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ABSTRACT

Residual kyphotic deformity of the vertebral body after an osteoporotic fracture
has been associated with the increased risk of subsequent, especially adjacent
vertebral fractures. However, the role of endplate deformity has not been
evaluated. This study tested the hypothesis that the altered pressure profile of the
intervertebral disc after an osteoporotic vertebral fracture, even in the absence of
kyphotic deformity, will alter load transmission to the adjacent vertebra and

increase the risk for adjacent vertebral fracture.

Eight human lower thoracic or thoracolumbar specimens, each consisting of five
vertebrae were used. To selectively fracture one of the endplates of the middle VB
of each specimen a void was created under the target endplate and the specimen
was flexed and compressed until failure. The fractured vertebra was subjected to
spinal extension under 150 N preload that restored the anterior wall height and
vertebral kyphosis, while the fractured endplate remained significantly depressed.
The VB was filled with cement to stabilize the fracture, after complete evacuation
of its trabecular content to ensure similar cement distribution under both the
endplates. Specimens were tested in flexion extension under 400 N preload while
pressure in the discs and strain at the anterior wall of the adjacent vertebrae were
recorded. Disc pressure in the intact specimens increased during flexion by 26 +
14%. After cementation, disc pressure increased during flexion by 15 + 11% in the
discs with un-fractured endplates, while decreased by 19 + 26.7% in the discs
with the fractured endplates. During flexion, the compressive strain at the anterior
wall of the vertebra next to the fractured endplate increased by 94 = 23%
compared to intact status (p<0.05), while it did not significantly change at the
vertebra next to the unfractured endplate (18.2 £ 7.1%, p> 0.05). Subsequent
flexion with compression to failure resulted in adjacent fracture close to the
fractured endplate in six specimens and in a non-adjacent fracture in one

specimen, while one specimen had no subsequent fractures.

In healthy discs with intact endplates the nucleus pressure increases during
flexion avoiding load concentration on the anterior portion of the vertebral bodies.

The increased available space for nucleus after an osteoporotic endplate-



depressed fracture impairs its load bearing abilities and forces the anterior
annulus to bear more weight in flexion, resulting in excessive loading on the
anterior portion of the adjacent vertebra that predisposes to fracture even after
correction of kyphosis. These data suggest that correction of endplate deformity

may play a role in reducing the risk of adjacent level fractures.
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Altered disc pressure profile after an osteoporotic vertebral fracture is a risk

factor for adjacent vertebral body fracture
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I. INTRODUCTION

Osteoporosis is a skeletal disorder characterized by compromised bone
strength predisposing a person to an increased risk of fracture. An estimated 75
million people in Europe, the United States, and Japan have osteoporosis [1].
According to the WHO criteria, osteoporosis is defined as a bone mineral density
(BMD) that lies 2.5 standard deviations or more below the average value for
young healthy women. Osteoporosis is often overlooked and undertreated,
however, in large part because it is clinically silent before manifesting as fracture.
In the United States, it is estimated that 25% of white postmenopausal women
and 35% of women over the age of 65 suffer from osteoporosis, as per it's WHO
definition [2].

Osteoporotic vertebral compression fractures (OVCFs) is the most common
complication of osteoporosis [3]. They may occur in the absence of trauma or
after only minor trauma, such as bending, lifting or turning. One fourth of women
reaching menopause can expect to suffer one or more OVCF in their lifetime [4].
Radiographic evidence of OVCF exists in 25% of women over 70 and 50% of
women over 80 [3]. In the U.S., of the estimated 1.5 million osteoporotic fractures
that occur annually, 700,000 affect the spine [5]. The estimated incidence of
OVCF in the EU is 438,700 clinically diagnosed vertebral fractures per year (117
per 100,000 person years) [6]. The incidence of OVCEF is likely to increase fourfold
in the next 50 years [5].

The majority of OVCF occur in the thoracolumbar junction (T12-L1) and the
mid-thoracic spine [3,7,8]. These fractures typically lead to increased kyphosis,
which may worsen overtime as OVCF increase in number [9,10]. As posture
worsens and kyphosis progresses, patients experience difficulty with balance,
back pain, respiratory compromise, and an increased risk of pneumonia. Cooper
et al. [11] found that vertebral fractures increased the 5-year risk of mortality by
15%. In a subsequent study, Kado et al. [12] demonstrated that women with one
or more fractures had a 1.23-fold increased age-adjusted mortality rate and that
women with 5 or more vertebral fractures had a 2.3-fold increased age-adjusted

mortality rate.
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The presence of an OVCF is an independent predictor of subsequent
vertebral fractures regardless of age and BMD [13,14,15,16,17]. After adjustment
for age and BMD, a prevalent vertebral fracture is associated with a four- to five-
fold increased risk of suffering a subsequent vertebral fracture [7,13,16,18]. The
risk of a new vertebral fracture increases with both the number and the severity of
prevalent vertebral fractures [7,19,20]. It is estimated that a single fracture
increases the risk fivefold for new vertebral fractures, while the presence of two or
more fractures increases the risk 12-fold [21]. Similarly, Lindsay et al. [13]
reported an incidence of 11.5% of new vertebral fractures within 1 year following
one previous OVCF, whereas this incidence was 24% in women with two or more
fractures. Others have estimated that a fifth of osteoporotic women with a recent
vertebral fracture will sustain a new vertebral fracture within the next 12 months
[22]. As the increased incidence of subsequent fractures is independent from
parameters as age and BMD, better understanding of their causes might improve

therapeutic or preventive measures.

The severity of vertebral collapse and the residual kyphotic deformity have
been associated with the risk for subsequent vertebral fractures [7,16,23,24].
Kyphotic deformity shifts the center of gravity forward, resulting in increased
forward bending moments, which are in turn compensated by a contraction of the
posterior spinal muscles, resulting in an increased load within the kyphotic
segment [25,26]. Cadaveric studies have shown that residual kyphosis increased
vertebral cortical compressive strain at the adjacent vertebrae, especially in
flexion [27,28].

Resurgent interest in the pathomechanics of subsequent OVCF arose after
reports of new vertebral fractures after cement augmentation of an OVCF,
especially in the vicinity of the cemented fracture [29-35]. These reports have
raised concern about a possible correlation of augmentation with the risk of
subsequent vertebral fractures. This concern was further increased after reports
that subsequent fractures after augmentation tend to occur early, usually within 3
months after the cementation procedure [32,34,36,37,38], and that fractures of
vertebrae adjacent to the treated level occur sooner than those of non-adjacent

levels [32]. It is often postulated that augmentation, by increasing stiffness to
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values greater than that of the adjacent vertebrae, may create a “stress riser”
effect that could lead to mechanical failure of non-augmented levels. However,
increased adjacent level load transfer following augmentation has not been
conclusively shown, and the subsequent OVCFs may result simply from disease
progression as indicated by more resent reports [39,40,41]. Adjacent vertebrae
may be at a greater risk for fracture after an OVCF even in the absence of cement
augmentation as shown by Silverman et al. [42] who reported that 58% of women
with one or more fractures had adjacent fractures. Moreover, a temporal
clustering of incident fractures within the first few months after the diagnosis of a
prevalent fracture has been described even in the absence of cement

augmentation [43].

The intervertebral disc plays a significant role in load transmission, and it
role in the pathogenesis of adjacent compressive vertebral fractures is not well
understood. Heathy intervertebral discs transmit compressive load evenly
between adjacent vertebral bodies (VBs), while allowing movements of the
vertebral column. This mainly reflects the properties of the nucleus, which is
composed of a loose network of fibrous strands that lie in a translucent
mucoprotein gel containing various mucopolysaccharides. In a healthy young
disc, the water content of the nucleus ranges from 70-90%. The water gives the
tissue very low rigidity so that it can deform easily in any direction and equalize
the stress applied to it [44]. The nucleus fills 30-50% of the total disc cross
sectional area, and is located more posterior than central. The annulus gradually
becomes differentiated from the periphery of the nucleus, and forms the outer
boundary of the disc. The annulus is made up of a series of 15 to 25 concentric
lamellae [45]. well suited to resisting torsion due to the characteristic orientation of
the fibers in each layer. Fiber strains rarely exceed 6% under physiologic flexion
and extension moments and 8.5% under physiologic axial rotation. The
intervertebral disc alone provides most of the compressive stiffness of the motion
segment, whereas ligaments and facets contribute significantly to resisting

bending moments and axial torsion.

When the disc is compressed, the pressure inside the nucleus increases,

generating a tensile hoop stress in the restraining annulus, thus maintaining the
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intervertebral disc height. Hoop stress decreases from the inner lamellae of the
annulus to the outer lamellae. Cadaveric experiments have shown that a
compressive force of 2,000 N stretches the collagen fibers on the outer annulus
by less than 2% and causes the annulus to bulge radially by 0.4 to 1.0mm [46]. As
the preload increases from 250 N to 4,500 N the height of a motion segment is
reduced by 0.9 mm. Approximately half of the height reduction can be attributed to
the endplates bulging into the vertebral bodies [47,48]. The annulus also resists
compression directly, therefore compressive stresses are distributed almost

evenly throughout the entire disc area in a young, non-degenerated disc [49].

Changes in the properties of the disc is expected to alter load transmission
between adjacent vertebrae. To theoretically explain how increased stiffness of a
cemented vertebral body could endanger the adjacent vertebrae, Baroud et al,
[50] utilized a finite element model to simulate the effects of cement. They
postulated that in the normal vertebrae, axial cushioning is achieved by a
combination of outward bowing of the annulus fibrosis as well as by substantial
inward bowing of the vertebral endplates. Using their model, they demonstrated
that cement in the treated vertebral body “acts like a pillar” that reduces by 93%
the physiologic inward bulge of the endplates of the treated level. Because the
endplate of the treated vertebra is resistant to inward bowing, pressure is
increased in the disk and enhanced bowing and inward deflection is seen in the
endplate on the opposite side of the disk. Augmented inward bowing of the
adjacent vertebral endplate would place this vertebra at risk for fracture. They also
postulated that the untreated, adjacent vertebra showed a 17% decrease in failure
load compared with untreated spinal segments [50]. Polikeit et al [51] confirmed
the effect of vertebroplasty on adjacent vertebrae with a finite element model
similar to that of Baroud et al [50]. These latter authors demonstrated increased
pressure in the adjacent nucleus pulposus both above and below the treated
vertebra, which translated into a 20% increased inward deflection of the endplate

of the adjacent vertebral body.

However, the increased nucleous polposus pressure theory proposed by the
previous studies did not take into account the damage of the endplate caused by

the osteoporotic vertebral compression fracture. As the endplate is depressed,
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more space becomes available for the nucleus. In vitro experiments have shown
that damage to the vertebral body endplate reduces the pressure in the nucleus of
the adjacent disc [52,53,54,55]. Furthermore, reduced nuclear pressure generates
peaks of compressive stress in the annulus [52,53,55], redistributing in this
manner the load transmission to the periphery of the vertebral body. Stress

concentrations are affected by posture [53].

The reduction of disc pressure after an OVCF has some biomechanical
similarities with the model of disc degeneration. In vitro studies have shown that in
a degenerative disc the nucleus becomes depressurized as a result of the
reduction of water content and increased fibrosis [McNally Spine 1992]56. This
has been confirmed by in vivo studies that showed that the intradiscal pressure
was significantly reduced in a degenerated disc [57], and the decrease was in
accordance to the degree of disc degeneration as estimated by magnetic
resonance imaging [58]. Nucleus depressurization results in an increasingly larger
load transmission trough the annulus, especially in the posterior portion [56].
Furthermore, the principal area of load transmission is highly dependent on
posture, with a more prominent increase of stress concentrations in the posterior
annulus when the segment is extended [57,53]. With disc degeneration, the
posterolateral annulus is no longer acting in its role of a nucleus retaining
membrane but rather as a region transmitting compressive stress. This is
associated with inward bulging of the inner lamellae [59]. In more advanced
stages of degeneration with disc space narrowing, it is possible for the neural arch
to stress shield the posterior annulus in extension, so that much of the
compressive load is transmitted through the neutral arch and the anterior annulus
[53]. The facet joints in a healthy spine normally bear approximately 20% of the
load, but when there is a loss of disc height due to degenerative changes facet
load bearing can be as high as 70% [60].

Research question

The purpose of this biomechanical study was to test the hypothesis that the
altered pressure profile of the intervertebral disc after an osteoporotic vertebral

fracture, even in the absence of kyphotic deformity, will alter load transmission to
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the adjacent vertebra and increase vertical loading of the anterior wall of adjacent

vertebrae, predisposing them to wedge fracture.
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Il. LITERATURE REVIEW

A. Osteoporotic vertebral fractures and their biomechanical effects

1. Biomechanical changes in osteoporotic vertebra before and after a

fracture

Osteoporotic vertebral bodies have decreased strength and stiffness, which
means that the load needed to cause failure of vertebral bodies and their ability to
resist compressive deformation are diminished. Strength and stiffness are
diminished in proportion to the severity of osteoporosis, as these entities are
strongly correlated to bone density of trabecular bone [61]. Vertebral compression
fractures result in further reduction of both strength and stiffness relative to pre-

fracture values [62]. The clinical consequences are:

0] a propensity of progressive collapse of the damaged vertebra after the
initial osteoporaotic fracture as a result of diminished strength
(i) pain at the fracture site as a result of increased micromotion resulting

from diminished stiffness.

A major complaint of 85% of patients with radiological diagnosis of OVCF is
back pain, which may be present as either acute and excruciating, or chronic and
persistent [63,64]. Old et al. [65] estimates that chronic back pain affects
approximately 75% of patients who suffer OVCFs. Acute back pain is usually
caused by a recent OVCF, and in the majority of patients is expected to subside
as the fracture heals over a period of approximately 3 months [66]. However, an
estimated 33% [67] to 75% [65] of patients may develop chronic back pain.
Chronic pain may arise from progressive collapse and deformity or persistent
intravertebral motion due to pseudoarthrosis, which can occur with an incidence of
35% per fracture [68].

2. Kyphotic deformity after OVCF

Compression fractures of the spine generally occur from a combination of
bending forward and downward pressure on the spine. Bending forward

concentrates the pressure on the anterior portion of the spine. The fracture occurs
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when the bone actually collapses in the anterior part of the vertebral body and
forms a wedge shape. Wedge fractures are the main type of fractures that occur
in the thoracic spine, and typically lead to increased kyphosis, which may worsen
overtime in persons with prevalent OVCF [9,10]. Painful, crippling kyphotic
deformities requiring major surgical intervention may be encountered in elderly
patients suffering an OVCF or vertebrae delayed collapse with severe

neurological deficits and paraparesis [69].

Spinal deformity itself, independent of pain, is a significant cause of disability
resulting directly from the impairment of physical functioning, health, and quality of
life [25]. Lung function (FVC, FEV1) are significantly reduced in patients with
thoracic fractures and may result in increased morbidity and mortality rate. OVCF
is associated with a 23-34% age-adjusted increase in mortality rate compared to
patients without OVCF [12,70,71]. It has been reported that each vertebral
fracture results in restrictive lung disease causing a 9% loss in predicted forced
vital capacity and forced expiratory volume in 1 second [72,73], which may in turn

have particularly detrimental effects in patients with pre-existing lung disease.

Sagittal spinal deformity, in patients with OVCF, increases the forward
bending moment, and can be counterbalanced by flexing the knees to improve
body posture [74]. However, this posture provokes paraspinal muscle fatigue and
increases strain in the facets and pars interarticularis, contributing to chronic back
pain. Furthermore, the knee flexion manoeuvre requires the contraction and
tightening of the thigh muscles, resulting in an impaired gait velocity, reduction of
mobility, and a curtailing of most daily activities, irrespective of pain. This
impairment of patient functions leads to sleep disorders, increased anxiety and
depression, lowered self-esteem, diminished social role, and increased
dependency on others [42,75,76,77].

3. Subsequent vertebral fractures after an OVCF

The presence of an OVCF increases the risk for subsequent vertebral
fractures [13,15,21]. Lindsay et al. [13] in a prospective clinical study reported an
incidence of 19.2% of new vertebral fractures within one year following one or

more vertebral fractures in patients with osteoporosis. In women with one
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previous fracture the incidence was 11.5%, whereas this incidence was 24% in
women with two or more fractures. The study showed that the presence of 1 or
more vertebral fractures increases the risk of sustaining a new vertebral fracture
by 5-fold during the following year. Similarly, Ross et al. [14] reported that a single
fracture increases the risk for new vertebral fractures by 5-fold, while the presence
of 2 or more fractures increases the risk by 12-fold. A combination of low bone
mass and the presence of 2 or more prevalent fractures increase the risk by 75-
fold, relative to women with the highest bone mass and no prevalent fractures
[14]. Silverman et al. [75] reported that 58% of women with one or more fractures
had fractures at adjacent vertebrae, supporting the high rate of adjacent fractures

in the natural history of the disease.

The severity of vertebral collapse [24] and the residual kyphotic deformity
have been associated with the risk for subsequent vertebral fractures
[16,23,78,79]. Kyphotic deformity shifts the center of gravity forward, resulting in
increased forward bending moments, which are in turn compensated by a
contraction of the posterior spinal muscles, resulting in an increased load within
the kyphotic segment [25,26,80] thus predisposing to further vertebral body
fractures adjacent to the original OVCF [13,14,71]. Using anterior wall strain
gauges, Kayanja et al. [27,28] showed that after an experimentally induced
osteoporotic fracture, the addition of flexion to axial compression increases the
axial compressive loads at the adjacent vertebrae, supporting the role of residual

kyphosis.
4. Residual kyphotic deformity as a risk for subsequent fractures

Residual kyphotic deformity after a wedge fracture is a risk factor for
subsequent vertebral fractures [23,25,71]. Wedge type fractures typically occur in
the mid thoracic spine or the thoracolumbar junction [7,81,82,83] The contribution
of kyphosis is less likely to be important to the lumbar spine where osteoporotic
fractures tend to be biconcave, thus not significantly altering sagittal alignment.
Kyphotic deformity after a wedge fracture shifts the physiologic compressive load
path anteriorly [84], increasing the strain on the anterior cortex [27]. Thus, residual
kyphotic deformity after cement augmentation of a fractured vertebra may

produce an eccentric loading on the adjacent levels, inducing additional flexion
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moments. Mizrahi et al. [85] showed that eccentric loading of a vertebra can
increase peak stresses by up to 2.5 times in vertebrae with reduced vertebral
bone mass, possibly due to the development of high tensile and multi-axial
stresses in the cortical shell and end plate. Cadaveric studies have shown
increased vertebral cortical strain at the adjacent vertebrae, especially in flexion
[28].

