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Functional Anatomy of the

Spinal Cord

Mario Ganau, Rahel Zewude,
and Michael G. Fehlings

Basic Anatomy of the Spinal Cord

Located in the upper two-thirds of the spinal
canal, within the hollow portion of a multiarticu-
lated flexible structure called the vertebral col-
umn, the SC has a length of approximately 45 cm
in humans. The vertebral column is divided into
cervical, thoracic or dorsal, lumbar, and sacro-
coccygeal vertebral segments. Each vertebral
segment is formed by bony and cartilaginous
components, known as a functional spinal unit
(FSU). The FSU can be defined as the smallest
physiological motion segment of the vertebral
column capable of motion that exhibits biome-
chanical characteristics similar to those of the
entire spine [18]. The SC extends from the fora-
men magnum at the base of the skull to a cone-
shaped termination, the conus medullaris, which
is anchored caudally to the coccyx through a non-
neural filament known as the filum terminale.
Nerve fibers emerge from the SC in an uninter-
rupted series of dorsal and ventral roots, which
join to form 31 spinal nerves: 8 cervical, 12 tho-
racic or dorsal, 5 lumbar, 5 sacral, and 1 coccy-
geal. The thoracic, lumbar, and sacral nerves are

M. Ganau - R. Zewude - M. G. Fehlings (D<)
Division of Neurosurgery and Spine Program,
Toronto Western Hospital, University of Toronto,
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numbered after the vertebra just rostral to the
respective foramen through which they pass (i.e.,
T12 nerves are caudal to the T12 vertebral body).
Conversely, the cervical nerves are numbered for
the vertebral body just caudal (i.e., the C1 nerve
roots are rostral to the C1 vertebral body, while
the C8 nerves are rostral to the body of T1). This
distribution explains the different lengths and ori-
entation of each pair of nerve roots: in fact, since
the SC is shorter than the vertebral column, the
lumbar and sacral nerves develop long roots run-
ning caudally below the conus medullaris in the
spinal cistern to form the cauda equina.

The three meningeal layers surrounding the
SC are a continuation of those found around the
brain. The most external layer, the dura mater,
does not adhere to the vertebral bone, contrary to
the dura of the brain. The spinal dura terminates
with a cul-de-sac at the sacral level (S1-S2)
forming the dural sac. Overlying the dura is the
epidural space, containing fat and vessels, and
underlying the dura is the arachnoid space, con-
taining the cerebrospinal fluid (CSF). The third
meningeal layer, the pia mater, follows the con-
tours of the SC as well as the arteries and veins
supplying the SC; of note, the pia is firmly
attached to the dura by a series of 22 denticulate
ligaments. These ligaments begin at the foramen
magnum and are located on each side of the cord
in the interval between two adjacent spinal nerve
roots, being attached to the SC roughly halfway
between the dorsal and ventral nerve root entry

M. G. Kaiser et al. (eds.), Degenerative Cervical Myelopathy and Radiculopathy,
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zones. The meningeal layers and the compart-
ments they create represent important anatomical
regions: the epidural space is where anesthetic
drugs are injected to induce local anesthesia dur-
ing surgical procedures or childbirth; and the
arachnoid space in the lumbar cistern, extending
from L2 to S2, is the ideal place for CSF collec-
tion and injection of drugs or contrast medium
through lumbar puncture (ideally performed at
the L.3/4, L4/5 or L5/S1 interlaminar spaces).

Embryology

The neural tube is the primordial structure for
the CNS, with the neural crest appearing at
approximately 20 days of gestation and giving
rise to a number of neural and nonneural deriva-
tives (including neurons, meningeal cells, etc.).
During the third week of gestation, mesenchy-
mal tissue from the mesoderm differentiates into
segmented somites. The segmented somites are
bilateral structures that develop on either side of
the notochord while distending the overlying
ectoderm. These somites differentiate into the
sclerotome and myodermatome during the fourth
week of gestation. The genes regulating the
direction and order of the craniocaudal axis
development and differentiation are known as
Hox genes: spinal congenital anomalies may
result from their mutations [15]. Adjacent to the
neural tube are 31 pairs of somites; those embry-
onic segmental structures differentiate into mus-
cles as well as bony and connective tissues,
which are arranged in sequence from the first
cervical through the coccygeal levels. Each pair
of nerves develops in association with each pair
of somites. The apparent segmentation of the SC
is dependent upon the development of paired
segmental spinal nerves and radicular vessels on
both sides of the midline. The bilateral neural
crest in fact becomes segmented into paired
units, one pair for each future sensory dorsal root
ganglion of each spinal nerve.

Up to the third fetal month, the SC extends
throughout the entire length of the developing
vertebral column. The growth of the SC over the
subsequent months leads to the elongation of the

roots of the spinal nerves between the SC and the
intervertebral foramina, so that at birth the caudal
end of the SC is located at the level of L3. As a
result of canalization and retrogressive differen-
tiation, an ependymal lined space known as the
central canal forms at the innermost portion of
the SC and terminates at the conus medullaris
with the ventriculus terminalis, or fifth ventricle
[5]. This structure, which is filled with CSF, is
described in the literature as a normal develop-
mental phenomenon, especially in newborns and
during childhood, with regression in the adult
life. Persistence of this structure may in fact lead
to a pathological condition called dilatation of
the ventriculus terminalis [9].

Functional Spinal Segments

Each portion of the SC where the corresponding
pairs of ventral and dorsal roots attach is called a
spinal segment. As such, each spinal segment
(except the upper cervical segments) is located
slightly higher than the respective FSU. The rootlets
forming each nerve root enter the root sleeve after
passing obliquely, laterally, and caudally within the
vertebral canal. The sleeve contains motor and sen-
sory roots separated by the interradicular septum.
The dorsal and ventral roots come together and
form the spinal nerve root. Before forming the spi-
nal nerve root, the dorsal root contains an oval
enlargement called the dorsal root ganglion.

The cell bodies of motor neurons and inter-
neurons are located in an area of gray matter
within the SC, characterized by a butterfly-like
shape. The white matter surrounding this gray
matter structure is made of the nerve fibers and
glia of ascending and descending tracts, as shown
in Fig. 1.1. As a result, the nerve fibers of the gray
matter are oriented in the transverse plane,
whereas those of the white matter are oriented in
the longitudinal plane parallel to the neuraxis.
The gray matter has been parceled anatomically,
primarily on the basis of the microscopic appear-
ance, into nuclei and laminae. This organization
is often referred to as being composed of ten
laminae, named after the anatomist Rexed, result-
ing in a posterior horn (laminae I through VI), an
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intermediate zone (lamina VII), an anterior horn
(laminae VIII to IX), and a region surrounding
the central canal (lamina X) [19]. Figure 1.1 and
Table 1.1 provide details regarding the anatomi-
cal organization of the ten Rexed laminae and
their specific functions.

The horns of the gray matter contain different
classes of functional neurons: second-order
interneurons in the dorsal horn process sensory
information from the first-order sensory affer-

Fig. 1.1 Anatomical distribution of Rexed laminae

Table 1.1 Anatomy and function of Rexed laminae

ents; this may eventually result in di-, tri-, or
polysynaptic pathways [6, 7]. Ventral horns con-
tain motoneurons of various types: fundamen-
tally, a-motoneurons innervating skeletal muscle
fibers and y-motoneurons innervating extrafusal
motor fibers in muscle spindles.

