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Compressive Properties of a Synthetic Bone
Substitute for Vertebral Cancellous Bone
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Abstract—Transpedicular screw fixation in spinal fractures,
degenerative changes, or deformities is a well-established procedure.
However, important rate of fixation failure due to screw bending,
loosening, or pullout are still reported particularly in weak bone stock
in osteoporosis. To overcome the problem, mechanism of failure has
to be fully investigated in vitro. Post-mortem human subjects are less
accessible and animal cadavers comprise limitations due to different
geometry and mechanical properties. Therefore, the devel opment of a
synthetic model mimicking the realistic human vertebra is highly
demanded. A bone surrogate, composed of Polyurethane (PU) foam
analogous to cancellous bone porous structure, was tested for 3
different densities in this study. The mechanical properties were
investigated under uniaxial compression test by minimizing the end
artifacts on specimens. The results indicated that PU foam of 0.32
g.cm® density has comparable mechanical properties to human
cancellous bone in terms of young's modulus and yield strength.
Therefore, the obtained information can be considered as primary
step for developing a redlistic cancellous bone of human vertebral
body. Further evaluations are also recommended for other density
groups.

Keywor ds—Cancellous bone, Pedicle screw, Polyurethane foam,
Synthetic bone

|. INTRODUCTION

RANSPEDICULAR fixation in spine surgery is

advantageous owing to three column fixation [1].
However, screw failureis still a concern arising from bending
or breakage, loosening, pullout or migration at insufficient
strenght screw-bone interface [2]-[4].As an example, rates of
faillure due to loosening or decreased fixation strength at
screw-bone interface are reported to be 0.8% to 17% [5]-[7].
Therefore, alarge number of studies paid a specia attention to
the biomechanics of pedicle screw, insertion techniques,
pedicle morphometry, and bone quality [3],[7]-[9]. Human
cadaveric vertebral models capture the morphology and
heterogeneous mechanical bone properties but are difficult to
obtain and are generaly limited to ederly bone. Animal
models are readily available and have less variability
compared to human vertebrae. However, the results may be
different than human models [10]. Aerssenset al.[11]have
compared bone density, composition and mechanical
properties between the human vertebra bone and different
animal species.
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They suggest that human vertebral density and ultimate
stress are lower than those for animal species while the
relationship between maximum stress and density of each
anima are different from the other species. The discrepancy of
results in animas due to lack of morphologica and
geometrical information and restrictions to access to human
cadavers reveals the necessity of having a synthetic bone
model akin to the realistic one for in vitro applications. The
consistency of bone surrogates can reduce variance and
eliminate some of the confounding variables to better isolate
the important parameters affecting biomechanical properties
of the bone.Current American Society for Testing and
Materials (ASTM) standards recommend the use of
polyurethane (PU) foam blocks as bone surrogates for testing
orthopedic devices and instruments [12]. There are number of
studies that introduce synthetic vertebral models for various
biomechanical anayses. The model used by Au et al. [13]
mimics geometrical properties of human lumbar vertebra for
testing interbody device subsidence. This model consists of
cortices, endplates, and polyurethane foam as the cancellous
bone. Another model was applied by McLain et al.[14]for
assessing the effect of vertebral bone quality on pedicle screw
bending moment. Several studies [15]-[17] have examined
application of PU foams for cancellous bone substitute
material under compression and shear. However, none of these
studies have fully reported fracture characteristics of PU
foamsin comparison to human vertebral cancellous bone in
terms of foam's stiffness, young's modulus, yield stress and
strain, energy to yield (elastic toughness) and ultimate strength
and strain. Moreover, since there are several commercially
available PU foams, it is not always practical to formulate
particular compositions of PU foam. The vertebral cancellous
tissue is found inside thin cortical shell and consists of a
network of interconnecting trabeculae of mineras with
perforations through which blood vessels pass. This lattice-
like tissue provides support and strength to the bone, whilst
being light weight and absorbs energy during compressive
loading. Bone quality is dependent upon structural (micro-
architecture), materiad (mineralization) and mechanical
properties of the bone that contribute to fracture risk [18],
[19]. Determination of compressive properties of the human
vertebrae has been the subject of biomechanical research from
early days. There is a definite relationship between the
strength and relative osseous tissue of vertebra such that a
small loss of osseous tissue causes considerable loss in the
vertebral bone strength [20]. This is due to honeycomb
arrangement and load carrying capacity of verticad and
horizontal trabeculae that form the centra part of vertebra
The main objective of this study is to characterize the
mechanical behavior of PU foams of various densities as
cancellous bone surrogate. Therefore, specimens of PU foams
are preparedand their efficiency are mechanically tested using
the same method applied for human cadaveric vertebra by
Morganet al.[21]. The resultsare then compared to those
reported for humancadaveric vertebrae.
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Il. METHOD