Kyphotic deformity shifts the center of gravity forward, resulting in increased
forward bending moments, which are in turn compensated by a contraction of the
posterior spinal muscles [25,26]. As a result, the load within the kyphotic segment
is increased. Forward bending moment can be counterbalanced by flexing the
knees to improve body posture [74]. This posture decreases the contraction of the
posterior spinal muscles; however, the force in the erector spine still remains
significantly increased when the wedge deformity of the fractured VB remains
uncorrected [26]. A drawback of the knee flexion maneuver is it requires the
contraction and tightening of the thigh muscles, resulting in an impaired gait
pattern. The risk of hip fractures increases 4.5-fold after a single OVCF and 7.2-
fold after two or more OVCFs, [16,86] independently of bone mass density [16],
possibly reflecting the impaired gait and increasing the risk of injurious falls [87].
However, the role of residual kyphosis after cement augmentation in increasing
the risk for subsequent vertebral fractures is still unclear. In a clinical report the
greater the degree of height restoration after vertebroplasty, the higher was the
risk for new fractures [88]. Similarly, another study reported that the rate of
developing new symptomatic OVCFs after vertebroplasty was inversely correlated
with the degree of wedge deformation of treated VBs, therefore with increasing
preoperative wedging deformity the risk of developing new symptomatic OVCF
decreased [89]. Although one might argue that higher cement volume in the less
deformed vertebra may account for the increased rate of developing new fracture,
those studies report that risk of new fractures was not related to the volume of

cement injected [89].
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5. Deformity correction by hyperextension, or by intravertebral balloon

inflation

Reduced stiffness in fresh osteoporotic fractures or even in some chronic
fracture with progressive collapse or pseudarthrosis can result in increased
fracture mobility that can be revealed in dynamic flexion-extension radiographs. In
such fractures, spinal extension can at least partially restore vertebral height and
kyphosis. Height restoration seen after percutaneous vertebroplasty (PVP) is the
result of cementing the fractured vertebra after postural reduction [68,90-93]. The
degree of re-expansion has been shown to be inversely related with the time after
the onset [90]. However, even in chronic fractures re-expansion is possible
especially in cases of progressive vertebral collapse or pseudarthosis. Dynamic
fracture mobility has been reported to range between 35% [68] and 68% [91] of
fractured VBs. Similarly, the percentage of levels that achieved some degree of
correction ranges between 35% [68] to 85% [94,95] or even 92% [93]. Prone
position with spinal extension have been reported to improve vertebral kyphosis
angle by 3.7 degrees [96] to 8.2 degrees [97], anterior wall height by 19%, and
mid vertebral height by 16% [96]. Some authors advocate keeping the patients in
the supine position with a soft pillow under the fractured vertebra for 1 to 3 days
previous to PVP to enhance postural reduction through adaptation of soft tissues
[90].

Inflation of a balloon inside the fractured vertebral body has also been
associated with variable results in vertebral height restoration and correction of
kyphotic deformity. Significant improvement has been reported to range between
54% [98] and 92% [99] of treated vertebrae. This variation may be influenced by
the age of the fracture, the degree of deformity, and other factors. Many authors
agree that better chances of correction of both vertebral height and kyphotic
deformity can be expected in the more recent fractures [100,101,102]. Phillips et
al. [101], in a prospective study of 28 patients with OVCFs, reported that fractures
less than 3 months old showed better correction with percutaneous balloon
kyphoplasty (PBK). After this initial period, fracture age did not seem to influence
the amount of deformity correction achieved with PBK, as long as MRI was

consistent with an unhealed fracture [101]. Similarly, Crandall et al. [100] reported
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that osteoporotic fractures treated within the initial 10 weeks are more than 5
times as likely to be significantly reducible as compared to fractures older than 4
months. They reported that 20% of chronic fractures and 8% of acute fractures
failed to show any vertebral height correction [100]. However, 75% of the chronic
fractures were at least partially reducible and kyphosis correction was not
statistically different between acute and chronic fractures. Majd et al. [103]
reported that in non-healed painful fractures with positive MRI or bone scan
treated within 2 days to 2 years from onset, the magnitude of height restoration is
not related to fracture age. Other authors [33,96] have also reported no correlation
between height restoration and fracture age, or agree that meaningful correction
can be achieved even in older fractures when magnetic resonance imaging shows

the typical signal changes suggesting incomplete healing [99,102].

There is evidence that inflation of a balloon inside the vertebral body with the
technique described for kyphoplasty can achieve additional correction of vertebral
deformity compared to postural reduction [96,104]. Voggenreiter et al. [96]
reported that in addition to the dynamic, posture-related reduction of deformity,
inflation of the balloon achieved a further 50% decrease of vertebral body kyphotic
angle and 20% increase of anterior vertebral body height. However, after deflation
and removal of the balloon some loss of fracture reduction can be expected
[96,105]. Shindle et al. [104] reported that kyphoplasty provided an additional
46.6% restoration of the lost mid vertebral height over the postural correction
alone. With operative positioning, 51% of OVCFs had >10% restoration of the
central portion of the vertebral body, whereas 91% of fractures improved at least
10% following balloon kyphoplasty. In that study, balloon kyphoplasty enhanced
the height reduction >4.5-fold over the positioning maneuver alone and accounted
for over 80% of the ultimate reduction. Boszczyk et al. [106] reported that in
severe osteoporotic fractures, average correction of the kyphotic angle of was 5%

with kyphoplasty, while vertebroplasty failed to achieve correction.

Although correction of the shape of the vertebral body (vertebral kyphosis)
appears attractive, some reports failed to reveal any correlation between height
restoration of the fractured vertebra and restoration of sagittal alignment of the

spine [96,107]. Pradhan et al. [107] reported that the majority of kyphosis
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correction by kyphoplasty is limited to the treated vertebra, possibly due to the

accommodation of most of the correction by the adjacent discs.

6. Effect of OVCF on the intervertebral disc

In vitro experiments have shown that damage to the vertebral body endplate
reduces the pressure in the nucleus of the adjacent disc [52-55]. Maintenance of
nucleus hydrostatic pressure has an important role in spinal load transmission, as
it allows the annulus to share the physiologic load placed on the spinal segments.
Load distribution between the trabecular bone and the cortex is dependent on the
properties of the intervertebral discs [108,109]. A significant drop of nucleus
pressure after an OVCF forces the annulus to bear axial loads and has been
reported to generate peaks of compressive stress in the annulus [52,53,55].
Stress concentrations are affected by posture, and lordosis has been associated
with intensified stress in the posterior annulus [53].

This phenomenon is also seen in disc degeneration that reduces the ability
of discs to distribute load evenly on the vertebral body, resulting in concentration
of load anteriorly in flexion and posteriorly in extension [110]. Using a finite
element model, Kurowski and Kubo [108] have demonstrated that a disc with a
load bearing nucleus places more load on the trabecular content, whereas a
degenerated disc, with no load-bearing nucleus, places most of the load on the
cortex. Therefore, disc depressurization after an osteoporotic vertebral fracture
has similar effects to disc degeneration on load distribution within the spinal
segment. However, the load bearing changes after an osteoporotic vertebral

fracture and their effects on the spine have not investigated.
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B. Mechanical properties of the intervertebral disc

1. Load transfer properties of the disc

The intervertebral disc is the major load-bearing element in axial
compression and flexion. In the young healthy spine, the disc transfers
approximately 80% of the compressive load applied to the motion segment [111].
As load is applied to the healthy disc, forces are distributed equally in all
directions from within the nucleus, placing the annulus fibers in tension. The
collagen fibers of the annulus are well suited to resisting tension. The pressure in
the nucleus causes the lamellae of the annulus to bulge outward, stretching the
fibers in the annulus. Resistance of the fibers to tensile loading then allows the
annulus to contribute to compressive load sharing. Measurements in young,
healthy discs using stress profilometry show that most of the disc is under uniform
load and, because the stress is equal in the vertical and horizontal directions

(isotropic), the nucleus behaves as a fluid [56,112].

Experimental and finite element studies have shown that a compressive load
applied to a healthy disc is shared by both the nucleus pulposus and the annulus
fibrosus [113]. Adams and McNally [114] showed that when discs are subjected to
compressive loading in the neutral posture they generally exhibit a small peak of
compressive stress in the posterior annulus and a fairly even compressive stress
throughout the nucleus and anterior annulus. In extension, the size of the peak in
the posterior annulus increases, while moderately flexed postures usually
distribute stresses evenly across the disc. In full flexion, stress peaks appear in
the anterior annulus, but are rarely as high as those in the posterior annulus in full
extension [114]. Posture also affects the hydrostatic pressure in the nucleus.
Under compressive preload of 5,00N, the nucleus pressure is 40% less in 4
degrees of extension than in the neutral posture, reflecting the increased load
sharing by the facets in extension [114]. Nucleus pressure rises by 100% in full
flexion because flexion stretches the ligaments of the neural arch creating tension
that compresses the disc. If the neural arch is removed, the ligamentous tension
decreases and the nucleus pressure increases only by 38% in flexion and by 8%

in extension [114].
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2. Disc degeneration as a model of altered mechanical properties after disc

depressurization

Disc degeneration is associated with loss of proteoglycans, and hence loss
of hydration, particularly in the nucleus [115]. With disc dehydration and narrowing
of the disc space, the nucleus is no longer able to exert a hydrostatic pressure on
the annulus, meaning the annular fibers of the disc are no longer subjected to the
same tensile stresses, as they would be in a healthy disc with a hydrated nucleus.
Instead the annulus in a degenerated disc under compression is more likely to

directly bear the axial load from the vertebra above [116].

Disc degeneration can significantly alter the normal load sharing between
the components of a functional spinal unit. In vitro studies have shown that in a
degenerative disc the nucleus becomes depressurized as a result of the reduction
of water content and increased fibrosis [56]. This has been confirmed by in vivo
studies that showed that the intradiscal pressure was significantly reduced in a
degenerated disc [57], and the decrease was in accordance to the degree of disc
degeneration as estimated by magnetic resonance imaging [58]. Nucleus
depressurization results in an increasingly larger load transmission trough the
annulus, especially in the posterior portion [56]. Furthermore, the principal area of
load transmission is highly dependent on posture, with a more prominent increase
of stress concentrations in the posterior annulus when the segment is extended
[53,57]. With disc degeneration, the posterolateral annulus is no longer acting in
its role of a nucleus retaining membrane but rather as a region transmitting
compressive stress. This is associated with inward bulging of the inner lamellae
[59]. In more advanced stages of degeneration with disc space narrowing, it is
possible for the neural arch to stress shield the posterior annulus in extension, so
that much of the compressive load is transmitted through the neutral arch and the
anterior annulus [53]. The facet joints in a healthy spine normally bear
approximately 20% of the load, but when there is a loss of disc height due to

degenerative changes facet load bearing can be as high as 70% [60].
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C. The preload produced by compressive forces

1. The preload produced by muscles

Loads on the human spine are shared by the osteoligamentous tissues and
muscles of the spine. Tensile forces in the paraspinal muscles, which exert a
compressive load on the spine, balance the moments created by gravitational and
external forces. Since these muscles have a small moment arm from the spinal
segment, they amplify the compressive load on the osteoligamentous spine. The
preload, produced by muscles, can be considered a compressive load that acts
on the spinal segments in vivo during different activities of daily living. The
mechanical response of healthy, degenerated or injured spinal segments will be

influenced by this preload.

The internal compressive forces on the ligamentous spine have been
estimated for different physical tasks using intradiscal pressure and EMG data in
conjunction with three-dimensional biomechanical models. The compressive force
on the human lumbar spine is estimated to range from 150-300 N during supine
and recumbent postures to 1,400 N during relaxed standing with the trunk flexed
30 degrees. The compressive force may be substantially larger when holding a
weight in the hands in the static standing posture, and even more so during
dynamic lifting. In healthy individuals, the spine sustains these loads without injury
or instability [58,111,117].

2. Follower load as atool to simulate internal compressive forces

The osteoligamentous spine is known to be unstable when subjected to
compressive loads. Experiments in which a vertical load was applied at the
cephalic end of the thoracolumbar spine specimens caused buckling of the spines
at a vertical load of approximately 20 N [118]. Therefore, when a compressive
vertical load is applied to a multisegment spine specimen, segmental bending
moments and shear forces are induced as a result of the inherent curvatures of
the spine. This load application causes large changes in the specimen’s

curvatures at relatively small loads.
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The concept of follower load has been proposed to apply physiological loads
to the spine without inducing additional bending moments or shear forces [119].
Patwardhan et al. [119] showed that the osteoligamentous spine could support a
compressive load of physiological magnitude if it were applied along a path that
approximated the tangent to the curve of the lumbar spine (Fig. 1). Within the
follower load path the compressive vector passes through the flexion — extension
instantaneous center of rotation of each segment in a given posture of the
specimen, thereby minimizing any bending moments and shear forces. This
allows a multi-segment thoracic spine specimen to support physiologic
compressive preloads without constraining the motion of the vertebrae in the

sagittal plane [120].

27



Figure 1. Schematic representation of a thoracolumbar spine specimen subjected
to a compressive follower preload and flexion-extension moments. The preload is
applied along a path that follows the kypholordotic curve of the thoracolumbar
spine. The preload cables are attached bilaterally to the T2 vertebral body, while
they pass freely through adjustable guides anchored to each body from T4 to
sacrum and are connected to a loading hanger under the specimen. (From
Stanley et al Spine 2004 [120])

28



D. Cement augmentation of osteoporotic vertebral bodies
1. Cement augmentation in the management of OVCFs

Most patients with OVCFs are treated conservatively; however minimally
invasive surgical procedures aiming to stabilize a fractured vertebra with the goal
of reducing the patient's pain are available. The most commonly used procedures

are termed vertebroplasty and kyphoplasty.

Percutaneous Vertebroplasty (PVP) was introduced into the management
of osteolytic tumors, and was later successfully applied in the treatment of OVCFs
[121-125]. Routine use of the procedure in osteoporosis began in 1995 [126]. PVP
involves a percutaneous injection of polymethylmethacrilate (PMMA) cement into
the treated vertebral body through a unilateral or bilateral transpedicular or
extrapedicular approach [126]. PVP was initially intended to treat pain with no
attempt to eliminate spinal deformity. However, mobility in some cases of OVCFs
can allow postural reduction of the fractures that can then be stabilized with

cement injection by PVP.

Percutaneous balloon kyphoplasty (PBK) was primarily invented for the
treatment of osteoporotic vertebral compression fractures (OVCF), when Mark
Reiley conceived the idea of using an inflatable balloon to restore height in the
OVCF in 1993. The device was approved by the FDA (US Food and Drug
Administration) in 1998 [127]. PBK consists of introducing an inflatable bone tamp
into the vertebral body to restore vertebral height and kyphotic deformity. The void

created after removal of the balloon is filled with cement [127-129].
2. Biomechanical goals of Cement augmentation
The biomechanical goals of cement augmentation are to achieve:

() sufficient strength® of the VB to prevent progressive collapse,

(i) sufficient stiffness? to prevent instability and painful micromotion

! measured by the load needed to cause failure of the vertebral body
2 the ability to resist compressive deformation
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(iii) restoration of physiologic load transfer to prevent subsequent fractures

3. Effects of Augmentation on strength and stiffness of Treated Vertebrae

As osteoporotic vertebrae are at risk of fracture, just restoring pre-fracture
strength does not seem a reasonable goal. Attempt to restore the strength to
healthy normal values seem more reasonable [130]. Adequate restoration of
stiffness limits painful micromotion within the fractured vertebra. Therefore, painful
micromotion may persist between fractured trabeculae if cement augmentation

results in a significantly decreased stiffness.

Effect of cement volume: The strength and the stiffness of the augmented
vertebra increases as a function of the volume of cement injected. As little as 2
mL of cement may restore vertebral strength to its pre-fracture values in all
regions of the spine while volumes of 4 mL injected in the thoracic region and 6
mL injected in the lumbar region significantly increase strength [131]. However, as
VBs vary considerably in size between regions and spines, restoration of strength
may be better correlated to the percentage of the VB filled. Molloy et al. [132]
reported that restoration of strength required filling approximately 16% of the VB
volume, which corresponds to fill-volumes of 2 mL, 4 mL, and 6 mL for the

thoracic, thoracolumbar, and lumbar regions, respectively.

Stiffness is also influenced by the volume of injected cement. Finite element
modelling studies have suggested that 14% of vertebral body volume, less than 3
cc of cement in the lumbar spine, is required to restore vertebral compressive
stiffness in vertebroplasty, whereas 28% fill (7cc), commonly used in clinical
practice, can increase stiffness to almost 50% above the intact value [133].
However, in cadaveric studies [132] it has been reported that restoration of
stiffness required approximately 30% of vertebral body volume: 4 mL in the
thoracic region and 8 mL in the thoracolumbar region. In the lumbar region,
stiffness was not restored even with a cement volume of 8 cc (the maximum
volume used in the study). In another study, stiffness restoration was reported to
require 4 mL of cement for the thoracic and thoracolumbar spine and 8 cc for the

lumbar spine, possibly reflecting the importance of other factors other than
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cement volume [131]. In general, existing studies show that larger volumes are

needed for stiffness restoration than those required for strength restoration.

Effect of bone mineral density: The increase in strength due to
augmentation is inversely related to bone mineral density (BMD) [134-136]. This
may be due to the diminished strength of osteoporotic vertebral bodies, but also to
the greater degree of filling that can be achieved in osteoporotic vertebrae [134].
In non-osteoporotic, un-fractured vertebrae, cement augmentation does not
produce any significant changes in strength [134-136], but as little as 10% fill can
result in large increases in compressive strength in osteoporotic lumbar vertebrae
[135].

There is debate in the literature concerning whether bone mineral density
(BMD) affects the ability of cement augmentation to increase stiffness of vertebral
bodies. Heini et al. [134] reported that PMMA injection increased stiffness in
osteoporotic vertebrae, but not in normal VBs. The augmentation effect was
inversely related to BMD, but as the degree of filling was also inversely related to
the BMD, this may reflect differences in the injected volume. Also, in this study
vertebral bodies were injected without prior creation of a fracture. Belkoff et al.
reported that augmentation of fractured osteoporotic vertebrae did not restore
their stiffness to pre-fracture values; [130] although, in a previous study that used
both osteoporotic and non-osteoporotic vertebrae, the same authors reported
restoration of stiffness [137]. These findings suggest that augmentation of
fractured osteoporotic vertebrae can at best restore pre-fracture stiffness;

increase in stiffness is unlikely to be achieved.

