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3.1 
Introduction

The purpose of the current chapter is to review the 
normal mechanics of the spine, i.e., the structure 
and function of the various components such as 
discs, vertebral bodies, and spinous ligaments, and 
to delineate how the normal behavior of these struc-
tures is altered by age and various clinical interven-
tions. A growing segment of spine radiology involves 
not just imaging but musculoskeletal intervention 
as well. Radiologists now are performing tasks that 
previously were in the realm of neurosurgery and 
orthopaedics. Because procedures such as thermal 
ablation of the disc, vertebroplasty, and kyphoplasty 
not only address pain relief but also may alter the me-
chanical behavior of the disc and/or vertebral body, 
it is important to have a fundamental understanding 
of the biomechanics of the spine. Knowledge of the 
normal biomechanics can help the clinician under-
stand the effect a given intervention may have.

3.2 
Spine

3.2.1 

Structure

The spine is a complex structure that can be divided 
into fi ve regions: the cervical, thoracic, lumbar, and 
sacral spines; and the coccyx. Of primary interest 
are the unfused vertebrae of the cervical through 
the lumbar regions, although recently the fused 
vertebrae of the sacrum, especially with regard to 
insuffi ciency fractures, have been the subject of in-
creasing clinical interest.

The cervical region has seven vertebrae (C1–C7), 
which form a lordotic curve. The upper two vertebra 
are different in design compared with the other un-
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fused vertebra of the spine. The specialized design 
permits the unique function of these levels. The at-
las (C1) mates with the occiput of the skull, and the 
space between them allows for fl exion and extension 
but almost no rotation (White and  Panjabi 1990). 
The axis (C2) is below the atlas and, as its name im-
plies, most of the rotation that occurs in the spine 
occurs through the C1–C2 junction. There is essen-
tially no lateral bending, but some fl exion and exten-
sion. The remainder of the cervical spine (C3–C7), is 
fairly fl exible, allowing motion in fl exion/extension, 
lateral bending, and rotation (White and Panjabi 
1990).

In contrast, the thoracic spine has 12 vertebrae 
(T1–T12). By virtue of its interaction with the rib 
cage, the thoracic spine does not allow much fl ex-
ion/extension or lateral bending, but it does allow 
for some axial rotation. The curvature of the tho-
racic spine is naturally kyphotic.

In the lumbar spine, which consists of fi ve verte-
brae (L1–L5), the dominant motion is fl exion. There 
is some extension and lateral bending, but almost no 
rotation. The curvature of the lumbar spine is nor-
mally lordotic.

Regardless of the level and type of motion, mo-
tion of the spine occurs in the spaces between the 
vertebrae, i.e., in the disc and at the facet joints.

3.2.2 

Function

The spine, which transmits loads from the upper 
body through the pelvis into the lower extremities, 
is conceptually divided into three columns: ante-
rior, medial, and posterior columns (Denis 1983). 
Because the center of gravity of the human body 
is located anterior to the spinal column, the cen-
ter of gravity creates a combined load resulting in 
axial compression and an anterior bending moment 
(Fig. 3.1). When the spine is in fl exion, the instanta-
neous axis of rotation is generally in the vertebral 
bodies near the superior endplate (Panjabi et al. 
1984). The instantaneous axis of rotation may be 
considered a fulcrum and, as such, tensile forces 
must be active posterior to the fulcrum to balance 
the anterior bending moment caused by the body’s 
center of gravity. The balancing forces are provided 
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Main spinal motions, minor spinal motions:

C0–C1: fl exion/extension

C1–C2: rotation

C2–C7: fl exion/extension rotation lateral 
bending

T1–T12: fl exion/extension rotation lateral 
bending

L1–L5: fl exion/extension  lateral bending

Cervical and lumbar lordosis and thoracic 
kyphosis make the spine function as a spring 
reducing impact forces

The spine transmits loads from the upper 
body through the pelvis into the lower extrem-
ities. The anterior center of gravity creates 
anterior bending and axial compression

Bone mineral density (BMD) determines com-
pressive strength:

Compressive strength ≈ BMD2

BMD < average - 1 SD = osteopenic

BMD < average - 2.5 SD = osteoporotic
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Vertebrae:

Bear the compressive load

Facet joints limit axial rotation

Disc:

Nucleus: hydrophilic mucopolysaccharides 
– 70 to 90% water

Annulus fi brosus: multiple-angled collagen 
layers

Bears the same compressive load as the ver-
tebrae

Shock absorber, resists torsion, tensile and 
shear loads

Traumatic disc herniations require not only 
compressive force but also fl exion and later-
al bending, and typically occur in the lower 
lumbar region

Spinal ligaments:

