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The spine has several important functions including load transmission, permission of limited motion, and protection of the spinal 
cord. The vertebrae form functional spinal units, which represent the smallest segment that has characteristics of the entire spinal 
column. Discs and paired facet joints within each functional unit form a three-joint complex between which loads are transmitted. 
Surrounding the spinal motion segment are ligaments, composed of elastin and collagen, and joint capsules which restrict motion to 
within normal limits. Ligaments have variable strengths and act via different lever arm lengths to contribute to spinal stability. As a 
consequence of the longer moment arm from the spinous process to the instantaneous axis of rotation, inherently weaker ligaments 
(interspinous and supraspinous) are able to provide resistance to excessive flexion. Degenerative processes of the spine are a normal 
result of aging and occur on a spectrum. During the second decade of life, the intervertebral disc demonstrates histologic evidence of 
nucleus pulposus degradation caused by reduced end plate blood supply. As disc height decreases, the functional unit is capable of an 
increased range of axial rotation which subjects the posterior facet capsules to greater mechanical loads. A concurrent change in load 
transmission across the end plates and translation of the instantaneous axis of rotation further increase the degenerative processes 
at adjacent structures. The behavior of the functional unit is impacted by these processes and is reflected by changes in the stress-
strain relationship. Back pain and other clinical symptoms may occur as a result of the biomechanical alterations of degeneration.
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Introduction

The spine is a complex structure that provides protection 
and support to the spinal cord in different positions and 
postures. The bony and soft-tissue anatomy are intimately 
related and function within a spinal motion segment to 
provide stability and movement about three axes, which 
form a Cartesian coordinate system. Within this coordi-
nate system, translation and rotation can occur around 
each axis. Normal aging of the spine affects the spinal 
elements and, potentially, causes a sufficient degree of de-
generation to alter the motion segment. Degeneration of 

the intervertebral disc space results in a reduction of disc 
height and abnormal load transmission across the verte-
bral end plates and paired facet joints, which play a pivotal 
role in the three-joint spinal complex. As the biomechani-
cal properties of the spine change, there is also an altera-
tion in the stress-strain relationship as well as translation 
of the instantaneous axis of rotation (IAR) from its usual 
position [1]. This complex process of degeneration moves 
across stages including dysfunction, instability, and stabi-
lization [2] and may ultimately produce low back pain and 
other clinical symptoms. Biomechanics affords a means of 
characterizing and assessing the status of the spine both 
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precisely and quantitatively. Benefits of an improved un-
derstanding of biomechanics of normal and degenerative 
spinal conditions are the ability to counsel patients, treat 
pathological processes, and determine the effect of both 
medical and surgical treatment on spinal mechanics and, 
potentially, clinical outcomes. Understanding the biome-
chanical consequences of degeneration is imperative for 
the treatment of spinal disorders, regardless of etiology. 
In this review, we discuss key concepts of spinal anatomy 
and degenerative processes of the spine.

Anatomy

Thirty-three vertebrae comprise the spinal column: 7 
cervical, 12 thoracic, 5 lumbar, 5 sacral, and 4 coccygeal 
bones. Functionally, the spinal column transmits loads, 
permits limited motion, and protects the spinal cord. The 
range of normal spinal alignment is dependent upon the 
region of the spine. In the coronal plane, the normal spine 
has a neutral curvature. In the sagittal plane, the cervical 
and lumbar segments are lordotic whereas the thoracic 
and sacral regions are kyphotic. Regional kyphosis or lor-
dosis are evolutionary responses to an upright stance in 
the bipedal human and serve to balance the occiput over 
the pelvis in an energy efficient manner [3,4]. However, 
vertebral bodies within a spinal segment do not evenly 
distribute alignment. Cervical spine lordosis is greatest at 
C1–2 (75%) while C4–7 contributes very little to overall 
lordosis [5]. Similarly, L4–5 and L5–S1 provide about two-
thirds of lumbar lordosis [6]. Sagittal alignment can be 
measured by dropping a plumb line from the C7 vertebral 
body to the lumbosacral junction and, when within nor-
mal limits, permits balanced posture, minimal energy ex-
penditure, and appropriate tension of perispinal ligaments 
[7]. The intimate relationships between global balance and 
both clinical outcomes [8,9] and biomechanics [10] have 
been reported. As sagittal imbalance increases, defined as 
a plumb line that fails to fall between the sacrum and fem-
oral heads, the pelvis undergoes retroversion in relation 
to the feet. The change in pelvic positioning maintains a 
fixed gravity line-heel offset, which preserves a center of 
force near the feet and permits standing balance [10]. 

