. Similarly, the uniformity of cement filling increased when the delivery was delayed and when the
igh-viscosity system was applied. Furthermore, there were no significance changes in the intravertebral pressures between the low- and
igh-viscous groups. No correlation between the leakage mass and the IV pressures was noted.
onclusion: The cement thickness and timing of delivery are key in controlling the intravertebral cement filling and physician may want to

xplore the use of low- or high-viscous cement for different fractures. The thickness of the cement has no significant impact on the intravertebral
ressures.

2010 SAS - The International Society for the Advancement of Spine Surgery. Published by Elsevier Inc. All rights reserved.
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In vertebral augmentation procedures, acrylic medical
ement is injected through a thin cannula into a collapsed
ertebra. The cement, once hardened, provides mechanical
tability for the fractured bone. Though this procedure has
een reported to be effective, cement leakage into the spinal
anal or the cardiovascular system may lead to serious
omplications such as nerve compression or embolism, and,
n some rare cases, possibly causing death.1–4

Significant research related to cement leakage has been
lready directed toward improving the visualization tech-
iques for timely detection and thus prevention of cement
eakage.1,2 More recently, Bohner et al focused on the

This research work was partially supported by a research grant from
ePuy Spine.
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nderstanding of the flow characteristics that the cement
ust have to be an adequate bone augmentation material,

eveloping the first theoretical and experimental models of
ement leakage emphasizing the leakage path.4 Using a
imulated vertebral model with a path of least resistance,
aroud et al showed that high-viscosity cements spread
ore uniformly, thus significantly reducing the risk of leak-

ge.3 Specifically, if the cement is injected at a thick viscous
tage, it fills more uniformly and the risk of leakage is
educed because of the poor cement mobility. This approach
s a preventive method.3–5

Confidence (DePuy Spine, Raynham, MA) is a spinal
ugmentation system, in that the cement attains high vis-
osity immediately after mixing and maintains it for 9
inutes at room temperature. The objective of this study
as to compare the leakage and flow behavior of the high-
iscosity Confidence and existing low-viscosity Vertebro-

lastic (DePuy Spine) systems. In addition to examining the

e Surgery. Published by Elsevier Inc. All rights reserved.
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27H. Serhan et al. / SAS Journal 4 (2010) 26–33
ntravertebral pressure behavior, an experimental leakage
odel developed in a previous study3 was used to examine

he filling and leakage behavior of the the high-viscosity
ersus low-viscosity spinal augmentation systems. The
eakage model included a distinct leakage path to simulate a
lood vessel and thus to trigger cement leakage. In addition
o measuring the cement leakage, cement-filling patterns in
he model will be quantified.7

Furthermore, the intravertebral pressure value in the sim-
lated vertebral model will be measured using a double-
onduit introducer needle. The intravertebral pressure is

ig. 1. Schematic drawing of the experimental setup showing the double-
onduit cannula, proximal port for pressure measurement, vertebra model,
nd the leakage path of 3-mm diameter.
ormed inside the vertebral cavities while injecting the ce- (

https://www.ijssurgerDownloaded from 
ent, due to the resistance of the bone marrow when dis-
laced by the cement.8

aterials and methods

The leakage model proposed in the earlier study con-
ucted by Baroud et al3 was used to investigate the filling
attern, leakage, and intravertebral pressure of the 2 systems
the newer high-viscosity and existing low-viscosity). The
aboratory leakage model is made of 95% porosity alumi-
um open foam with similar morphological and physical
haracteristics similar to the osteoporotic bone. Further in-
ormation regarding the laboratory leakage model charac-
eristic is available in Baroud et al.3,6

The whole surface of the cylindrical aluminum foam
ample was covered first with a thin layer of modeling paste
n such a way that all the facial pores are closed. Blocking

ig. 2. The leakage mass measured for the different systems examined;
igh-viscosity (C) and low-viscosity (V) regarding to the injection time
fter starting the mixing.

ig. 3. The leakage mass measured for the different systems examined; The
st letter in the group’s name (C) high-viscosity and (V) low-viscosity. the
nd letter A, B, and C represent the groups regarding to their injection time.