A. PU specimen preparation

Nine specimens were prepared from cellular
Polyurethane Foam Blocks of different densities hwit
dimensions 4x6.5x4cin(Sawbones® Vashon Island, WA).
The range of densities was chosen from 0.16 §.c0n20
g.cm®, and 0.32 g.cii to model cancellous bone of low,
medium and normal densities. Cylindrical specimavith
average diameter of 6 £ 0.15mm were extracted tpaoallel
to the foam rise direction using diamond coringl drom
each block of various PU densities. The averageisgas’
length of 22 + 1.90 mm was measured by a digitéipea
This specimen size was chosen to be consistent puitbine
cadaveric samples tested previously [22].

B. Testing procedure

The compressive properties were evaluated accortting
gold standard (ASTM D1621-00) in compression logdintil
failure. A mechanical test machine (Mini-Bionix 858ITS
Corp., Eden Prairie, MN) with a load cell of maximu
capacity of 2500N was used to perform these teBe

samples were embedded in aluminum endcaps of Snpi de

by cyanoacrylate glue (Prism 401, Loctite, Newimgt€T,
USA) and gripped in the load frame in order to mmizie the
end artifacts according to Keavehal. [23]. The length of

rigid 1.4

given in Table I. All values were acquired for cyrical
specimens.
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Fig. 1 Stress-strain curve for cellular rigid Plafio specimen of
0.32g.cn? density that was applied to model normal human
cancellous bone.The yield point is obtained by dngva line parallel
to slope of elastic part of the curve at 0.2%strain

o

TABLE |
COMPRESSIVE MATERIAL PROPERTIES OPU FOAM SPECIMENS OF VARIOUS
DENSITIES

Material property p=0.32g.cri  p=0.20g.c@  p=0.16 g.cn¥

specimen between the endcaps was measured byl digita

caliper. Therefore, the effective gauge lengthnisagerage of
the specimen’s initial length and the one measinetveen
the endcaps [24].

An axial compressive load was applied in quasicstaad
condition at room temperature through an unconstdhi
testing procedure. This test was done without piklor
preconditioning to the specimens. The compressiae Wwas
applied at strain rate of 0.5% for specimen’s affecgauge
length until 13% displacement was obtained accordio

Stiffness (N/mm) 527 (515-540) 132 (116-150) 29.5 (27-31.5)

ASTM standards [21], [25].

The stiffness was calculated as the slope of tiialitinear
portionof the force-displacement curve. The yidtérsgth was
calculated by dividing the load (at yield) by thess sectional
area of cylindrical PU foam specimen at 0.2% oftgégrion.
The elastic modulus was calculated for O to 0.2fairs$ in
elastic region of stress-strain curve [21]. Thémdte strength
and corresponded ultimate strain were obtained fithn
maximum point on stress-strain curve. The elastighness
(energy absorbed to yield) was calculated by ity the
polynomial equation of the engineering stress-strairve
between the limits of zero and the strain pointvaich the
yield strength is determined [26].