The functional spinal unit (FSU) or spinal motion seg-
ment is the smallest segment that represents the char-
acteristics of the entire spinal column. It consists of two 
vertebrae, the intervertebral disc, zygaphophyseal (facet) 
joints, and supporting ligaments (ligamentum flavum, su-

praspinous, interspinous, anterior longitudinal, and poste-
rior longitudinal). The disc and paired facet joints at each 
level therefore form a three-joint complex between which 
loads are transmitted [11]. The intervertebral disc func-
tions to transmit loads between adjacent vertebrae and 
permit motion. As such, it carries and distributes forces to 
which the trunk is subjected [12]. Each motion segment 
has an IAR, which is a dynamic point about which the 
FSU rotates and is dependent upon spinal alignment and 
forces acting on the spine. There are 12 potential move-
ments about the IAR due to rotation around the three axes 
(x, y, and z) that pass through the center of rotation. The 
IAR is not constant; for example, during flexion-extension 
at C0-C1 the IAR passes through the center of the mas-
toid processes whereas during lateral bending the IAR is 
located 2 cm above the dens [13]. The IAR in the lumbar 
spine is similarly dependent upon position. The IAR is 
located in the anterior disc in flexion, lateral aspect of the 
disc with contralateral side-bending, and in the posterior 
annulus during axial rotation [14,15]. Surgical interven-
tion, trauma, and degenerative processes affect the posi-
tion of the IAR. 

Soft tissues about the spine also play a tremendous 
role in flexibility and mobility. Below the subaxial spine, 
there are seven ligaments that play a paramount role in 
maintaining physiologic motion. Ligaments, composed of 
elastin and collagen [16], and joint capsules restrict mo-
tion to within normal limits. The ligaments have variable 
strengths, but weaker ligaments such as the interspinous 
and supraspinous contribute greatly to spinal stability by 
providing resistance to flexion via a long moment arm 
from the spinous process to the IAR [17]. The ligamentum 
flavum, in contrast, is a pair of broad ligaments that pro-
vides compression at the disc space by maintaining resting 
tension as it courses along the ventral laminae [18]. Spinal 
motion is also influenced by intervertebral discs and the 
synovial facet joints, which consist of sliding cartilaginous 
surfaces. Although facet joints bear only approximately 
10% of the load during axial loading, they are subjected to 
a nearly threefold increase in load-bearing during exten-
sion and fivefold increase in ventral shear forces during 
flexion [17]. Increases in postural load-bearing coupled 
with decreasing elastin and increasing collagen concen-
tration in facet capsules with aging prohibits viscoelastic 
materials from returning to their elastic zone. The result 
is stretching of soft tissues, increasing motion between 
interfaces, and adaptations of bony architecture to provide 
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mechanical support. 

Disc Degeneration

Degenerative disc disease begins early in life and precedes 
the development of facet joint changes. A histologic study 
of age-related changes in the human lumbar disc revealed 
reduced end plate blood supply that resulted in the break-
down of the nucleus pulposus by the second decade of 
life [19]. The significance of this can be understood by 
considering the function and response of the healthy disc 
during normal movements. During normal motion, the 
disc deforms predictably: the annulus bulges on the side 
of compression and is under tension on the opposite side. 
Under compression, load transmission between two ver-
tebrae is via the intervertebral disc, which is composed of 
type II collagen. Resultant pressures within the pulposus 
are transferred to the annulus. Horst and Brinckmann 
[20] performed a cadaveric study of axial stress distribu-
tion by implanting pressure transducers within thoracic 
and lumbar intervertebral discs. Their results showed that 
stress distribution is dependent upon the status of the disc 
and differs between thoracic and lumbar spinal segments. 
Healthy lumbar discs distributed stress evenly across 
the endplates in compression and eccentric loading (in-
creasing end-plate inclination). The same uniform stress 
distribution occurred in degenerative discs under axial 
compression. Eccentric loading of degenerative discs, in 
contrast, produced asymmetric force distribution which 
increased with severity of degeneration and increasing 
end-plate inclination. Thoracic discs, unlike lumbar discs, 
displayed uniform stress distribution under compression 
only. Eccentric loading caused asymmetric stress distribu-
tion in both healthy and degenerative discs. The transition 
zone between discs with thoracic and lumbar properties 
occurs at T11 and T12 because these vertebrae are more 
mobile than the mid-thoracic spine. 