A: 3.5 minutes; B: 6.5 minutes; C: 9.5 minutes after starting the mixing.)
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28 H. Serhan et al. / SAS Journal 4 (2010) 26–33
he leakage path and the cannula channel with fitting screws
s required to prevent any blocking of them during the
ubsequence preparation process. Each foam sample was
hen dipped in a bath of bone cement to simulate the ver-
ebral shell; this step was performed twice to ensure the
hickness of the layer. After the PMMA has cured, the
tting screws were removed. The foam samples were sub-
erged in a colored water-gelatin solution that should fill all

he voids inside of the foam sample. The bath was placed for
4 hours in the refrigerator at 4°C to allow the solution to
el. The gelatin is aimed to simulate the presence of bone
arrow.
For the delivery of the cement, a novel double-conduit

annula was used to measure the intravertebral pressure
hile delivering the cement. The novel cannula was formed
sing double concentric tubing. An internal conduit of 12 G
nd of 120-mm length with a straight cut tip was used for
he delivery of the cement. An outer 8 G tube formed an
nnular outer space for the IV pressure measurements
hrough a perforated distal end with 8 holes of 1-mm diam-

able 1
ummary of the eccentricity, center point shift of the filling pattern, and

ample
Ambient
temperate

Ambient
humidity Eccentricity Statistics

C
s

-a1 21 26 0.93 F � .8822,
P � .4309

4
-b1 0.97 4
-c1 0.88 2
-a2 20.8 26 0.96 2
-b2 0.90 4
-c2 0.91 3
-a3 21 25 0.87 3
-b3 0.98 5
-c3 0.93 4
-a4 20.9 23 0.96 6
-b4 0.92 4
-c4 0.90 2
-a5 20.8 23 0.96 6
-b5 0.92 5
-c5 0.91 4
-a6 20.8 37 0.94 4
-b6 0.91 3
-c6 0.88 2
-a7 20.9 37 0.59 2
-b7 0.95 4
-c7 0.72 2
-a1 20.9 32 0.82 F � .0018,

P � .9666
3

-b1 0.79 2
-a2 20.9 32 0.90 5
-b2 0.88 3
-a3 20.9 31 0.76 4
-b3 0.76 3
-a4 20.7 30 0.63 1
-b4 0.82 4
-a5 21 29 0.70 2
-b5 0.53 1

bbreviations: C, high-viscosity system (5 repeats); V, low-viscosity syste
inutes; c, injection started after 9.5 minutes.
ter each. The holes were equally spaced on the circumfer- T

https://www.ijssurgerDownloaded from 
nce of the outer tube. A schematic of the experimental
etup is shown in Fig. 1.

A 5psi pressure sensor was attached to the side port in of
he double-conduit needle that is connected only to the
nnular space. The intravertebral pressure was accordingly
ensed through the outer cannula holes and the annular
pace between the tubes to the pressure sensor (Fig. 1).

The 2 bone cements were mixed according to the spec-
fied protocols by the manufacturer. High-viscosity cement
as mixed with the aid of the provided mixer with such

ystem for 1 minute, then transferred to the 11cc syringe
rovided with the system. For low-viscosity, the mixing was
one for 2.5 minutes by using the system mixer.

After mixing the cement in both cases, the needles were
ttached to both systems and injection was applied till
leeding to prime the needles. The needles, which were
lready marked with an insertion distance 21 mm starting
rom the distal needle tip, were then inserted in the leakage
odel injection. The 21-mm mark was used to ensure that

he needles were inserted an equal distance into the model.

age mass for all the samples tested

oint
m) Statistics

Leaked
Cement (g) Statistics

Strokes/turns
to leakage

F � 3.4745,
P � .0529

5.05 F � 8.0374,
P � .0032

5
2.90 4
2.15 6
4.35 3
1.64 3
4.47 4
3.92 2
4.28 1
2.29 4
5.12 5
3.04 8
2.88 2
3.59 4
3.39 3
1.44 5
4.21 3
4.75 2
1.35 4
1.68 3
2.45 4
4.03 3