Similar results have been reported in regards to stiffness of thoracolumbar
functional spinal units composed of two adjacent VBs with the intervening disc.
Luo et al [138] reported that a vertebral fracture reduced motion segment stiffness
in both bending and compression. Specimens with low BMD had more severe
fractures, greater changes in stiffness following the fracture, and showed the
greatest changes in stiffness following vertebroplasty. However, motion segment

stiffness did not exceed pre-fracture values [138].
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Effect of cement composition: Cements used for vertebral body
augmentation are commonly altered by the addition of various opacifiers to
increase visibility, and by increasing the monomer-to-polymer ratio to decrease
viscosity, increase working time, and facilitate injection through a cannula

[70,139,140]. Such alterations change the cement’s mechanical properties.

In an ex vivo biomechanical study Belkoff et al. [141] compared Simplex P
(Stryker-Howmedica-Osteonics, Rutherford, NJ, USA) mixed as directed by the
manufacturer (10% BaSo4, and monomer-to-polymer powder ratio of 0.56 mL/qg)
with Simplex P modified as used in vertebroplasty (30% BaSo4, monomer-to-
powder ratio of 0.71 mL/g). They reported that fractured vertebrae that were
augmented with vertebroplasty using the original Simplex P resulted in
significantly greater strength relative to their pre-fracture values, while those
repaired with modified Simplex P resulted in significantly greater strength in the
thoracic region, and restoration of strength in the lumbar region. Post-
augmentation stiffness also depends on cement composition. Fractured vertebral
bodies injected with Simplex P bone cement were restored to pre-fracture
stiffness levels, while those injected with Cranioplastic bone cement had
significantly less stiffness [137]. Furthermore, the material properties of
Cranioplastic are diminished when the cement is mixed as typically used in
vertebroplasty [142]. Cranioplastic used in vertebroplasty studies resulted in lower
vertebral body stiffness values than those in the intact state [62,130,141]. This
does not appear to cause concern, as both cements are used clinically and there
are no reported complications related to insufficient stiffness restoration.

Effect of the technique of augmentation: In vertebroplasty, bone cement
interdigitates into the cancellous bone, infiltrating the space between trabeculae;
hence, at the periphery of cement mass, there are spikes of cement anchoring
within the trabecular bone. In the balloon kyphoplasty model, a void is created
within the VB,; a layer of packed trabeculae displaced by balloon inflation
surrounds this void. Three different and distinctive zones can theoretically be
differentiated within the treated VB: an outer zone of intact bone, an intermediate

zone of packed trabeculae and a central zone of cement.
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Both vertebroplasty and kyphoplasty can significantly increase the strength
of fractured vertebrae to above pre-fracture values. However, in one comparative
study the increase was greater after vertebroplasty [143]. In another cadaveric
study, it was shown that although fractured VBs treated with kyphoplasty were
initially taller that those treated with vertebroplasty they finally became shorter
after repetitive cycling loading due to progressive loss of their height. Therefore,
the cancellous bone around cement zone is susceptible to further collapse, being
the weakest link in the chain of load transmission [Kim 2006]144. In
vertebroplasty, cement interdigitation throughout the VB may allow for better load
transfer between the upper and lower endplates of the augmented vertebra. It is
possible that, even if subsequent collapse is not significant, microfractures at the
non-augmented bone might account for relapse of pain after an initially successful
augmentation procedure. Furthermore, there is evidence that loss of correction
after vertebroplasty is greater for OVCF with clefts [145]. Pseudarthrotic cavity,
being possibly less permeable to injected cement, prevents the cement from
interdigitating the cancellous bone, leaving an area of non-augmented trabeculae
around the cement mass. A re-fracture of an augmented VB has been reported in
a clinical series [38]. Therefore, to prevent further collapse of the treated vertebra,
an attempt for the widest possible cement distribution within the treated vertebral
body seems justified.

Uni-lateral versus bi-lateral cement injection: Most studies show that both bi-
pedicular and uni-pedicular cement injections result in significant increase in
strength; although the increase is reported to be greater with bi-pedicular injection
[62,135]. In a finite element model, a posterolateral approach resulted in a higher
stiffness than the bi-pedicular approach for all tested fill volumes [133]. Simulation
of uni-pedicular injections resulted in equal or higher stiffness predictions
compared with bi-pedicular or posterolateral cases. However, asymmetrical
distribution of cement from a uni-pedicular approach resulted in a medial-lateral
bending deformation toward the untreated side when uniform compressive load
was applied, increasing the risk of collapse on the non-augmented side [133].
However, in a cadaveric study lateral injection of 3.5 mL of cement restored
stiffness of fractured vertebra to pre-fracture values, while central injections of the

same volume resulted in significantly less stiffness [146]. When a larger amount of
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cement was used (7 mL), both central and lateral injections restored initial
stiffness [146].

4. Effects of Augmentation on load transfer to the adjacent vertebrae

The ideal cement augmentation of an osteoporotic vertebral fracture should
also restore physiologic load transfer. However, the reported rate of new vertebral
fractures, especially in the vicinity of the cemented fracture, [29-35] has raised
concern about a possible correlation of cement augmentation and increased risk
of subsequent vertebral fractures. This concern is further increased from the
increasing evidence that subsequent fractures after cement augmentation tend to
occur early, within 1 to 3 months in the follow-up period [31,32,34,36-38], and that
fractures of vertebrae adjacent to the treated level occur sooner than those of

nonadjacent levels [31].

The increased stiffness of the augmented vertebrae has been proposed as a
risk factor for adjacent fractures after cement augmentation. Berlemann et al.
[147], using an osteoporotic functional spinal unit composed of two VBs and the
intervening disc, showed a decrease in the failure strength after cement
augmentation in one vertebra. The ultimate failure strength of the functional units
treated with injection of cement was 19% lower than in the matched untreated
controls, and there was a trend towards lower failure loads with increased filling
with cement. However, these specimens were tested without first creating a
compression fracture. As mentioned previously, the stiffness of a fractured
vertebra after cement injection is generally smaller or at best restored to the intact
(pre-fracture) value. Thus, the increased strains in the adjacent vertebrae cannot
be attributed to the higher stiffness of the augmented vertebra.

Rigid cement augmentation underneath the endplates has been proposed to
act as an upright pillar that reduces the inward bulge of the endplates of the
augmented vertebra, resulting in increased nucleus pressure and an increased
inward bulge of the adjacent endplate [50,51]. However, as shown in cadaveric
studies, even though cement augmentation can increase nucleus pressure, the
resultant pressure is still below the level of the pre-fracture condition [54], a
finding that contradicts the hypothesis of increased end plate bulge of the
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adjacent vertebra. Although stiffness of the augmented vertebra is influenced by
cement volume, cement volume has not been shown to correlate with the rate of
subsequent fractures in clinical studies [148]. For example, injection of 3-6 ml of
PMMA cement per vertebral body in one study resulted in subsequent fracture in
52% of patients [29], while in another study using an average amount of 9 ml
resulted in subsequent fractures in 12.4% of patients [36]. Since the majority of
subsequent fractures that can be attributed to cement augmentation tend to occur
in the first one to three months after the procedure, the difference reported
between the two studies is unlikely to be greatly influenced by differences in the

follow-up period.

Concerns about the role of intradiscal cement leakage in increasing the risk
of adjacent fractures have been raised after a report that in 71.4% of patients, the
new fractures were associated with cement leakage into the disc [149]. In that
study, VBs adjacent to a disc with cement leakage had a 58% chance of
developing a new fracture, compared with 12% of vertebral bodies adjacent to a
disc without cement leakage. Similarly, in another study cement leakage into the
disc was a significant predictor of new vertebral body fracture after vertebroplasty
[148]. However, others failed to reveal any significant relation between cement
extravasation into the disc and the occurrence of a new fracture [37,150].
Voormolen et al. [37] reported that although cement leakage to adjacent disc
occurred in 30% of treated vertebra, only 7% of the new fractures that occurred
adjacent to the treated VB occurred in relation to cement leakage to the adjacent

disc space.

5. Effect of kyphosis reduction in the incidence of subsequent fractures.

Some investigators postulate that decreased kyphotic deformity that can be
achieved during cement augmentation techniqgues may actually decrease
subsequent fracture risk [151,152,153]. Kasperk et al. [151] reported that at the 6
months follow up, 12.5% of patients who underwent augmentation developed new
fractures, as compared to 30% of patients who were treated conservatively. At 12
months follow up, the incidence of new fractures was 17.5% for PBK and 50% for
the conservatively treated patients [152]. Regarding the incidence of the adjacent
level fractures in that series, at 6 months it was 6% in the kyphoplasty treated
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group versus 12% in the conservatively treated patients, and at 12 months was
7.1% for kyphoplasty versus 9.7% for the conservatively treated patients [152].
Furthermore, these two reports [151,152] suggest that most of the new fractures
tent to occur within the first six months. Similarly, Komp et al. [153] reported new
vertebral fractures in 37% of patients treated with kyphoplasty and 65% of
patients treated conservatively, at 6 months. Only 40% of the new fractures after
kyphoplasty were at adjacent VBs, while 100% of fractures in the conservatively

treated group were adjacent to the old fracture.

36



lll. MATERIALS AND METHODS

Laboratory

The present study was conducted at the Musculoskeletal Biomechanics
Laboratory of the department of Orthopaedic Surgery and Rehabilitation of Loyola
University, Stritch School of Medicine, IL, USA. The Laboratory is located at the
Edward Hines, Jr. VA Hospital Rehabilitation Research and development Center

at Maywood lllinois, USA, and is directed by Avinash G. Patwardhan.

Specimens and Experimental Set-Up

Eight fresh frozen human lower thoracic (T7-T11) or thoracolumbar (T10-L2)
specimens (age 56-82) were used; each consisting of 5 vertebrae. The specimens
were from five females and three males whose ages ranged from 56 to 82 years
(average 69 * 8.5 years). Specimens were radiographically screened to exclude
existing osteoporotic fractures, severe intervertebral space narrowing, bridging
osteophytes and vertebral metastasis. The specimens were thawed at room
temperature (20°C) 24 hours before testing. The paravertebral muscles were
dissected, while keeping the discs, ligaments and posterior bony structures intact.
The cephalad and caudal vertebrae of each specimen were anchored in cups

using bone cement and pins.

The specimen was fixed to the testing apparatus at the caudal end and was
free to move at the cephalad end. A moment was applied by controlling the flow of
water into bags attached to 50 cm loading arms fixed to the cephalad vertebra
(Fig. 2). The long moment arm used to apply the moment loading resulted in
nearly equal bending moments at each level. A six-axis load cell (Model MC3A-6-
250, AMTI Inc., Newton, Massachusetts) was placed under the specimen to
measure the applied loads and moments. The apparatus allowed for continuous
cycling of the specimen between specified maximum moment endpoints in flexion

and extension.
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Figure 2. Specimen mounted at the testing apparatus.

Range of motion measurements: The motion of the cephalad vertebra of
the specimen relative to the caudal one was measured using an optoelectronic
motion measurement system (model 3020, Optotrak; Northen Digital, Waterloo,
Ontario, Canada). In addition, biaxial angle sensors (model 902-45; Applied
Geomechanics, Santa Cruz, California) were mounted on the cephalad and
caudal vertebrae to allow real time feedback for the optimization of the preload

path..

Disc pressure measurements: The spines were instrumented with
miniature pressure transducers (model 060S-1000, Precision Measurement Co.,
Ann Arbor, Michigan) in the nucleus of the discs above and below the middle
vertebra. These pressure transducers are specifically designed for biological and
medical applications where an absolute minimum intrusion volume is required.
Their function is based on strain gauge technology (Fig. 3). They were calibrated

prior to the testing of each specimen using a pressure chamber.
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Figure 3. Miniature pressure sensor (1.5 X 0.3 mm). The transducer utilizes a
350-ohm folil strain gauge attached to a stable substrate. It is furnished with a 3-
conductor stranded copper lead wire.

Strain measurement: The anterior wall of the vertebral bodies adjacent to
the middle vertebra were instrumented with single element strain gauges (FLA-2-

11-3L, Sokki Kenkyujo, Tokio) to measure vertical (compressive) strain (Fig. 4, 5).

Grid Gauge Lead

Figure 4. Single element strain gauge. Tension causes the electrical resistance of
the grid to increase, while compression causes resistance decrease. Resistance

is measured between gauge leads.




Figure 5. Photograph of a specimen positioned on the testing apparatus. Strain
gauges are mounted at the anterior walls and pressure sensors in the discs.

Bilateral loading cables pass through guides mounted at the posterior elements

Strain measures the deformation of an elastic material caused by the
application of an external force. Compressive strain is the strain that appears due
to the application of compressive force. In compressive force, there is a decrease
in the dimension of the body. The ratio of the decrease in the length of the body to

the original length is called compressive strain.

A strain gauge (Fig. 4) is a device used to measure strain. Its function is
based on the principle that the electric resistance of a metal changes
proportionally to the mechanical deformation caused by an external force applied
to it. If a strip of conductive metal is stretched, it will become skinnier and longer,
both changes resulting in an increase of electrical resistance. Conversely, if
placed under compressive force (without buckling), it will broaden and shorten
and its resistance will decrease. If these stresses are kept within the elastic limit of
the metal strip, the strip can be used as a measuring element for physical force,
the amount of applied force inferred from measuring its resistance. Normally, this
resistance change is very small and requires a Wheatstone bridge circuit to

convert the small resistance change to a more easily measured voltage change
(Fig. 6).
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Figure 6. The single element strain gauges used to measure anterior cortical
strain is connected in a quarter bridge (Wheatstone bridge) configuration. An
instrument called a strainmeter configures the Wheatstone bridge and supplies
exciting voltage. Voltage output varies according to compressive strain changes to

the gauge.

Application of preload: The concept of the follower load was used to apply
compressive preload to the specimens [119]. The compressive preload was
applied along a path that followed the curve of the spine. By applying a
compressive load along the follower load path the segmental bending moments
and shear forces due to the preload application are minimized [154]. This allows a
multi-segment thoracic spine specimen to support physiologic compressive
preloads without constraining the motion of the vertebrae in the sagittal plane
[120]. The preload was applied using bilateral loading cables that were attached
to the cup holding the cephalad vertebra. The cables passed freely through
guides anchored to the vertebrae adjacent to the target vertebra (Fig. 5). To avoid
the creation of stress risers, the cable guide mounting technique did not violate
the cortices of the vertebral bodies adjacent to the target vertebra. The loading
cables were connected to loading actuators under the specimen. The cable guide
mounts allowed anterior-posterior adjustments of the follower load path. The
alignment of the preload path was optimized by adjusting the cable guide
locations to minimize changes in the sagittal alignment of the specimen when

compressive load up to 400 N was applied. The cables were coated with
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radiopaque barium solution to be visible on x-ray images. A calibration marker (a

radiopaque ball, 25.4 mm in diameter) was visible on each x-ray image.

Experimental Protocol

Each specimen was first tested intact under flexion-extension moments
(x6Nm) with a 400N compressive preload. Pressure was recorded at the discs
above and below the middle vertebra and compressive strain was recorded at the
anterior wall of the adjacent vertebrae. Total range of motion (ROM) was

measured using the optoelectronic motion measurement system.

Experimental Creation of OVCF:
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A novel technique was utilized to selectively fracture only one of the

endplates of the middle VB of each specimen. Through a small opening on the

52 kVP )
0.79 mA

anterior wall close to the target endplate, a void was created selectively under the
endplate and was extended to one-third of the VB trabecular content; thereby
creating a “stress-riser”. The endplate was carefully scraped free of trabecular
connections using curettes and pituitaries (Fig. 7). The void was randomly
assigned under the upper endplate in four specimens and under the lower
endplate in four. The specimen was flexed to 5 Nm and compressed using the
loading cables until a fracture under the target endplate was observed on
fluoroscopy or until a load limit of 700 N was reached (Fig. 8). The maximum load
limit of 700 N was used to avoid the likelihood of failure of the other endplate or
other that the target vertebra; as this load magnitude is significantly less than the
failure load reported in the literature [131,136,155]. If no fracture was observed on
fluoroscopy, the instruments were reintroduced, the void was extended, and the
specimen was again loaded in flexion and compression. After the fracture was
established, the specimen remained under a physiologic compressive preload of
150 N. This value of compressive preload was selected taking into account the
reported range of compressive preload on the lumbar spine in the prone position
[58].
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Figure 7. A) A pituitary is used to create a void in the upper half of the 3rd VB
through a small anterior opening. B) A curette used under fluoroscopy for the

same reason.

Figure 8. Digital fluoroscopy images of a specimen. A) Intact specimen. The

bilateral loading cables, coated with radiopaque barium solution, are visible on the

X-ray images. B) Radiographic appearance of the void created under the upper
endplate of the middle vertebra. C) Image of the wedge fracture affecting only the

upper part of the index vertebra.
Reduction of the Vertebral Kyphotic Deformity Using Spinal Extension:

The fracture was reduced by applying extension moment to the specimen
under 150 N preload, aiming to completely restore the pre-fracture anterior wall
height and therefore correct the vertebral kyphosis angle (Fig. 9A). The extension
was applied using upward force on the anterior loading arm fixed to the
uppermost vertebra. After stabilization of the reduced fracture by cement injection
into the void through the anterior opening, (Fig. 9b), the rest of the trabecular
content in the middle VB was evacuated through a separate small anterior
opening. The undamaged endplate was carefully scraped free of trabecular
connections, and the rest of the VB was completely filled with cement under
fluoroscopy to ensure proper cement distribution (Fig. 9c). Careful abrasion of
both endplates ensured similar cement distribution near them. The specimen was

then retested in flexion-extension (x 6 Nm) under 400 N preload, and
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measurements of pressures at the discs adjacent to the middle vertebra and

anterior wall compressive strains at the adjacent vertebrae were recorded.

Figure 9. Digital fluoroscopy images of a specimen A) Reduction of anterior wall
height and vertebral kyphosis angle with extension of the specimen while under
150 N preload. B) Cement augmentation of the fracture. C) Image showing the
uniform distribution of cement under both endplates after careful abrasion of the
un-fractured endplate.