Guide motion and restrict excessive motion

Mix of collagen and elastin fi bers

Ligamentum fl avum more elastin = more 
stretch (up to 100% strain before failure 
compared with 10 to 15% for most other 
ligaments)
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Fig. 3.1. The body’s center of mass is located anterior to the 
spinal column and causes an anterior bending moment on 
the vertebral bodies. The anterior bending moment creates 
stresses on the anterior cortex of the vertebral body greater 
than would be expected from body weight alone

by the paraspinous muscles, posterior ligaments, 
and the posterior portion of the annulus fi brosis. 
During anterior fl exion (e.g., bending over to tie a 
pair of shoes), the body’s center of gravity moves 
anteriorly, increasing the bending moment on the 
spine and the compressive stresses on the anterior 
column. Bending over to pick up a load not only 
moves the center of gravity anteriorly, but it also 
increases the magnitude of the anteriorly located 
load, which, when combined with the increased mo-
ment arm, dramatically increases the compressive 
stresses on the anterior column. It is this excessive 
compressive stress that often results in vertebral 
compression fractures in osteoporotic patients. By 
defi nition, vertebral compression fractures exhibit 
disruption of the anterior column (Denis 1983).

3.2.3 

Mechanical Behavior

Compressive vertebral strength is related roughly 
to the square of the vertebral bone mineral den-
sity (BMD) (Lang et al. 1988). When a patient’s 

BMD is 1 standard deviation below the average for 
the sex-, height-, weight-, and race-matched young 
(20–30 years old) population, the patient is consid-
ered to be osteopenic. A patient with a BMD more 
than 2.5 standard deviations below that standard is 
considered osteoporotic (WHO Study Group 1994). 
In patients with osteoporosis, vertebral BMD might 
be half of what it was in their youth, which means 
their vertebral compressive strength may be as 
low as a one fourth of what it was when they were 
young. It is not surprising, then, that each year 
in the United States, more than 700,000 vertebral 
compression fractures are reported (Riggs and 
Melton 1995), 300,000–400,000 of which result in 
hospital admissions.

The lordotic and kyphotic curves of the spine 
function as a spring, allowing the spine to fl ex and 
thereby reduce impact magnitude and increase im-
pulse time compared with what would be the case if 
the spine were a perfectly straight post. The visco-
elastic nature of the spinous ligaments and interver-
tebral discs increases the impulse time even more, 
thereby reducing axial impacts.

3.3 
Vertebrae

3.3.1 

Structure

Except for the fi rst and second cervical vertebrae, all 
vertebrae share the same basic structure. The rough-
ly cylindrical anterior portion has a thin, hard, cor-
tical shell fi lled with cancellous bone. The posterior 
portion, or neural arch, is composed of the pedicles 
and lamina. This bony ring protects the spinal ca-
nal and serves as the foundation for the articular, 
transverse, and spinous processes. The latter two 
processes serve as attachment sites of the muscles of 
the spine. The former process serves as the support 
for the inferior and superior facet joints.

3.3.2 

Function

The primary mechanical function of the vertebrae is 
to support the axial compression of the body weight. 
The vertebral body bears most of the compressive 
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load, but the facets also are involved in resisting 
axial load. Some researchers report that the facet 
bears between 3 and 25% of the load (Lorenz et 
al. 1983; Yang and King 1984), and that if the facet 
joint is arthritic, it may bear 47% or more (Yang 
and King 1984). Although the facet joints bear some 
axial load, they serve to limit relative axial rota-
tion between vertebrae. In fact, intervertebral discs 
can withstand 22  or more of axial rotation before 
they fail (Farfan et al. 1970), but the facets limit 
axial rotation to about 5  to prevent such disc injury 
(Gregersen and Lucas 1967). The neural arch also 
protects the spinal cord from injury. The interior of 
the vertebral body serves to support the endplates 
by means of the cancellous framework, but it also 
functions as a vascular space fi lled with marrow, 
fat, and blood. Part of the nutrition of the disc is 
supplied through the endplates.

3.3.3 

Mechanical Behavior

Vertebral bodies increase in compressive strength 
(and size) from C1 to L5 (Brinckmann et al. 1989; 
Burklein et al. 2001; Moro et al. 1995), probably in 
response to the higher mechanical demands on the 
vertebral bodies secondary to the increasing body 
weight they bear from the superior to the inferior 
spine. The strength of a given vertebral level is a 
function primarily of its bone density. In theory, 
bone strength is a function of the square of the den-
sity, but studies have found a wide range of powers 
(1.2–27; Lotz et al. 1990). Vertebral bodies are stron-
gest along the axis of the spine. In normal vertebral 
bodies, most of the compressive strength comes 

from the trabecular bone beneath the endplates. The 
trabeculae are arranged predominantly in a vertical 
fashion (as support columns) with some horizontal 
cross-bracing (Fig. 3.2). The compressive strength of 
the trabecular structure in the medial–lateral and 
anterior–posterior directions is approximately half 
that in the axial direction (Galante et al. 1970). 
Trabecular compressive strength is greatest in the 
center of the vertebral body, where it is most needed 
to resist endplate bending (Keller et al. 1989). The 
remaining compressive strength of the vertebral 
body comes from the cortical shell (Rockoff et al. 
1969).