F � .1772,
P � .6848

2.05 F � 1.0130,
P � .3436

10
1.55 12
3.25 7
1.12 8
0.18 15
0.03 22
0.90 15
1.33 10
1.25 12
0.62 17

epeats); a, injection stared after 3.5 minutes; b, injection started after 6.5
the leak

enter p
hift (m

.80

.58

.33

.77

.70

.99

.69

.91

.19

.13

.57

.85

.89

.05

.06

.98

.80

.56

.19

.46

.44

.38

.84

.69

.10

.05

.67

.65

.26

.16

.19

m (7 r
he assembly of the leakage model, with the needle already

 by guest on May 2, 2025y.com/

https://www.ijssurgery.com/


a
v
w

s
(
i
f
b
j

s
i
m
m
(
p
T
r

A
n
i
a
t
i

c
o

t
T

w
w
e
E
a
u
fi
c

i
fi
l
e
s
d

T
a
s
m
u
a
s

i
e
f
v

R

w
3
t

i

F

29H. Serhan et al. / SAS Journal 4 (2010) 26–33
ttached to the delivery system, was then mounted onto a
ice. The timing of delivery was coordinated with a stop-
atch.
The 11cc cement reservoir of the high-viscosity system

upplied 2 successive 5cc injections. The first injection
Group C-a) was performed 3.5 minutes after starting mix-
ng. The second injection (Group C-b) was done 6.5 minutes
rom starting the mixing process, with 3 minutes as interval
etween the 2 groups. The high-viscosity 2 successive in-
ections procedure was repeated 5 times.

For the low-viscosity system, the reservoir capacity was
ufficient for 3 successive injections of 5cc each. The first
njection (Group V-a) was done 3.5 minutes after starting
ixing; the second injection (Group V-b) was done 6.5
inutes after stating mixing process; and the third injection

Group V-c) was performed 9.5 minutes after stating mixing
rocess with a 3-minute time interval between injections.
he low-viscosity 3 successive injections procedure was

epeated 7 times each.
The cement was delivered at approximately 5cc/min.

ccurate delivery speed was difficult due to the manual
ature of the cement delivery systems. For the high-viscos-
ty system, a half-turn of the hydraulic pump handle was
pplied approximately every 1.5 second, resulting in 40 half
urns per minute, which is equal to 5cc. For the low-viscos-
ty system, a half stroke was delivered every 3 seconds to

ig. 4. The effect of using Confidence or Vertebroplastic systems injected
at different levels on the eccentricity of the filling pattern.
Fig. 5. The effect of using high- or low-viscosity systems injected at

https://www.ijssurgerDownloaded from 
omplete 20 half strokes in a minute, which represents a rate
f 5cc injection per minute.

Once the cement delivery started, cement leakage and
iming outside of the leakage model was visually inspected.
he leaked cement was collected, weighed, and recorded.

To examine the cement filling pattern, each specimen
as cut, normal to the specimen axis, into halves, using a
ater-cooled diamond saw. The cement was colored to

nhance the cement filling contrast in the leakage model.
ach half was photographed with a digital camera and
nalyzed with a Matlab code (The Mathlabs, Natick, MA)
sing the image processing toolbox. The uniformity of the
lling was quantified by determining the eccentricity and
enter point.

Center point shift is used to assess the efficiency of
njection starting time in directing the flow. Normally, the
lling pattern center point is located lower the horizontal

ine (X) passing through the injection point (Fig. 1). The
ffect of changing the injection time start on the center point
hift will be addressed. The center point shift (d) in mm is
efined as:

d � sign ��y� · ���x2 � �y2�
he eccentricity (e) of the filled configuration is defined
s the eccentricity of an ellipse having the same polar
econd moment of area as the filled configuration. (It is a
easure of how much the profile is flattened.) The more

niform the filled pattern the less the eccentricity; for ex-
mple, for a straight line the eccentricity is 1, and for a
phere it is 0.

The intravertebral pressure data were gathered for each
njection. The temperature and humidity were recorded in
ach run as well. The results are analyzed using a single
actor ANOVA, using confidence bounds approach for the
ariance analysis.