Experimental Creation of Subsequent Fractures:

As a final step, the specimen was placed in flexion to 5 Nm and loaded in
compression using the bilateral loading cables connected to actuators. The
compressive load was gradually increased from 0 to 3,000 N or until a subsequent
fracture was observed on fluoroscopy with a simultaneous sudden drop in the

force versus time curve of the actuators.

Data Analysis

The heights at the anterior wall and mid vertebral portion, as well as the
vertebral kyphosis angle of the index vertebra were measured in the intact status,
after the index fracture and after the reduction and augmentation. Mid vertebral
height was measured using the depressed central endplate. Vertebral kyphosis
angle was measured between the two end plates of the index vertebra.
Measurements were performed on digital fluoroscopy images using computer

software (Image Pro Plus, Media Cybernetics Inc). Flexion range of motion of the
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specimen was calculated as the angular change of the apical vertebra relative to
the caudal one from the neutral posture to 6 Nm flexion. The force to failure for
the index and the subsequent fractures was defined as the peak point of the force
versus time curve. The strain gauges used to measure anterior cortical strain
were single element gauges and were connected in a quarter bridge (referring to
Wheatstone bridge) configuration (Fig. 6). In addition, the pressure sensors used
to measure intervertebral disc pressure (model 060S) were quarter bridge
diaphragm transducers. Strain gauges and transducers connected in a quarter
bridge configuration are not capable of temperature compensation. These devices
cannot be trusted to give absolute measurements since the output of the quarter
bridge is a combination of thermal drift and measured value. Therefore, the disc
pressure and adjacent vertebral wall compressive strain were normalized so that
values in neutral position under 400 N preload were taken to zero, to compensate
for thermal-drifting of sensors. As a result, the change in pressure and strain from
neutral to full flexion before and after the creation and augmentation of the index
fracture were used for analysis. Two specimens were excluded from pressure and
strain analyses because of anterior slippage of pressure sensors during the
experiment that resulted in inaccurate pressure recordings. The data were
analysed using repeated measures analysis of variance (ANOVA) with a
significance level of a = 0.05 using the commercial statistics package SPSS
(SPSS Inc., Chicago, IL).
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IV. RESULTS
Morphometric values

In the intact specimens, vertebral kyphosis at the middle vertebra was 8.5
+2.2 degrees, anterior wall height was 21.2 + 2.7 mm, and mid vertebral height
was 20.1 £ 2.9 mm (Table 1). An average of 540 = 150N compressive load was
required to fracture the target endplate of the index vertebra. No radiographic
evidence of fractures at the non-target endplate or adjacent vertebral bodies was
observed in any of the specimens. After the index fracture, vertebral kyphosis was
12.6 + 2.4, anterior wall height was 17.2 + 3.1 mm and mid vertebral height was
14.3 £ 3.3 mm. A mean 4.6 = 0.8 Nm extension moment, under 150 N preload,
was sufficient to restore the kyphosis angle of the index vertebra to its intact value
(8.8 = 1.6 degrees, p=0.38). The anterior wall height was restored to 20.8 + 2.6
degrees, and the difference from the intact value, although statistically significant
(p=0.04), was small. Mid vertebral height remained significantly lower compared
to intact (16.4 £ 3.0 mm, p<0.01). Total flexion ROM of the specimens increased
from 4.7 £ 1.4 in the intact to 6.1 = 2.4 degrees after augmentation of the middle

VB fracture. This increase was statistically significant (p<0.05).
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Table 1. Morphometric values of the middle vertebra of the specimens measured
in the intact state, after the experimentally created fracture and after reduction of
the fracture and augmentation of the vertebra with bone cement. Flexion range of
motion (ROM) refers to the angular displacement of the specimen after application

of 5 Nm flexion moment under 400 N preload

Reduced and
Intact Fractured VB
cemented Fx
Vertebral Kyphosis (deg) 8.5+2.2 126+24 8.8+1.6
Anterior Height (mm) 21.2+2.7 17.2+3.1 20.8+2.6
Mid VB Height (mm) 20.1+2.9 14.3+3.3 16.4+3.0
Flexion ROM (deg) 4.7 £1.4 - 6.1+2.4

Pressure values

In the intact specimen, the pressure in the disc adjacent to the endplate
assigned to remain un-fractured was 1.21 + 1.82 MPa in the neutral posture under
400 N preload. Application of 6 Nm flexion moment increased disc pressure by
0.14 + 0.11 MPa, representing an increase of 27.19 + 17.4% from the pressure
value in the neutral posture. After augmentation of the index fracture, the disc
pressure in the neutral posture under 400 N preload was 1.34 + 1.55 MPa.
Application of 6 Nm flexion moment increased disc pressure by 0.13 + 0.10 MPa,
representing an increase of 15.8 + 10.1% from the value in the neutral posture.
The pressure change due to a flexion moment in the disc with undamaged
endplates was not affected by the augmentation of the index fracture (p = 0.55).
The disc pressure in the intact specimen adjacent to the endplate to be fractured
was 0.51 + 0.25 MPa in the neutral posture under preload. Application of 6 Nm
flexion moment increased the pressure by 0.14 + 0.10 MPa, representing an
increase of 26.3 + 9.5% from the pressure value in the neutral posture. After
augmentation of the index fracture, the disc pressure at that level was 0.43 + 0.13
MPa in the neutral posture under 400 N preload. Application of 6 Nm flexion
decreased disc pressure by 0.07 = 0.14 MPa, representing a decrease of 19.0
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26.8% from the value in the neutral posture (Fig. 10). The pressure change due to
the application of the flexion moment in the disc with fractured endplate was

significantly different from the intact (p = 0.02).
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Figure 10. Graphs showing the changes in the disc pressure (MPa) and anterior
wall strain of the adjacent VBs (microstrain) after the selective damage to the
upper endplate of the specimen shown in Figs. 4 and 5. Data were collected
during flexion-extension runs, under 400 N preload. Pressure and strain values
were normalized so that values in neutral position under 400 N preload were

taken to zero.

Strain values

In the intact specimen, the compressive strain at the anterior wall of the VB
adjacent to the endplate assigned to remain unfractured increased by 447.8 +
100.4 microstrain due to the application of 6 Nm flexion moment as compared to
the strain value in the neutral posture. After augmentation of the index fracture,

the strain increased by 522.6 + 131.5 microstrain from the neutral posture to 6 Nm
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flexion. (Fig. 6). This difference represents a nonsignificant change of 18.2 + 7.1%
in the anterior wall compressive strain of the adjacent vertebra next to the
unfractured endplate, before and after the index fracture (p> 0.05). The strain at
the anterior wall of the VB of the intact specimen adjacent to the endplate
assigned for the index fracture increased by 413.2 £ 232.4 microstrain from the
neutral posture to 6 Nm flexion. After augmentation of the index fracture, the
strain increased by 836.2 + 499.2 microstrain from the neutral posture to 6 Nm
flexion. This difference represents a 94.2 + 22.8% increase in the compressive
strain of the anterior wall of the adjacent vertebra next to the damaged endplate,
before and after the index fracture (p < 0.05). The maximum strain values seen in

this study at 6 Nm of flexion were below 0.08% in all cases.

Subsequent Fractures

Subsequent compressive loading of the specimens in 5 Nm flexion resulted
in a fracture of the adjacent VB close to the fractured endplate in six specimens
and in a distal fracture at the uppermost VB in one specimen (Table 2). Maximum
load applied with the actuators failed to create a fracture in one of the specimens.
The fractures of the adjacent vertebrae began as a depression in the anterior
portion of the endplate (Fig. 10) that became gradually deeper as loading
continued until the anterior wall finally failed. The failure load for the adjacent
fractures was 1450 + 402 N.

Table 2. Location of Subsequent Fractures in Correlation to the Damaged

Endplate of the Index Vertebra.

Specimen Endplate Fx | Subsequent Fx

1 lower no fracture

2 upper upper adjacent
3 lower non adjacent

4 lower lower adjacent
5 upper upper adjacent
6 upper upper adjacent
7 lower lower adjacent
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8 upper upper adjacent

Figure 11. Digital fluoroscopy images of the specimen shown in Figs. 4 and 5
showing the initiation of a subsequent fracture at the anterior portion of the lower
endplate of the upper adjacent vertebra (arrow), next to the damaged endplate of

the index vertebra.

51



V. DISCUSSION

This biomechanical study focused on the role of the endplate deformity after
a fracture as a risk factor for subsequent adjacent vertebral fractures. Cement
was used only to stabilize the fracture and allow subsequent testing. The
cementation technique used in this experiment is not relevant to any technique
used in clinical practice. Because of the concerns existing in the literature about
the presence of cement in the augmented vertebrae and how it may change their
load bearing properties [50,51,147], both the endplates were carefully scraped
free of any trabecular connections to ensure similar cement distribution
underneath them. Therefore, any possible effect of cement presence under the
endplates was a common denominator. Furthermore, restoration of the vertebral
kyphosis angle by restoring the pre-fracture anterior wall height eliminated
residual kyphosis as a risk factor for adjacent fractures leaving the endplate

disruption as the only causal variable for the observed effects.

Experimental creation of a vertebral compression fracture is associated with
uncertainty in both fracture pattern and location. Centrum defects have been
previously used to assist in reproducing osteoporotic fractures in a target vertebra
[28,84,156]. The fracture model used in the current study allowed creating a
predictable fracture not only at a target vertebra but more specifically under the
target endplate. The morphology of the fracture could also be controlled. The
fracture began as depression of the weakened endplate. As the compressive load
was increased, the anterior wall failed and the fracture progressed to a wedge
shaped while sparing the non-weakened endplate. In the current study,
compressive loading was continued until the anterior wall height was reduced by

approximately 25%.

Both in vivo [58,117] and in vitro [54] studies have shown that in the
intervertebral disc, the greatest pressures are exhibited in the forward flexed
position under compression in activities such as lifting. The present study agrees
with these findings. Furthermore, previous in vitro studies have documented that
nuclear pressure is substantially reduced after an osteoporotic vertebral fracture
[52,54,138,157] as more space becomes available for the nucleus. Findings from
the current study indicate a more specific impairment in the mechanical properties
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of the disc after endplate depression. The nucleus pressure is further decreased
during flexion as compared to the already decreased value in the neutral posture
reported in the literature. This abnormal mechanical behavior was accompanied
with a simultaneous increase of the anterior wall compressive strain of the
juxtaposed adjacent vertebra, which nearly doubled in flexion compared to the
compressive stain in the intact status. On the contrary, the mechanical behavior of
the undamaged disc of the fractured vertebra was not significantly affected and
the compressive strain of the juxtaposed vertebral body was also not significantly
altered. Previous investigators showed that anterior wall strain of adjacent
vertebrae is increased with compressive load, but is more dramatically affected by
flexion than by axial compression [27,28,158-161]. Therefore, we can speculate
that the small strain increase in the VB adjacent to the intact endplate found in this
study could be explained by the increased flexion ROM that was observed after

the fracture.

Cement augmentation using different surgical techniques, has been reported
to only partially restore nucleus pressure, and the resultant pressure does not
reach the pre-fracture condition [54,157]. Our findings that after endplate fracture
disc pressure is decreased during flexion as compared to the neutral posture are
in contrast to previous experimental findings. Ananthakrishnan et al. [54] reported
slightly higher disc pressure in flexion compared to the neutral position under axial
compression after vertebroplasty for a VCF. In that study, pressure after
vertebroplasty for an experimentally created vertebral fracture increased from 674
+ 111 kPa in the neutral posture under preload to 769 + 165 kPa in the flexed
position. This may suggest that the extension maneuver used in the present study
to correct the vertebral kyphosis angle may have a detrimental effect on load
transfer. Spinal extension exerts a ligamentotaxis effect through the anterior
longitudinal ligament and annulus on the periphery of the fractured VB. Lacking
tensile properties, the nucleus cannot exert a ligamentotaxis effect on the central
part of the endplate, therefore central depression remains even after complete
anterior wall reduction. In our study, disarticulation of the index vertebra at the end
of the experiment revealed severe central depression of the endplate despite
anterior height restoration in all of our specimens (Fig. 11). In this context,

elevation of the periphery of the endplate by spinal extension may enhance the
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relative central depression, leading to further compromise of nucleus mechanics.
Clinical reports indicated that a greater degree of height restoration after
vertebroplasty was associated with higher risk for new fractures [88,162].
Similarly, another study reported that the rate of developing new symptomatic
OVCFs after vertebroplasty was inversely correlated with the degree of wedge
deformity of cemented vertebrae [89]. Although one might argue that higher
cement volume in the less deformed vertebra may account for the increased rate
of developing new fracture, those studies report that the risk of new fractures was
not related to the volume of cement injected [89,162]. Further clinical and

biomechanical investigations are needed before reaching a definite conclusion.

Figure 12. Photograph of a disarticulated middle vertebra at the end of the
experiment showing severe central depression of the endplate despite anterior
wall height restoration and kyphosis correction.

It has been proposed that adjacent level load transfer through the vertebral
centrum can be measured through adjacent disc pressure, while transfer through
the vertebral shell can be measured through vertebral wall strain [28,54]. Strain
gauges bonded to the bone have been widely used to detect cortical bone
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deformation from load application. Surface strain distribution in the lumbar
vertebrae measured by strain gauges has been shown to be directly proportional
to compressive load [161]. Strain distribution, measured by surface strain gauges,
has also been used as an indicator of the region where vertebral burst fracture
initiates [158]. Similarly, stress concentration on the anterior cortex has been used
to predict adjacent fracture risk after an osteoporotic compression fracture [27,28].
Therefore, the findings from the current study support the hypothesis that
endplate depression after fracture leads to significant reduction of load transfer
through the centrum and increases adjacent level cortical strain, compensating for
a lack of centrum support. The anterior shift of the load transfer path in flexion
results in excessive load concentration in the anterior portion of the vertebra. After
loading the cemented specimens to failure, nearly all subsequent fractures were
located at the vertebra next to the damaged endplate. The fractures started as a
depression of the anterior portion of the endplate close to the anterior wall, which

subsequently led to anterior wall collapse as loading continued.

Among spontaneous osteoporotic fractures, isolated superior endplate
fractures are substantially more common than isolated inferior endplate fractures.
A clinical study has reported that isolated inferior endplate fractures were more
commonly seen at subsequent fractures next to cemented vertebral bodies. It has
been suggested that this localization implicates the cement as causative factor of
the adjacent fractures, as the fractures occur immediately above the cemented
vertebral body [32]. However, we observed this location of adjacent fractures only
in cases with a damaged upper endplate of the cemented vertebra. Our findings
suggest that endplate deformity, and not cement augmentation per se, is the

reason for this atypical fracture localization.

The temporal clustering of subsequent fractures after cement augmentation
in the first 2 to 3 months after the procedure has been proposed as an indication
of increased risk after cement injection. However, a similar temporal clustering of
incident fractures within 8 months of diagnosis of a prevalent fracture has been
described in the natural history of un-cemented OVCFs [43]. Although there is a
discrepancy between the high risk periods for subsequent fractures, the non

augmented OVCFs have the additional risk of progressive collapse in the early
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follow-up period. The results from the current study support the hypothesis that
alterations in load transfer after the prevalent fracture may predispose the
fractured VB to progressive collapse. When the fracture is augmented or
adequately healed, the strength of the vertebral body is significantly increased,

and alterations in load transfer constitute a threat to the adjacent vertebrae.

In vivo studies have reported that patients with degenerative discs have
reduced nuclear pressure in all positions [58]. According to the hypothesis of the
current study, those patients should also be at risk for osteoporotic vertebral
fractures. This has been supported by a report that disc space narrowing is
associated with an increased risk of vertebral fractures despite the higher BMD

associated with spine osteoarthritis [163].
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VI. CONCLUSIONS SUGGESTIONS

This study suggests that endplate depression after an osteoporotic vertebral
fracture impairs the ability of the disc to distribute load evenly to the adjacent
segments. Load shifts to the anterior portion of the adjacent vertebrae as flexion
increases while simultaneously the disc nucleons pressure declines. This
concentration of load may contribute to increased subsequent fracture risk after
an osteoporotic vertebral fracture. The altered mechanical behavior of the nucleus
can be ascribed to the increased available space after the endplate depression.
Biomechanical studies have shown that extension moments can increase the
anterior wall height and reduce vertebral kyphosis; however, the middle height of

the fractured vertebra cannot be significantly corrected [84].

Current vertebral augmentation procedures for the treatment of osteoporotic
VCFs have focused on the reduction of kyphosis angle and restoration of anterior
vertebral body height with postural reduction or with the use of inflatable bone
tamps [104,164,165]. The current study suggests that in addition to restoring
spinal sagittal alignment, the ability to reduce the entire fractured endplate is
important to restore load transmission across the fractured level. Based on these
data, cement augmentation techniques should aim to end-plate reduction as an
important maneuver during the procedure. In cases of anterior height restoration
by spinal extension maneuver, one may consider prophylactic augmentation of

the adjacent fracture in cases where severe endplate depression still remains.
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Exkteviig EAANVIKA avagopd

H pnxaviki averrdpKeia TOU HECOOTTOVOUAIOU diOKOU META ATTO KATAYHO TNG
TEAIKNAG TTAAKAG WG TTapdyovTag KIvOUVOU yia TTOPAKEIMEVO OTTOVOUAIKA

KATAYyMOTA.
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Eicaywyn

H trapoucia evdg 0OTEOTTOPWTIKOU OTTOVOUAIKOU KATAYMOTOG QUEAVEI TOV
KivOUVO eu@Aviong VvEwv OTIOVOUAIKWY  KaTayuaTwy [13-17]. H  KuQWwTIKA
TTOPANOPPWON TTOU TTPOKUTITEI ATTO TNV KATAPPEUCH TOU OTTOVOUAIKOU CWHATOG
€XEl OUOXETIOTEI PE TOV KivOuvo dnuioupyiag vEéwv KataypaTtwv [7,16,23,24]. H
KUQwaon MeTartoTtriCel T0 KEVIPO PAPOUG TOU OWHATOG TIPOG TA EPTTPOG ME
aTTOTEAECOUA TNV aUENoN TNG POTTAG TWV KAUTITIKWY OUVAUEWY, TTOU HE Tn OEIpA
TOUG avTippOoTTOUVTal OTTd Tn OUCTIACN TwV OTTOBIWY OTTOVOUAIKWY HUWV JE
ATTOTEAEOUA TNV AUENON TOU CUUTTIECTIKOU QOPTIOU OTO KUPWTIKO TuRAPa [25,26].
MeAETEG O€ TITWMATIKA TTAPACKEUACHATA €£XOUV OEigel OTI N KUPWON MPETA ATTO
o@nvoEId KaTAyuata augdvel TO CUPTTIECTIKN KaTatrovnon otov TpocoBio gAoid

TWV TTOPAKEIMEVWV TOU KATAYHOTOG OTTOVOUAWY KATA TNV KAUwn [27,28].

