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Abstract

This review presents considerations regarding major cervical spine injury, including some concepts that are presently undergoing

evaluation and clarification. Correlation of certain biomechanical parameters and clinical factors associated with the causation and

occurrence of traumatic cervical spine injuries assists in clarifying the pathogenesis and treatment of this diverse group of injuries.

Instability of the cervical column based on clinical and mechanistic perspectives as well as the role of ligaments in determining

instability is discussed. Patient variables such as pre-existing conditions (degenerative disease) and age that can influence the sus-

ceptibility or resistance to injury are reviewed. Radiological considerations of major injuries including dynamic films, CT and MRI

are presented in the diagnosis and treatment of cervical trauma. Specific injury patterns of the cervical vertebral column are de-

scribed including attention to the relative mechanisms of trauma. From a biomechanical perspective, quantification of injury tol-

erance is discussed in terms of external and human-related variables using laboratory-driven experimental models. This includes

force vectors (type, magnitude, direction) responsible for injury causation, as well as potential influences of loading rate, gender, age,

and type of injury. � 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The categorization of injuries of the cervical spine
into a ‘‘major’’ occurrence implies that the structural
compromise of the cervical vertebral column has caused
neurologic injury (spinal cord or nerve roots), or created
an environment where instability offers a significant
potential threat to spinal cord integrity. Numerous
classifications of injury patterns have been presented but
none has achieved widespread acceptance. A variety of
factors contribute to this lack of unanimity of opinion
including differences in interpretations of biomechanical
studies, the frequent presence of varying mitigating or
contributing processes, as well as potential clinical lim-
itations in fully defining the injury patterns. The present
discussion will, therefore, be mainly directed at deter-
mining the important clinical factors in defining the
character of such major cervical vertebral injuries.

Numerous laboratory studies have assisted in clari-
fying the interrelationship between the various biome-
chanical parameters (rate of force application,

magnitude of force application, and vector) with the
majority of investigations using ‘‘pure’’ moment force
application (flexion, extension, rotation, axial, and lat-
eral bending) to cause selective patterns of vertebral
column injury. Other investigators have chosen to use
complex loading such as combined flexion–compression,
usually dynamically applied in order to more closely
replicate the clinical situation. A more detailed analysis
of the selective attributes of biomechanical methodology
will be discussed in a separate part of this series and,
although a few areas of overlap will occur, the present
emphasis is directed to the clinical factors that influence
cervical spine injury patterns.

Clarification of these potentially important clinical
elements will both assist in designing preventive mea-
sures and treatment options. This latter consideration
has special importance in helping the treating physician
to avoid exacerbating causative injury forces by reap-
plication of the predominant injury vector with potential
accentuation of instability and risk of neurologic com-
promise. The type and degree of cervical column injury
may be influenced by clinical factors which are deduced
from a variety of historic and radiologic evidence. The
methodology of the clinical studies differs in compari-
son to laboratory investigations which are controlled
and carefully observed, whereas, the clinical situation is
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uncontrolled and frequently unobserved. This paper
provides insight into both clinical and laboratory in-
vestigations delineating the biomechanical aspects of
major neck injuries.

2. Instability

The majority of acute injuries will have their basis in
acute changes in column stiffness (fracture, dislocation,
ligamental compromise, etc.) with instability. Instability
has been defined in anatomical, biomechanical, and
clinical terms, but the variability of clinical presentations
and the inability of sequential laboratory lesions to
replicate clinical experiences indicates that instability
should be defined in anatomical terms. The previous
sections discussed reliance upon the integrity of the
various spinal components for normal motion patterns
of the column and the resultant interaction with the
spinal cord. Mechanical compromise of the various
spinal elements may result in deformation, either acute
of chronic, of the cervical spine under physiologic loads.
Larson has emphasized that the stable spinal column is
symmetric in movement and configuration, whether
normal or abnormal, and does not change with time. In
considering spinal instability, it is necessary to generally
review the column theory of vertebral stability [1,2]. The
two- or three-column concepts of Holdsworth, White,
Denis, and Louis are frequently used to conceptualize
the mechanical integrity of the spinal column [3–6]. The
definition of the extent of injury to soft tissue (ligaments,
disc, etc.) and bony components of a column will assist
the clinician in determining the risk to neural structures
from alterations in curvature or alignment. Although
inclusion of a middle column has a theoretical advantage
in thoracic and lumbar injuries, these considerations are
not as anatomically important in the cervical area and it
is reasonable to use the two-column model in the cervical
region (Fig. 1). As previously noted, laboratory studies
of cervical instability determined through a sequential
pattern of component section of a specific column are
not usually representative of clinical injury which may
include only selective elements of each column [7]. The
degree and character of a column compromise, however,
are important indicators alerting the clinician to the
potential risk of instability. Additionally, this informa-
tion, especially the potential role of ligament compro-
mise, will assist in recognizing the possible development
of delayed instability (subacute or chronic) which may
be difficult to establish in the early post-trauma period.
The degree of instability, irrespective of temporal oc-
currence, will be an important influence upon the threat
or occurrence of neurologic injury and, therefore, clari-
fication of the degree of component injury and a more
precise measurement of displacement will assist in de-
termining the threat to neurologic integrity.

3. Classification

A descriptive analysis of the local motions and forces
acting upon the cervical spine has yielded a general
consensus regarding the classification of these injuries
and, in conjunction with the magnitude and vector of
the force, the rate of force application is the third es-
sential determinant of cervical spinal column injury [8–
13]. The viscoelastic structures (ligaments and discs) are
able to absorb greater levels of force at lower velocities
of force application, but these structures will stiffen at
higher rates with a decreasing capacity to absorb energy
through deformation. Compromise of ligament integrity
may result in mechanical instability with or without
associated bone injury and the diagnostic difficulties of
this occurrence will be discussed in the subsequent sec-
tions. The following classification for major injury pat-
terns is proposed as a general guideline based upon load
direction and load positioning with the understanding
that other investigations may have certain inclusions or
exclusions. Fig. 2 illustrates that a vector directed
mainly in flexion will result in compression of the an-
terior components and distraction of the posterior ele-
ments, whereas, the reverse pattern of force application
will occur with extension. The combining of axial
compression or the less commonly occurring mode of
distraction will potentially significantly magnify the
forces acting upon the various segmental components
and will be further detailed in evaluating injury patterns.
As increased motions in the sagittal plane are applied,