As the rostrocaudal distribution of motor neu-
rons follows the body scheme, with more rostral
segments innervating muscles of more proximal
joints and vice versa, the SC shows two enlarged
segments innervating the upper (cervical or bra-
chial enlargement; C5-T1) and lower extremities
(lumbosacral enlargement; L3-S2). Also, the spa-
tial distribution of motoneurons within the ventral
horn is structurally organized with those innervat-
ing axial or proximal muscles located more medi-
ally, and those innervating distal muscles in upper
and lower extremities located more laterally.
Finally, the lateral horn is found at the thoracic
and upper lumbar segments only and contains
preganglionic sympathetic neurons whose axons
reach the sympathetic ganglia adjacent to the
vertebral bodies through white communicating
rami from the ventral roots. Preganglionic

Lamina Anatomical location Fibers Function of fibers
1 Posteromarginal nucleus Ad Sensation of temperature and
fast pain
11 Substantia gelatinosa C Sensation of slow pain
1T Nucleus proprius A-b Mechanoreceptors for touch
and proprioception
v Nucleus proprius A-b Mechanoreceptors for touch
and proprioception
v Nucleus dorsalis A, C Receives information on pain
sensation and movement
VI Nucleus dorsalis la/A-alpha Spinal reflexes, integration of
Ib/A-alpha/Golgi somatic motor function
VII Intermediolateral (IML) cell Spinocerebellar tract Preganglionic parasympathetic
column, intermediate gray, C8-L3: nucleus dorsalis neurons
intermediomedial (IMM) cell T1-L2: IML
column S2-S4 preganglionic sacral
autonomic nucleus
VIII Anterior fasciculus Descending tracts Modulate muscular tone and
movement
IX Anterior horn Somatic «- and y-motor neurons Innervation of extrafusal fibers
of skeletal muscle
Innervation of intrafusal fibers
of neuromuscular spindles
X Perimeter of the central canal | Anterior commissure tracts Decussation of axons
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parasympathetic neurons are located similarly at
the S2-S4 levels for visceral innervations [21].
Different classes of spinal interneurons are
involved in the process of sensory-motor integra-
tion, typically being localized in Rexed laminae
VII and VIII. Experimental studies have docu-
mented how this integration of motor commands
and sensory feedback signals is used to control
muscle activity during movement. The sum of
convergent inputs from sensory neurons and from
the central pattern generator (CPG), neural net-
works that produce rhythmic patterned outputs
without sensory feedback, gives rise to the activ-
ity of the interneurons. During locomotion, the
firing level of interneurons is modulated via exci-
tation or inhibition depending on the reflex path-
ways, so that different patterns of interneuronal
activity determine which pathways are open,
blocked, or modulated at any given moment [20].

Spinal Pathways

The white matter is organized within the SC into
the following three columns: posterior, lateral,
and anterior. Those fibers form tracts that eventu-
ally represent the components of sensory, motor,
propriospinal, and autonomic pathways; Fig. 1.2
provides further anatomical details of these tracts.

The posterior column is found between the
posterior horns of the gray matter, and it is

Ascending tracts
Fasciculus
) gracilis
Dorsal white .
column Fasciculus
cuneatus
Dorsal 7
spinocerebellar y
tract 2 >
(]
Ventral —
spinocerebellar
tract
Lateral
spinothalamic
tract
Ventral
spinothalamic
tract

divided by the posterior median septum in the
midline. The posterior column contains the fas-
ciculus cuneatus laterally and the fasciculus grac-
ilis medially. These tracts carry ascending
information of proprioception, vibration, and
light touch sensation. Fasciculus gracilis carries
information from lower limbs while fasciculus
cuneatus carries information from upper limbs.
The lateral column lies between the dorsal and
ventral root entry zones. It is composed of the lat-
eral corticospinal tract and the lateral spinotha-
lamic tract. The lateral corticospinal tract carries
descending information regarding voluntary
motor function. The lateral corticospinal tract,
along with the small anterior corticospinal tract,
and the very small anterior lateral corticospinal
tract make up the cortical spinal system. With the
exception of axons from the anterior corticospi-
nal tract, the axons in corticospinal tract cross
over at the pyramids of the medulla. The lateral
spinothalamic tract carries ascending informa-
tion for pain and thermal sensation. This tract
decussates upon entry to the spinal cord and as a
result carries the impulses from the contralateral
side of the body. In the posterior lateral periphery
of the spinal cord, the posterior spinocerebellar
tract is found. This tract is an uncrossed tract that
carries ascending information regarding fine
coordination of limb movement and posture.
The anterior column of the white matter is
found between the anterior median fissure and the

Descending tracts

Ventral white
commissure

Lateral reticulospinal
tract
Lateral corticospinal
tract

Rubrospinal tract

Medial reticulospinal
tract

Ventral corticospinal
tract

Vestibulospinal tract

Tectospinal tract

Fig. 1.2 Cross-sectional diagram of the spinal cord with details of ascending and descending tracts
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anterior root entry zone. This column contains
the anterior corticospinal tract and the anterior
spinothalamic tract. The ascending fibers of the
anterior spinothalamic tract convey impulses
associated with light touch. The anterior cortico-
spinal tract is a descending uncrossed tract
responsible for fine motor skills.

Fibers and Spinal Nerves

The fibers contained within each spinal nerve can
be responsible for general somatic (innervating
the outer body and extremities) or general visceral
(innervating the internal organs) functions and
therefore can be either afferent or efferent depend-
ing on their primarily sensory or motor role.

The dorsal roots are sensory stations consisting
of afferent fibers that convey input via spinal
nerves from the sensory receptors in the body to
the SC. The dorsal root ganglion described above
contains the unipolar cell bodies of those neurons.
The sensory afferents with their cell bodies and
central axon are called first-order neurons. The

Fig. 1.3 Spinal nerves
radiating into the upper
limb

C3

central axon enters the SC at the level of the pos-
terolateral sulcus, whereas the peripheral axons
reach the related receptor in the peripheral tissues.
As anticipated, the skin segment supplied by each
spinal nerve is called a dermatome. Dermatomes
tend to functionally overlap; thus, the loss of one
dorsal root usually results in hypesthesia (reduced
sensation) rather than anesthesia (complete loss of
sensation). The afferent fibers responsible for
general somatic and general visceral sensation
can be classified according to their conduction
velocity into groups I to IV. The fibers of groups I,
II, and III are myelinated which allow for faster
conduction velocity, while those of group IV are
unmyelinated. As described above, the ventral
roots are predominantly embodied into the motor
pathways, while the lateral horns are autonomic
relays. Of note, some sensory fibers have been
identified as well within ventral roots [7].

Each a-motor neuron and the muscle fibers it
innervates constitute a motor unit; given the spe-
cific focus of this book on the pathologies of the
cervical spine, a schematic representation of the
spinal nerves radiating in the upper limbs is

Innervation of the upper extremity muscles

c4

Axillary
nerve |

Musculocutaneous
nerve

C5
c6
cs8
C7
T1

Radial Median Ulnar
nerve nerve _nerve |
Front

Accessory nerve and C3 & 4

Back
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Table 1.2 Characteristics and functions of motor neurons as well as autonomic and sensory fibers

Conduction velocity | Diameter
Fiber type and innervation Role (m/s) (pm)
Motor neurons Anterior horns — ventral roots
Alpha (A-a) Voluntary muscle 15-120 12-20
Impulses to end plates of voluntary muscle fibers | contraction Myelinated
Gamma (A-y) Fine adjustment of muscle | 1045 2-10
Impulses to motor endings of intrafusal fibers of | tone Myelinated

muscle spindle

Autonomic fibers

Thoracolumbar intermediate zone (T1-L2) sympathetic
system — ventral roots
Sacral (§3—-S4) parasympathetic system — ventral roots

Preganglionic fibers (B) Regulating 3-15 >3
Impulses to sympathetic/parasympathetic Heart rate Myelinated

ganglions Gastrointestinal and

Postganglionic fibers (C) bladder activities 2 1
Impulses to visceral organs Unmyelinated

Sensory fibers Dorsal root ganglion — dorsal roots

Ta (A-a) Muscle tone 70-120 12-20
Impulses from the muscle spindles Myelinated

Ib (A-ar) Light touch and pressure 70-120 12-20
Impulses from the Golgi tendon organs Myelinated

1I (A-B) Touch, pressure, and 30-70 5-14
Impulses from encapsulated skin and joint vibratory sense Myelinated

(Meissner’s and Pacinian) receptors

III (A-3) Pain and temperature 12-30 2-7
Impulses from non-encapsulated skin endings Myelinated

IV(C) Pain and temperature 0.5-2 0.5-1
Impulses from non-encapsulated skin endings Unmyelinated

shown in Fig. 1.3. The number of muscle fibers in
each motor unit ranges from just 3-8 muscle
fibers in small, finely controlled, extraocular
muscles of the eye to as many as 2000 muscle
fibers in postural muscles of the legs [10].
Regardless of their motor or sensory nature,
fibers are also classified based on their conduc-
tion velocity into A, B, and C. A fibers are further
classified depending on their size into o, 3, v, and
6 [13]. Table 1.2 provides a summary of nerve
fiber classification.