O pecooTrovOUAIOG OIOKOG KATEXEI €va ONUAVTIKO POAO OTn PETAPOPA TOU
@opTiou oTn OTOVOUAIK OTAAN Kol 0 pOAog Tou OTn Traboyéveon Twv
TTOPAKEIMEVWY OTTOVOUAIKWV KaTaYUATWYV OEV gival ETTAPKWS Katavontog. O uying
OiOKOG METAPEPEI YE OPAAG TPOTTIO TA QOPTIO OTA TTAPAKEIMEVA OTTOVOUAIKA

owpaTa, KUPiwg AOyw TwV I8I0TATWY TOU TINKTOEIOOUG TTUprva [44].

ANNQYEG OTIG INXAVIKEG 1810TNTEG TOU BiOKOU avauéveTal va dlaTapagouv TnG
(QUOIOAOYIK] JETAQOPA (POPTIOU OE TTAPOKEIUEVOUG OTTOVOUAOUG. EpyaoTtnplakda
dedopéva dgixvouv OTI n BAGBN otnv TeAIK TTAGKA TOU OTTOVOUAIKOU OWUATOG
MEIWVEI TNV UOPOOCTATIKY TTiECT OTOV TTOPAKEIMEVO PECOOTIOVOUAIO dioKOo [52-55]
Kal au¢dvel Ta CUMTTIECTIKA @opTia 0To dakTUAIO [52,53,55], avakaTavéUovTag He
TOV TPOTTO QUTO TA QOPTI TIPOG TNV TTEPIPEPEIA TOU OTTOVOUAIKOU cwuaTtog. H

KATATTOVNON ETTNPEACETAI ETTITTAEOV ATTO TNV KANWN [53].

Epeuvnriké gpwTnua:

O oKOTTOG TNG €PPRIOPNXAVIKAG AUTNG epyaaiag ATav va eAEyEel TNV uTTdBeon
OTI N aAAayf OTIC PNXAVIKES I1D1IOTNTEG TOU PECOOTTOVOUAIOU OiOKOU HETA ATTO
KATaypa Tng TTOPAKEIYEVNG TEAIKAG, QKOUN Kal ETTi  ATTOUCIOG  KUQWTIKAG

TTOPANOPPWONG, 6a aANAgel TNV PETAPOPA TWV QOPTIWV OTOUG TTOPAKEINEVOUG
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otovdUAoug Kal Ba augnoel Tnv KABETn ouptrieon Tou TPOCBIoU TOIXWHATOG,

TTPOBIABETOVTAG OE OPNVOEIBEG KATAYUA.

YAIk6 kai MéBodog

EpyaoTtipilo: H HeAETN TTPAYPATOTIONINONKE OTO EPYACTAPIO EUPIOUNXAVIKAG
MUOOKEAETIKOU OUOTANATOG TToU O0TEYyAdeTal oto Edward Hines, Jr. VA Hospital
Maywood lllinois, USA kai cuvepyddleTal ue 1o Loyola University, Stritch School of
Medicine, IL, USA.

NMapaockeudopaTa Kal TTPOETOINACIA: XPpNOIUOTTOINONKAV OKTW avepwITiva
QPEOKA KATEWUYPEVA KaTwTePa Bwpakikd (07-011) 1 Bwpakooo@uikd (©10-02)
TTapaokeudopara. To kABe €va armoteAouvTav atro TTEVTE OTTOVOUAOUG. Ta
TTOPACKEUAOPATA TTPOEPXOTAV ATTO TTEVTE YUVAIKEG KAl TPEIG AVOPES NAIKIAG aTTO
56 £wg 82 eTwv (P€on 69 £ 8,5 £1n). OAa eAéyxOnkav akTIVOAOYIKA yIa VO
QTTOKAEIOTEI N TTapouadia KaTayudtwy 1 AAANG oo TIKAG TTaBoAoyIKNG diEpyaaiag
OTTWG METAOTATIKWY E0TIWV, I} 0OBAPNS EKPUAIONG TWV JECOCTTOVOUAIWY SiOKWV
ME 0OTEOPUTA TTOU YEPUPWIVOUV Ta OTTOVOUAIKA cwuaTta. Ta TTapackeudoparta
agEOnKav va geTaywoouv o€ Bepuokpacia dwpatiou (20 C) yia 24 wpeg TIpIV TN
xprion Toug. KaBapiotnkav atrd Toug paAakoug 10Toug, divovTag TTpoCOoXI OTnV
dlatipnon SioKwV Kal CUVOETHWY Kal TUAIXTNKAV PE BPEYUEVO ATTOPPOPNTIKO

XOPTi yia TNV TTPOANYN apuUdATWONG TWV I0TWV.

O avwTeEPOG Kal 0 KATWTEPOG OTTOVOUAOG KABE TTAPACKEUACUATOG
TOTTOBETABNKAV YEoa O€ PETAANIKA KUTTEAAIO KAl OTEPEWBNKAV PE BEAOVEG
Kirschner kal akpuAIKO 0OTIKO TOIMEVTO. TO TTAPACKEUQAOHA, HEOW TOU KATWTEPOU
KUTTEAAIOU, OTEPEWONKE OTABEPA OTO PNXAVIOUO £QAPUOYNG TWV POPTIWV, EVW TO
Avw GKPO Tou PTTOPOUCE va KIVEITal EAUBEPA. 2T0 Avw KUTTEAANIO TTPOCAPUOOTNKE
Mia peTaAAIKA pdBdog 50 ekatooTwy, OTA AKPA TNG OTToIAg KpEUdTAV dUO
TTAAOTIKOI OAKOI TTOU JTTOPOUCAV VA YEUICOUV PE VEPO ATTO AVTAIEG UTTO TOV €AEyXO
uttoAoyioTr]. Méow TNG pARdoU PTTOPOUCE VO AOKNBE POTIT KAUWNG N} €KTAONG
OTO TTAPACKEUAOUA EAEYXOUEVN ATTO TN POr) TOU vEPOU OTO TTPOCOIO 1) TOV OTTIoBI0
0aKo. H pakpid petaAAIky péRdOG TTou XPnOoIYOTTOINONKE yIa TNV EQAPPOYA TNG
POTTNG EiXE AV ATTOTEAECUA TV OUOIOUOPPN KATAVOMI TWV KAUTITIKWY POTTWY O€

KABe o1TovOUAIKO eTTiTredo. 'Evag petpntng [six-axis load cell (Model MC3A-6-250,
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AMTI Inc., Newton, MA)] ToroBeTABNKE K&TW aTTd TO TTAPACKEUACHA VIO VA
KATAYyPAPOVTaAl Ol EQAPPOLOUEVES POTTEG KAl TA AEOVIKA QOPTIO KAl va TTAPEXEI
avaTpo@odOTNOT OTOV UTTOAOYIOTH TTOU EAEYXE TNV £QAPUOYH POTING. Me Tov
TPOTTO AUTO TO TTAPACKEUAOUA PTTOPOUCE VA KIVNOEi OUAAd NETAEU TNG PEYIOTNG

KApwng (potr +6Nm) kai TNG pEyIoTNG €KTAoNG (PO -6Nm).

H kivnon Tou avwTepou oTTovOUAOU TOU TTAPACKEUAOUATOG OE OXECT UE TOV
KATWTEPO -aKivNTO OTTOVOUAO PETPIOTAV HE £VA OTTTIKO-NAEKTPOVIKO oUCTNHA
(opto-electronic motion measurement system (model 3020, Optotrak; Northen
Digital, Waterloo, ON, Canada). Emtpdc0eta diafoviKd NAEKTPOVIKA YWVIOUETPO
(Model 902-45, Applied Geomechanics, Santa Cruz, CA) TOTTo0eTnUEVA OTOV
QVWTEPO KAl TOV KATWTEPO OTTOVOUAO XpnOIhOTTOINBNKav yia BEATIOTOTTOINCN TNG

TTOPEIag TWV KaAAWdIwV TTPoPoépTIoNG.

lMNa TNV EQappoyr) CUMTTIECTIKOU TTPO-QOPTIOU OTA TTAPACKEUAOUATA
XPNOIMOTIOINBNKE N TEXVIKH TNG @OPTIONG TTOU AKOAOUBEI TNV KUPTOTNTA TNG
o1movOUAIKAG 0TAANG (follower load). To TTAcovEKTNPA TNG €ival OTI ETTITPETTEI TV
EQAPMPOYN CUUTTIECTIKOU opTiou KaB' 6An Tn diIdpKeIa TNG Kivnong, Xwpig TNV
dnuIoupyia eMITTPOCOETWY POTTWV OTO TTapackevaoua [119]. Mg 1o TpOTTO AUTO
éva TTOAUTUNMATIKO OTTOVOUAIKO TTapaCKEUOOUa UTToPEl va uTToBANBEi o€
QUOIOAOYIKA CUUTTIECTIKA QopTia (MIJoUupeva Tnv emmidpacn Tou BApoug Tou
OWMATOG KAl TNG MUIKAG TAONG) XWPIG va TTaPEUTTOdICETAI N Kivnon TwvV
oTTovOUAWYV 0TO oBeAiaio eTTiTTed0. To QOPTIo EPAPUOOTNKE NECW OUO KAAWDIWV
OuMTTIEONG TTOU ATAV TTPOCOEUEVA OTO METOAAIKO KUTTEAAIO TOU QVWTEPOU
otrovdUAou. Ta kaAwdia digpxoTav eAeUBepa atrd puBUICOUEVOUS 0BNYOUGS TTOU
BpiokovTav KaBnAwuévol 0Toug OTTOVOUAOUG TTAVW KAl KATW ATTO TOV JECQIO
o1OvOUAo. O1 0dnyoi TwVv KAAwDdIWV NTaV TTPOCOEPEVOI GTOUG OTTOVOUAOUG XWPIG
va TTapafIAgeTal N CUVEXEIA TOU TOIXWHATOG TOU OTTOVOUAIKOU OWHATOG, WOTE Vd
MNV dnuIoUpyoUVTal onUEia ETTIKEVTPWONG POPTIOU (stress risers) Tou Ba
MTTOpoUCav va TTpokaAéoouv kaTtdyuarta A artifacts otnv kataypa@r 1ng Taong.
AUTO £yive duvaTtd PeE TN XPron evog TTAACTIKOU TTETAAOU (AVOIKTO TTPOG TA
EUTTPOG) TO OTTOIO BIBWONKE OTA OTTICOIO OTOIXEIO TOU OTTOVOUAOU KalI OEV EiXE
Kapia eTTa@n Pe TIG oTTio01EC apBpwoeI§ Ta OTTOVOUAIKG cwuaTta i TOUG dioKOUG.

O1 0dnyoi etréTpeTTav TRV TTPOCOIa - oTTioBIa pUBUICN TNG TTOPEIAG TOU KABE
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KaAwdiou oTo oBeAiaio etiTredo. H TeAIKN TTopEia Tou KaAwdiou BeATiIoTOTTOINONKE
puBuifovtag TNV BEon Twv 0dnywv oTo oBeAIaio eTTiTTedO, WOTE Va
eAaXI0TOTTOINBEI N Kivon TOU TTOPAOKEUACPOTOG KATA TNV EQAPUOYN
oupTTieoTIKOU QopTiou a1rd 0 wg 400 N [119]. Ta kaAwdia TTPOCAPPOCTNKAV O€
MNXavIoPO e@apuoyig @opTiou (loading actuators) kai KaAU@ONKav Je

OKTIVOOKIEPO Bapiouxo dIGAupa yia va gival opaTd oTnv aKTIVOOKOTINOT.

Katd tnv didpkeia TnG Kivnong TwV TTOPACKEUAOUATWY AauBdavovTav
OKTIVOOKOTTIKEG €IKOVES aTTO @opnTod C arm. Mia peTaAAIKA o@aipa pe d1aoTAoEIG
25,4 xINoOoTd TOTTOBETONKE PTTPOOTA ATTd KABE TTOPACKEUACHA YIa va

UTTOAOYIOTEI N HEYEBUVON TWV AKTIVOAOYIKWYV EIKOVWYV (calibration marker).

2TOUG OTTOVOUAOUG TTAVW KOl KATW aTro TO PJeoaio oTTdvOUAO KABE
TTOPACKEUAOPATOG TOTTOBETAONKAV NETPNTEG TAONG (Single element strain gauges,
FLA-2-11- 3L, Sokki Kenkyujo, Tokyo), duo oTo TTpoo8io Kal a1rd éva o€ KABE
TTAQYIO TOIXWHO TOU CWHPATOG TOU. 2T B€0N €QAPUOYNG TWV PETPNTWV APaIPEONKE
TOTTIKA TO TTEPIOOTEOD YIA VA BIACQAAICTEI N ETTAQPI) TOUG PE TOV OOTIKO QAOIO. 2TOUG
MECOOTTOVOUAIOUG OIOKOUG EKATEPWOEV TOU JETAiOU OTTOVOUAOU TOTTOBETHONKAV
METPNTEG TTiEONG (pressure transducers model 060S-1000, Precision Measurement
Co., Ann Arbor, MI) oTov TTNKTO€I8r TTUprva. Ta dedouéva atrd TOUG HETPNTEG

QIATpapIioTNKAV Kal KaTaypd@nkav Ye ouxvotnta 4 Hz.
MeipapaTtikd TPWTOKOAAO

‘EAgyxog oro alikrTo mrapaocksvaoua: ApxIKa KABe TTapacKeUaoua
eAEYXONKE ABIKTO KATA TNV OUAAR Kivnor TOu UTTO TNV £TTidpacn pottwyv (6 Nm)
ME TauTOxpovn CUMTTIECTIKA @OpTIon 400 N WOTE va TTPOCOUOIWVETAI N OPACN TWV
MUWV Kal Tou Bapoug Tou owpuaTtog. Katd mn dokiyacia yivoétav kataypan Tng
TTieon oToug dioKoUg Avw Kal KATw ToU PEoaiou oTTovOUAOU Kal TnG Taong (strain)
OTO TTPOCOIO TOIXWHA TWV TTAPAKEINEVWY OTTOVOUAWYV. To £UPOG Kivnong Tou

TTOPACKEUAOPATOG KATAYPAPOTAV ATTO TO OTITO-NAEKTPOVIKO OUCTNUA.

Anuioupyia karayuarog tng treAIKNS mAdkag: Na tnv dnuioupyia Tou
ETTIAEKTIKOU KATAYHATOG OTN Wi pOvo TEAIKH TTAGKA TOU PECaiou OTTOVOUAOU

XPNOIMOTIOINONKE PIa VEQ TTEIPAMATIKA TEXVIKH. ATTO pia pIKpr o1t 3 XINIOOTWY OTO
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TTPOCBIO TOIXWHA TOU OTTOVOUAIKOU CWHATOG a@aIpEONKE TO OTTOYYWOEG 00TO
KATw atrd TNV emAeypévn TEAIKN TTAGKA. To KEVO TTou dnuIoupynBnKe eKTEIVOTAV
WG TO £va TPITO TOU OTTOVOUAIKOU owpaTtog. Me Tuxaia €tmiAoyn To Kevo
dnuioupyndnke TTANaiov TNG dvw TEAIKAG TTAGKAG O€ TEOOEPA TTAPACKEUAOUATA
Kal TNG KATw TTAdKag oTta uttéAoITa TEooepa. AKOAOUBWG, Ta TTapacKEUAoUATA
TOTTOBETABNKAV o€ B€on KAPWNG, €@apudlovTag poTrh KAuwns 5 Nm kai
uTTOBARBNKAV O€ AgoVIKr CUNTTiEON £WG TN dIATTIOTWON KATAYNATOG OTNV TENIKN
TIAGKQ KOTA TOV OKTIVOOKOTTIKO £AEYXO I HEXPI Eva avwTePO Opl1o ¢opTiong 700 N.
To avwtaTto 6pio Twv 700 N xpnoiyoTroInénke yia va atro@euxBei n moavotnta
KAKwoNG o€ AANeG TEAIKEG TTAAKEG, KOBWG TO 6pIo AUTO €ival ONUAVTIKA PIKPOTEPO
aTtro TA QOPTIa TTOU ATTaITOUVTAI YIa T 8paucon Twv TTOVOUAWYV KATA TN
BiBAIoypagia [131,136,155] Av pExp! To Op10 auTd dEV TTAPATNPEITO KATAYMUA, TO
KEVO ETTEKTEIVOTAV KaI TO TTApAcKeUaopa uttoBaAAdTav {avd o€ KAUWn Kai
oupTrieon. Metd Tn dnuioupyia TOU KATAYUATOG TO TTAPACKEUACHUA TTAPEUEVE UTTO
oupTTIEOTIKN @OpPTIoN 150N. H TIpn auth emeAéyn AapBavovTag utroyiv To eUPOog
TWV TIMWV CUMTTIECTIKOU TTPOQYOPTIOU OTNV OCQUIKN Moipa KaTd Tnv TTpnvr) 6€on
[58].