3.3.4 

Eff ect of Aging

As the vertebral bodies age, the cortical shell bears 
a greater share of the load (Rockoff et al. 1969), 
perhaps as a consequence of the general decrease 
of cancellous bone associated with osteoporosis, 
i.e., the cortical shell may bear a greater percentage 
of the load because there is simply less cancellous 
bone with which to share the load. Cancellous bone 
density may also be off-loaded as the disc dehy-
drates and its health degenerates. Axial load tends 
to be transmitted through the nucleus pulposus 
in healthy discs, causing the endplates to defl ect. 
In vertebral bodies with healthy discs that devel-
op compression fractures, the predominant mode 
is endplate fracture (Rolander and Blair 1975) 
When the disc degenerates, the load is transmitted 
through the annulus into the cortical shell, bypass-
ing the cancellous bone. In this instance, the frac-
ture mode is predominantly that of cortical shell 

Fig. 3.2. The cancellous interior of each vertebral body functions as a scaffold sup-
porting the endplates (left). As the spine becomes osteoporotic, the support col-
umns become fewer and thinner, and there are fewer cross-braces. These changes 
conspire to weaken the scaffold, placing it at risk for collapse (right)
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fractures. Because the load apparently is shunted 
toward the cortex, the lack of mechanical stimula-
tion may encourage the cancellous bone underneath 
the endplate to resorb.

Bone density generally decreases as a function 
of aging. Because of the power-law relationship be-
tween bone density and strength, if bone density of a 
vertebral body decreases to half of its young healthy 
norm, then strength might be a quarter of what it 
once was in youth.

The bone density of osteoporotic vertebral bod-
ies is at least 2.5 standard deviations below that of 
their young, sex-, race-, and weight-matched coun-
terparts, as defi ned by the World Health Organiza-
tion (Kanis and WHO Study Group 1994; WHO 

Study Group 1994). In addition to this diminished 
bone density, the organization of the remaining 
cancellous bone is altered as the horizontal cross-
braces are resorbed (Bell et al. 1967), resulting in 
long rather than short columns. The load needed to 
cause a column to buckle is an inverse function of 
the square of the column length (Fig. 3.2); therefore, 
if the column‘s effective length doubles, the load 
needed to buckle it decreases by a factor of 4.

3.4 
Disc

3.4.1 

Structure

The disc comprises two major parts: the hydrated 
gel center (or nucleus pulposus) and the surround-
ing collagen-rich annulus fi brosus. The nucleus is 
composed of hydrophilic mucopolysaccharides. 
Approximately 70–90% of the nucleus is water 
( Panagiotacopulos et al. 1987). The annulus fi bro-
sus, which wraps around the nucleus, is composed 
of several layers of fi brous tissue. The orientation 
of the collagen fi bers in each layer (or lamina) is 
approximately 30  relative to the endplate (Fig. 3.3) 
(Inoue 1981).

3.4.2 

Function

The disc serves many functions. It bears the com-
pressive load of the body’s weight above it as well 

Fig. 3.3. The annulus fi brosis is composed of layers of col-
lagen fi bers. The collagen fi bers are oriented at either 30 
or –30  relative to the endplate. The orientation alternates 
with each successive layer (left). When a load is placed on 
the vertebral body, the hydrated nucleus pulposus becomes 
pressurized and pushes laterally against the annulus (right)

as the resultant compressive load of active muscle 
contraction during activities of daily living. The disc 
is a hydrated viscoelastic structure and, as such, 
dampens the axial loads transmitted through the 
spine. It serves as a shock absorber between verte-
bral levels and resists tensile and shear loads that 
result from spine fl exion/extension, lateral bending, 
and twisting.