Vascularization of the Spinal Cord

The blood supply to the SC is provided cranio-
caudally by one anterior and two posterior spinal
arteries and horizontally by several radicular
arteries originating at various levels, whereas the
radicular arteries vascularize the ventral and dor-
sal roots [2]. A graphical representation of the

horizontal vascularization of the SC is provided
in Fig. 1.4. A precise description of the spinal
vascular territories aids understanding of many
pathologic conditions, especially those referring
to spinal syndromes, as well as relatively safe
surgical entry zones [8].

Originating from the fusion of the vertebral
arteries, the anterior spinal artery is located
within the pia mater in the median sulcus. The
anterior spinal artery descends in front of the SC
continuing as a slender twig on the filum termi-
nale and gives off, along its course, to central
branches supplying the anterior third of the
SC. The anterior vertebral artery also receives
several small branches, known as anterior seg-
mental medullary arteries, which enter the ver-
tebral canal through the intervertebral foramina.
These feeders originate from the ascending cer-
vical artery (a branch of the inferior thyroid
artery) in the neck, the intercostal arteries in the
thorax, and the lumbar artery, iliolumbar artery,
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Fig. 1.4 Anatomical Posterior spinal
distribution of anterior ATianes
and posterior vertebral
arteries to the spinal
Posterior
cord - radicular artery
Lateral —+
corticospinal |
tract | Lateral
spinal artery
Sphinothalamic
tract
Anterior
radicular artery

and lateral sacral arteries in the abdomen and
pelvis. Of note, the artery of Adamkiewicz,
usually originating from an intercostal artery at
the level of the 8th to 12th vertebral body (roughly
in 75% of the cases), is the largest anterior seg-
mental medullary artery and the major supply to
the lower two-thirds of the spinal cord [14].

The posterior spinal arteries irrigate the poste-
rior third of the cord; they arise from the vertebral
arteries in 25% of the cases and from the poste-
rior inferior cerebellar arteries in the remaining
75%. Unlike the anterior spinal artery, the poste-
rior spinal arteries are rather discontinuous in the
tract between the subaxial cervical and thoracic
spine, showing instead a tendency to create anas-
tomoses and a characteristic basket which angio-
graphically defines the caudal portion of the SC
and its transition to the cauda equine. Beside the
fasciculus gracilis and cuneatus, the lateral col-
umns of the SC depend on the posterior spinal
arteries for their arterial supply.

The venous drainage from the SC largely fol-
lows its arterial supply: it is in fact characterized
longitudinally by two median veins, one located
in the anterior fissure and the other behind the
posterior sulcus of the SC with four lateral veins
running behind the ventral and dorsal roots. The
spinal veins form a minute, tortuous venous
plexus situated in the pia mater and freely com-
municate with the internal vertebral plexus in the

Anterior spinal artery

epidural space. The internal and external verte-
bral plexuses eventually drain into the interverte-
bral veins, which once out of the intervertebral
foramina drain toward the vertebral vein in the
neck, the intercostal veins in the thorax, and the
lumbar and lateral sacral veins in the lumbosacral
region. Of note, contrary to the intervertebral
veins, the spinal veins are valveless.

Spinal Cord and the Respiratory
Drive

Although respiratory drive centers lie in the
brainstem, further integration is provided by
anterior horn cells of the upper cervical SC. The
main respiratory muscles are under both volun-
tary and involuntary control. Voluntary control
arises from the motor and premotor cortex and
descends through the corticospinal tract, while
involuntary control is mediated by both rhythmic
and nonrhythmic systems including the pneumo-
taxic and apneustic centers in the pons, as well
as the ventral and dorsal respiratory groups in
the medulla. The pneumotaxic and apneustic
centers regulate the speed of inhalation and
exhalation by inhibitory and stimulatory
impulses, located in the rostral lateral pons and
lower pons/medulla oblongata, respectively. The
ventral and dorsal respiratory groups regulate
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the rhythm of inhalation and exhalation. The
groups are located in the reticular formation of
the medulla and include the following nuclei: the
nucleus ambiguous and nucleus of the tractus
solitarius [16].

The phrenic nerve provides motor stimuli to
the diaphragm, the primary muscle of inspiration,
and thus plays a central role in the breathing pro-
cess. Contributions to the phrenic nerves origi-
nate from the C3, C4, and C5 segments. Many
accessory muscles contribute to the inspiratory
(I) and expiratory (E) processes by regulating the
elevation of the ribs, expansion of the rib cage, or
compression of the abdominal wall. They include
the following:

(a) The intercostal muscles (innervations T2 to
T11), which are arranged as three layers:
external layer (I), internal layer, and an
incomplete innermost layer (E).

(b) The posterior thoracic muscles which include
the serratus posterior (E, innervations T1-
T5) but also the levatores costarum brevis
and longus (I, innervations T2-T12).

(c) The pectoralis muscles, major and minor (I,
innervations C4-T1).

(d) The trapezius, scalene, and sternocleidomas-
toid muscles (I, innervations C2—-C6).

(e) The serratus anterior (I, innervations C5-C7)
and levator scapulae (I, innervations C1-C4).

(f) The abdominal muscles, including the rectus
abdominis, transverse abdominis, and exter-
nal and internal oblique muscles (E, innerva-
tion T7-L1).

Because of the association of cervical spinal
cord injury with respiratory dysfunction, the neu-
rologic examination of cervical spinal cord injury
includes a respiratory functional assessment.
Given the above, a complete transection of the
SC at the C1 to C3 levels is almost always fatal
unless immediate respiratory support is provided.
In the case of complete C4 injuries, the C3 seg-
ment may be preserved providing innervation to
the diaphragm and allowing it to provide ade-
quate function to support respiration. In this sce-
nario, the respiratory rate is increased, and
the patient uses accessory breathing muscles

such as the sternocleidomastoid and trapezius to
compensate. Due to the limited functioning of the
diaphragm, the patient is unable to cough effec-
tively and requires frequent suctioning. In the
management of C1 to C4 injuries, artificial venti-
lation and tracheostomy are often necessary.
Impaired diaphragmatic function is also seen in
the initial stages of complete C5 injuries; how-
ever, in this case, diaphragmatic function may be
fully restored once the spinal shock wears off. C5
also partially innervates levator scapulaec and
other accessory muscles of respiration mentioned
above, thus providing a better vital capacity of
the lung when compared with C1 to C4 lesions.
On the other hand, patients with a complete C6
injury have intact diaphragmatic function and
sufficiently strong respiration, and although
intensive monitoring is required, tracheostomy
and ventilation support are likely not necessary
[23].

Aside from respiratory dysfunction as a result
of cervical spine impairment on respiratory mus-
culature, direct injury to the brainstem structures
can cause a cervicomedullary syndrome, also
referred as cruciate paralysis. The injuries in this
syndrome may extend from the pons to C4 or
even lower in the cord. The more rostral the
lesion, the more severe the clinical manifesta-
tions that include respiratory arrest, hypotension,
and tetraparesis.

Understanding the Functional
Anatomy of the Spinal Cord: Spinal
Syndromes and Pain

A deep knowledge of the pathways and vascular
supplies described in this chapter is fundamental
to clinical practice when it comes to diagnosing
myelopathies, spinal cord syndromes, and
radiculopathies.

The Brown-Sequard syndrome refers to hemi-
section of the SC, which may result from intradu-
ral or extradural tumors, disk herniation, or
epidural hematomas. One of the manifestations
of this syndrome is loss of contralateral pain and
temperature sensation. This deficit is the result of
destruction of decussating spinothalamic tracts.
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The motor impairment associated with this con-
dition is due to the destruction of the corticospi-
nal tract. At the level of the spinal cord lesion, the
motor impairments manifest with lower motor
neuron signals, while distal to the lesion, impair-
ments manifest as upper motor neuron lesions. In
this syndrome, deficits with ipsilateral vibration
and proprioceptive sensation present due to dam-
age to the dorsal column.