Fig. 1. The two-column model of the cervical region. Anterior column

consists of vertebral bodies, intervertebral discs, and anterior and

posterior longitudinal ligaments, whereas, the posterior column con-

sists of zygapophysial joints, capsular ligaments, spinous processes,

and lamina and interspinous ligaments.
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shear forces (anterior–posterior translation) will induce
additional changes, especially as a motion arc assumes
increased magnitude (Fig. 2). The cervical spine is
bounded by the head and thorax, and usually incurs
injury from forces conducted in a cephalocaudal direc-
tion through the occipital condyles following head im-
pact [14–18]. Inertial forces not associated with head or
thorax impact are, therefore, unlikely to cause vertebral
component compromise sufficient to elicit a major in-
jury, especially fracture of bone elements [19–23]. Harris
et al. [11] proposed that since the anterior and posterior
columns are simultaneously affected in a reciprocal
manner (hyperflexion causes compression in anterior
column and distraction in posterior column, whereas
hyperextension causes distraction in the anterior column
and compression in the posterior column), it is not
necessary to include the defining term of compression or
distraction. This conceptualization, however, does not
acknowledge the consistent experimental requirement
for an external compression force to produce fracture
patterns [22]. The terms compression and distraction,
therefore, supply information regarding external load
application in conjunction with load direction which is
necessary to produce the component alterations in se-
vere cervical spinal column injuries. The predominant
vector, however, may assume a different direction at
various levels. A cadaver study of high acceleration in-
juries produced a pattern of contiguous and non-con-
tiguous injuries, but also illustrated that these associated
alterations occasionally demonstrated structural chan-
ges at separate levels indicative of a different direction of

load application [24]. The alterations at the principal
site, therefore, may change local motions inducing a
different load vector in the distal load transmission.

To further define the mechanical determinants of
cervical tolerance, consideration of certain patient
variables that will influence the susceptibility or resis-
tance to injury are necessary. Table 1 lists a number of
these possible variables and is acknowledged not to be
totally inclusive. These changes in the physiologic in-
tegrity of the spinal column or anatomical relationships
may change the expectations regarding the mechanical
determinants of cervical spinal column tolerance and
require consideration in defining the risk of cervical
column compromise.

4. Patient variables

Table 2 lists a number of possible variables that may
influence the occurrence and extent of cervical column
injury. Except for the agreement that cervical motion
varies and decreases with age, presently, the clinical
impact of age and gender in acute cervical injuries can
only be hypothesized. A few laboratory studies offer
some information regarding these factors. These are
discussed in a later section entitled determination of
quantified neck injury threshold.

Degenerative disease, especially significant radiologic
evidence of spondylotic degeneration (SD) in the aging
population, deserves emphasis. The influence of SD on
the cervical column has the dual consideration of
changes in the mechanical character and the morphol-
ogy of the column [24,25]. As previously mentioned,
laboratory studies on high acceleration injuries of the
cervical spine demonstrated that the most severe levels
of injury occurred adjacent to the regions of maximal
degenerative change [24]. The increased local stiffness at
the regions of most significant degeneration may result
in increased motions and possible excessive deforma-
tions at neighboring, less involved levels. Recent clinical
and radiographic studies of patients over 65 years with
cervical spondylotic myelopathy (CSM) have shown the
progression of myelopathy was frequently the result of
increased motion at middle cervical levels (C3–C4 and
C4–C5) in association with multilevel spinal stenosis
most severely affecting lower cervical levels (C5–C6 and
C6–C7) [26,27]. Therefore, such patients subjected to
high acceleration forces, may incur increased local mo-
tions at these middle levels with resultant adverse
stresses acting upon the spinal cord with potential
traumatic myelopathy. These considerations, taken in
conjunction with SD, may define a circumstance in
which the spinal cord can be subjected to deleterious
forces without incurring fracture or notable dislocation.
Variation in injuries, therefore, can be anticipated such
as marked increased shear stresses in the central cord

Fig. 2. Illustration of force vectors that may act upon the cervical

spine.
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during the pincer action compromise of the spinal cord
incurred during a sudden forceful hyperextension. In
this setting, a major spinal cord injury may occur in a
patient with corresponding congenitally shallow canal
or more commonly severe SD with resultant canal ste-
nosis. The process of spinal cord injury associated with
SD when the column undergoes rapid hyperextension
(beyond physiologic limits) with resultant shortening of
the cross-sectional area of the spinal canal and widening
of the spinal cord permits a potential pincer-like com-
pression of the spinal cord. The forces will act in a
centripetal manner having the greatest potential effect
on more centrally located spinal cord structures. The
somatotopic structure of major motor tracts and the
compromise of internuncial fibers will frequently cause a
neurologic pattern of injury exhibiting a more profound
motor impairment in the upper extremities, especially
the hands, than in the lower extremities (central cord
syndrome).

Osteopenia refers to decreased bone mineral content,
and osteoporosis is defined as the parallel loss of both

bone mineral and matrix. The possible underlying cau-
sations listed in Table 2 are conditions of physiologic
bone loss that can render residual mineralized bone in-
adequate to withstand minor levels of trauma. This
susceptibility to injury has been well recognized in the
thoracic and lumbar regions, but such quantified and
correlated information is not available for the cervical
spine. In a like manner, certain endocrine-metabolic
disturbances (hyperparathyroidism, Cushing’s disease,
etc.) may alter the mineral content as well as varying loss
of cortical and trabecular bone. The resultant risk of
mechanical compromise at lower force levels may be
encountered, but for the cervical region, the information
is not presently adequate to clearly define the increased
risk factors with these entities.

Certain of the arthritides, however, present condi-
tions which have an acknowledged increased risk of
injury in the cervical area. This consideration is espe-
cially valid for ankylosing spondylitis (AS). The spine
appears stiff as a result of the multilevel ankylosis, but
the strength in shear and flexion loading is decreased

Table 1

Classification of injury (Mechanistic)

Axial compression

comminuted fracture of C1 (Jefferson)

vertical or oblique fractures (burst) of axis

comminuted fractures of vertebral bodies (burst)

Flexion(hyper)

instability (ligamentous)

Flexion–shear

odontoid fracture with posterior displacement

atlanto-axial instability from transverse atlantal ligament (TAL) compromise

Flexion–compression

vertebral body fractures (wedge, tear drop)

compromise of posterior ligamentous complex

Flexion–distraction

bilateral facet dislocation

Flexion–rotation

unilateral facet dislocation

Extension(hyper)

maintaining instability (ligamentous)

Extension–distraction

spondylolisthesis of C2

anterior C1 fracture

occipital–cervical (O–C) dislocation

Hangman’s fracture

Extension–compression

anterior longitudinal ligament and anular compromise

vertebral arch fracture (lamina, articular pillar, spinous process)

vertical vertebral body fracture

Extension–shear

odontoid fracture (anterior displacement)

posterior atlanto-axial dislocation (without fracture)

Rotation and lateral flexion injuries are not included because of the rare association with ‘‘major’’ injury situations.
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because of the brittleness of the spine. The ankylosed
spine has a marked reduced capability to deform and
absorb forces applied to the column, and, therefore, is
increasingly susceptible to injury from low-force appli-
cations [28]. The patients incurring spinal column injury
tend to be older men with advanced disease and resul-
tant neurologic deficits, and mortality is high with some
estimates approaching 35%. Loading factors will result
in the majority of such injuries occurring in the thora-
columbar regions, but catastrophic cervical injuries are
well known [29,30]. Inclusion of individuals with ra-
diographic findings of diffuse idiopathic skeletal hyper-
ostosis (DISH) as having an increased susceptibility to
injury has been proposed, but presently no firm evidence
confirms this impression.