Avdaraén tng KUQWTIKAS TTApauopewaongs NE TV Ekraon: To KATayua
avaTaxOnke epapuolovTag POTT EKTAoNG UTTO TNV £TTIOPACH CUMTTIECTIKOU
@opTtiou 150 N pe o1dXO0 TNV ATTOKATACTACH TOU UYOUGS TOU TTPOCBIOU TOIXWHATOG
KAl KaT” €TTEKTOON TNV avATAEN TNG KUPWTIKAG TTAPAUOPPWONG TOU OTTOVOUAIKOU
owpaToG. H potr €KTaoNG £QapUOOTNKE JE XPMON TTPOG T TTAVW dUVAUNG OTO
TTPOCBIO TUNHA TNG METAAAIKNG pARdoU TTou BPICKOTAV OTO KUTTEAAIO TOU AV
otrovdUAou. To avaTtayuévo KATaypa otaBepoTroindnke e TNV TTARPWOn TNG
KOINOTNTAG PE TTOAUPEBAKPUAIKG TOINEVTO. AKOAOUBWG, TO UTTOAOITTO OTTOVOUAIKO
OWHA EKKEVWONKE TTAPWGS ATTO TO OTTOYYWOEG TOU TTEPIEXOPEVO HECW PIOG
OeUTEPNG MIKPNG OTING OTO TTPOO0BIO TOiXWHA KAl aKkoAoUBNOoE N TTAAPWOT TOU e
OKPUAIKO TOIUEVTO. ME TOV TTPOCEKTIKO KABAPIoNO Kal TwV dUO TEAIKWYV TTAAKWV
aTTO TIG OOTIKEG DOKIOEG DIACPANIOTNKE N OPOIOPOPEPN KATAVOUF TOU TOIPEVTOU
oTnV €yyuTnTa TOUG, WOTE N TTAPOUCIA TOU VA ATTOTEAEI KOIVO TTapAyovTa yia TV

TTOPANOPPWHEVN Kal TNV ABIKTN TTAGKA.
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Ta TapackeudopaTta uTToRARBNKav o€ doKIPaoia KAuWng £KTaong (poTrr 6
Nm) uttd cupTeoTikO @opTio 400N, TTpwTa ABIKTA KAl KATOTTIV JETA TNV
dnuIoupyia Kal avaragn Tou TTEIPAPATIKOU KATAYHATOG OTOV JECAIO OTTOVOUAO.
Katd mn dokiyaoia auTr) Kataypd@nke n TTieon oToug diOKOUG TTAVW Kal KATW aTTod
TO JECQiO OTTOVOUAO, KABWG Kal N TAon OTO TTPOCHBIO TOIXWHA TWV TTAPAKEINEVWV

OTTOVOUAWV.

Anuiouvpyia véwv karayudrwy: KaBe TapackeUaoua TOTTOBETHONKE O€
KApwn pe pot 5 Nm kai uttoBAABNKE o€ OTAdIOKA QUEAVONEVO CUUTTIECTIKO
@opTio atro 0 £wg 3000 N ; woTrou £éva eTTakOAOUBO KATAYHA va TTapaTnenoEi
OTO OKTIVOOKOTTIKO €AEYXO TOUTOXPOVA YE PIQ ATTOTOMN TITWOTN OTNV YPAQIKK

TTapdoTtaon dUvapng TTPog To XPOVo.

AvadAuon Twv dedopévwy: MeTprBnke 1o UWOG TOU OTTOVOUAIKOU OWHOTOG
OTO TTPOCOIO ToiXWHA KAl OTN HECOTNTA, KOBWG KAl N KUPWTIKA ywvida Tou
o1TovOUAoU 0TO ABIKTO TTaPACKEUACHA, HETA TN dNUIOUPYia TOU KATAYUATOG
KaBwg Kal JETA TNV avaTagn Kal oTabepoTroinon Pe To TOINEVTO. TO UYWOG 0TN
MECOTNTA PNETPAONKE AapBavovTag utt” dyn TNV KATACTTAOT TNG KEVTPIKI) TOU
TePIOXN. H KUQWTIKA ywvia geTPrBnKe wg N ywvia avaueoa otnv Avw Kai TNV
KATw TEAIKN TTAGKA. O1 HETPAOEIG EyIVaV OTIG WNPIAKEG AKTIVOOKOTTIKEG EIKOVEG
XpnoigoTTolwvTag 1o TTpdypauua Image Pro Plus (Media Cybernetics Inc). To
€UPOG Kivnong Kata TNV KAPWn uttoAoyioTnke wg n aAAayr oTn ywvia Tou
AVWTEPOU OTTOVOUAOU O€ OXEON UE TOV KATWTEPO ATTO TNV OUBETEPN BEON WG TNV
Kauwn ye 6Nm. H d0vapn mou xpeidoTnke yia TN Bpalon Twv oTTovOUAwY

KaBopioTnKe aTTO TO AVWTEPO CNMEIO OTAV KAPTTUAN dUvaung TTpog Xpovo.

O1 peTpnTéG strain kal TTieong dev UTTOPOUV va dWOOUV AEIOTTIOTEG ATTOAUTEG
TIMEG KABWGS N ouvdECUOAOYIa TTOU XPNOIKMOTTOINONKE BEV ETTITPETTEI TN
avTiIoTaBuIoN TNG aAAaynig TNG Bepuokpaciag. Ta dedopéva TTou divouv £¢apTwvTal
atro éva ouvOUOOPO TNG METPOUNEVNG TIMAG Kal TNG aAAayng oTn Beppokpaacia. MNa
TO AOyo auTd n TTieon 0TOUG BIOKOUG KAl TO Strain oTa TOIXWHATA TwV OTTOVOUAWV
TTPOCAPUOOTNKAV WOTE Ol TINEG OTNV oudETEPN BEan uTTd TTpoopTio 400 N
eAAOONoav wg undevikA TIPNA yia va avTioTadpioouv Tn Bepuik aAAayn. AuTo gixe
oav aTOTEAECHA VA XPNOIYoTroinBouyv yia TNV avaAuon Ox1 ol atTOAUTEG TINEG AAAG
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ol aAAay€G oTnV TTiEON Kal TO strain atré Tnv oudéTepn B€on oTn TTAAPN KAPWN, OTO

AOIKTO TTAPOCKEUAOHA KAl JETA TNV TOIMEVTWOTN TOU QvVATAYHEVOU KOTAYUATOG.

AUo TTapackeudouaTa aTToKAEIoTHKAV aTTd TN avAdAuon dedouévwy yia TV
TTieon Tou dioCKOU KaBWG o1 HETPNTEG TTIEONG METAKIVABNKAV TTPOG T EUTTPOG, OTNV
TTEPIOXN) TOU OAKTUAIOU, PE QTTOTEAECUA PN OKPIPREIG HETPNOEIS. Ta dedopEVa
avaAuBnkav ue repeated measures analysis of variance (ANOVA) ue eTTitredo
onuavTikeTnTag a = 0,05 xPNOIYOTTOIVTAG TO EUTTOPIKO OTATIOTIKO TTOKETO SPSS
(SPSS Inc., Chicago, IL).

AtroteAéopara

Mopousrpika oroixeia: Z1a AOIKTa TTAPACKEUAOUOTA N KUPWTIKA ywvia
TOU Peoaiou otTovduAou ATav 8,5 £ 2,2°, 1o UYWog Tou TTPO0BIoU TOIXWHATOG TaV
21,2 £ 2,7 mm Kal TO UPOG OTN JECOTNTA TOU OTTOVOUAIKOU cwpaTtog Atav 20.1 +
2,9 mm (Mivakag 1). To cUPTTIECTIKO QOPTIO TTOU XPEIAOTNKE YIA TNV ETTITEUEN TOU
ETTIAEKTIKOU KATAYHATOG OTOV Peoaio otrdvoulo fAtav 540 + 150 N. Aev uttpée
Kapia €voeign Katadyuatog o€ AAAN TENIKN TTAGKA TTEPA ATTO TNV AVAPEVOUEVN KATA
TOV QKTIVOOKOTTIKO €AeyX0 O€ Kavéva atmd Ta TTapackeudopara. Metd 1o apyikd
KATOYMO N KUQWTIKH ywvia Tou oTTovOUAou auénnke oe 12,6 + 2,4°, To UYog Tou
TTPOOCBIoU TOIXWHATOG PEIWBNKE o€ 17,2 £ 3,1 mm Kal TNG JEOOTNTAG TOU CWHATOG
o€ 14,3 £ 3,3 mm. Katd péoo 6po xpeiaotnkav 4,6 £ 0,8 Nm potr €ktaong, utro
Tpo@opTio 150 N, yia va atTokaTacTabei N KUQWTIKA ywvia Tou yecaiou
o1TovOUAOU OTNV apXIKN TIUA Tou GBikTou oTTovduAou (8,8 + 1,6°, p = 0,38). To
UYWog Tou TTPOCBIOU TOIXWHATOG aTToKaTaoTAONnKe o€ 20,8 + 2,6 mm kai n diagopd
atTo TOV ABIKTO OTTOVOUAO av Kal oTATIOTIKA onuavTikn (p = 0,04), Atav pikpr). To
UYog OTn HECOTNTA TOU OTTOVOUAIKOU OCWHATOG TTAPEUEIVE ONPAVTIKA PHEIWHPEVO O€
oxéon e Ta dBikTa TTapackeudopata (16,4 + 3,0 mm, p < 0,01). To eUpog Kivnong
Katd TNV Kauwn augnbnke atd 4,7 £ 1,4° ota GBIKTA TTApackKeudouata o€ 6,1 +
2,4° pyeTA TNV gvioxuon PE TOIMEVTO TOU KOTAYUATOG OTO PeCAio oTTévOuNo. H

augnon fnTav oTaTioTika onuavTikr (p<0,05).

Evdo0dioKIKn mTicon: ZT1a GBIKTA TTAPOACKEUAOUATA, N TTIECT OTOUG OIOKOUG
TToU yerrviadav he TNV TEAIKNA TTAGKA TTOU €iXE TTPOYPANUATIOTEN VA TTOPAMEIVEI

aoiktn Arav 1,21 + 1,82 MPa oTtnv oudétepn B€on uttd TrpogopTio 400 N. H
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EQapPOYA KAUTITIKAG poTTi¢ 6 Nm augnoe tTnv rieon otoug diokoug katd 0,14 £
0,11 MPa, TToU QVTITTPOCOWTTEVEI pia augnon 27,19 £ 17,4% oxeTiké Pe Tnv TTieon
oTn oudETEPN BEON. META TNV €vioxuon PE OOTIKO TOIMEVTO TOU QPXIKOU
KATAYMATOG N TTiE0N 0TOUG dioKoUug aTnv oudéTepn BEon utro TTpoopTio 400 N
nrav 1,34 + 1,55 MPa. H epapuoyn KautTiKAg potig 6 Nm augnoe tnv Trieon
oToug diokoug katd 0,13 £ 0,10 MPa, TToU avTITTPOCWTTEUE! Pia augnon kata 15,8
+ 10,1% a1rd TNV TIPA oTnv oudETepn B€on. H aAAayr otn TTieon atmd tnv
EQAPMPOYNA TNG KAPTITIKAG POTING OTO OIOKO PE TN N OTTACPEVN TEAIKA TTAGKO dEV

ETTNPEACTNKE ONUAVTIKA aTTd TNV £€yXuon Tou Tolyéviou (p = 0,55).

2Ta AOIKTA TTAPACKEUAOUATA, N TTiEON OTOUG OIOKOUG TTOU YelTvialav Ye TRV
TEANIKA TTAGKQ TTOU €iX€e TTpoypauuaTioTei va otrdoel Atav 0,51 + 0,25 MPa oTtnv
oudEtepn B€on uttd TTpo@opTio 400 N. H epapuoyn potrig Kauwng 6 Nm augnoe
TNV TTieon katd 0,14 + 0,11 MPa, 1Tou avTiTTpoowTTelEl hia augnon 26,3 + 9,5%
OXETIKA PE TNV TTieon oTn oudETepn B€on. MeTd TNV TOIMEVTWON TOU APXIKOU
KATAYMATOG N TTiECN 0TOUG dioKoug aTnv oudEtepn BEon utro TrpoopTio 400 N
nrav 0,43 + 0,13 MPa. H epapuoyr KauTITIKAG poTTiRG 6 Nm peiwoe Tnv TTieon
oToug diokoug katd 0,07 £ 0,14 MPa, TToUu avTITTPOCWTTEVE! Pia peiwon katd 19.0
1 26.8% atro TNV TIP otnv oudétepn B€on (€i1k. 10). H aAhayr oTtn trieon amo tnv
EQAPMPOYNA TNG KAPTITIKAG POTING OTO OIOKO PE TN OTTAOUEVN TEANIKA TTAGKA ATAV

ONMAvTIKA d1aQOopPETIK aTTd To ABIKTO TTapackeuaoua (p = 0.02).

ZuumeoTikn Tdon: Z1a ABIKTA TTAPACKEUACUATA, N CUUTTIECTIKA TAon OTO
TTPOOBIO TOIXWHA TWV OTTOVOUAWY TToU YeITvialav Je TNV TEAIKH TTAGKA TTOU €iXE
TTPOYPOUMATIOTE va TTapapeivel dBikTn augibnke katd 447.8 + 100.4 micro- strain
Katd tnv K&duywn 6 Nm uttd mpo@opTio 400 N o€ auykpion pe TNV oudETeEPNn BEON.
MeTa TNV TOINEVTWON TOU APXIKOU KATAYUATOG N TAON augnonke katd 522.6 +
131.5 microstrain pe Tnv KGuwn 6 Nm. H diagopd autry avTITTpooWTTEUE! PIA 1N
onuavtikn aAAayn TG Ta¢ng Tou 18,2 + 7.1% OTn CUMTTIECTIKA TAON TOU TTPOCBIoU
TOIXWMATOG TWV TTAPOKEIMEVWY OTTOVOUAWY SiTTAa aTrd TN Un oTTacpévn TEAIKN
TIAGKQ, TTPIV KAl JETA TO ETTIAEKTIKO KaTayua. (p>0,05). X1a dBikTa
TTAPAOCKEUAOUATA, N CUMTTIECTIK TAon oTO TTPOCOIO TOIXWHA TWV OTTOVOUAWYV
TToU yerrviadav pe TNV TEAIKA TTAGKA TTOU €iXE TTPOYPAPUATIOTEI va OTTAOEI

augnonke kata 413.2 + 232.4 microstrain atmd Tnv oudétepn B€on oTn KAUWn 6
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Nm, utté TTpoopTio 400 N. MeTd TNV TOINEVTWON TOU APXIKOU KATAYUATOG N Tdon
augnonke kata 836.2 + 499.2 microstrain katd tnv kauwn 6 Nm. H diagopd
QVTITTIPOOWTTEVEI pIa augnon 94,2 + 22,8% oTn CUUTTIECTIKA TAOTN OTO TTPOCBIO
TOIXWHA TWV TTOPAKEIMEVWY OTTOVOUAWYV JITTAQ 0T oTTacpévn TEAIKN TTAGKQ
(p<0,05).

EmakdAouOa karayuara: ETTakOAouBbn cuuTrieon Twv TTOPACKEUACUATWY
o€ Béon SNm kKauyng €ixe oav amoTéAeopa 1n dnuioupyia vEou KATAYUATOG O€
OTTOVOUAIKO OWHA TTOPAKEIMEVO OTN ApXIKA oTTaouEVN TEAIKRA TTAAKA O€ £E)
TTAPAOKEUAOUATA KAl O€ £VA ATTOUOKPUOUEVO KATAYHO OTO AVW OTTOVOUAIKO
owpa o€ €va. H epappoyr Tou PEYIOTOU CUNPTTIECTIKOU QopTiou Twv 3000 N dev
KaTtdgepe va dnuioupynoel véo KATayua o€ Eva atmd Ta TTapackeudouara. H
dnuIoupyia TwV TTAPOKEIMEVWVY KaTaYUATWYV EEKIVOUOE OQV HIa KATAoTTaon oTnv
TTPOOBIa TTEPIOXA TNG TEAIKAG TTAGKAG TTOU YIVOTAV TTPO0JEUTIKA BaBuTepn KABwWG n
QOPTION augavoTav £wg OTou TO TTPOO0BIO TOIXWHA TEAIKA EVEDIDE. TO QOPTIO TTOU
XPEIAOTNKE ATAV KaTA pE€oo 6po 1450 £ 402 N.
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zulAtnon

H trapouca guBiopgnxavikni HEAETN ETTIKEVTPWONKE OTO POAO TNG
TTAPAPOPPWONG TNG TEAIKAG TTAAKAG EVOG OTTOVOUAOU PETA aTTd £va
OOTEOTTOPWTIKO KATAYHA WG TTapdyovTa KIVOUVOU Yia Thv dnuioupyia
TTOPAKEIMEVWY OTTOVOUAIKWYV KATAYUATWY. TO AKPUAIKO TOIMEVTO XPNOIKOTTOINONKE
MOVO yia Tn 0TABEPOTTOINCN TOU KATAYUATOG WOTE VA ETTITPATTEI N CUVEXION TOU
TTEIPAPATOG. H TEXVIKR £YXUONG TOU TOIYMEVTOU OTNV TTAPOUCa TTEIPAUATIKI Epyaoia
Oev €xEl OXEON ME TIG TEXVIKEG TTOU XpnoluoTrolouvTtal KAIVIKA. MNapdAa auTd, eTTeIdn
oTnv BIBAIoypagia uTTdpxel N avnouyia 0TI N TTAPOUCia TOU TOINEVTOU OTO
OTTOVOUAIKO OWwpa PTTopEei va aANAdel TIG 1010TNTEG JETAPOPAG gopTiou [50,51,147],
Kal o1 U0 TEAIKEG TTAAKEG KaBapioTnKav KAAG a1Td OAEG TIG UTTOKEIUEVEG OOTIKEG
OOKIdEC WOTE VA £CACPAANIOTEI OUOIOUOPPN KATAVOI] TOU TOIMEVTOU KATW aTTd
auTég. Me Tov TPOTTO AUTO, OTTOINBATTOTE ETTIOPAC Ba PTTOPOUCE Va EXEI N
TTOPOUCIia TOU TOIPEVTOU PJECA OTO OTTOVOUAIKO OWHA fTav £va KOIVOG TTapayovTag
Kal y1a TIG OUO TENIKEG TTAGKEG. ETTITTPOOBOETA, N ATTOKATACTAON TNG KUPWTIKNG
YyWwviag Tou 0TTOVOUAIKOU CWHPATOG WETA TNV ATTOKATACTACT TOU UYOUG TOU
TTPOCBIOU TOIXWHATOG OTNV TTPO TOU KATAYUATOG TIUH, ECAAEIYPE TNV UTTOAEITTOPEVN
KUQWon wg TTapdyovta KIvOUVoU YIa TTAPaKEigeva Kataypata. Me Tov TpoTTO QuTd
N TTapaudépPwon TNG TEAIKAG TTAAKAG TTOPEUEIVE N HOVODIKN METABANTHA yIa TA

QaIvOUEVA TTOU TTaPATNPONKav.