Central cord syndrome, usually resulting from
hyperextension cervical traumas, is characterized
by damage to the decussating spinothalamic
fibers at the center of the SC. This syndrome will
cause bilateral pain and loss of temperature sen-
sation from upper extremities, leaving the lower
extremities unaffected. Also, the sensation of
vibration, tactile and proprioception modalities is
spared in this syndrome, creating a dissociated
sensory loss. The motor deficits observed in this
syndrome are typically prominent in the upper
extremities and manifest with lower motor signs
[1]. Bladder dysfunction is another common pre-
sentation of central cord syndrome [3].
Neurogenic atrophy and paresis can occur in this
syndrome if there is involvement of ventral
SC. Spastic paralysis can result if there is damage
to the corticospinal tract due to involvement of
the lateral spinal cord. Involvement of the lateral
SC can also affect other structures such as the
dorsomedian and ventromedian motor nuclei and
the ciliospinal center of Budge at C8-T2 and
result in kyphoscoliosis and ipsilateral Horner’s
syndrome. If the involvement extends to the dor-
sal columns, loss of vibration and proprioception
may take place [11].

Anterior cord syndrome can result from dam-
age to the anterior spinal artery, traumas, and epi-
dural hematomas. Spinal traumas such as dorsally
displaced osseous fragments or cervical disk her-
niations can result in this syndrome, as well as
any ischemic event resulting from the blockage
of the anterior spinal artery or its various
branches. This syndrome is characterized by a
bilateral loss of pain and temperature sensation
due to destruction of the bilateral spinothalamic
tracts. Pressure and light touch sensation are also
affected to varying degrees in this syndrome.
Flaccid paralysis distal to the lesion results from

damage to the anterior horn cells and corticospi-
nal tracts. This flaccid paralysis often progresses
to spasticity. Dorsal column function is typically
spared with anterior cord syndrome, resulting in
dissociation of sensory loss, as vibration and pro-
prioceptive sensations distal to the lesion remain
preserved with the loss of pain and temperature
sensation. In the initial stages of this syndrome,
urinary retention and constipation may be
observed. Typically, patients with anterior cord
syndrome are areflexic.

Posterior cord syndrome is characterized by a
loss of vibration, proprioception, and light touch
sensation distal to the lesion. Any mechanism
damaging the dorsal columns and affecting their
function, such as traumas, infections, or vascular
injuries, can result in posterior cord syndrome.
The main clinical features are paresthesias and
bladder and bowel dysfunction. The paresthesias
in posterior cord syndrome can include
Lhermitte’s sign and lancinating pains on neck
flexion. Sensory ataxia may also be present in
this syndrome. Motor function, pain, and tem-
perature sensation are often spared in posterior
cord syndrome, as there is no involvement of spi-
nothalamic or corticospinal tracts [17].

Pain syndromes can result from any pathology
affecting the SC segments that innervate periph-
eral dermatomes or specific nerve roots resulting
in peripheral radiculopathies. They are usually
characterized by positive neurological findings
such as weakness, areflexia, paresthesia, and
numbness in the segmental distribution of the
affected spinal nerve; musculature also plays a
role in existing loading and painful conditions
[12]. Unmyelinated Ad- and C-type fibers and half
of the neural units in the skeletal muscle have been
shown to have nociceptive function. The dura
mater also contains nociceptive nerve fibers that
express calcitonin gene-regulated peptide (CGRP)
and substance P; however, the role of the spinal
dura mater in the pathogenesis of pain syndromes
may be limited to modulation of pain through
releasing  proinflammatory  cytokines  [22].
Furthermore, pain syndromes can also result from
direct injury to vascular structures (i.e., the verte-
bral arteries in cervical traumas resulting in a com-
promise of blood supply to the brain and pressure
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gradients around the spinal cord which can poten-
tially lead to nociceptive responses). Finally, myo-
fascial pain syndromes refer to chronic
musculoskeletal neck pain that is associated with
painful muscular “trigger points” within bands of
muscle that replicate symptoms in predictable
referral patterns. This condition usually presents
without neurologic deficits but is associated with a
remarkably decreased range of motion [4].
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Key Points

e There are multiple structures in the
upper and subaxial cervical spine,
including the discoligamentous com-
plex, which contribute to spinal stabil-
ity. The unique contributions of these
structures have been evaluated via

cadaveric studies.

* Changes in cervical biomechanics can
be determined, either by clinical means

or via the assessment of imaging.

e Cervical spondylotic myelopathy is the
direct result of repetitive trauma to the
spinal cord, thus resulting in abnormal

motor and sensory findings.

trauma can take the form of stretching/
distraction, compression, and angular

distortion.

e Significant increases in motions in all
three planes are observed in the setting
of multilevel laminectomies. The per-
formance of medial facetectomies exag-

gerates such motion.
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One of the primary objectives of surgi-
cal stabilization should be to halt the
progression of spine deformation, par-
ticularly kyphotic deformation, and to
restore the normal lordotic curvature via
spinal fixation and fusion when
appropriate.

In the upper cervical region, solid
arthrodesis is difficult to achieve due to
the complex anatomy and motions in
multiple planes that must be restricted
by the implant.

Rigid fixation via Magerl or Goel-
Harms techniques of C1-C2 enhances
biomechanical stability and facilitates
successful fusion in the upper cervical
spine.

In clinical settings in which poor bone
quality is present, either very rigid fixa-
tion or axially dynamic fixation may be
required. In the case of the former, ped-
icle screw-rod construct in the subaxial
cervical spine may be more advanta-
geous than the lateral mass screw-rod
construct despite the higher risks. In the
case of the latter, ventral axially dynamic
fixation constructs can minimize the
stress shielding seen with more rigid
systems that inhibit load sharing across
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the bone graft/end plate interface, which
to some degree can promote successful
fusion.

e The proper placement and fixation of
the anterior cervical plate also help to
achieve the optimal stabilization and
restoration of the lordotic curve, thus
maximizing fusion rate and decreasing
the risk of adjacent segment disease.

* A long construct extended to C7 signifi-
cantly increases the stress placed at the
cervicothoracic junction. This junction is
vulnerable to injury and instability, and
thus an extended construct ending at C7
increases the risk of junctional instability.

e In long anterior cervical constructs, sta-
bility can be improved by the addition
of intermediate fixation points — thus,
providing the addition of a three-point
bending fixation mechanism. The appli-
cation of supplemental posterior fixa-
tion can add extra stability and should
be considered when attempting a
lengthy anterior cervical construct.

Introduction of Spine
Biomechanical Concepts
and Fundamental Anatomy

The biomechanics of spine and the determination of
spinal stability involve topics that are controversial
and difficult to define. In 1990, White and Panjabi
defined spinal clinical instability as “the loss of the
ability of the spine, under physiologic loads to
maintain relationships between vertebrae in such a
way that there is neither initial nor subsequent dam-
age to the spinal cord or nerve roots, and in addition,
there is neither development of incapacitating
deformity nor severe pain” [34]. Such spinal insta-
bility can be induced by many etiologies, including
degenerative changes, trauma, infection, or tumor.
The spinal column consists of various complex
anatomical structures, and it is essential to fully
understand the biomechanically relevant anatomy
and its mechanical properties. The vertebral bod-
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ies and intervertebral discs comprise the anterior
vertebral column and provide for the majority of
the axial load bearing of the spine. The pedicle
connects the vertebral body to the posterior com-
ponents of the spine; the lamina extends from the
pedicle to complete the vertebral arch dorsally
and fuses to form the spinous process at its junc-
tion; the facet joints allow limited rotation, flex-
ion/extension, lateral bending, and translation.
The facet joints assume the axial load-bearing
capacity primarily when the spine is in a lordotic
posture [2]. Forces acting on the spinal segments
act on a lever arm, which results in a bending
moment. When this bending moment is applied,
rotation occurs. The instantaneous axis of rotation
(IAR) is the axis around which a vertebral seg-
ment rotates. The facet joint surfaces in the sub-
axial spine face the IAR. The IAR, which can be
viewed as a fulcrum, is dynamic and therefore
moves along with the movement of the involved
spinal segment [18]. Due to the coronal plane ori-
entation, the facet joints in the cervical spine sub-
stantially allow flexion/extension, lateral bending,
and rotation, in contrast to the lumbar spine where
the facet joints are oriented in a sagittal plane,
which diminishes the ability to rotate but substan-
tially allows flexion/extension.

Spinal instability can be fundamentally cate-
gorized into acute and chronic. In this chapter we
will focus on the chronic nature of spinal instabil-
ity, secondary to degenerative changes in the
spine. With the definition of stability/instability
stated and the fundamental concepts of biome-
chanics in relation to the basic spinal anatomy
outlined, the goals of this chapter are set to
explain and recapitulate the basics of cervical
spine biomechanics, which have been investi-
gated in numerous in vivo and in vitro studies, as
well as clinical applications of such principles
including the stabilization process provided by
various surgical procedures.