A variety of relatively unusual congenital disorders,
either through changes in anatomic configuration
(Klippel-Feil, atlanto-occipital fusion, odontoid agene-
sis, etc.) or alterations of bony and ligamentous integrity
(Down syndrome, osteogenesis imperfecta, etc.) of the
cervical column, may reduce tolerance to applied loads.
The clinical presentation will vary with realization that
fused segments (Klippel-Feil, atlanto-occipital fusion)
may result in altered caudal transmission of applied
loads as well as potentiating ligamentous attenuation or
tearing. The fulcrum/hinge concept is joined with po-
tential decreased ligamentous integrity and increased
potential for instability. The congenital changes in the
odontoid (agenesis, os odontoidism) or ligamentous in-
competence will also potentially alter the anatomic in-
tegrity of the column with increased susceptibility to
injury.

5. Radiologic considerations in acute cervical injuries

The magnitude of the instability will have an impor-
tant relationship to the deleterious threats to neural
structures, and a precise measurement of displacement
or angulation is desirable. As previously noted, radio-
logic definition of injury patterns through analysis of
load direction and load application is the basis for the
generally accepted mechanistic determination of injury
(Table 1). Certain considerations and variations of the
radiographic examination, however, need to be consid-
ered in order to clarify the value and limitations of these
studies to derive the mechanism of injury. It is not fea-
sible in this review to inclusively detail the multiple ra-
diologic considerations of cervical spinal injury patterns,
and a more comprehensive information is presented in
texts dedicated to this subject [9,31].

The evaluator, however, must be cautioned that
correlation of the appearance of static plane radio-
graphs in the initial post-traumatic period to the de-
formations incurred by cervical column and related
neural structures during the rapid and dynamic process
of injury may be misleading or incomplete [14]. One
cannot always predict that the initial post-traumatic
radiographic appearance will replicate the changes that
resulted in major injury, especially the relationship of
transient biomechanical deformation of neural tissues to
the structural changes. The initial injury occurred in a
period of milliseconds but subsequent events including
inertial movements and positional changes during pa-
tient removal and transport may induce curvature and
alignment changes different from the immediate injury
pattern.

6. Specific injury patterns

The distribution of cervical injuries by levels will al-
ways exceed 100% since contiguous or non-contiguous
injuries are encountered [9,11]. The highest incidence of
injury occurs at the upper and lower segments of the
cervical column indicating a greater susceptibility of
these regions to increasing force application. The ap-
plication of force will differ between these regions with
the upper segments incurring a pattern of injuries di-
rectly related to the direction of the skull contact forces
at the skull occipital–atlantal junction, whereas, the
pattern of injury to lower cervical spinal levels is pri-
marily influenced by forces directly applied to the ver-
tebrate or through a lever arm of several adjacent
segments. Although the majority of details regarding the
mechanisms of injury are fairly well defined, certain
unusual or controversial issues require clarification.

Injury forces following head impact are usually con-
ducted through the occipital condyles in a cephalocau-
dal direction (compressive) toward the vertebral axis. A

Table 2

Variables potentially affecting injury tolerance

A Age

B Gender

C Degenerative diseases

1. Spondylotic degeneration

2. Osteopenia

(a) senile (>70 years)

(b) postmenopausal (usually menopause before age

45)

(c) hypogonal (low gonadotrophins)

(d) glucocorticoid induced

(e) vitamin D deficiency

(f) aluminum bone disease (dialysis, TPN)

D Arthritis

rheumatoid, ankylosing spondylitis (AS), diffuse

idiopathic skeletal hyperostosis (DISH)

E Endocrine

hyperparathyroidism, hypoparathroidism, acromeg-

aly, Cushing’s disease

F Congenital (genetic)

osteogenesis imperfecta, Down syndrome, sickle cell

disease, lipid storage disorders, Klippel-Feil, atlanto-

occipital fusion, agenesis of odontoid, os odontoi-

dism, spondyloepiphyseal disease, achondrodysplasia
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smaller percentage, however, will have cervical injury
from forces directed away from the vertebral axis which
are termed as distractive or disruptive (Fig. 2). Although
a distractive mode of force application as a primary
vector is unusual, the effects may be dramatic. The
structural integrity of the occipital–cervical (O–C)
junction is mainly dependent upon a strong musculo-
ligamentous complex which may be compromised by a
high-magnitude vertical distractive force causing atten-
uation or disruption of these structures. Neural injuries
at the cervical medullary junction may potentially result
not only in complete caudal motor-sensory loss, but also
loss of voluntary respiration and, therefore, the clinical
recognition of such occipital–cervical instability is
compromised by the frequent immediate mortality [32–
35]. In this regard, the majority of O–C injuries were
discovered in postmortem examinations of pedestrians
exposed to high-speed vehicle impacts, but improved
resuscitation techniques at the crash scene and the oc-
currence of O–C instability as a singular injury has im-
proved survivorship and increased presentation of these
injuries to emergency facilities. The forceful employment
of airbags in automobile collisions has recently been
implicated in the production of such vertical distractive
forces at the O–C junction or in the cervical column in
children or adults of small stature [36]. The radiologic

identification of this entity, however, may be subtle or
obscured by the poor technical quality of emergency
radiographs. The disruption may be complete or in-
complete and the anatomic details are more extensively
outlined in texts dedicated to radiographic interpreta-
tion of vertebral injuries [9,11]. Powers, and later Lee,
presented x-line methods on plain radiographic studies
to determine O–C dislocation and anterior subluxation,
and, although these methods improved awareness of O–
C dislocation or subluxation, analyses presented certain
technical difficulties which limited their diagnostic value.
Harris et al. [11] proposed a measurement system based
upon more reliably visible landmarks. The basis-axial
interval (BAI) consists of the distance between a line
from the posterior cortical margin of the axis body and
the basion (top of clivus or anterior arch of foramen
magnum), and the BDI interval is the distance from the
tip of the dens to the basis. Neither of these distances
should exceed 12 mm. Fig. 3 illustrates the radiographic
examination of a 52-year-old female of short stature,
who incurred such an airbag-induced injury. She pre-
sented to the emergency facility in an essentially
‘‘locked-in’’ syndrome with absence of neurologic
function below the cervical medullary junction. Fol-
lowing emergency airway procedures, radiographs
demonstrated O–C abnormalities indicative of O–C

Fig. 3. (a) Lateral cervical radiography showing the occipital–atlantal subluxation; and (b) MR image showing the ligamentous injury of the anterior

ligaments at the O–C junction (arrow).
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dislocation and halo vest fixation was initially applied.
Interestingly, tightening the cranial screws caused dra-
matic changes in extra-ocular eye movements indicative
of brainstem compromise. These abnormalities were
quickly reversed by relief of this trivial distractive force
suggesting that even a minimal distractive force would
induce brainstem compromise. The patient made a re-
markable recovery to almost normal neurologic func-
tion following an occipital–cervical fixation and fusion
procedure. This example emphasizes the need for rec-
ognition of these uncommon but potentially cata-
strophic injuries.