esults

The study resulted in 5 experimental groups, out of
hich are 2 for the high-viscosity system (C-a and C-b) and
for the low-viscosity system (V-a, V-b and V-c), respec-

ively.
Figure 2 shows the cement leakage mass of the 5 exper-

mental groups with respect to time. Figure 3 shows the
different levels on the center point shift of the filled pattern.
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30 H. Serhan et al. / SAS Journal 4 (2010) 26–33
ame results with respect to each group. In it, the delay in
he cement delivery reduced the mass of leaked cement
ignificantly. The high-viscosity groups showed signifi-
antly less leakage than the low-viscosity groups. The spe-
ific results are listed in Table 1. The leakage mass observed
or the high-viscosity group C-a was 1.52 � 1.17g and that
f the low-viscosity group V-a was 4.32 � 0.57g. This
ndicates the significant effect (P � .0014). Likewise, for
roup C-b, using the high-viscosity cement reduces the
eakage mass significantly (P � .003). Furthermore, the
owest leakage mass of 0.03g was observed for the high-
iscosity groups injected at 6.5 minutes. In the case of the
ow-viscosity system, the lowest leakage mass was 1.35g
or the group delivered at 9.5 minutes. There was a pro-
ounced effect of the waiting time on the leakage mass in
he low-viscosity groups, as shown in Table 1 (P � .0032).
he longer the waiting time, the less leakage in the low-
iscosity groups. This trend was not the observed with the
igh-viscosity groups, which showed insignificant effect of
he waiting time on the leakage (P � .3436).

For the filling uniformity, the eccentricity of the filling
as measured for all experimental groups, and is depicted in
ig. 4. Figure 5 shows representative examples of the ce-
ent filling patterns in all groups. The high-viscosity

roups showed significantly higher filling uniformity com-
ared to the low-viscosity groups. However, the change
ithin each group was not significant. For example, there
ere no significant differences between the 2 groups of the
igh-viscosity systems as the ANOVA showed (F �
.88227, P � .43099). Additional details are shown in Fig.
and Table 1.
The second estimate for the uniformity of the filling was

erformed using the center point shift. The injected samples
ith high-viscosity cement show much lower shift gain than

hat of the low-viscosity groups (Fig. 6). For instance, the
igh-viscosity cement filling after 6.5 minutes has a (3.01 �
.15 mm) shift gain; on the other hand, the corresponding
ow-viscosity cement filling has a (4.72 � 0.64 mm) shift
ain.

ig. 6. The bars represent the filling patterns of the high and low viscosity
ements after waiting 3.5 minutes; 6.5 minutes; and after 9.5 minutes.
Figure 5 shows some of the samples which represent the m

https://www.ijssurgerDownloaded from 
lling pattern of the injected cement. The injection time had
o significant effect on the filling pattern of the high-vis-
osity cement (P � .6848); however the effect of the injec-
ion time is more pronounced in the low-viscosity case (P �
0529).

The intravertebral pressure measurements showed no
ignificance with respect to the 5 groups (Figs. 7 and 8). The
inimum intravertebral pressure was �0.39psi and the
aximum was �0.65psi (F � 0.44, P � .65) in the case of

he low-viscosity system, and the minimum IV pressure
0.16psi, and the maximum IV pressure �0.82psi (F �

.02, P � .89) in the case of the high-viscosity system
Table 2).

The number of stroke and turns till leakage were counted
or the low-viscosity and the high-viscosity cements, re-
pectively. The numbers of stroke or turns till leakage were
ncreased with delaying of starting the injection in most of
he cases (Table 1).

iscussion

The study compared the leakage, filling, and intraverte-
ral pressure behavior of the high-viscosity and low-viscos-

ig. 7. The variation of the intravertebral pressure with the cement leakage
ass for the 2 systems used (C and V).

ig. 8. The variation of the intravertebral pressure with the cement leakage

ass for the 2 systems used (C and V).
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31H. Serhan et al. / SAS Journal 4 (2010) 26–33
ty cement delivery systems based on a laboratory leakage
odel established by Baroud et al.3 The importance of

niform cement filling and reduced cement leakage is evi-
ent for vertebral body augmentation procedures.

The results of the study show significant superior results for
he high-viscosity system; specifically, the filling uniformity
ncreased and the cement leakage reduced in all high-viscosity
roups compared to the low-viscosity groups.