Biomechanics and Stability
of the Upper Cervical Spine

The upper cervical spine is composed of occiput,
Cl1 (atlas), and C2 (axis). These segments are
unique anatomically and, thus, contribute to the
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stability of the upper and overall cervical spine in
distinctive ways. Each of the various ligamentous
structures, such as the anterior and posterior
atlanto-occipital membrane, the atlantoaxial
membrane, the transverse ligament, the apical
ligament, and the alar ligaments, contributes to
the stability of the occipitocervical junction
(OCJ) and the upper cervical spine. Their biome-
chanical properties have been extensively studied
from cadaveric in vitro studies, and the mean
load to failure, which was used to determine the
failure strength of different spinal ligaments, was
evaluated (Table 2.1). Normally, the occiput-C1
joint is associated with 25° of flexion/extension
and 5° of lateral bending and axial rotation to one
side. The C1-C2 joint is associated with 20° of
flexion/extension, 5° of lateral bending, and 40°
of axial rotation to one side [2].

The complex anatomical relationships of the
OCJ allow the most motion of any cervical spine
segment, as the majority of the spine’s rotation
and flexion-extension occur at this junction [26].
The occipital condyles are turned laterally and
form inferior convexities, which allow articula-
tion with the superomedially facing C1 joints.
This unique articulation allows a great degree of
flexion-extension at the occiput-C1 segment. The
atlas lacks a vertebral body and articulates with
the dens of the axis. This joint segment, along
with the horizontal facets, allows rotational
motion. The transverse ligament borders the dens
posteriorly and thereby constrains the dens within
3 mm of the anterior ring of the atlas [25]. The
transverse ligament forms the cruciate ligament
with the superior and inferior crural ligaments
crossing the dens and attaching to anterior fora-
men magnum and the body of the axis. This liga-
ment contributes substantial stability across the
OC]J by preventing the dens from folding into and
compressing the brainstem during flexion [21].
The alar ligaments, which arise from the antero-

lateral aspect of the dens and attach to the medial
aspect of the occipital condyles, restrict rotation
of the cranium and also help to maintain stability
of the OCJ [21]. Other ligamentous and membra-
nous structures, such as the tectorial membrane
and apical ligament, do not add as much biome-
chanical stability to the OCJ. Due to the chronic
degenerative changes occurring at the joints and
ligaments, physiological motion of the OCJ and
upper cervical spine decreases. The instability of
the OCJ resulting from chronic degenerative
changes is rare but can lead to increased mobility,
requiring surgical stabilization involving screw
fixation and implants in order to achieve the res-
toration of lordosis and biomechanically appro-
priate instrumented fusion.

Biomechanics and Stability
of the Subaxial Spine

Uniquely, in the subaxial cervical spine, the
structures contributing to overall stability, includ-
ing the disc, the facet joints and the facet capsule,
and the ligamentous structures, are collectively
called the discoligamentous complex. From the
multiple biomechanical studies, the average load
to failure strengths of the various ligaments of the
subaxial spine have been determined (Table 2.2).

In a cadaveric study, anterior structural insta-
bility was induced when an injury resulted in
greater than 3.3 mm displacement or greater than
3.8° of rotation, and posterior instability was
induced when greater than 27 mm of interspi-
nous distance or greater than 30° of angulation
was observed [26]. Such posterior elements as
the supraspinous and interspinous ligaments and
the ligamentum flavum add stability to the cervi-
cal spine; and removal of those structures is
known to cause instability. Instability was dem-
onstrated in cadaveric studies when a 10%

Table 2.1 The average loads to failure in various elements of the upper cervical spine ligamentous complex

Ligaments
AAOM | PAOM |ALL |AAM TAL AL Alar |'TM
Average load to failure (N) | 233 83 281 113 354-692* 214 | 286 76

AOM anterior atlanto-occipital membrane, POM posterior atlanto-occipital membrane, ALL anterior longitudinal liga-

ment, AAM atlantoaxial membrane, TAL transverse ligament,

“Heller et al. [14]; Panjabi

AL apical ligament, TM tectorial membrane
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Table 2.2 The average loads to failure in various ele-
ments of the subaxial cervical spine ligamentous complex
(Panjabi)

Ligaments
ALL |PLL LF CL
Average load | 111.5 | 74.5 138.5 204
to failure (N)

ALL anterior longitudinal ligament, PLL posterior longi-
tudinal ligament, LF ligamentum flavum, CL capsular
ligament

increase in flexion-extension motion was
reported after a multilevel cervical laminectomy
[10]; and significant increases in all motions
were shown when multilevel laminectomies were
performed with medial facetectomies [24].
Cervical facet joints and their capsule contribute
significantly to overall cervical spine stability, as
demonstrated in multiple cadaveric studies. More
than 50% resection of the combined facet com-
plex, either bilateral facet joints or joint capsules,
created instability [37]. Anterior elements,
including the disc, have also been found to play a
significant role in providing stability. This is
demonstrated by the instability induced with
increased ranges of motions in all three planes
(>66% increase in flexion/extension, >40%
increase in lateral bending and axial rotation),
when anterior cervical discectomy is performed
without fusion [31].

Segmental motions in different planes allowed
in the cervical spine vary at each level. The range
of motion (ROM) of combined flexion and exten-
sion is the greatest at the OC junction with up to
25° of motion and then changes incrementally
from 10° at the level of C2—C3 to 20° at the lev-
els of C5—-C6 and C6—C7. Unilateral axial rota-
tion has the greatest ROM of more than 40° at
C1-C2 and is similar across all remaining levels
with approximately 5°. Unilateral bending does
not vary as much and is steady throughout the
cervical spine with ROM of 5-10° at each level
[34]. Spondylotic changes tend to occur more
frequently at the subaxial levels where greater
ROM is allowed, C5-C6 and C6-C7 in
particular.

Coupling is defined as the phenomenon in
which a movement of the spine along one axis in

the Cartesian coordinate system obligates a
movement of the spine along another axis [2]. As
such, motion between different vertebral seg-
ments can be coupled, and this coupled motion
refers to the simultaneous motion in different
planes. For example, due to the presence of the
uncovertebral joints in the subaxial spine and the
coronal orientation of the cervical facet joints,
lateral bending results in rotation of the spinous
processes away from the concave side. The aver-
age ratio of the coupled lateral bending to the
axial rotation in the cervical spine is 0.51 [23]. In
contrast, coupled motion associated with lateral
bending occurs in the opposite direction in the
lumbar spine, with the spinous processes rotat-
ing toward the concave side of the curvature, and
this coupling phenomenon explains the rotatory
subluxation associated with the degenerative
scoliosis [2].

Biomechanics of Cervical
Spondylotic Myelopathy

Cervical spondylosis is a common manifestation
of progressive degeneration of the cervical spine.
It is one of the most common causes of acquired
spinal cord dysfunction [36], and such a degen-
erative process can result in spinal deformity, as
well as myelopathy and/or radiculopathy.
Spondylosis, often preceded by mild segmental
instability, is defined as “vertebral osteophytosis
secondary to degenerative disc disease,” and it is
associated with the arthritic inflammatory pro-
cess involving the facet joints and osteophyte for-
mation [33]. Due to degenerative changes, the
disc desiccates resulting in disc height loss and
potential disc herniation due to continuous appli-
cation of various motions, which then alters the
load transmission across and along the cervical
spine (Figs. 2.1 and 2.2). Cervical spondylotic
myelopathy (CSM) is the direct result of repeti-
tive trauma to the spinal cord, thus resulting in
abnormal motor and sensory findings, and ulti-
mately cervical spondylosis can lead to chronic
kyphotic deformation. Such trauma can take the
form of stretch/distraction, compression, and
angular distortion [15].
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Degeneration of the spine involves the inter-
vertebral disc, disc interspace, facet joints, and
paraspinal and intraspinal tissues. The degenera-
tive changes in the intervertebral disc typically
involve the loss of disc and disc interspace height,
end plate changes, sclerosis of the disc inter-
space, and osteophyte formation [2]. The disc
degeneration process is initiated by disc desicca-
tion due to the loss of water, protein, and muco-
polysaccharide and an increased content of
keratin/chondroitin sulfate. As a result, the
nucleus pulposus becomes fibrotic. Its subse-
quent obligatory loss of elasticity leads to a
decreased size of the nucleus pulposus [7]. Due
to the dorsal weakness of the annulus fibrosus
relative to the ventral and lateral aspects, the disc
is prone to the bulge in the dorsal direction. When
disc bulging occurs, the periosteum over the end
plates becomes elevated, leading to subperiosteal
osteophyte formation causing central and neuro-
foraminal stenosis.