Axial compression injuries of the upper cervical
segments are unusual events, and normally, do not re-
sult in catastrophic neurologic compromise. Occipital
condylar fractures may occur as the impact to the vertex
of the skull is transmitted to the lateral masses of the
atlas with centrifugal displacement of these elements
potentially causing fractures of the lateral masses as
well as the anterior and posterior arches of C1 (Jeffer-
son fracture). A lateral displacement of greater than 7
mm indicates risk of tearing of the insertions of the
transverse atlantal ligament (TAL) with resultant risk of
atlanto-axial instability. The TAL is important in
maintaining the mechanical integrity of the C1–C2 level
with the principal function of restraining the odontoid
process against the anterior arch of the atlas. A more
common compromise of TAL occurs during forceful
flexion in which the ligament tears near the midline
before odontoid fracture occurs, and this injury usually
presents in an older group of patients. The hypermo-
bility of the C1–C2 articulation with posterior odontoid
displacement in flexion is recognized when the space
between the anterior margin of the odontoid and pos-
terior aspect of the anterior arch of C1 (predental) ex-
ceeds 3 mm in the adult.

Fractures of the odontoid process are the most
common injury at the atlanto-axial (C1–C2) level and
the primary vector is usually flexion which may cause
anterior fracture-dislocation (position of the proximal
fragments), whereas, the less common extension vector
will result in posterior displacement [9]. Odontoid frac-
tures make up about one quarter of cervical spine
fractures and have been classified by Anderson and
D’Alonso as type I (fracture of tip of dens), type II
(fracture of dens above the axis body), and type III
(fracture of base of dens at the superior body of the axis)
[37]. Injuries of the atlanto-axial articulation, except O–
C disruption, share the low incidence of corresponding
neurologic compromise as other trauma to the upper
cervical levels (5–16%). The most important factor in the
preservation of neural function is the relatively copious
spinal canal dimensions in this region. Although the
incidence of neurologic impairment is relatively low with
upper cervical fractures, the potential for catastrophic
neurologic compromise exists, especially with unstable

injuries to the atlanto-axial segment. Odontoid fractures
may be difficult to document on initial plain radio-
graphs, and the case of a 67-year-old female who in-
curred multiple trauma not associated with head or
cervical injuries illustrates this consideration. Initial
cervical spine radiographs were unremarkable for evi-
dence of injury, but three months later, complaints of
neck pain led to the discovery of a type III odontoid
fracture with almost 100% anterior displacement (Fig. 4).
She was neurologically intact, and this sequence of
events emphasizes the importance of rate of force ap-
plication in the causation of neurologic deficit. If the
marked degree of displacement demonstrated in these
radiographs had occurred as part of the initial injury,
the potential for catastrophic neurologic injury would be
almost inevitable. The process, however, probably rep-
resents an incremental displacement of the odontoid
with the markedly diminished adverse forces being ap-
plied to the spinal cord, resulting in tolerable deforma-
tion of neural elements.

Traumatic spondylolisthesis of the axis is another of
the upper cervical spinal fractures that is usually asso-
ciated with a small risk of neurologic injury. This injury
was originally described for cervical injuries resulting
from judicial hanging (Hangman’s fracture) and, al-
though the general consensus of causation is by exten-
sion–distraction forces, certain fracture patterns with
anterolisthesis of C2 on C3 have been suggested by a
minority of investigators to be primarily a flexion injury
[38]. If the fracture pattern extends to involve the su-
perior articular facets and articulating pillars, the sub-
luxation may be more extensive and increase the risk of
neurologic impairment. Variations of this specific injury
category again emphasize the need to define correctly
the mechanism of injury in order to apply the appro-
priate therapy, as certain types of treatment may ac-
centuate the deformity rather than offer reduction.

The fracture patterns to the middle and lower cervical
spine share many similar characteristics, but the predi-
lection for such injuries is greatest at lower levels. The
relatively increased incidence of acute fracture-disloca-
tion at lower levels is probably influenced by the ap-
proaching fixation point with the thoracic spine, as well
as potentially experiencing an increased lever effect of
the upper and middle cervical column. Flexion or ex-
tension modes usually modified by compression or dis-
traction forces will result in varying patterns of vertebral
column component injury. Irrespective of extension or
flexion vectors, the production of fractures requires the
application of a compressive force with anterior bony
components (vertebral body) susceptible in flexion,
whereas posterior bony elements (facets, articular pillar,
and spinous processes) are involved in extension injuries
[39]. The influence of eccentricity of the compressive
force, therefore, will determine the susceptibility of
posterior or anterior components to injury [18].
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The forces acting upon the cervical space will be
modified by the curvature of the column. The usual
lordotic curvature of the column is identified as the

neutral position and, with small increments of flexion,
the column assumes a straightened configuration. Pintar
et al. [40,41] identified this alignment as the ‘‘stiffest

Fig. 4. (a) Initial lateral cervical spine showing normal alignment and soft tissue structures; (b) lateral cervical radiographs two months after initial

trauma showing marked subluxation of C1 on C2 secondary to odontoid fracture (arrow); and (c) MR image demonstrating the significant canal

compromise from the fracture dislocation of C1 on C2.
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axis’’ and found that this configuration was necessary to
produce a burst fracture. This fracture pattern was ini-
tially identified as a comminuted fracture of the verte-
bral body with variable retropulsion of the posterior
aspect of the vertebral body into the canal. Computer-
ized tomography (CT) has demonstrated that body
fractures may also be associated with posterior element
fractures indicating a wider dispersion of energy at the
principal level of injury. Axial loads positioned along
the axis of a straightened (neutral) spine is the position
which sustains the highest loads to failure. The burst
fracture is considered to result in potentially significant
spinal canal compromise and instability, but the stenosis
may be transient with partial recovery of the structural
changes to the vertebral body following the initial event
[14,16,42]. Therefore, injuries with relatively small canal
compromise on post-injury studies may have been more
severe during the acute injury event. The stiffest axis or
straightened column presents a biomechanical situation
where the column is capable of withstanding increased
loads, but also having a greater risk of serious structural
compromise as loads of greater magnitude are applied.
The column, therefore, will demonstrate a greater tol-
erance to axial compressive loads, but exhibit increased
risk of structural failure as load application approaches
higher levels.

Additional anterior eccentricity of axial compressive
load transfer with a larger ratio of bending moment to
compressive force will result in a wedge-type fracture to
the vertebral body. Experimentally, this fracture pattern
exhibits minimal canal occlusion, and, therefore, has
been acknowledged to represent a more benign clinical
process than burst fractures [3,42]. Fig. 5, however,
shows that a compression fracture can result in spinal
cord injury. With further increases in anterior eccen-
tricity, a marked increase in bending moment can be
induced on the middle or lower column segments caus-
ing bilateral facet dislocations and spinal cord com-
promise (Fig. 6).