Ill. RESULTS
Fig. 1 demonstrates a typical stress-strain cuoreHigh

E (MPa) 80 (70-95) 18 (16-21) 4(3.8-4.3)
,(MPa) 0.8(0.7-0.95)  0.44(0.4-05)  0.13(0.12-0.14)
our (MPa) 1.32 (1.2-1.460 0.61(0.55-0.68) 0.37 (0.31-0.41)
&y(%) 1.02(0.85-1.26) 2.78(2.33-3.51) 3.31(3.02-3.68)
eut (%) 2.8(25-3) 16.4 (15-17.2)  12.4 (10-15.2)
ElasticToughness 2:4%10’ 1.110° 2.3x10°
(k.m°) (2-227x10)  (1.0-1.15 x16)  (2-2.5 x10P)
TABLE Il
MECHANICAL PROPERTIES HUMAN VERTEBRAL BONE ACHIEVEBY SEVERAL
AUTHORS
. Kopperdabhl et al. Keaveny et Morgan et
Mechanicalproperty 127] al. [23] al. [21]
p (g.cnt) 0.17+0.04 0.14+006 218%
0.05
E (MPa) 291+113 gg&b 165110 344 +148
6,(MPa) 1.92+0.84 g"?‘i' 2.02+0.92
.70-
o (MPa) 2232095 10
(%) 0.81+0.06 8';:5' 0.7740.06
0.96-
eut (%) 145503 59

density PU foam which was destructively tested. ¥teng's
modulus is therefore determined by the slope of dheve.
Similar curves were obtained for the two other Rianf
densities.

A summary of average values obtained in this stiaty
stiffness, young’'s modulus, yield strength, yieltrais,
ultimate strength, ultimate strain and elastic toass are

#Mean values (+ S.D.)
® Range of values obtained

Table II, presents the mechanical properties medstor
human vertebral bone by various authors. Therétgyyvalues
given in Table Il can be compared directly to thashieved
in this study for PU foams of different densitiasTiable I.
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IV. DISCUSSION

Evaluation of bone’s mechanical behavior leadseerl
advantages including comprehension of interactietwben
bony tissue and the orthopedic implants and aledfridcture
risk. Cellular rigid PU foam specimens of threefefiént
density group in this study were chosen to be insistent
with ASTM standard [12] and their compressive praps

specimens the ultimate strength of the materialwithin
expected range for human vertebral bone.Dissirylaimn
properties of cellular rigid PU foams and the =i
heterogeneous bone model may need extra effornéderial
reconsideration. Use of additives and/or reinforeetrcan be
considered to enhance the performance of wholegate.
Moreover, discrepancy of experimental results tos¢hin

were compared to human vertebral cancellous borig, [2Iiterature may result from uncertainties in measgrithe

[23],[27] using the same methods.
According to Table Il, the range of values for gistrength

reported from Kopperdadt al. is between 0.56 to 3.71 MPa
b PP ¢ of 2500N and the uncertainty of + 1%, it is higliean the

[27].The density reported by [27] is assigned iatcange o

specimens’ dimensions by a digital caliper with cibse
uncertainty of + 0.01 mm. Applying the load cell asaring
the compressive force on the samples with maximapacity

0.17+ 0.04 g.criforboth male and female human lumbafMaximum force needed for sample failure. This nfégcathe

spine between ages of 32 to 65 yearswhich is ae@ltothe

lowest and mid-level densities applied in this gt(gke Table

). Yield strength results for 0.16 g.chand 0.20 g.cr
densities are lower than the range reported for amrny
Kopperdahtt al. (see Table Il), respectively.

It is observed from Table | that the yield strafos 0.20

accuracy of measured results; however, it may ing@roy
reconsidering the test with a lower scale load cell

V.CONCLUSION

This study presented cellular rigid PU foams ofeéhr
different ranges of densities. The samples werensmed to

g.cm® and 0.16 g.cm densities are greater than reportederify the compressive mechanical properties of fBams if
rangefor human vertebral bone (0.75-0.95%).The munm  they are appropriate models analogous to the rahgermal
and maximum values measured for the young's modulus and osteoporotic human cancellous bone. Althougis B
compression for humans are 90 and 536 MPa[27]. Sord#ferent densities in this study exhibited diffetiinctionality

authors also evaluated the modulus of elasticitthefporcine
vertebral bone model. For instance, ldgnal.[28]reported a
mean modulus of elasticity of 520.6 + 144.75 MPahilev
Tecet al.[29] and the study by [22] obtained an average2¥
+ 138 MPa and 8831332 MPa respectively.