The disc space in the cervical spine is thicker
ventrally than dorsally, and this formation contrib-
utes to the normal cervical lordosis. The process of
disc bulging/herniation in the dorsal direction
combined with the loss of internal integrity causes
greater loss of anterior as opposed to posterior disc
space height, inducing the development of kypho-
sis. Moreover, the loading forces placed on the
ventral aspect of the vertebral bodies increase due
to the straightening or loss of lordosis of the cervi-

Fig. 2.1 Demonstration of the application of various
motions, including axial loading, lateral bending, and
flexion, causing herniation of the degenerated disc. (a)
Annular tear with the application of multiple motions; (b)
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cal spine. Because eccentric loading causes stress
concentration, increased length of the moment
arm increases the stress on the ventral aspects of
the vertebral bodies with a higher tendency toward
compression; the vertebral bodies tend to lose
more height in the ventral aspect than the dorsal

.

Fig. 2.2 Lateral X-ray of the cervical spine demonstrat-
ing severe spondylosis at the levels of C5/C6 and C6/C7
with the loss of height of the disc space and osteophyte
formation

’ =0
B i

migration of nucleus pulposus leading to disc herniation
as a result. (Permission from Thieme has been granted.
Adapted from Benzel’s Biomechanics of Spine
Stabilization, 2015 (third edition); Fig. 5.9, page 51)
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aspect, accentuating the kyphotic deformity [2].
When axial loads are applied, kyphotic deformity
elongates the moment arm at the point of rotation,
which induces further progression of the defor-
mity (Fig. 2.3). This constellation of degenerative
changes creates a negative feedback loop further
propagating the kyphotic deformity, “kyphosis

begets kyphosis.”
CSM is typically associated with cervical sag-
ittal imbalance, and therefore, surgical

intervention to correct such a deformity is war-
ranted. The role of sagittal balance and imbal-
ance in the cervical spine has focused on the
prediction of clinical outcomes of CSM, as cervi-
cal sagittal imbalance has been correlated with
the severity of CSM [6]. The main objectives of
surgical interventions should therefore be to
decompress the neural elements, halt the progres-
sion of kyphotic deformity, and restore the lor-
dotic curvature. A loss of cervical lordosis is
known to indicate neck pathology and is directly
associated with high risk of soft tissue injuries to
the neck and therefore poor clinical outcomes.

__________________________________4_

—

Fig. 2.3 (a) Physiological situation with the axial load-
ing applied in arrows; (b) loss of lordosis due to the disc
desiccation and height loss in multiple levels, leading to
the mild elongation of moment arm applied to the spine
(D); (¢) kyphotic deformity with further elongation of the

When stabilization is achieved in the anterior col-
umn, a much-improved resistance to axial load-
ing is achieved, along with the transmission of
the majority of axially applied loads to the ante-
rior column. This minimizes the risk for progres-
sion of deformity and enhances the chance of
restoring the natural lordotic posture [2].
Adequate decompression combined with solid
arthrodesis must be achieved when kyphotic
deformity is corrected, as the restoration of lor-
dosis without solid fusion can shift the load-
bearing capacity to the posterior half of the
vertebral body and facet joints. Patients with
CSM show significant clinical improvements
when decompression is performed. However,
there are no established guidelines to dictate the
surgical approach (ventral versus dorsal), and,
therefore, the optimal approach for surgical
decompression and instrumented fusion has not
been clearly defined [9]. A prospective observa-
tional multicenter study, however, demonstrated
that patients treated with the ventral approach
were younger, had less neurological impairment,

(1]

_>_______.:T_______________@'________4_

moment arm exaggerating the pathological deformity.
(Permission from Thieme has been granted. Adapted from
Benzel’s Biomechanics of Spine Stabilization, 2015 (third
edition); Fig. 5.14, page 56)
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and had more of a focal pathology, in comparison
to the dorsal approach cohort [6].

Biomechanics and Stability
of Cervical Spine Instrumentation

Operative treatment options should involve the
elimination of repetitive trauma and deformity
correction via decompression and spinal fixation
and fusion in a normal or relatively normal lor-
dotic posture [19]. More complicated deformities
require a combined anterior and posterior
approach in order to optimize the biomechanical
stabilization by providing both anterior and pos-
terior column support [9].

Certain patient-specific characteristics should
be considered that may compromise or impact
biomechanical considerations. Osteoporosis is
the most known and studied degenerative human
bone disease, and osteoporotic patients might
present as a challenging surgical cohort, as the
bone quality and bone healing process are com-
promised in osteoporosis and fixation techniques
via implants heavily depend on these two charac-
teristics [13]. A retrospective analysis by Guzman
et al. demonstrated that osteoporotic patients
were more likely to undergo posterior cervical
fusion, circumferential fusion, and revision sur-
geries and therefore had all the associated com-
plications and more complex and longer
postoperative hospital course and recovery pro-
cess, compared to non-osteoporotic patients [13].
When performing fusion on osteoporotic patients
with such higher risk of implant failures and
complications, it is essential for the surgeon to
plan the procedure accordingly to achieve a solid
fixation and to utilize appropriate intraoperative
implants and grafts, along with perioperative
medical therapy that can optimize the fusion rate
and quality.

Instrumentation in the Upper
Cervical Region

When achieving occipitocervical fixation, it may
prove difficult to couple C1 screw fixation to the

rod. The addition of C1 screw fixation, however,
is known to reduce the range of motion in all
directions and is associated with lower occipital
screw and superior rod stresses in all loading con-
ditions. Therefore, the addition of supplemental
C1 screw fixation when attempting to achieve
O-C2 arthrodesis optimizes stability by more
evenly distributing the stress and reducing the risk
of occipital screw pullout and rod fractures [20].
The utilization of bicortical purchase of screws
can be an option to achieve the optimal fixation
and clinical outcomes in osteoporotic patients.

Occipitocervical fixation is complicated if the
intent is to incorporate the subaxial spine, requir-
ing long posterior fixation lever arms. With
excessively rigid fixation achieved through the
OClJ, the lower end of the construct at the subax-
ial levels can potentially become the weakest
link, inducing instrumentation failure and pseud-
arthrosis [2]. Wire or cable-rod fixation, which
allows some dynamic motion through the OCJ,
can be considered to avoid such instrumentation
failure (Fig. 2.4). The occiput provides few
options for instrumentation and implant fixation.
Due to a short depth of the occipital bone, screws
have a limited depth of purchase, except in the
middle keel. Therefore, the midline screw fixa-
tion technique is a commonly practiced option.
However, the midline fixation does not resist
rotation optimally as the screw is situated in a
single row (Fig. 2.5). Another option is the lateral
placement of occipital screws. However, as these
screws do not provide as much fixation as the
midline screws, cross fixation with a connector
can be placed to compensate for the weakness of
lateral fixation [2] (Fig. 2.6).

In the upper cervical region, a solid arthrodesis
is difficult to achieve due to the presence of mul-
tiple motions that must be restricted by the implant
and instrumentation and the complex characteris-
tics of the discoligamentous complex of the sub-
axial spine [2]. Initially, this was a challenge, as
the accomplishment of dorsal fixation at C1-C2
with wiring techniques could not restrict rotation
and translation well, interfering with the fusion
process. The more modern techniques of rigid
fixation, including the Magerl technique of trans-
articular screws and the Goel-Harms technique of



20

B.S.Lee and E. C. Benzel

Fig.2.4 (a) If excessively rigid fixation is achieved at the
occiput, the occipitocervical fixation may fail at the lower
end of the construct due to the relatively weaker subaxial
fixation. (b) Wire or cable-rod fixation can be considered

Fig. 2.5 (a) Midline
occipital bone screw
through the keel has the
optimal screw penetration
through the relatively
dense bone. (b) It,
however, does not resist
rotation optimally as the
screw is situated in a
single row. (Permission
from Thieme has been
granted. Adapted from
Benzel’s Biomechanics of
Spine Stabilization, 2015
(third edition)

Fig. 28.3AB, page 396)

C1 lateral mass/C2 pars screw constructs,
achieved greater stability with improved fusion
rates than had been previously achieved (Fig. 2.7)
[12, 22]. The Magerl technique of transarticular
C1-C2 screws achieved a tenfold increase in rota-
tional stiffness, in comparison to the dorsal wiring
techniques, and the Goel-Harms technique of
C1-C2 screw fixation yielded a much improved
biomechanical stability, especially in achieving
resistance to lateral bending and axial rotation
[12, 22]. The newly popularized placement of
translaminar screws achieves equivalent biome-
chanical stabilization, compared to the traditional

to permit dynamic motion to minimize the risk of such
instrumentation failure. (Permission from Thieme has
been granted. Adapted from Benzel’s Biomechanics of
Spine Stabilization, 2015 (third Fig. 17.27AB, page 233)

C2 screw fixation, and without the risk of verte-
bral artery injury [11]. Moreover, translaminar
screw placement can be an effective bailout or an
alternative option for patients with suboptimal
fixation or failed placement of C2 pars/pedicle
SCrews.