7. Determination of quantified neck injury tolerance

7.1. Normal cervical spine and spinal cord mechanics

The capacity of the various spinal components (ver-
tebral bodies, intervertebral discs, particular pillars,
facets, and ligaments) to tolerate a deforming force will
determine the character of the structural compromise.
The ligamentum nuchae represents the supraspinous
ligament and offers a fairly strong attachment to the
cervical spinous processes, but the other subaxial liga-
ments and intervertebral discs are relatively weak in
comparison to other parts of the vertebral column. The
orientation of the zygapophysial joints permits sub-
stantial motions in extension and flexion which are as-

sociated with a normal decreasing translational
movement from C2 through C7, and the upper limits of
normal for this latter motion have been suggested to be
3.5 mm [43]. Flexion and extension modes are descrip-
tive of bending moments in the sagittal plane with hy-
perflexion or hyperextension suggesting the inclusion of
ligamentous disruption or attenuation that allows ex-
cessive sagittal rotations. In the cervical spine, normal
motion is usually coupled with motion about at least
one other axis, and, since the zyagapophysial joints have
a medical orientation joining with the uncovertebral
processes, rotation is coupled with lateral flexion. The
consideration of rotation, therefore, as simply turning
about a horizontal plane, is incomplete and necessitates
consideration of lateral bending.

The corresponding effects of these dynamic changes
of the spinal canal on spinal cord are integral to un-
derstanding the type and potential for neural injury in
acute fracture-dislocations. Numerous investigations
have demonstrated that the cervical spinal canal is
lengthened in flexion and shortened in extension [44–47].
When the cervical spine is placed in flexion, the canal
becomes longer at both the anterior and posterior walls
with the posterior vertebral contour becoming convex. It
has been estimated that the cervical canal lengthens 2.8
cm from full extension to full flexion, and in both flexion
and extension the largest change in dimension takes
place at the posterior wall. During maximal extension,
the backward movement of the upper vertebra upon the
inclined facet of the lower vertebra may result in laminar
impingement and induce further shortening of the canal.
Movement of the lamina and the possible infolding of
the ligamentum flavum may contribute to a decrease in
the cross-sectional diameter of the canal. The impor-
tance of pre-existing spinal canal dimensions has been
proposed as an influence upon subsequent spinal cord
compromise. Normal anterior–posterior canal dimen-
sions are estimated to range from 16 to 18 mm at C3
through C7, and spinal cord diameter to range from 8.5
to 11.5 mm [6]. The capacity of the spinal canal de-
creases at lower cervical levels with the spinal cord oc-
cupying approximately 50% of the canal at the C1 level
and 75% at the C6 level [46,48,49]. Wolfe et al. [50]
suggested that a canal of 10 mm or less was a predis-
posing factor in developing subacute and chronic
myelopathy and other investigators have noted that a
smaller canal diameter may be a relative contributing
factor in acute spinal cord injuries.

The spinal cord participates with the vertebral col-
umn in configurational changes relative to alterations in
functional positioning, and the susceptibility to injury
will vary with specific abnormalities of the vertebral
column. The majority of information regarding the
physical properties of the spinal cord and related nerve
roots, dentate ligaments, and pia and dura mater has its
basis in the studies of Breig and co-workers [44,45]. In
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considering the physical properties of the spinal cord, it
is important to note Breig’s clarification that the spinal
cord is part of a continuous tissue tract originating in
the mesencephalon and extending to the point where the
nerve roots exit. This structure participates in physical

alterations as a whole, with the predominant effects
occurring at the local level of distortion. This concept
indicates, however, that abnormalities influencing the
spinal cord may have compounding effects at distant
sites along this brainstem-spinal cord tissue tract. In the

Fig. 5. (a) Lateral cervical radiograph of a compressive fracture of C5 with minimal retropulsion into the spinal canal. Arrow shows widening of the

interspinous ligamentous complex (fanning); (b) sagittal MR showing the presence of small epidural hematoma (arrow) and mild canal compromise;

and (c) lateral cervical radiograph showing burst (comminuted) fracture of C5 with retropulsion of fragments into the canal. The principal axial force

does not compromise the posterior ligamentous complex.
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cadaver preparation, distraction of the spinal cord
demonstrates a load–displacement curve with two dis-
tinct phases. Large initial displacements are accom-
plished with small amounts of force, demonstrating the
elastic qualities of the spinal cord, but these initial stages
are followed by an abrupt stiffening in which additional
small increments of stretch require large load levels [51].
These biomechanical findings agree with the physiologic
evidence obtained in axial distraction studies in which
initial load levels resulted in mild reversible distortion of
axonal conduction until a critical level of stretch was
accomplished. At this later stage, additional force re-
sulted in marked deterioration of axonal conduction
that was usually irreversible [52]. This situation mirrors
a frequent clinical dilemma of distinguishing between
physiologic (reversible) impairment of axonal conduc-
tion or anatomical (irreversible) damage to these neural
elements in patients.

In addition to giving insight into the physical prop-
erties of the spinal cord in distraction, Breig [45] dem-
onstrated that the spinal cord does not move in the
longitudinal plane, but adapts itself to the length of the
spinal canal by plastic deformation. In flexion, the cord
elongates with the spinal canal and narrows in antero-
posterior diameter. This induces increased axial tension
in the axon cylinders of the white matter tracts and le-

sions of the vertebral canal that compromise the cross-
sectional area, especially those processes anterior to the
spinal cord, which cause further local and generalized
increases in axial tension within the spinal cord (Fig. 7).
Reid [53], in cadaver dissections, noted the anterior
component of the force exerted on the cord and dura
undergoing a 3-mm displacement, the neck in flexion
was found to reach 0.21–0.27 MPa, whereas, with the
neck in the neutral position, an anterior pressure of only
0.01 MPa was exerted on the cord and dura. In contrast
to the elongation of the spinal cord during flexion, the
spinal cord in extension shortens and increases in ante-
roposterior diameter with a relative relaxation of the
axon cylinders. The corresponding decreased cross-sec-
tional area of the spinal canal occurring from posterior
bulging of the anulus, as well as the infolding of the
ligamentum flavum and scaffolding of the lamina in
extension, may result in a pincer-like action upon the
cord (Fig. 8). In this setting, irreversible spinal cord
damage becomes more likely when compression exceeds
one-third of the normal cord diameter [44,45]. An im-
portant consideration in defining the risk for spinal cord
compromise is consideration of both the degree and axis
of applied forces. Tensile forces applied to the spinal
cord in the neutral position will produce a relatively
even load distribution across the structure, but if the

Fig. 6. (a) Lateral cervical radiograph showing unilateral locked facet (flexion rotation) with minimal subluxation; (b) lateral projection showing

bilateral locked facets with almost 100% subluxation at C5 on C6 unassociated with evidence of fracture (flexion distraction).
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cord undergoes bending, compressive force will increase
on the concave side, causing increasing tensile (stretch)
forces on the convex side (Fig. 7). Shear forces, in
contrast to tensile forces, are maximal toward the center
of the spinal cord and act in a perpendicular plane to the
tensile forces. The interaction of these three different

forces being applied to varying areas of the spinal cord
during flexion (bending) indicates the potential for a
complex pattern of injury relative to the individual
magnitude of each of the stresses and their possible in-
teraction.