Interestingly, there seems to be no relationship between
he intravertebral pressure values and the cement leakage or
lling patterns. Also, there was no significant increase in

ntravertebral pressure when the cement was delivered at a
ater point of time. For example, when low-viscosity cement
as injected at 9.5 minutes compared to 3.5 minutes, the
ressure measurement did not increase significantly. Like-
ise, there have been no significant differences between the

ow-viscosity and high-viscosity groups. These results are
ot surprising given the fact that the intravertebral pressure
s mainly determined by the flow rate and viscosity of the
isplaced marrow, and not displacing cement.9

It should be noted that this study has a number of limi-
ations. The most important one is that it is based on a
aboratory model made of aluminium. Though the general
rend of cement leakage and filling is not affected by the
ature of the trabecular structure of the model, some limi-
ations may apply to the ability of thick cement to penetrate
he trabecular bone structure in clinical setting, as compared
o pushing the osteoporotic bone away and thus creating a
arger bone cavity. This model is not in a position to address
his question. However, for the physician performing ver-
ebroplasty, it is important to be aware of the quality of the
one being treated and, therefore, choose the adequate
hickness of the cement to avoid destroying the trabecular
one structure.

xtended references

ement leakage during vertebroplasty can be predicted on preopera-
ive MRI.

iwatashi A, Ohgiya Y, Kakimoto N, et al.

BJECTIVE: Previous studies have shown that cement
eakage into an adjacent disk space is a risk factor for new
racture after vertebroplasty. The purpose of this study was
o investigate the use of preoperative MRI for predicting

able 2
he variation of intra-vertebral pressure (IV) with the injection time

ime
min) Group

IV pressure
minimum (psi)

IV pressure
maximum (psi)

.5 V-a 0.11 0.65

.5 V-b 0.26 0.57

.5 V-c 0.28 0.53

.5 C-a 0.16 0.77

.5 C-b 0.28 0.82
uch cement leakage. MATERIALS AND METHODS: Our c

https://www.ijssurgerDownloaded from 
nstitutional review board approved this retrospective study
nd waived the requirement of informed consent. We stud-
ed preoperative MRI of 46 vertebroplasty patients (107
ertebral bodies). Endplate cortical defect, abnormal T2
yperintensity in adjacent disk space, intravertebral cleft,
egree of compression, and wedge angle were correlated to
he incidence of cement leakage into the adjacent disk.
atient age, sex, and location of treated vertebral body were
lso evaluated. We used logistic regression analysis and
isher’s exact probability test to analyze the association
etween cement leakage and these observations. RE-
ULTS: Cortical defect in the endplate of the treated ver-

ebral body, abnormal T2 hyperintensity in the adjacent
ntervertebral disk, and absence of intravertebral cleft were
ssociated with cement leakage into the disk space (P �
.05). There was no statistically significant association be-
ween cement leakage into the disk and degree of compres-
ion, wedge angle, location of treated vertebral body, patient
ge, or sex (P � 0.05). CONCLUSION: Cement leakage
nto an adjacent disk is more common when there is a
ortical defect in the endplate and increased T2 signal in the
djacent disk and is less common if there is an intravertebral
left.

igh-viscosity cement significantly enhances uniformity of cement fill-
ng in vertebroplasty: an experimental model and study on cement
eakage.

aroud G, Crookshank M, Bohner M.

TUDY DESIGN: Experimental study using a laboratory
eakage model. OBJECTIVE: To examine the working hy-
othesis that high-viscosity cements will spread uniformly,
hus significantly reducing the risk of leakage. SUMMARY
F BACKGROUND DATA: In vertebroplasty, forces that
overn the flow of bone cement in the trabecular bone
keleton are an essential determinant of the uniformity of
ement filling. Extraosseous cement leakage has been re-
orted to be a major complication of this procedure. Leak-
ge occurs due to the presence of a path of least resistance
aused by irregularities in the trabecular bone or shell struc-
ure. Ideally, cement uniformly infiltrates the trabecular
one skeleton and does not favor specific paths. Cement
iscosity is believed to affect the infiltration forces and flow
uring the procedure. Clinically, altering the time between
ement mixing and delivery modifies the viscosity of bone

ressure
(psi)