H treipaparikr) dnuioupyia evog CUMTTIECTIKOU OTTOVOUAIKOU KATAYHATOG
oXeTiCeTal Pe aBePAIOGTNTA WG TTPOG TOV TUTTO KAI TNV EVTOTTION TOU KATAYUATOG.
IMponyouueveg HEAETEG EXOUV TTEPIYPAWEI TN dNPIOUPYIa KEVOU XWPEOU OTO KEVTPO
TOU OTTOVOUAIKOU CWHATOG YIA TNV ETTITEUEN KOTAYUATOG O€ éva ETTIAEYUEVO
OTTOVOUAO VOGS TTAPACKEUAONATOG [28,82,156]. TO HOVTEAO TTOU TTEPIYPAPETAI
oTnNV TTapouca epyaacia TTTPETTEI TRV dnUIoUpYia VOGS ATTOAUTWG TTPORAEWILOU
KATAYMATOG OXI HOVO O€ VA OUYKEKPIMEVO OTTOVOUAO, OAAG KATW aTTO KATTOIN
OUYKEKPIPEVN TEAIKN TTAGKA. H yop@oAoyia Tou KAaTtaypaTog UTTOPEi TTioNG va
eAeyxOei. To karaypa gekivouoe oa pia ePRUBIoN TNG £§aoBevnuévng TEAIKNAG
TIAGKQG KAl KABWG TO GUMTTIECTIKO QOPTIO augavoTav 0dnyouoe O KATAPPEUON
TOoUu TTPGOBIOU TOIXWHATOG YE TTPOOBEUTIKA dNUIoUPYia TUTTIKOU KATAYUATOG HE

oQNVOEIBEG OXAMA, EVW N UN €6acBevnuévn TEAIKN TTAGKO TTOPEPEVE QVETTAQN.
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2TNV TTAPOUCA PEAETN N CUUTTIECTIKN @OPTION CUVEXICOTAV WG TN ATTWAEIQ UYOoUg

Tou TTPGOBIoU TOIXWHATOG TNG TAENG Tou 25%.

MeAETeg in vivo [58,117], kai in vitro [54] €xouv O¢igel 0TI 01 eYaAUTEPES
TMECEIS OTO PECOOTTOVOUAIO BioKO aokouvTal KaTd Tnv TTpoodia Kapywn utrd
OUMTTIECTIKI QOPTION, OTTWG YIa TTapddelypda oTnv apon Bdpous. H TTapouoca
MEAETN BPIOKETAI O€ OUPPWVIA JE AUTA TA EUPHPATA. ETTITTPOOBETWG,
TTPONYOUMEVEG in Vitro NEAETEG €xouv O€iel OTI N TTiEon oToV TINKTOEIdN TTUPRvVA
eEAQTTWVETAI ONUAVTIKA JETG aTTO £€va OOTEOTTOPWTIKG KATayHa [52,54,138,157],
KaBwg Pe TNV KatdoTtraon TnG TEAIKAG TTAAKAG AUGAVETAI O XWPOG TTOU gival
d108£01u0G¢ yia Tov TTUprva. Ta eupfiuaTa TNG TTAPOUONG MEAETNG UTTODEIKVUOUV
MIQ TTIO CUYKEKPIPEVN BIATAPAXH OTIG INXAVIKES 1810TNTEG TOU BiOKOU PETA TNV
KartaoTraon Tng TeAIKNG TTAAKAG. H TTieon Tou TTupfva eEAATTWVETAI AKOUN
TTEPICOOTEPO KATA TNV KAPYN, TTEPA ATTO TNV APXIKI AVAPEVOPEVN EAGTTWON OTNV
oudETepn B€on TTou avagépetal atn BiBAIoypagia. AuTh n KU QUOIOAOYIKN
EMPIOUNXAVIKT) CUMTTEPIPOPA OUVODEUETAI ATTO MIO TAUTOXPOVN aUgnan NG
OUMTTIEONG TOU TTPOCBIOU TOIXWHOTOS TOU TTAPAKEINEVOU oTTOVOUAOU, N OoTToia
oxedbV dITTAACIAOTNKE O€ OXE0oN ME QUTA TOU ABIKTOU TTAPACKEUACUATOG.
AVTIBETWG, O INXAVIKEG 1I01OTNTEG TOU I KATECTPAPPEVOU OIOKOU TOU OTTAOUEVOU
OTTOVOUAOU O€V ETTNPEACTNKAV CNUAVTIKA JE CUVETTEIA KAI TO CUMTTIECTIKA QOpPTIa
OTOV TTAPOKEIMEVO OTTOVOUAO va PNV aAAGEouv. NponyoUueveg JEAETEG ExOuV
O€igel OTI N CUUTTIECTIKA KATATTOVNON OTOUG TTAPOKEIMEVOUG OTTOVOUAOUG QUEAVETAI
ME TNV EQAPUOYI CUMPTTIECTIKOU QopTiou, aAAd n augnon ival TTepIcoOTEPO
OpapaTiki atrd TNV KAYWn TTapd arrd TNV agovikr eopTion
[27,28,158,159,160,161]. MTTopoUue dpa va uttoBécoupue OTI N JIKP augnon oTn
OUMTTIECTIKI KATATTOVNON OTA OTTOVOUAIKG owuaTta OITTAQ O€ N OTTACPEVES
TENIKEG TTAGKEG TTOU BPEBNKE OTNV TTapouoa PEAETN Ba puTTopoucE va e¢nynBei atrd
TNV AUgNON OTO £UPOG Kivnang TTou TTapaTnPrOnKe JETA TO KATAYUA.

‘Exel ava@epBei 0TI N evioxuon WE TOIMEVTO TwV OTTOVOUAIKWY KATAYUATWY PE
TIG DIAPOPEG TEXVIKEG TTOU XPNOIUOTTOIOUVTAI KAIVIKA JTTOPE HOVO PEPIKWGS VA
QTTOKATAOTACEI TNV TTIECN TOU TTUPRvaA, KaBwg n TTPOKUTITOUCA TTieon OEV UTTOPEI
va QTACE! TIG TINEG TTPO TOU KaTAyuaTtog [54,157]. Ta eupriuatd Tng TTapoucag

MEAETNG OTI JETA TO KATAYMA N TTiECT OTO OIOKO YEIWVETAI KATA TNV KAPWN Qv
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OUYKPIBEi e TNV TTieon oTnVv oudETepn BEaN EpxovTal O€ avTiBeon Pe TTPonNyouuEVa
epyaoTtnpiakd eupruara. O1 Ananthakrishnan et al. [54] avépepav eAagpd
augnUEVEG TTIECEIG OTO DIOKO KATA TNV KAPWN O 0X£ON YE TNV oUudETEPN BEON PETA
aT1TO OTTOVOUAOTTAQCTIKE Y1 OOTEOTTOPWTIKA KATAYMATA. AUTO PTTOPEI vVa
UTTOOEIKVUEI OTI O XEIPIOPOG EKTAONG TTOU XPNOIKOTTOINBNKE OTNV TTAPOUCA PEAETN
yla Tn avatagn NG OTTOVOUAIKAG KUPWONG UTTOPET va £XEI ApVNTIKEG OUVETTEIEG OTN
META®OPA TOU opTiou. H €ktaon aokei ouvdeouoTagn (ligamentotaxis) y€éow NG
TAONG TTOU AVATITUCCETAI OTOV TTPOO0BIO ETTINAKN OUVOEOHUO KAl TOV IVWON
OaKTUAIO. H Tdon autr) utTopei va avatagel TRV TTEPIPEPEIA TOU OTTOVOUAIKOU
owpatog. O TTuprva pn diaBéTovtag IKavoTnTa va avaTrtuéel Tédon (tensile
properties) aduvaTei va avatagel TNV KEVTPIKA KATAOTTAON TNG TEAIKAG TTAAKAG YE
ouvdeouoTagn. AuTo €£xEl OV ATTOTEAEOUA TNV TTAPAPOVH TNG KEVTPIKAG
TTAPAPOPPWONG TNG TEAIKAG TTAAGKAG akdun Kal 6Tav To VYOGS Tou TTPOCcBiou
TOIXWMATOG €XEI ATTOKOTAOTAOEI TTAAPWG. Z€ auTd TO TTAQICIO, N avopBwaon TNG
TTEPIPEPEING TNG TENIKAG TTAAKAG ATTO TOV XEIPIOPO EKTAONG UTTOPEI va KAVEI TTIO
€VTovn TNV KEVTPIKA EPPUBION, £XOVTAG 0av ATTOTEAECUA TNV HEYOAUTEPN
EMOLIVWON TWV PINXAVIKWY XOPAKTNPIOTIKWY Tou TTupriva. KAIVIKEG avapopég
€xouv deitel 0TI N PeEyYaAUTEPN ATTOKATACTOON TOU UYPOUS TOU KATAYHATOG OTTd TNV
OTTOVOUAOTTAQCTIKY PUTTOPEI va OXETICETAI e HEYAAUTEPN TTIBAVOTNTA VEWV
KatayuaTwy [88,162]. Napduola euprjpata £0€1EE Kal AAAN JEAETN PE TNV avagopd
TNG OTI N CUXVOTNTA EPPAVIONG VEWV KATAYUATWY PETA ATTO OTTOVOUAOTTAQCTIKN
ATav avtioTPOPwS avaAoyn We TNV BaputnTa TnNG OTTOVOUAIKAG KUQWONG UETE TNV
eméPPaon [89]. Mapd 10 611 Ba PTTOPOUCE KATTOIOG VA UTTOBETEI OTI O HEYAAUTEPOI
OYKOI TOIJEVTOU TTOU XPEIACoVTal Ol AIyOTEPO TTAPAUOPPWHEVOI OTTOVOUAOI UTTOPEI
va OXETICOVTAI PE TNV EUPAVION VEWV KATAYUATWY, O HEAETEG AUTEG Bev £De1Eav OTI

0 KivOUVOG VEWV KATAYUATWY OXETICETAI UE TOV OYKO TOu ToIgévTou [89,162].
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Zuptrepaocpara MpoTtdoeig

20V CUPTTEPOOHA, N TTapouca epyacia deiXvel OTI N KATAOTTAoN TNG TEAIKNG
TTAAKOG PMETA ATTO £va OOTEOTTOPWTIKO KATAYHUA ETTNPEALEI TNV IKAVOTNTA TOU
OioKou va Katavéuel ouaAd Ta QopTia oTa TTapaKeipeva oTTovOUAIKA cwuaTta. To
QOPTIO AUGAVETAI UTTEPPETPA OTNV TTPOCBIA TTEPIOX TOU OTTOVOUAIKOU CWHATOG
KaBwg TTpoxwpAEl N KAPWnN TNG OTTOVOUAIKAG OTAANG, VW TAUTOXPOVA N TTiECN
oToV TTUpriva Tou dIOKOU PEIWVETAL. H OUYKEVTPWON TOU QPOPTioU aTnV TTPOCHBIa
TTAEUPd TOU TTAPAKEIMEVOU OTTOVOUAIKOU CWHATOG QUEAVEI TOV KivOUVO
KATAYMaToG. O1 TPEXOUOEG TEXVIKEG EVIOXUONG OTTOVOUAIKWY CWHATWY PETA OTTO
KATAYMATA £XOUV ETTIKEVTPWOEI OTNV avaragn TNG KUQWTIKI YwViag Kal oTnv
aTTOKATACTACN TOU TTPOCOIOU TOIXWHATOG PE AvATAEN KaTd TNV TOTTOB£TNON TOU
a0BevA o€ TTPNVA B€0n | hE TN XPON JTTOAOVIWY YIa TNV EKTTTUEN TOU
OTTOVOUAIKOU oWwpaToG [104,164,165]. H TTapouoa PeAETN UTTOBEIKVUEI OTI EKTOG
atro TNV avatagn TG TTapanopPwaong oTo oeAiaio TTiTredO, N atrokaTaoTacn TG
TTOPAPOPPWONG TNG TEAIKNG TTAGKAG gival ONUAVTIKA yia TNV egoudAuvon Tng

METAPOPAG TOU QOPTIOU aTTO TO ETTITTEDO TTOU £XEI UTTOOTEI TO KATAYUA.
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Abstract This study investigated the effect of endplate
deformity after an osteoporotic vertebral fracture in
increasing the risk for adjacent vertebral fractures. Eight
human lower thoracic or thoracolumbar specimens, each
consisting of five vertebrae were used. To selectively
fracture one of the endplates of the middle VB of each
specimen a void was created under the target endplate and
the specimen was flexed and compressed until failure. The
fractured vertebra was subjected to spinal extension under
150 N preload that restored the anterior wall height and
vertebral kyphosis, while the fractured endplate remained
significantly depressed. The VB was filled with cement to
stabilize the fracture, after complete evacuation of its tra-
becular content to ensure similar cement distribution under
both the endplates. Specimens were tested in flexion-
extension under 400 N preload while pressure in the discs
and strain at the anterior wall of the adjacent vertebrae
were recorded. Disc pressure in the intact specimens
increased during flexion by 26 4+ 14%. After cementation,
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disc pressure increased during flexion by 15 4+ 11% in the
discs with un-fractured endplates, while decreased by
19 £ 26.7% in the discs with the fractured endplates.
During flexion, the compressive strain at the anterior wall
of the vertebra next to the fractured endplate increased by
94 4+ 23% compared to intact status (p < 0.05), while it
did not significantly change at the vertebra next to the un-
fractured endplate (18.2 £ 7.1%, p > 0.05). Subsequent
flexion with compression to failure resulted in adjacent
fracture close to the fractured endplate in six specimens
and in a non-adjacent fracture in one specimen, while one
specimen had no adjacent fractures. Depression of the
fractured endplate alters the pressure profile of the dam-
aged disc resulting in increased compressive loading of the
anterior wall of adjacent vertebra that predisposes it to
wedge fracture. This data suggests that correction of end-
plate deformity may play a role in reducing the risk of
adjacent fractures.

Keywords Osteoporosis - Compression fractures -
Adjacent fractures - Cement augmentation -
Biomechanics - Intervertebral disc

Introduction

The presence of an osteoporotic vertebral compression
fracture (OVCF) increases the risk for subsequent vertebral
fractures [27, 30, 38]. Lindsay et al. [27] reported an
incidence of 11.5% of new vertebral fractures within 1 year
following one previous OVCF, whereas this incidence was
24% in women with two or more fractures. Similarly, Ross
et al. [38] reported that a single fracture increases the risk
fivefold for new vertebral fractures, while the presence of
two or more fractures increases the risk 12-fold. Silverman
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et al. [42] reported that 58% of women with one or more
fractures had adjacent fractures, supporting the high rate of
adjacent fractures in the natural history of the disease. In a
similar fashion, new vertebral fractures, especially at the
adjacent vertebral bodies, have been reported after cement
augmentation of an osteoporotic vertebral fracture [11, 13,
21, 22, 24, 45, 48-51].

The severity of vertebral collapse and the residual ky-
photic deformity have been associated with the risk for
subsequent vertebral fractures [9, 35, 46]. Kyphotic
deformity shifts the center of gravity forward, resulting in
increased forward bending moments, which are in turn
compensated by a contraction of the posterior spinal
muscles, resulting in an increased load within the kyphotic
segment [37, 52]. Using anterior wall strain gauges, Kay-
anja et al. [17, 18] showed that after an experimentally
induced osteoporotic fracture, the addition of flexion to
axial compression increases the axial compressive loads at
the adjacent vertebrae, supporting the role of residual
kyphosis.

In vitro experiments have shown that damage to the
vertebral body endplate reduces the pressure in the nucleus
of the adjacent disc [1, 3, 4] and generates peaks of com-
pressive stress in the annulus, usually posteriorly to the
nucleus [1, 3]. Stress concentrations are affected by posture,
and lordosis has been associated with intensified stress in
the posterior anulus [3]. Furthermore, load distribution
between the trabecular centrum of the vertebral body and
the cortex is dependent on the properties of the interverte-
bral disc [20, 28]. Therefore, the altered mechanical
properties of the intervertebral disc after an osteoporotic
compression fracture with endplate depression are expected
to change load distribution to the adjacent areas of the spine.

The purpose of this biomechanical study was to test the
hypothesis that the altered pressure profile of the inter-
vertebral disc after an osteoporotic vertebral fracture, even
in the absence of kyphotic deformity, will alter load
transmission to the adjacent vertebra and increase vertical
loading of the anterior wall of adjacent vertebrae, predis-
posing them to wedge fracture.

Materials and methods
Specimens and experimental set-up

Eight fresh frozen human lower thoracic (T7-T11) or
thoracolumbar (T10-L2) specimens each consisting of five
vertebrac were used. The specimens were from five
females and three males whose ages ranged from 56 to
82 years (average: 69 =+ 8.5 years). Specimens were
radiographically screened to exclude existing osteoporotic
fractures, severe intervertebral space narrowing, bridging

osteophytes and signs of vertebral metastasis. The speci-
mens were thawed at room temperature (20°C) 24 h before
testing. The paravertebral muscles were dissected, while
keeping the discs, ligaments and posterior bony structures
intact. The cephalad and caudal vertebrae of each specimen
were anchored in cups using bone cement and pins.

The specimen was fixed to the testing apparatus at the
caudal end and was free to move at the cephalad end. A
moment was applied by controlling the flow of water into
bags attached to 50-cm loading arms fixed to the cephalad
vertebra. The long moment arm used to apply the moment
loading resulted in nearly equal bending moments at each
level. A six-axis load cell (Model MC3A-6-250, AMTI
Inc., Newton, MA) was placed under the specimen to
measure the applied loads and moments. The apparatus
allowed for continuous cycling of the specimen between
specified maximum moment endpoints in flexion and
extension.

The motion of the cephalad vertebra of the specimen
relative to the caudal one was measured using an opto-
electronic motion measurement system (model 3020,
Optotrak; Northen Digital, Waterloo, ON, Canada). In
addition, biaxial angle sensors (model 902—45; Applied
Geomechanics, Santa Cruz, CA) were mounted on the
cephalad and caudal vertebrae to allow real time feedback
for the optimization of the preload path. The spines were
instrumented with pressure transducers (model 060S-1000,
Precision Measurement Co., Ann Arbor, MI) in the nucleus
of the discs above and below the middle vertebra. The
pressure transducers were calibrated prior to the testing of
each specimen using a pressure chamber. The anterior wall
of the vertebral bodies adjacent to the middle vertebra were
instrumented with single element strain gauges (FLA-2-11-
3L, Sokki Kenkyujo, Tokio) to measure vertical (com-
pressive) strain (Fig. 1).