In extending these observations, as previously noted,
laboratory studies provide the opportunity to control
and observe the impact event that results in major cer-
vical injury. Experimental models can delineate the
mechanisms and quantify tolerances of the human neck
to injury. Models have included segmented portions of
the spine (single or multi-level), ligamentous columns,
head–cervical columns, intact head–neck complexes,
and whole-body human cadavers [12,13,15,40,54–76].
Although animal models can be used to create injuries,
since precise scaling laws do not exist, it is difficult to
extrapolate the quantified metrics to the human. Seg-
mented portions of the spine represent a well-controlled
and least complex model. With this model, the contri-
bution from the adjacent levels cannot be directly in-
corporated in these functional spinal unit models.
Ligamentous spinal columns automatically incorporate
all vertebral levels. The column needs to be potted/fixed
at one or both ends to apply loading. The artificial fix-
ation condition at the proximal end is eliminated in the
intact head–cervical column model. The applications of
eccentric axial loading, necessary to create compression–
flexion or compression–extension types of injuries, are
difficult to accomplish with this model. Intact head–neck
complex models with full inclusion of musculature and
skin can be used to appropriately align the specimen and
apply external loading to reproduce pure non-axial
loading injuries. Although intact whole-body cadaver
models are comprehensive, difficulties exist if detailed
motion analysis of the various vertebrae is of interest.
Thus, depending on the type of injury to be reproduced
and nature of biomechanical variable under consider-
ation, researchers have the option of using these models
in injury biomechanics investigations. Factors that play
a role in the biomechanics of major neck injury include
both the external-and occupant-related variables.Exter-
nal variables include the force type, direction, and
magnitude. Occupant-related parameters include age,
gender, effects of neck musculature, and orientation or
alignment of the head–neck at the time of impact.

7.2. External variables

7.2.1. Force type
Serious or major neck injuries belong to the Abbre-

viated Injury Scale ðAIS � 3Þ category and are associ-
ated with neurological deficit [77]. These injuries occur
routinely with head impact (e.g., athletic events, motor
vehicle crashes, falls, diving). Compressive loading ap-
plied to the head is transmitted to the cervical spine
through the medium of occipital condyles. Because of

Fig. 7. Illustrates the tensile stresses acting upon the spinal cord from a

ventral protrusion during flexion. The maximum local stresses are in

the posterior aspect of the cord.

Fig. 8. Axial section illustrating the centripetal transmission of forces

upon the cord during extension. These forces will be magnified with

pre-existing stenosis of the cervical canal.
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the three-dimensionality of the cervical spine, this load is
internally transformed within the components of the
neck into axial, lateral/anteroposterior shear and bend-
ing, and translational and rotational deformations [22].
Injury occurs when the forces/moments or deformations
exceed the tolerance of an individual component(s).
Because of the dynamic nature of the loading, tests using
static methods are not fully applicable. This is due to the
omission of the time factor in static load applications
[78]. The biomechanical properties of the constituents of
the cervical spine are time dependent [12]. They exhibit
changes or sensitivity to loading rate. This viscoelastic
property is not the same for the hard and soft tissue
structures. Although bone, intervertebral disc, and lig-
ament exhibit increasing stiffness with increasing loading
rates, the rate of increase is higher in bone than in lig-
ament [12,60]. Increasing loading rate also enhances the
energy absorption characteristics. For example, with
increasing loading rate from 1.0 to 250 cm/s the tensile
failure load, stiffness, and energy of cervical spine an-
terior longitudinal ligament and ligamentum flavum
increase by a factor of two to four [12]. Similar obser-
vations have been advanced by Pintar et al. [13] for
compressive loading of the head–neck complex.

7.2.2. Force direction
It is important to specify the direction of the loading

vector with respect to anatomy of the spine. For ex-
ample, the applied compressive force on the head can be
defined with respect to the position of the occipital
condyles. Because of the curvature of the cervical spine
and heterogeneity of the various components, pure
compression, pure tension or pure bending moments do
not occur. However, depending on the location of the
load vector at the level or segment where injury occurs,
one type of load (e.g. compression) may predominate.
Axial compressive loading injuries include Jefferson,
vertical, and burst fractures [79,80]. In contrast, com-
pression–flexion bending moment-related injuries in-
clude wedge compression fractures with distraction of
the posterior ligament complex. These injuries, by defi-
nition, have a combination of compression and flexion,
i.e., from a mechanical perspective, a compressive load
applied anterior to the center of the segment. This is
termed as anterior eccentricity. If the eccentricity of the
load is severe enough, i.e., with large eccentricities, lig-
aments disrupt leading to facet dislocations and verte-
bral body subluxations (without significant vertebral
fractures) [66]. Application of compressive forces with a
posterior eccentricity results in compression–extension-
related trauma such as posterior element fractures with
anterior longitudinal ligament ruptures. Likewise, ten-
sion forces applied due to airbag contact with chin in-
duces tension–extension related injuries such as head–
upper cervical zygapophysial joint and ligament dislo-
cations [36]. While the above-described directions of the

load lie predominantly in one plane (sagittal), combined
or out-of-plane loading is also possible. For example,
unilateral facet dislocations have been attributed to a
rotation component and lateral bending injuries in side
impact crashes have been reported [81]. These types of
out-of-plane injuries are relatively less common.

7.2.3. Magnitude
With regard to the magnitude of the force for in-

ducing neck injury, human volunteer studies cannot be
used. This is because difficulties exist to extrapolate
human volunteer investigations from the non-injury
domain to the injury domain. Human cadaver models
can be subjected to injury-producing forces in a con-
trolled environment, and the resulting trauma can be
correlated with biomechanical variables such as force
and/or deformation. Under compression, failures have
been reported using various models with peak forces
ranging from 300 N to 17 kN. For example, Culver et al.
[76] subjected 11 cadavers to superior–inferior impact.
Cervical spine injuries occurred at mean peak force of
7:58� 0:94 kN. Nusholtz et al. [62] impacted 12 intact
cadavers using a pendulum at velocities ranging from
4.6 to 5.6 m/s. At a mean maximum impact force of
5:2� 3:1 kN, injuries to the anterior and posterior ele-
ments occurred at C2-T4 levels. In a later study, Nus-
holtz et al. [82] dropped eight cadavers on the head and
produced upper and lower cervical spine injuries at
forces ranging from 3.2 to 10.8 kN. A wider force range
was reported by Alem et al. [54] wherein 14 cadavers
were subjected to crown impacts; head impact forces
ranged from 2.3 to 17 kN. However, the mean impact
force at the head to cause neck injury occurred at a force
level of 5:3� 2:4 kN. Yoganandan et al. [72] dropped 15
human cadavers at heights ranging from 0.9 to 1.5 m
(impact velocities 4.2–5.5 m/s). Both head restrained and
unrestrained cases were considered. Head impact forces
for the restrained and unrestrained cases ranged from
9.8 to 14.7 kN and 3.0 to 7.1 kN. Forces measured in the
cervical spine using a load cell inserted to the C5–C6
disc space ranged from 1.1 to 2.6 kN. Injuries included
bilateral facet dislocations, odontoid and Jefferson
fractures, and other spine trauma.