On the other hand, it is evident that Young’s maduk a
function of yield stress and yield strain. The ygsnmoduli
obtained in this study for PU samples of 0.20 ¢@nd 0.16

as compared to vertebral cancellous bone, the agilyilin
results obtained from 0.32 g.cprovide encouraging
information as a preliminary step for further intigations and
development of a new innovative surrogate modekOtbam
densities are recommended to be tested and ewdluate

mimic other density ranges of human cancellous bone

Furthermore, other mechanical examinations needbeo
conducted for verification of synthetic model ftwesr, fatigue

g.cm® densities aresignificantly lower than human vewdéb and viscoelastic properties.

bone’s modulus range. This is resulted from theelowield
stress and higher yield strain measured for PU $oarhis is
justified by the lower strength value need for RIdm to yield
while showing a large strain.

A study by Li and Aspden [30] reports the young'sdualus
and yield strength values for normal human canasllwone of
40-460 MPa and 0.4-9.0 MPa respectively. Considetire
highest density group examined in this study, takies for
yield stress and young’s modulus (see Table I)vatiein the
range reported by Li and Aspden [30] for femorat=dious
bone. This proves the efficiency of 0.32 g.cm-3 sitgnasa
bone surrogate but dependent to anatomical site
biomechanical studies.

The interpretation of results demonstrated in Tébltor
energy absorbed to yield or elastic toughness ates that
that they fall into the range of 0.21-1.76 k3.ifhis indicates
that the values measured for all PU foams of varidensity
groups are significantly lower than expected ranfelastic

toughness for human bone. This behavior of PU foafdl

specimens are justified as the brittleness of umif&®U foam

comparing to human bone as an inhomogeneous natu

composite material.

Human cancellous bone properties reported

Kopperdahdt al.[27] represent an ultimate stress to be in

range of 0.7 to 4.33 MPa while for the 0.32 g%amd 0.20

g.cm® PU foam specimens ultimate strength is 1.32MPd an

0.61 MPa respectively. This reveals that for higbensity

by pedicle

NOMENCLATURE

E Young's modulus
oy Yield strength
Gutt Ultimate strength
s Yield strain
'y
s Ultimate strain
Sult
p Density

for REFERENCES

[1] F. Denis, “The three column spine and its signifc@ in the
classification of acute thoracolumbar spinal irgstiSpine, vol.8(8),pp.
817-831, 1983.

[2] R.F. McLain, E. Sparling and D.R. Benson, “Earlyluie@ of short-
segment pedicle instrumentation for thoracolumbaactéires. A
preliminary report"The Journal of bone and joint surgery, American
vol. 75(2), pp. 162, 1993.

T.A. Zdeblick, D. N. Kunz, et al., “Pedicle screwliput strength:
correlation with insertional torquedpine, vol. 18(12), pp. 1673, 1993.
[4& M. M. Panjabi, “Biomechanical evaluation of spifiaation devices: I.
ral conceptual framework3pine, vol.13(10), pp. 1129, 1988.

[5] B.Sandén, et al., “The significance of radiolucenhes surrounding
screws: Definition of screw loosening in ingb
instrumentation'Journal of Bone and Joint Surgery, British vol.86(3),
pp. 457,2004.

[6] S.I. Esses, B.L. Sachs, and V. Dreyzin, “Complaagi associated with
the technique of pedicle screw fixation. A selectdvey of ABS
members'Spine, vol. 18(15), pp. 2231, 1993.

173



International Journal of Medical, Medicine and Health Sciences
ISSN: 2517-9969
Vol:6, No:5, 2012

[7] C. A. Dickman, et al., “Transpedicular screw-racafion of the lumbar
spine: operative technique and outcome in 104 tasesnal of
neurosurgery, vol.77(6), pp. 860-870, 1992.

[8] R. A. Lehman Jr, et al., “Straight-forward versusatmic trajectory
technique of thoracic pedicle screw fixation: a rbéchanical
analysis"Spine, vol. 28(18),pp. 2058, 2003.

[9] M.H. Krag, et al., “Morphometry of the thoracic atdgmbar spine
related to transpedicular screw placement for satgispinal
fixation”, Spine, vol. 13(1), pp. 27, 1988.