Other studies have also reported on differences in 
the responses of discs to applied loads between spinal 
segments. Kulak et al. [21] studied the nonlinear, rate-
independent behavior of intervertebral discs with a finite 
element model to specifically investigate the elastic zone 
of the stress-strain curve. The annulus fibrosis in the lum-
bar spine responded nonlinearly to applied forces because 
of the behavior of the collagen fibers [21], which in a prior 
study was shown to have an elastic component of collagen 
that was proportional to the square of the strain [22]. In 

the thoracic spine, the elastic response of the annulus was 
linear and hoop stresses were less dominant because an-
nular fibers were compressed near the endplates due to 
greater constraint by the endplates [21]. Stress distribution 
also differed between lumbar and thoracic segments. In 
the lumbar spine, the fiber stress is tensile throughout the 
annulus and increases from the inner to the outer bound-
ary of the annulus; the maximum fiber stress is therefore 
at the periphery of the disc. Lumbar collagen fibers are 
under tension because of their greater relative disc height 
to width ratio compared to thoracic discs. Thoracic annuli 
were shown to have lower fiber stress values through the 
mid-region and were often in compression above the mid-
plane. Load-deflection curves from the analysis found 
that intervertebral discs became stiffer (i.e., less displace-
ment for a given load) as the spine was ascended from 
L3–4 to T5–6 and less stiff from T5–6 to T1–2 [21,23]. 
Enucleation of the lumbar disc decreased stiffness by two-
fold, thus demonstrating the importance of the pulposus 
under compression [21]. A cadaveric study of lumbar mo-
tion segments reported the effect of disc degeneration on 
the mechanical instability of the spine [1]. Using a spine 
simulator with six degrees of freedom and unconstrained, 
cyclical loading, lumbar discs with increasing stages of 
degeneration were found to have erratic excursions of the 
IAR, vertical translation of the center of rotation, and ab-
normal load distribution across the disc space with lower 
pressures in the region of the nucleus and pressure spikes 
in the annular region. Osteophytes develop as the annulus 
is distorted and pulls from its bony attachments. The re-
sult is an unstable FSU and, potentially, low back pain. 

Biomechanical changes of the unstable FSU and fused 
FSU are reflected in their respective stress-strain curves 
(Fig. 1). Normally, the stress-strain curve of a healthy disc 
consists of a neutral zone and an elastic zone which have 

Fig. 1. Stress/strain relationship of healthy vs. degenerative disc.
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different responses to a given load. Under initial loading, 
the disc undergoes a large amount of deformation com-
pared to the applied load because of disc bulging (neutral 
zone). With increasing loads, the fibers of the annulus re-
strict the bulging of the pulposus in the elastic zone such 
that less deformation occurs with increasing compres-
sion. Unstable spinal segments have larger neutral zones 
because of ligament laxity and loss of disc height, and the 
annulus degenerates and loses its ability to provide hoop 
stress compression of the nucleus [1,17]. This results in 
dorsal translation of the IAR and overloading of the facet 
joints. In contrast, the latter stages of disc degeneration 
produce an entirely different morphology of the stress-
strain curve. The inner annulus expands and the bound-
ary between the nucleus pulposus and annulus fibrosus 
becomes indistinguishable. The fibrotic disc loses its fluid-
like properties and behaves like a solid material [20]. The 
fused spinal segment exhibits a stress-strain curve similar 
to that of a stiffer, more brittle material: the slope of the 
elastic zone is steeper than the normal FSU, representing 
the incompressibility of the fused segment and require-
ment for large loads to produce little deformation. In the 
lumbar spine, spinal instability does not refer to an abnor-
mally increased range of motion; more accurately, range 
of motion increases in the early stages but diminishes in 
later stages of degeneration [24,25]. 