In the area of isolated ligamentous column tests,
compression–flexion injuries occurred at axial loads
ranging from 1.8 to 4.5 kN [83]. Maiman et al. [84]
tested 13 specimens with varying initial positions (e.g.,
pre-flexed) at velocities ranging from 23 to 152 cm/s and
reported peak loads ranging from 0.65 to 7.4 kN.
McElhaney et al. [59] subjected isolated base of skull to
lower cervical spine columns to compressive loading at
0.13–64 m/s. At peak forces ranging from 0.69 to 6.48
kN, burst, wedge, Jefferson, and posterior element
fractures were produced. Nightingale et al. [61] dropped
22 inverted head–cervical spinal columns from a height
of 0.53 m (velocity 3.2 m/s) and produced varying types
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of cervical injuries which included facet dislocations,
burst, and odontoid fractures. Injury occurred at a mean
peak force of 2:04� 0:37 kN. In contrast, Pintar et al.
[40] conducted studies using an upright intact head–neck
model with pre-flexed spines in an attempt to replicate
major injuries. The model simulated the effects of the
anterior and posterior regions of the head–spine com-
plex. Fig. 9 illustrates the test setup. With this initially
pre-flexed (lordosis removed) configuration, typical cer-
vical injuries which included wedge and burst fractures
with and without posterior element distractions were
produced at higher forces (mean: 3.3 kN). Fig. 10 illus-
trates the force–deflection corridors under compressive
head impact. The cervical column compressive defor-
mation to failure was determined to be 19mm (sd: 3 mm).

With regard to tensile force, despite recent awareness
in serious to fatal upper cervical injuries such as atlanto-
occipital and atlanto-axial dislocations secondary to
airbag deployment, data are very limited. Using dy-
namic loading as an external input for inducing neck
injury, Yoganandan et al. [85] reported mean peak
tensile failure loads of 3:4� 0:46 kN for intact human
cadaver preparations. Distraction at failure, stiffness,

and energies were 21:3� 1:9 mm, 164:8� 34:2 N/mm,
and 35:1� 4:0 Nm, respectively. In order to determine
the dynamic tension biomechanics applicable to the
pediatric and small female (populations at risk for air-
bag-related injury), experiments are underway [36].
Models include intact occiput to T1 column with and
without the skin and musculature, and segmented single
and multilevel spinal units from the occiput and intact
human cadaver preparations. In order to reproduce
upper cervical injuries typically seen in vehicular cra-
shes, it is necessary to apply a high rate of onset dynamic
loading to the intact human cadaver or intact head–neck
complex with intact skin and musculature. In addition,
the Caprine was shown to be a valid model to study age-
specific pediatric injuries because of its close relationship
with the growth and development of the human neck
structure (e.g., ossification and chondrification processes
similar to the human with a reduced age pattern).

7.3. Occupant-related variables

7.3.1. Age
Studies by Cusick et al. [57] have shown that, in

general, segment(s) superior to the level(s) of spondy-
losis are vulnerable to injury due to impact loading to
the head. Spondylotic degeneration decreases cervical
mobility and this stiffening effect at the degenerated level
of the column acts as a hinge/fulcrum to induce trauma
to the rostral spine. Degeneration decreases bone min-
eral content in the load-bearing regions of the skeleton
and contributes to reduced vertebral strength. Patho-
logic fractures due to osteoporosis have been reported

Fig. 9. Test setup for applying contact-induced impact injuries to the

head–neck complex to reproduce typical compression-related injuries

such as wedge and burst fractures with and without posterior element

distractions resulting in neurological deficit. The effects of passive

musculature were incorporated using preloaded spring and pulley

weight system. Force–deformation corridors are shown in Fig. 13.

Fig. 10. Force–deformation corridors of the human neck under dy-

namic impact loading to the head. The dark middle line indicates the

mean response curve derived from the force (3.3 kN) and deformation

at failure (19 mm). These data quantify compression tolerance of the

human cervical spine.
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frequently in the thoracolumbar spine [86]. However,
such quantified and correlated information is not avail-
able for the cervical spine [81]. Despite this paucity of
data relating age or bone-related changes to fracture
production or tolerance, a general consensus exists with
regard to lower thresholds for female and aged popula-
tions. Similarly, pediatric bone growth and development
due to primary and secondary ossification processes also
influence the strength of the cervical spine. The increased
flexibility of the pediatric neck structures (distraction
limit of up to 5.0 cm compared to approximately 2.0 cm
in the adult) may be beneficial to sustain larger defor-
mations. However, spinal cord injuries without radio-
logical abnormalities are a severe form of neck trauma to
the pediatric population. Another factor is the increased
mass of the pediatric head in relation to the neck mass
[87,88]. This is particularly important during high rate of
onset load applications such as airbag deployments,
creating a tension–extension moment-type injury at the
upper cervical levels. Quantified data are very limited
with regard to pediatric tissues.

7.3.2. Musculature
Muscles play a role in stabilizing the cervical spine

particularly with regard to initial alignment. In addition,
depending on the rate of application of the external
force vector, muscle activation may influence the
mechanism of load transfer in the neck structures and
hence, injury. Impact load on the head resulting in
major neck injuries such as wedge and burst fractures of
the mid-lower cervical spine occur approximately within
the first 15 ms after the initiation of the dynamic load
[22,61,63,70,89,90]. This time is significantly shorter
than the time required for muscle activation which is
reported to be approximately 60 ms in human volunteer
studies [91]. Consequently, the role of active muscle re-
sponse may be minimal in these major cervical injuries
induced by compressive forces. However, for other
trauma such as bilateral facet dislocation, it has been
hypothesized that the injury begins with a tear of the
posterior ligaments [66]. As hyperflexion disrupts the
joint, the reactionary response of the cervical muscula-
ture initiates to stabilize the spine resulting in a pulling-
down action on the upper regions of the spine. The
downward contraction of the muscles slides the upper
portion of the dislocated spine forward and down
causing the superior facet to lock in front of the inferior
facet, resulting in neurological trauma to the cervical
spine. Researchers have attributed the neck musculature
to influence the local bending modes during injury [92].

7.3.3. Spinal alignment
The human neck has a resting lordotic curvature. The

orientation or alignment of the neck structure with re-
spect to the head and/or the torso at the time of impact
can affect the resulting injury and injury mechanisms.