Standard deviation, IV
pressure mean (psi) ANOVA results

0.33 F � .44 P � .65
0.22
0.20
0.19 F � .02 P � .89
0.22
IV p
mean

0.52
0.43
0.39
0.50
ement. METHODS: An experimental model of the leakage
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32 H. Serhan et al. / SAS Journal 4 (2010) 26–33
henomenon of vertebroplasty was developed. A path, sim-
lating a blood vessel, was created in the model to perturb
he forces underlying cement flow and to favor leakage.
ement of varying viscosities was injected in the model,
nd, thereafter, the filling pattern, cement mass that has
eaked, time at which leakage occurred, and injection
ressure were measured. RESULTS: A strong relation-
hip was found between the uniformity of the filling
attern and the elapsed time from cement mixing and
iscosity, respectively. Specifically, 3 distinct cement
eakage patterns were observed: immediate leakage was
bserved when cement was injected 5-7 minutes follow-
ng mixing. The cement was of a low viscosity and more
han 50% of the total cement injected leaked. Moderate
eakage was observed when injection occurred 7-10 min-
tes following mixing. Less than 10% of the cement
eaked, and the viscosity was at a transient state between
he low viscosity of immediate leakage and a higher
iscosity, doughy cement. Cement leakage ceased com-
letely when cement was delivered after 10 minutes. The
iscosity of the cement in this case was high, and the
ement was of a dough-like consistency. CONCLU-
IONS: High-viscosity cement seems to stabilize cement
ow. However, the forces required for the delivery of
igh-viscosity cement may approach or exceed the hu-
an physical limit of injection forces. Although the
orking time of the cement is about 17 minutes, it may
ot be manually injectable with a standard syringe and
annula after 10 minutes, at which time cement leakage
eased completely.

heoretical and experimental model to describe the injection of a
olymethyl methacrylate cement into a porous structure.

ohner M, Gaser G, Baroud G, et al.

theoretical approach was used to determine the distribu-
ion of a poly(methylmethacrylate) cement after its injection
nto a porous structure. The predictions of the model were
hen compared to experimental results obtained by injecting

polymethylmethacrylate cement into an open-porous ce-
amic filter. The goal was to define a model that could
redict what factors affect the risk of cement extravasation
nd hence how the risk of cement extravasation can be
inimized. The calculations were based on two important

heological laws: the law of Hagen-Poiseuille and the law of
arcy. The law of Hagen-Poiseuille describes the flow of a
uid in a cylindrical tube. The law of Darcy describes the
ow of a fluid through a porous media. The model predicted

hat the extravasation risk was decreased when the cement
iscosity, the bone pore size, the bone permeability and the
one porosity were increased, and when the diameter of the
xtravasation path and the viscosity of the marrow were
ecreased. Experimentally, the effect of the marrow viscos-
ty and extravasation path could be evidenced. Therefore,
he model was believed to be an adequate approximation of
he experimental behavior. In conclusion, the experimental

esults demonstrated that the model was adequate and that

https://www.ijssurgerDownloaded from 
he best practical way to decrease the risk of extravasation
s to increase the cement viscosity.

xperimental and theoretical investigation of directional permeability
f human vertebral cancellous bone for cement infiltration.

aroud G, Falk R, Crookshank M, et al.

he use of acrylic polymers in infiltrating the porous bone
tructure is an emerging procedure for the augmentation of
steoporotic vertebrae. Although this procedure is em-
loyed frequently, it is performed based on empirical
nowledge, and therefore, does not take into consideration
he porosity-dependent permeability of human vertebral
ancellous bone. The purpose of this study was to: (a).
xperimentally and theoretically investigate interdepen-
ence of the vertebral cancellous bone permeability and
orosity, and (b). examine if the bone permeability of spinal
ancellous bone can be predicted using bone mineral den-
ity measurements. If these relations can be established,
hey can be useful in optimizing the injection conditions for
redicable cement infiltration. To determine the porosity-
ependent and directional permeability, 34 bone cores-20
amples in the superior-inferior (SI) direction and 14 in the
nterior-posterior (AP) direction-were cut from 20 lumbar
ertebrae and infiltrated with silicone oil with a viscosity
atching that of PMMA. The permeability of the cores was

etermined based on Darcy’s law. The mean permeability of
I and AP cores was 4.45�/�1.72 � 10(�8) and 3.44�/
1.26 � 10(�8)m(2), respectively. An interesting finding

f this study was that the permeability of the AP cores was
pproximately 78% of that of SI cores, though the porosity
f the SI and AP cores taken from the same vertebra was
pproximately equal. In addition, we provided a theoretical
odel for the porosity-dependent permeability that accu-

ately described non-linear dependency of the bone perme-
bility and porosity in both directions. Although the relation
f the bone permeability and porosity was established, bone
ineral density was a weak predictor of the bone perme-

bility. The experimental and theoretical results of this
tudy can be used to understand polymer flow in cement
nfiltration procedures.
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