Facet Joint Degeneration

The facet joints are the only true synovial joints of the 
spine. The facet is an articulation between the medially-
facing superior articular process of the lower vertebra 
and a smaller, laterally-facing inferior articular process 
originating from the superior vertebra. Menisci within 
the articulation function to maintain smooth gliding 
surfaces and fill voids that develop between incongruent 
facet joints [26]. Capsules surrounding facet joints have 
important functions of restricting rotation and dorsal 
displacement during extension [27,28]. Facet joint orien-
tation determines the plane of motion and varies as one 
descends the spinal column. Upper cervical spine superior 
articular facets face posteromedially and transition to face 
posterolaterally between C4 and T1, with the C5–6 level 
representing the most common transition point [29]. The 
facet joints are oriented approximately 0° in the coronal 
plane and 45° in the sagittal plane from C3–7. The spatial 
orientation of the facets explains the coupled motion of 

lateral bending and axial rotation in this region [13]. Dur-
ing lateral bending, the ipsilateral inferior articular pro-
cess of the cephalad vertebra descends along the facet in 
the sagittal plane and simultaneously translates posterior-
ly. The contralateral inferior process ascends the inclined 
facet and moves anteriorly. Thoracic spine facet joints 
are positioned in about 20° of coronal and 55° of sagittal 
orientation and exhibit the same coupling behavior as the 
cervical spine. Lower thoracic (T9–12) facets typically re-
semble lumbar facet joints, however. The result is that the 
upper and middle thoracic spine allow more axial rota-
tion. Lumbar spine facet joints exhibit the greatest coronal 
and sagittal orientation: 50° and 90°, respectively. Sagittal 
facet orientation restricts rotational movements but has 
less ability in preventing flexion-extension and transla-
tion. Thus, the lumbar facets are predisposed to listhesis 
as the spine degenerates. Further, the sagittal orientation 
of lumbar facets increases with normal aging regardless of 
the presence of the spondylolisthesis (Fig. 2) [30]. Cou-
pling of motion in the lumbar spine is such that flexion-
extension is couple with both axial rotation and lateral 
bending. 

Biomechanically, facet joints bear loads in the posterior 
column, restrict axial rotation, and control flexion-exten-
sion motions. In flexion, facet joints prohibit excessive an-
terior translation of vertebral bodies. Despite their impor-
tant role in restricting supraphysiologic motion, the forces 
acting upon the joints are not without consequence. At 
terminal flexion and extension, the joints gape and “edge 
load”, producing increased contact pressure on the lower 
edge of the inferior articular process and superior edge of 
the opposing articular process [11,31,32], and in the up-
right position the facets are exposed to continuous shear 
forces most notably at L5–S1 [33]. One potential reason 
for the development of coronally-oriented lumbar facets is 
to reduce shear forces [34]. In the healthy FSU, facet joints 
bear up to 25% of the load transmitted across the 3-joint 
complex; however, the load nearly doubles across facet 
joints in degenerative conditions depending upon body 
position [31,35]. Cartilage degeneration of the facet joints 
results in bony erosions and eventual sclerosis of the sub-
chondral bone in a process similar to other joints in the 
body. In a cadaveric study of lumbar facet joints, cartilage 
degeneration was most pronounced at the articular mar-
gins and generally well preserved in the central region 
[36]. In the same study, osteophytes were most commonly 
found on the lateral margin of the superior articular pro-
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cess. At this location, the capsule attaches to the facet and 
as the spine rotates axially the posterior aspect of the con-
tralateral joint capsule is subjected to tensile forces. 