3.4.3 

Mechanical Behavior

The orientation of the fi bers alternates from 30 
to –30  with each subsequent layer (Inoue 1981). 
 Presumably, the fi ber orientation is an evolutionary 
optimization that allows the disc to resist torsion, 
shear, and tension. When the spine is subjected to 
a compressive load, the nucleus pulposus, which is 
essentially incompressible because of its high water 
content, forces the annulus fi brosus laterally. This 
lateral expansion places the collagen fi bers of the 
annulus in tension to resist the compressive load-
ing to which the composite structure of the disc is 
subjected. One might expect that severe compres-
sion would cause the collagen fi bers to rupture and 
allow the nucleus to prolapse; however, herniation 
of the nucleus pulposus reportedly does not occur 
even under high compressive loads alone (Markolf 
and Morris 1974; Virgin 1951). Traumatic disc her-
niation requires a combined compressive load with 
fl exion and lateral bending (Adams and Hutton 
1982). In that study, discs prone to such injury typi-
cally were in the lower lumbar region, from the 40- 
to 49-year-old subgroup of donors, and had some 
apparent disc degeneration.
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Discs, like other collagenous soft tissue struc-
tures of the body, are viscoelastic, i.e., the material 
behavior of the structure depends not only on the 
stress or strain that is applied, but also on the time 
period over which it is applied. When a disc is sub-
jected to a compressive load, the disc will compress 
instantly, but it also will continue to compress until 
it reaches some equilibrium level. This compressive 
deformation as a function of time is called creep. 
The amount of creep deformation is a function of 
the load magnitude, the time period over which the 
load is applied, and the degree of degeneration of the 
disc. Degenerated discs creep more and creep more 
quickly than do healthy hydrated discs ( Kazarian 
1975), suggesting that degenerated discs lose some 
of their viscoelasticity and, therefore, some of their 
shock absorption characteristics.  Viscoelasticity 
imparts a damage tolerance to tissues. If tissues 
are stressed or strained at high rates, their appar-
ent modulus and failure strength increase and their 
ability to absorb energy increases.

3.5 
Spinal Ligaments

3.5.1 

Structure

The ligaments of the spine are composed of collagen 
and elastin fi bers enmeshed in a hydrated gel. The 
relative amounts of collagen to elastin fi bers dictates 
the mechanical response of a given ligament. For ex-
ample, the ligamentum fl avum, which runs from the 
lamina of one vertebral body to the lamina of the ad-
jacent vertebral body, has the highest elastin content 
of all spinal ligaments. The high elastin-to-collagen 
content allows the ligament to stretch when the spine 
is in full fl exion. Most ligaments fail at approximately 
10–15% strain, but some, such as the ligamentum fl a-
vum and supraspinous ligament in the lumbar spine, 
reportedly withstand strains as high as 100% until 
failure (Fig. 3.4) (Pintar et al. 1992).

3.5.2 

Function

Spinal ligaments, like other ligaments of the body, 
are tasked with connecting one bone to another – in 

this case, one vertebral body to another. They guide 
joint motion and permit fl exibility of the spine with-
out allowing excessive motion that would place the 
spinal cord at risk for injury. By tethering the ver-
tebral bodies together, the spinal ligaments relieve 
the muscles about the spine of some of the burden 
of maintaining stability.

3.5.3 

Mechanical Behavior

The ligaments exhibit nonlinear viscoelastic behav-
ior. Because the dry weight of ligaments primarily is 
composed of collagen fi bers, ligaments are designed 
to resist tension. They have no inherent resistance to 
compression, and they buckle easily. The low modu-
lus response of ligaments in the “toe” region, the ini-
tial part of the stress-strain curve, allows the spine to 
be fl exible without the need for spinous muscle to ex-
pend much energy overcoming ligament resistance. 
As the spine is placed in more extreme positions, the 
ligaments are stretched. As the ligament as a whole 
is stretched, the collagen fi bers, which are gener-
ally wavy in the relaxed state, become straightened. 
Sequential straightening of the fi bers increases the 
apparent modulus of the ligament. In this manner, 
the ligaments’ resistance to stretching dramatically 
increases. If spinal motion continues, the ligaments 
are stretched further into the linear region of the 
stress-vs-strain curve. In this region, practically all 
of the collagen fi bers have been straightened in an 

Anterior longitudinal ligament

Ligamentum fl avum
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Fig. 3.4. The structure and function of ligaments are deter-
mined by the job each ligament needs to perform. Ligaments 
that need to be relatively strong and stiff, such as the anterior 
longitudinal ligament, have a high collagen to elastin ratio, 
whereas ligaments that need to be fl exible, such as the liga-
mentum fl avum, contain large percentages of elastin
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attempt to prevent any further motion. If additional 
motion occurs, collagen fi ber will rupture, resulting 
in a loss of stiffness, damage to the ligament, and 
eventual failure. Because ligaments are viscoelastic, 
the apparent strength and stiffness of a ligament is 
increased dramatically if the stretching rate is rapid 
(Fig. 3.5).
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