Culver et al. [76] and Nusholtz et al. [82] suggested a
relationship between initial neck position and injury
although no specific quantification was made of spinal
alignment. Alem et al. [93] subjected 19 human cadavers
with pre-flexed (lordosis removed) and natural lordotic
(without pre-flexion) configuration. Pre-flexed spines
had higher impact forces (4:69� 0:5 kN) than lordotic
spines (4:45� 1:0 kN) for cervical injury. Using pre-
flexed head–neck complexes, Pintar et al. [40] produced
clinically relevant neck trauma typically concentrated at
one motion segment level. Peak forces were higher in
these pre-flexed spines (mean force 3.3 kN) than the
peak forces reported by Nightingale et al. [61] who
dropped head–ligamentous–column torsos without pre-
flexion (mean force 2.0 kN). Because of the presence of
curvature, in addition to the axial force due to impact,
bending moments contribute to the intrinsic biome-
chanics and load transfer within the cervical column.
Thus, the resistance of the spine to axial loads decreases
in the presence of bending moment. Increased forces due
to initial pre-flexion have been shown to produce lower
cervical injuries such as burst and wedge fractures than
neutrally aligned (lordotic curvature maintained) col-
umns [40,63,70,94]. Maiman et al. [84] evaluated the
effects of pre-flexion and pre-extension on human injury
using base of skull to T1 and intact human cadaver
models. In this study which used 13 specimens, the mean
peak loads to failure for pre-flexed and pre-extended
spines were 1.82 and 1.09 kN.

Yoganandan et al. [72] in their 15 intact cadaver
drops, accounted for the alignment by restraints and
produced more cervical injuries with restraint condi-
tions. McElhaney et al. [59] reported that moving the
load vector from anterior to posterior direction altered
the mechanism of injury from compression–flexion to
compression–extension, i.e., from vertebral body frac-
tures to posterior element fractures. However, in these
studies, quantification of the alignment and its effect on
the biomechanics were not made. Yoganandan et al. [18]
statistically correlated alignment with neck injury. Re-
sults indicated that initial spinal alignment affects the
type of injury and injury mechanism, abbreviated injury
classification of trauma, and differentiation between
bony and ligamentous trauma (p < 0:05 in all cases).
However, spinal alignment was not a good predictor to
statistically differentiate between stable and unstable
injuries. These data suggest that while alignment may
control the injury mechanism, the decision for operative
treatment may be influenced by factors such as the po-
tential for further neurologic deterioration secondary to
initial anatomic disruption.

7.4. Neck injury threshold

Yoganandan and Pintar [69] conducted a series of
impact tests using human cadavers. The force–
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deformation corridors for axial compression loading
injuries were discussed earlier (Figs. 9 and 10). The
probability of injury secondary to hyperflexion injury
mechanism was determined using a similar model. Pre-
flexed intact human cadaver head–neck complexes were
subjected to dynamic loading using an electrohydraulic
piston at varying eccentricities measured as the position
of the occipital condyles with respect to the first thoracic
vertebra [66]. The test setup is shown in Fig. 11. The
injury probability functions expressed as a function of
axial neck force and bending moment at the level of
spinal injury are included in Figs. 12 and 13. In a later
study, Pintar et al. [13] examined the effects of age,
gender, and loading rate on compression-related injury.
The age of the cadavers ranged from 29 to 95 years and
loading rate from 0.25 to 800 cm/s. Statistical modeling
included multiple linear regression and proportional
hazards analyses. Age was significantly related to load-
ing rate ðp < 0:05Þ and an interactive effect was dem-
onstrated between the two parameters. Although gender
was a significant parameter, higher variations were
found with females sustaining a lower force at a given
probability than males. While both genders exhibited

viscoelastic effects (Figs. 14 and 15), males consistently
exhibited higher failure force (600 N) than females at all
age groups and loading rates (Fig. 16). The probability
distribution is shown in Fig. 17. These age, gender, and
loading rate dependent injury probabilities represent a
comprehensive data for assessing compression-related
injury in impact environment [13].

8. Conclusions

Correlation of certain biomechanical parameters and
clinical factors associated with the causation and oc-
currence of traumatic cervical spine injuries assists in
clarifying the pathogenesis and treatment of this diverse
group of injuries. The differing methodology of these
two forms of investigation offers different potentially
supportive information in clarifying the relative impor-
tance of certain histories, radiological and conceptual
factors. In this regard the principal characteristics of the
cervical vertebral column and the associated spinal cord,
especially relative to dynamic positional alteration, will
be important influencing factors on the type and mag-
nitude of potential neurological compromise; another
important parameter to establish is the presence of
vertebral column instability and the descriptive analysis
of the local forces responsible for the change in the
mechanical integrity of the spinal column. These me-
chanical determinants of cervical spinal column may be
influenced by certain patient variables which may alter
the physiologic integrity or anatomic relationships of
vertebral column compromise rendering the column
more susceptible to injury. The localization, magnitude
of development and rate of instability are important in
determining the risk of neurological damage and there-
fore, the determination of angulation or displacement by

Fig. 11. Schematic of test setup for inducing flexion-related injuries to

the head–neck complex. A six-axis load cell was placed at the inferior

end to record and translate the bending moment at the site of spinal

injury due to impact loading to the head.

Fig. 12. Probability of cervical spine failure as a function of peak neck

axial force under hyperflexion injury mechanism.
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radiographic studies has an important role. The defini-
tion of injury patterns through the analysis of load di-
rection is a basis for the mechanistic determination of
injury, but variations in radiologic studies need to be
considered to clarify the value of specific radiological
ramifications. Plain radiography is frequently able to
establish the presence of cervical column compromise as
well as defining the probable mechanisms of injury, but
occasionally adjunctive radiological studies (CT, MRI,
tomography) may be required. In the armamentarium of
radiological examinations, the diagnostic role of dy-
namic radiography deserves attention, especially relative
to delayed instability. The highest incidence of cervical
column injuries occurs at the upper and lower segments.
Regional differences exist not only to relative suscepti-
bility to column injury but also for potential neurologic
compromise, and the recognition of treatment of many
common injury mechanisms as well as certain unusual
injuries, including occipital–cervical dislocations are
emphasized in this review. The influence of cervical
alignment and curvature in association with the direc-

Fig. 15. Multiple linear regression model plots for human cervical

spine impact tolerance as a function of loading rate and age. Results

are applicable to female specimens.

Fig. 16. Comparison of the tolerance characteristics of the human

cervical spine (Force kN) under axial impact loading for male and

female specimens at a loading rate of 4 m/s.

Fig. 17. Probability of failure of human cervical spine as a function of

age.

Fig. 13. Probability of cervical spine failure as a function of peak neck

moment at the injury level under hyperflexion injury mechanism.

Fig. 14. Multiple linear regression model plots for human cervical

spine impact tolerance as a function of loading rate and age. Results

are applicable to male specimens.
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tion of force application on the potential vertebral
component compromise is an important consideration
in clarifying the causative forces of specific fracture
patterns. Full consideration of the radiologic and his-
toric factors in conjunction with an understanding of the
biomechanical principles of the cervical spinal column
and spinal cord will allow the clinician to enhance di-
agnostic accuracy and improve the management of such
injuries.
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