As disc degeneration occurs and disc height decreases, 
the increased range of axial rotation subjects the posterior 
capsule to greater mechanical loads. Boszczyk et al. [37] 
confirmed in an immunohistochemical analysis of facet 
capsules that the greater mechanical demand of degenera-
tive spinal segments produces fibrocartilaginous metapla-
sia (primarily at the entheses), capsular hypertrophy, and 
bone spur formation. A potential result of facet osteoar-
thritis is low back pain, which is a response transmitted 
from the medial branches of the primary dorsal rami. 
Nerve impingement may also occur as the facet hypertro-
phies and impedes on the neural foramen bordered by the 
superior articular process, pars interarticularis, and verte-
bral body.

Adjacent Segment Disease

Cervical and lumbar pathology which requires stabiliza-
tion may initially address the problem of instability but 
can ultimately lead to other long-term consequences 
such as adjacent segment disease. Adjacent segment dis-
ease was first noted in the lumbar spine following fusion 
surgery [38] but follow-up studies eventually led to the 
recognition and awareness of this disease in the cervical 
spine as well [39,40]. Defined as postarthrodesis adjacent 
level pathology by Hilibrand and Robbins [39], the term 
adjacent segment degeneration describes radiographic 
changes observed at levels next to the previously fused 
segment or segments. It is important to note that this de-

generation may not correlate with clinical symptoms. In 
contrast, adjacent segment disease refers to the develop-
ment of new myelopathy or radiculopathy referable to a 
motion segment adjacent to the site of a previous arthrod-
esis [40]. 

From a mechanical perspective, it is a reasonable hy-
pothesis that after motion is eliminated from a spinal 
level, to achieve the same range of motion, the remaining 
spinal levels would be required to take on a greater load. 
This was subsequently demonstrated in several studies in-
volving surgical arthrodesis of the spine. Surgical arthrod-
esis has been proven to influence mechanical properties 
of intervertebral disks next to a fused level in the cervical 
and lumbar spine [41,42]. Studies have shown a pervasive-
ness of hypermobility and increased stress in the adjacent 
segments [41,42]. Maiman et al. [43] calculated increased 
internal stress responses at the adjacent segments, thereby 
reflecting changes in load sharing after fusion. Eck et al. 
[41] measured intradiscal pressure at adjacent levels fol-
lowing fusion in a cadaver model and found a 45% to 73% 
increase in intradiscal pressure, as well as a concomitant 
increase in segmental motion with flexion. Matsunaga et 
al. [44] analyzed the change in intervertebral disk strain 
distribution following anterior cervical discectomy with 
fusion in 96 patients by assessing their lateral dynamic 
radiographs preoperatively and postoperatively. At an 
average of 1 year following two- or three-level fusion, 
the authors observed a 20% increase in shear strain of 
adjacent segments. Ultimately, the increase in mobil-
ity and intradiscal pressure at levels adjacent to fusion 
causes an increase in internal stress at these levels. It has 
been shown that this increase in motion and intradiscal 

Fig.2. Facet joint degenerative changes. (A) Normal sagittal orientation of lumbar facet joints. (B) Liga-
mentum flavum thickening, facet hypertrophy and coronal orientation of facet joints.
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pressure is directly related to the number of levels fused 
[45,46]. Biomechanical studies therefore suggest that fu-
sion causes increased stress and strain on the neighbor-
ing motion segments. This phenomenon can potentially 
contribute to accelerated degeneration for the patient and 
may ultimately lead to disease.

Conclusions

Degenerative changes affect bony and soft tissue struc-
tures of the spine and may ultimately result in modifica-
tions of the spinal motion segment and IAR. Normal 
age-related changes, despite representing expected pro-
cesses on the continuum of aging, have the potential of 
producing mechanical and clinical symptoms because of 
the complex interrelations between all parts of the FSU. 
Loss of the disc height affects load transmission across 
end plates, facet joints, motion between vertebral bodies, 
the stress-strain relationship, and the IAR, which further 
increases loading of adjacent structures. In postsurgical 
cases, stress distribution to adjacent levels may accelerate 
degenerative processes. Age-related processes represent 
normal anatomic changes and a thorough understanding 
will enable the care provider to deliver treatments and pa-
tient education for optimal management.  
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