The concept of the follower load was used to apply
compressive preload; therefore, the preload was applied
along a path that followed the curve of the spine [32]. An
advantage of follower load application is that segmental
bending moments and shear forces due to the preload
application are minimized [33]. This allows a multi-seg-
ment thoracic spine specimen to support physiologic
compressive preloads without constraining the motion of
the vertebrae in the sagittal plane [44]. The preload was
applied using bilateral loading cables attached to the cup
holding the cephalad vertebra. The cables passed freely
through guides anchored to the vertebrae adjacent to the
target vertebra (Fig. 1). To avoid the creation of stress
risers, the cable guide mounting technique did not violate
the cortices of the vertebral bodies adjacent to the target
vertebra. The cable guide mounts allowed anterior—pos-
terior adjustments of the follower load path. The alignment
of the preload path was optimized by adjusting the cable
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Fig. 1 Photograph of a specimen positioned on the testing apparatus.
Strain gauges are mounted at the anterior walls and pressure sensors
in the discs. Bilateral loading cables pass through guides mounted at
the posterior elements

guide locations to minimize changes in the sagittal align-
ment of the specimen when compressive load up to 400 N
was applied. The loading cables were connected to loading
actuators under the specimen and were coated with radi-
opaque barium solution to be visible on X-ray images. A
calibration marker (a radiopaque ball, 25.4 mm in diame-
ter) was visible on each X-ray image.

Experimental protocol

Each specimen was first tested intact under flexion-exten-
sion moments (6 Nm) with a 400 N compressive preload.
Pressure was recorded at the discs above and below the

Fig. 2 Digital fluoroscopy
images of a specimen. a Intact
specimen. The bilateral loading
cables, coated with radiopaque
barium solution, are visible on
the X-ray images. b
Radiographic appearance of the
void created under the upper
endplate of the middle vertebra.
¢ Image of the wedge fracture
affecting only the upper part of
the index vertebra

@ Springer

middle vertebra and compressive strain was recorded at the
anterior wall of the adjacent vertebrae. Total range of
motion (ROM) of the specimen was measured using the
optoelectronic motion measurement system.

Experimental creation of VCF

A novel technique was utilized to selectively fracture only
one of the endplates of the middle VB of each specimen.
Through a small opening on the anterior wall close to the
target endplate, a void was created selectively under the
endplate and was extended to one-third of the VB trabecular
content; thereby creating a “stress-riser”. (Fig. 2a, b). The
endplate was carefully scraped free of trabecular connec-
tions using curettes and pituitaries. The void was randomly
assigned under the upper endplate in four specimens and
under the lower endplate in four. The specimen was flexed
to 5 Nm and compressed using the loading cables until a
fracture under the target endplate was observed on fluo-
roscopy or until a load limit of 700 N was reached (Fig. 2c).
The maximum load limit of 700 N was used to avoid the
likelihood of failure of the other endplate or other than the
target vertebra; as this load magnitude is significantly less
than the failure load reported in the literature [6, 7, 47]. If no
fracture was observed on fluoroscopy, the instruments were
reintroduced, the void was extended, and the specimen was
again loaded in flexion and compression. After the fracture
was established, the specimen remained under a physiologic
compressive preload of 150 N. This value of compressive
preload was selected taking into account the reported range
of compressive preload on the lumbar spine in the prone
position [39].

Reduction of the vertebral kyphotic deformity using spinal
extension

The fracture was reduced by applying extension moment to
the specimen under 150 N preload, aiming to completely
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restore the pre-fracture anterior wall height and therefore
correct the vertebral kyphosis angle (Fig. 3a). The exten-
sion moment was applied using upward force on the
anterior loading arm fixed to the uppermost vertebra. After
stabilization of the reduced fracture by cement injection
into the void through the anterior opening, (Fig. 3b), the
rest of the trabecular content in the middle VB was evac-
uated through a separate small anterior opening. The
undamaged endplate was carefully scraped free of trabec-
ular connections, and the rest of the VB was completely
filled with cement under fluoroscopy to ensure proper
cement distribution (Fig. 3c). Careful abrasion of both
endplates ensured similar cement distribution near them.
The specimen was then retested in flexion-extension
(£6 Nm) under 400 N preload, and measurements of
pressures at the discs adjacent to the middle vertebra and
anterior wall compressive strains at the adjacent vertebrae
were recorded.

Experimental creation of subsequent fractures

As a final step, the specimen was placed in flexion to
5 Nm and loaded in compression using the bilateral
loading cables connected to actuators. The compressive
load was gradually increased from O to 3,000 N or until a
subsequent fracture was observed on fluoroscopy with a
simultaneous sudden drop in the force versus time curve
of the actuators.

Data analysis

The heights at the anterior wall and mid vertebral portion,
as well as the vertebral kyphosis angle of the index vertebra
were measured in the intact status, after the index fracture
and after the reduction and augmentation. Mid vertebral
height was measured using the depressed central endplate.
Vertebral kyphosis angle was measured between the two
end plates of the index vertebra. Measurements were

Fig. 3 Digital fluoroscopy
images of a specimen a
Reduction of anterior wall
height and vertebral kyphosis
angle with extension of the
specimen while under 150 N
preload. b Cement
augmentation of the fracture. ¢
Image showing the uniform
distribution of cement under
both endplates after careful
abrasion of the un-fractured
endplate

performed on digital fluoroscopy images using computer
software (Image Pro Plus, Media Cybernetics Inc). Flexion
range of motion of the specimen was calculated as the
angular change of the apical vertebra relative to the caudal
one from the neutral posture to 6 Nm flexion. The force to
failure for the index and the subsequent fractures was
defined as the peak point of the force versus time curve.

The strain gauges used to measure anterior cortical
strain were single element gauges and were connected in a
quarter bridge (referring to Wheatstone bridge) configura-
tion. In addition, the pressure sensors used to measure
intervertebral disc pressure (model 060S) were quarter
bridge diaphragm transducers. Strain gauges and trans-
ducers connected in a quarter bridge configuration are not
capable of temperature compensation. These devices can-
not be trusted to give absolute measurements since the
output of the quarter bridge is a combination of thermal
drift and measured value. Therefore, the disc pressure and
adjacent vertebral wall compressive strain were normalized
so that values in neutral position under 400 N preload were
taken to zero, to compensate for thermal-drifting of sen-
sors. As a result, the change in pressure and strain from
neutral to full flexion before and after the creation and
augmentation of the index fracture were used for analysis.
Two specimens were excluded from pressure and strain
analyses because of anterior slippage of pressure sensors
during the experiment that resulted in inaccurate pressure
recordings. The data were analyzed using repeated mea-
sures analysis of variance (ANOVA) with a significance
level of o = 0.05 using the commercial statistics package
SPSS (SPSS Inc., Chicago, IL).

Results

In the intact specimens, vertebral kyphosis angle at the
middle vertebra was 8.5 £ 2.2°, anterior wall height was
21.2 + 2.7 mm,

and mid vertebral height was
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20.1 £ 2.9 mm. An average of 540 £+ 150 N compressive
load was required to fracture the target endplate of the
index vertebra. No radiographic evidence of fractures at the
non-target endplate or adjacent vertebral bodies was
observed in any of the specimens. After the index fracture,
vertebral kyphosis was 12.6 £ 2.4°, anterior wall height
was 17.2 £ 3.1 mm and mid vertebral height was
14.3 &+ 3.3 mm. A mean 4.6 £+ 0.8 Nm extension moment,
under 150 N preload, was sufficient to restore the kyphosis
angle of the index vertebra to its intact value (8.8 + 1.6°,
p = 0.38). The anterior wall height was restored to
20.8 &+ 2.6 mm, and the difference from the intact value,
although statistically significant (p = 0.04), was small.
Mid vertebral height remained significantly lower com-
pared to intact (16.4 £ 3.0 mm, p < 0.01). Total flexion
ROM of the specimens increased from 4.7 + 1.4° in the
intact status to 6.1 + 2.4° after augmentation of the middle
VB fracture. This increase was statistically significant
(p < 0.05).

In the intact specimen, the pressure in the disc adjacent
to the endplate assigned to remain un-fractured was
1.21 £ 1.82 MPa in the neutral posture under 400 N pre-
load. Application of 6 Nm flexion moment increased disc
pressure by 0.14 £ 0.11 MPa, representing an increase of
27.19 £ 17.4% from the pressure value in the neutral
posture. After augmentation of the index fracture, the disc
pressure in the neutral posture under 400 N preload was
1.34 + 1.55 MPa. Application of 6 Nm flexion moment
increased disc pressure by 0.13 &+ 0.10 MPa, representing
an increase of 15.8 &+ 10.1% from the value in the neutral
posture. The pressure change due to a flexion moment in
the disc with undamaged endplates was not affected by the

Fig. 4 Graphs showing the

changes in the disc pressure

(MPa) and anterior wall strain
of the adjacent VBs 04
(microstrain) after the selective 03
damage to the upper endplate of
the specimen shown in Figs. 2,

Normalized pressure (MPa): Upper disc

augmentation of the index fracture (p = 0.55). The disc
pressure in the intact specimen adjacent to the endplate to
be fractured was 0.51 £ 0.25 MPa in the neutral posture
under preload. Application of 6 Nm flexion moment
increased the pressure by 0.14 &+ 0.10 MPa, representing
an increase of 26.3 & 9.5% from the pressure value in the
neutral posture. After augmentation of the index fracture,
the disc pressure at that level was 0.43 £ 0.13 MPa in the
neutral posture under 400 N preload. Application of 6 Nm
flexion decreased disc pressure by 0.07 & 0.14 MPa, rep-
resenting a decrease of 19.0 £ 26.8% from the value in the
neutral posture (Fig. 4). The pressure change due to the
application of the flexion moment in the disc with fractured
endplate was significantly different from the intact
(p = 0.02).

In the intact specimen, the compressive strain at the
anterior wall of the VB adjacent to the endplate assigned to
remain unfractured increased by 447.8 £+ 100.4 micro-
strain due to the application of 6 Nm flexion moment as
compared to the strain value in the neutral posture. After
augmentation of the index fracture, the strain increased by
522.6 + 131.5 microstrain from the neutral posture to
6 Nm flexion. (Fig. 4). This difference represents a non-
significant change of 18.2 £ 7.1% in the anterior wall
compressive strain of the adjacent vertebra next to the
unfractured endplate, before and after the index fracture
(p > 0.05). The strain at the anterior wall of the VB of the
intact specimen adjacent to the endplate assigned for the
index fracture increased by 413.2 £ 232.4 microstrain
from the neutral posture to 6 Nm flexion. After augmen-
tation of the index fracture, the strain increased by
836.2 £ 499.2 microstrain from the neutral posture to

------- Intact — 1st Fracture

Anterior strain: Upper Vertebra

3. Data were collected during
flexion-extension runs, under
400 N preload. Pressure and
strain values were normalized
so that values in neutral position
under 400 N preload were taken
to zero
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6 Nm flexion. This difference represents a 94.2 4+ 22.8%
increase in the compressive strain of the anterior wall of the
adjacent vertebra next to the damaged endplate, before and
after the index fracture (p < 0.05). The maximum strain
values seen in this study at 6 Nm of flexion were below
0.08% in all cases.

Subsequent compressive loading of the specimens in
5 Nm flexion resulted in a fracture of the adjacent VB close
to the fractured endplate in six specimens and in a distal
fracture at the uppermost VB in one specimen. Maximum
load applied with the actuators failed to create a fracture in
one of the specimens. The fractures of the adjacent verte-
brae began as a depression in the anterior portion of the
endplate (Fig. 5) that became gradually deeper as loading
continued until the anterior wall finally failed. The failure
load for the adjacent fractures was 1450 4+ 402 N.

Discussion

This biomechanical study focused on the role of the end-
plate fracture as a risk factor for subsequent adjacent
vertebral fractures. Cement was used only to stabilize the
fracture and allow subsequent testing. The cementation
technique used in this experiment is not relevant to any
technique used in clinical practice. Because of the concerns
existing in the literature about the presence of cement in
the augmented vertebrae and how it may change their load
bearing properties [5, 8, 34], both the endplates were
carefully scraped free of any trabecular connections to
ensure similar cement distribution underneath them.
Therefore, any possible effect of cement presence under the
endplates was a common denominator. Furthermore, res-
toration of the vertebral kyphosis angle by restoring the

Fig. 5 Digital fluoroscopy
images of the specimen shown
in Figs. 2, 3 showing the
initiation of a subsequent
fracture at the anterior portion
of the lower endplate of the
upper adjacent vertebra (arrow),
next to the damaged endplate of
the index vertebra

pre-fracture anterior wall height eliminated residual ky-
phosis as a risk factor for adjacent fractures leaving the
endplate disruption as the only causal variable for the
observed effects.

Experimental creation of a vertebral compression frac-
ture is associated with uncertainty in both fracture pattern
and location. Centrum defects have been previously used to
assist in reproducing osteoporotic fractures in a target
vertebra [12, 18]. The fracture model used in the current
study allowed creating a predictable fracture not only at a
target vertebra, but more specifically under the target
endplate. The morphology of the fracture could also be
controlled. The fracture began as depression of the weak-
ened endplate and as the compressive load was increased,
the anterior wall failed, progressing the fracture to a wedge
shape while sparing the non-weakened endplate. In the
current study, compressive loading was continued until the
anterior wall height was reduced by approximately 25%.

Both in vivo [31, 39] and in vitro [4] studies have shown
that in the intervertebral disc, the greatest pressures are
exhibited in the forward flexed position under compression
in activities such as lifting. The present study agrees with
these findings. Furthermore, previous in vitro studies have
documented that nuclear pressure is substantially reduced
after an osteoporotic vertebral fracture [1, 2, 4, 10, 29] as
more space becomes available for the nucleus. Our findings
indicate a more specific impairment in the mechanical
properties of the disc after endplate depression. The
nucleus pressure is further decreased during flexion as
compared to the already decreased value in the neutral
posture reported in the literature. This abnormal mechani-
cal behavior was accompanied with a simultaneous
increase of the anterior wall compressive strain of the
juxtaposed adjacent vertebra, which nearly doubled in
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flexion compared to the compressive stain in the intact
status. On the contrary, the mechanical behavior of the un-
damaged disc of the fractured vertebra was not signifi-
cantly affected and the compressive strain of the
juxtaposed vertebral body was also not significantly
altered. Previous investigators showed that anterior wall
strain of adjacent vertebrae is increased with compressive
load, but is more dramatically affected by flexion than by
axial compression [15, 17, 18, 25, 36, 40]. Therefore, we
can speculate that the small strain increase in the VB
adjacent to the intact endplate found in this study could be
explained by the increased flexion ROM that was observed
after the fracture.

Cement augmentation using different surgical techniques,
has been reported to only partially restore nucleus pressure,
and the resultant pressure does not reach the pre-fracture
condition [4, 10]. Our findings that after endplate fracture
disc pressure is decreased during flexion as compared to the
neutral posture are in contrast to previous experimental
findings. Ananthakrishnan et al. [4] reported slightly higher
disc pressure in flexion compared to the neutral position
under axial compression after vertebroplasty for a VCF. In
that study, pressure after vertebroplasty for an experimen-
tally created vertebral fracture increased from
674 £ 111 kPa in the neutral posture under preload to
769 £ 165 kPa in the flexed position. This may suggest that
the extension maneuver used in the present study to correct
the vertebral kyphosis angle may have a detrimental effect on
load transfer. Spinal extension exerts a ligamentotaxis effect
through the anterior longitudinal ligament and annulus on the
periphery of the fractured VB. Lacking tensile properties, the
nucleus cannot exert a ligamentotaxis effect on the central
part of the endplate, therefore central depression remains
even after complete anterior wall reduction. In this context,
elevation of the periphery of the endplate by spinal extension
may enhance the relative central depression, leading to fur-
ther compromise of nucleus mechanics. Clinical reports
indicated that a greater degree of height restoration after
vertebroplasty was associated with higher risk for new
fractures [19, 26]. Similarly, another study reported that the
rate of developing new symptomatic OVCFs after verteb-
roplasty was inversely correlated with the degree of wedge
deformity of cemented vertebrae [23]. Although one might
argue that higher cement volume in the less deformed ver-
tebra may account for the increased rate of developing new
fracture, those studies report that the risk of new fractures
was not related to the volume of cement injected [23, 26].
Further clinical and biomechanical investigations are needed
before reaching a definite conclusion.

It has been proposed that adjacent level load transfer
through the vertebral centrum can be measured through
adjacent disc pressure, while transfer through the vertebral
shell can be measured through vertebral wall strain [4, 18].
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Strain gauges bonded to the bone have been widely used to
detect cortical bone deformation from load application.
Surface strain distribution in the lumbar vertebrae measured
by strain gauges has been shown to be directly proportional
to compressive load [40]. Strain distribution, measured by
surface strain gauges, has also been used as an indicator of
the region where vertebral burst fracture initiates [15].
Similarly, stress concentration on the anterior cortex has
been used to predict adjacent fracture risk after an osteo-
porotic compression fracture [17, 18]. Therefore, the
findings from the current study support the hypothesis that
endplate depression after fracture leads to significant
reduction of load transfer through the centrum and increases
adjacent level cortical strain, compensating for a lack of
centrum support. The anterior shift of the load transfer path
in flexion results in excessive load concentration in the
anterior portion of the vertebra. After loading the cemented
specimens to failure, nearly all subsequent fractures were
located at the vertebra next to the damaged endplate. The
fractures started as a depression of the anterior portion of
the endplate close to the anterior wall, which subsequently
led to anterior wall collapse as loading continued.

In vivo studies have reported that patients with degen-
erative discs have reduced nuclear pressure in all positions
[39]. According to the hypothesis of the current study,
those patients should also be at risk for osteoporotic ver-
tebral fractures. This has been supported by a report that
disc space narrowing is associated with an increased risk of
vertebral fractures despite the higher BMD associated with
spine osteoarthritis [43].

In conclusion, this study suggests that endplate depres-
sion after an osteoporotic vertebral fracture impairs the
ability of the disc to distribute load evenly to the adjacent
segments. Load concentration on the anterior portion of the
adjacent vertebrae may contribute to increased subsequent
fracture risk after an osteoporotic vertebral fracture. Cur-
rent vertebral augmentation procedures for the treatment of
osteoprotic VCFs have focused on the reduction of ky-
phosis angle and restoration of anterior vertebral body
height with postural reduction or with the use of inflatable
bone tamps [14, 16, 41]. The current study suggests that in
addition to restoring spinal sagittal alignment, the ability to
reduce the entire fractured endplate is important to restore
load transmission across the fractured level.
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