[10] T. Lund, et al., “Interbody cage stabilisation tine lumbar spine:
biomechanical evaluation of cage design, postenistrumentation and
bone density'Journal of Bone and Joint Surgery, British vol.80(2),pp.
351, 1998.

[11] J. Aerssens, et al., “Interspecies differences @meb composition,
density, and quality: potential implications for iwivo bone
research’Endocrinology, vol.139(2), pp. 663, 1998.

[12] ASTM.F 1839-01,“Standard specification for rigid polyurethane foam
for use as a standard material for testing orthicpefvices and
instruments”, 2007.

[13] A.G.Au, et al., “A New Bone Surrogate Model for Tieg Interbody
Device SubsidenceBpine, vol. 36(16), pp. 1289-1296, 2011.

[14] R. F. MclLain, et al., “The effect of bone qualityhy pedicle screw
loading in axial instability: A synthetic mode$hine, vol. 22(13),pp.
1454, 1997.

[15] J. Szivek, M. Thomas, and J. Benjamin, “Technicabten
Characterization of a synthetic foam as a modehfoman cancellous
bone” Journal of Applied Biomaterials, vol. 4(3),pp. 269-272, 1993.

[16] J.A. Szivek, J.D. Thompson, and J.B. Benjamin, ‘{@bterization of
three formulations of a synthetic foam as modetsafoange of human
cancellous bone typesturnal of Applied Biomaterials, vol. 6(2),pp.
125-128, 1995.

[17] M.S. Thompson, et al., “Compressive and shear ptiepe of
commercially available polyurethane foandstrnal of biomechanical
engineering, vol.125,pp. 732, 2003.

[18] R.P. Heaney,“Is there a role for bone quality inagflity
fractures?Calcified Tissue International, vol. 53,pp. 3-6, 1993.

[19] M. D. Grynpas, D. Chachra, and K. Lundon, “Bone liggan animal
models of osteoporosi®rug development research, vol. 49(3),pp. 146-
158, 2000.

[20] G.Bell, et al., “Variations in strength of vertebraith age and their
relation to osteoporosisCalcified Tissue International, vol. 1(1),pp. 75-
86, 1967.

[21] E.F.Morgan, et al., “Nonlinear behavior of trabecubone at small
strains”Journal of biomechanical engineering, vol. 123,pp. 1, 2001.

[22] K.Dupuis, “Etude des facteurs influengant I'évaioiatdu comportement
mécanique de l'os par tomodensitométrie”, M.ScsBitation, Ecole de
Technologie Superieure, Unpublished.

[23] T.M. Keaveny, et al., “Systematic and random eriiarc€ompression
testing of trabecular bondgurnal of orthopaedic research, vol.
15(1),pp. 101-110, 1997.

[24] T. M. Keaveny, et al., “Trabecular bone exhibitdlyfuinear elastic
behavior and yields at low straindurnal of biomechanics, vol.
27(9),pp. 1127-1129, 1131-1136, 1994.

[25] ASTM.D 1621-00,“Standard Test Method for Compressive Properties
Of Rigid Cellular Plastics”, 2007.

[26] P. Patel, D. Shepherd, and D. Hukins, “Compresgik@perties of
commercially available polyurethane foams as meichhmodels for
osteoporotic human cancellous boBMC Musculoskeletal Disorders,
vol. 9(1),pp. 137, 2008.

[27] D.L. Kopperdahl, and T.M. Keaveny, “Yield strain Hawior of
trabecular boneJpurnal of biomechanics, vol. 31(7),pp. 601-608, 1998.

[28] R. M.Lin, K. H. Tsai, and G.L. Chang, “Distributioand regional
strength of trabecular bone in the porcine lumbpines Clinical
Biomechanics, vol. 12(5),pp. 331-336, 1997.

[29] J. Teo, et al., “Relationship between CT intensitycro-architecture
and mechanical properties of porcine vertebral ebmes bone’Clinical
Biomechanics, vol. 21(3),pp. 235-244, 2006.

[30] B.Li, and R.M. Aspden, “Composition and mechanipabperties of
cancellous bone from the femoral head of patieritls asteoporosis or
osteoarthritis"Journal of Bone and Mineral Research, vol. 12(4),pp.
641-651, 1997.

174