Instrumentation in the Subaxial
Cervical Spine

In the subaxial cervical spine, instrumentation
with the placement of lateral mass screws has
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Fig. 2.6 (a) Occipitocervical fixation with laterally
placed occipital screws, which minimize rotation. (b)
Cross fixation can be incorporated to provide more rigid
fixation to compensate for the shallow depth of lateral
screw penetration. (¢) Depth of screw penetration is opti-

become the widely accepted and popularized
technique, as the placement of pedicle screws
is associated with a greater risk of neurovascu-
lar injury. In vitro studies have demonstrated
that pedicle screws have stronger biomechani-
cal properties, with the mean pullout strength
of the pedicle screws to be nearly four times
greater than that of the lateral mass screws
[16], and significantly higher stability in lat-
eral bending [17]. Moreover, pedicle screws
can achieve a greater reduction in axial load
transfer through the intervertebral disc, as
compared to the lateral mass screw-rod con-
struct. Therefore, in clinical settings when
bone fixation is compromised due to poor bone
quality, in the presence of the need for multi-
segmental dorsal fixation, pedicle screw-rod
constructs in the subaxial cervical spine may
provide an advantage despite the associated
higher risks [5].

The determination of the length of the upper
cervical spine constructs remains controversial
in regard to the placement of the caudal extent
of the construct. As a general rule, solid fixation
to the occiput to C2 is sufficient regarding ros-
tral fixation. Such constructs can be extended

mal in the midline keel. (Permission from Thieme has
been granted. Adapted from Benzel’s Biomechanics of
Spine Stabilization, 2015 (third edition) Fig. 28.4ABC,
page 397)

caudally, when necessary, to C5 or C6 [2].
However, when the construct is extended to C7
due to the need for longer multisegmental fixa-
tion and stabilization, significantly increased
stress is placed at the cervicothoracic junction
(CTJ), thus increasing the risk of pseudarthro-
sis, hardware failure, and junctional instability
(Fig. 2.8) [2].

The CTJ, which involves the C7 and T1 ver-
tebrae, the C7/T1 intervertebral disc, and all the
associated muscular and ligamentous structures,
is prone to injury and instability, as it bears the
high-stress mechanical loading forces between
the mobile cervical spine and the relatively fixed
thoracic spine supported by the rigid rib cage,
particularly in the trauma population [32]. In
degenerative spine pathologies, these factors
also play a role, though. Moreover, the transi-
tion from the cervical lordosis to the thoracic
kyphosis at this region is another stress riser,
accentuating the high biomechanical stresses at
the junction. It is therefore essential to under-
stand the associated principal characteristics of
the CTJ that pose special considerations to sur-
gical instrumentation, in order to avoid achiev-
ing an unstable construct that leads to
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Fig. 2.7 Comparison of the
wiring technique with the screw
fixation technique in the upper
cervical region and demonstra-
tion of the improved resistance
of various motions achieved by
the screw fixation technique. (a,
b) Dorsal wiring fixation
restricting the flexion/extension
motion only, while the axial
rotation and translation motions
are still allowed; (¢) the addition
of a dorsal bone graft in the
construct to further enhance the
resistance of extension; (d, e)
C1-C2 screw fixation, resisting
motions in all three planes. (f)
Postoperative plain film
depicting such a construct.
(Permission from Thieme has
been granted. Adapted from
Benzel’s Biomechanics of Spine
Stabilization, 2015 (third

edition); Fig. 20.2, page 231) ¢ .
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Fig. 2.8 Complication from a short occipitocervical construct. (a) Construct with caudal extent to C5; (b) construct
with extension to C7 placing a significantly increased stress on the cervicothoracic junction. (Permission from Thieme
has been granted. Adapted from Benzel’s Biomechanics of Spine Stabilization, 2015 (third edition); Fig. 20.33, page

247 — A and B only)

instrumentation failure and adjacent segment
disease (ASD). The risk of clinical ASD is not
low, when performing a fusion to eliminate
motion, which increases the intradiscal pressure
and expedites the degenerative process at the
adjacent levels, particularly when the normal
lordotic posture is not maintained or restored.
The risk becomes higher at the CTJ, as the fixa-
tion construct to C7 and the rigid thoracic spine
with the intact rib cage create an iatrogenic
lever arm at this transition zone. A potential
solution is extending the instrumentation and
fusion across the CTJ down to the upper tho-
racic levels. A biomechanical, cadaveric study
by Cheng et al. performed an exploratory analy-
sis comparing changes in the intradiscal pres-
sures at various levels when long cervical or
cervicothoracic fusions are achieved and con-
cluded that it might be advantageous to extend
the construct down to T2, as a significant
decrease in pressures from all directions of
bending was shown at this level [4].

Anterior procedures, including anterior cer-
vical discectomy and fusion (ACDF), are com-
monly performed for single- or multilevel disc

pathologies and  kyphotic  deformities.
Decompression, stabilization, and restoration of
lordosis and sagittal balance in the cervical
spine are the goals of surgical intervention. The
restoration of a lordotic posture can be maxi-
mized with the placement of lordotic-shaped
interbody cages, with Caspar pin placement in a
divergent fashion to facilitate the distraction in a
convergent manner, and with maintenance of
PLL during distraction. The placement of
screws via a plate results in the creation of a
cantilever beam construct. Such a cantilever
beam construct can either be a fixed or non-
fixed moment arm construct. Fixed moment arm
cantilever beam constructs include screws that
are rigidly fixed to the plate and that do not per-
mit toggling of the screws. Non-fixed moment
arm cantilever beam constructs allow toggling
of the screws that are not completely locked into
the plate. They, thus, allow screw toggling and
facilitate subsidence [3]. Fusion is impeded by
excessive motion, and such motion is prevented
by the fixed moment arm cantilever beam sys-
tem. However, the complete elimination of
motion and the associated reduction of stresses
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and loading effect on the graft-bone interface
can inhibit bone growth and healing — according
to Wolff’s law [1, 35]. The rigidity of the plating
system can decrease the loading effect on the
bone graft, as demonstrated in cadaveric stud-
ies; 23% of the load was borne by rigid plates
placed for a C5 corpectomy, in contrast to only
9% with dynamic plates [28]. Such dynamic
plates minimize stress shielding and excessive
plate rigidity that inhibits compressive forces
across the bone graft and therefore fusion.
However, it remains controversial, particularly
when undergoing a one- or two-level ACDF. A
systematic review demonstrated that there is no
significant difference in the fusion or complica-
tion rate between fully constrained (rigid) and
semiconstrained (dynamic) plates [30].

The proper placement and fixation of the
anterior cervical plate also help to achieve the
optimal stabilization, restoration of the lordotic
curve, maximization of the fusion rate, and
decreased risk of the ASD. A positive correla-
tion has been achieved between adjacent-level
ossification with shorter plate-to-disc distance,
and the placement of plate away from the adja-
cent segment disc space can help to decrease the
incidence of adjacent-level ossification and ASD
[27]. The utilization of aforementioned dynamic
plates provides comparable fusion rates to rigid
plates [30], but subsidence of the interbody graft
can result, leading to the potential impingement
of the plate on the adjacent segment disc space,
along with local loss of lordosis. However, a ret-
rospective cohort study has demonstrated that
there is no significant association between the
changes in local cervical alignment from subsid-
ence and the clinical outcomes [8].

Anterior cervical implants/instrumentations
are associated with variable responses to differ-
ent loading conditions (Fig. 2.9). For example,
the implants act as distraction devices by resist-
ing flexion forces and compression under axial
loading conditions and, conversely, function as
compression devices when an extension moment
is applied [2]. With longer constructs, stability
can also improve by the addition of an extra,
intermediate point of fixation, allowing the resis-

tance of translation deformation through a three-
point bending force application (Fig. 2.10). In
addition, the placement of bicortical screws has
been shown to improve the holding strength of
anterior cervical plating system, in comparison to
the placement of unicortical screws, and should
be considered in the setting of osteoporosis and
other associated risk factors for instrumentation
failure [29].

The concept of subsidence, which refers to
the vertical height loss, is important in achiev-
ing the proper spine construct to avoid further
deformities and accomplish appropriate stabili-
zation. Angular deformation along the sagittal
axis is associated with the loss of the height of
the vertebral body and/or intervertebral disc,
and it leads to the progression of kyphotic
deformity. When ventral approach is taken for
cervical spine stabilization and correction of
kyphotic deformity, one has to fully understand
the concept of subsidence to avoid pseudarthro-
sis, instrumentation failure, further kyphotic
deformity, and iatrogenic instability. This sub-
sidence process involves a combination of pis-
toning of the strut graft into the vertebral body,
collapse or shortening of the strut graft, and
poor surgical techniques, which all result in
creating persistent gaps between the graft and
the end plates that induce subsidence [2]. The
incidence and extent of subsidence and subop-
timal stabilization are affected by the fit of the
bone graft in the vertebral body, the contact
surface area between the graft and the body,
and the quality and quantity of the contact sur-
faces [2]. The maximal contact surface area is
achieved by optimizing the closeness of fit
between the graft and the body, which mini-
mizes the stress concentration and thereby min-
imizes the rate of pseudarthrosis or subsidence.
Moreover, when the contact surface area is
larger (which occurs when the bone graft is
nearly the same size as the vertebral body end
plate), a greater biomechanical advantage is
achieved, since contact on the vertebral end
plate periphery engages more dense cortical
bone and helps to buttress an axial load [2]
(Fig. 2.11).
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Fig. 2.9 Response of anterior cervical implants to vari-
ous loading conditions. (a) Fixed moment arm cantilever
beam construct placed on the anterior cervical spine; (b)
application of axial loads in an upright position; (c)
implant functioning as a tension-band fixation device via
compression when the extension moment is applied; (d)

three-point bending forces resisted by the multisegmental
implant; (e) translation resisted by the multisegmental
implant. (Permission from Thieme has been granted.
Adapted from Benzel’'s Biomechanics of Spine
Stabilization, 2015 (third edition); Fig. 21.2, page 252)
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Fig. 2.10 Enhanced stability by the addition of an inter-
mediate fixation point in a cantilever beam construct in
the anterior cervical spine. (a) Anterior cervical construct
with a long strut graft after a multilevel corpectomy; (b)
the intermediate fixation point providing increased axial

Fig. 2.11 The contact surface area between the bone
graft and the vertebral body is inversely proportional to
the extent of subsidence. For example, flat-faced cages

(a) provide a greater surface area of contact, compared to
round-faced cages (b). (Permission from Thieme has been
granted. Adapted from Benzel’s Biomechanics of Spine
Stabilization, 2015 (third edition) Fig. 20.19AB,

page 184)

load bearing, thus increasing the resistance to deforma-
tion and implant failure. (Permission from Thieme has
been granted. Adapted from Benzel’s Biomechanics of
Spine Stabilization, 2015 (third edition); Fig. 21.14, page
260)
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Conclusions

Due to the complex anatomy of the cervical
spine, which incorporates the OCJ, upper cervi-
cal, and subaxial spine, the clinical application of
biomechanical principles is essential. In order to
properly manage the degenerative cervical spine,
one must fully understand the complexity of the
degenerative process and appreciate and account
for the cervical spinal anatomy along with the
various treatment modalities. Biomechanical
principles are an adjunct to the surgical decision-
making process. They also contribute to the
establishment of guidelines for the management
of the degenerative cervical spine and therefore
the decision-making process in selection of the
optimal spine stabilization strategy.

References

1. Anand N. Overview of biologics. Spine (Phila Pa
1976). 2016;41(S)7:S10.

2. Benzel EC. Biomechanics of spine stabiliza-
tion. Rolling Meadows: American Association of
Neurological Surgeons Publications; 2001.

3. Brodke DS, Gollogly S, Alexander Mohr R, et al.
Dynamic cervical plates: biomechanical evaluation
of load sharing and stiffness. Spine (Phila Pa 1976).
2001;26:1324-9.

4. Cheng I, Sundberg EB, Iezza A, Lindsey DP, Riew
KD. Biomechanical determination of distal level for
fusions across the cervicothoracic junction. Global
Spine J. 2015;5(4):282-6.

5. Dunlap BJ, Karaikovic EE, Park HS, Sokolowski MJ,
Zhang LQ. Load sharing properties of cervical pedi-
cle screw-rod constructs versus lateral mass screw-rod
constructs. Eur Spine J. 2010;19(5):803-8.

6. Fehlings MG, Gray R. Importance of sagittal balance
in determining the outcome of anterior versus poste-
rior decompressive surgery for cervical spondylotic
myelopathy. J Neurosurg Spine. 2009;11:518-519;
discussion 9-20.

7. Ferrara LA. The biomechanics of cervical spondylo-
sis. Adv Orthop. 2012;493605 .

8. Ghahreman A, Rao PJ, Ferch RD. Dynamic plates
in anterior cervical fusion surgery: graft settling
and cervical alignment. Spine (Phila Pa 1976).
2009;34(15):1567-71.

9. Ghogawala Z, Martin B, Benzel EC, et al
Comparative effectiveness of ventral vs dorsal surgery
for cervical spondylotic myelopathy. Neurosurgery.
2011;68(3):622-30.

10.

11.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Grob D, Crisco JJ 3rd, Panjabi MM,

Goel VK, Clark CR, Harris KG, et al. Kinematics of
the cervical spine: effects of multiple total laminec-
tomy and facet wiring. J Orthop Res. 1988;6:611-9.
Gorek J, Acaroglu E, Berven S, et al. Constructs
incorporating intralaminar C2 screws provide rigid
stability for atlantoaxial fixation. Spine (Phila Pa
1976). 2005;30:1513.

et al
Biomechanical evaluation of four different poste-
rior atlantoaxial fixation techniques. Spine (Phila Pa
1976). 1992;17:480-90.

Guzman JZ, Feldman ZM, McAnany S, Hecht AC,
Qureshi SA, Cho SK. Osteoporosis in cervical spine
surgery. Spine (Phila Pa 1976). 2016;41(8):662-8.
Heller JG, Amrani J, Hutton WC. Transverse liga-
ment failure: a biomechanical study. J Spinal Disord.
1993;6:162-5.

Henderson FC, Geddes JF, Vaccaro AR, Woodard E,
Berry KJ, Benzel EC. Stretch-associated injury in
cervical spondylotic myelopathy: new concept and
review. Neurosurgery. 2005;56(5):1101-13.

. ItoZ, Higashino K, Kato S, Kim SS, Wong E, Yoshioka

K, Hutton WC. Pedicle screws can be 4 times stronger
than lateral mass screws for insertion in the midcervi-
cal spine: a biomechanical study on strength of fixa-
tion. J Spinal Disord Tech. 2014;27(2):80-5.

Kothe R, Riither W, Schneider E, Linke
B. Biomechanical analysis of transpedicular screw
fixation in the subaxial cervical spine. Spine (Phila Pa
1976). 2004;29(17):1869-75.

Kowalski RJ, Ferrera LA, Benzel EC. Biomechanics
of the spine. Neurosurg Q. 2005;15(1).

Lee BS, Ghogawala Z, Benzel EC. Cervical spondy-
lotic myelopathy and sagittal deformity. World Spinal
Column J. 2014;5:119-23.

Liu H, Zhang B, Lei J, Cai X, Li Z, Wang
Z. Biomechanical role of the C1 lateral mass screws in
occipitoatlantoaxial fixation: a finite element analysis.
Spine (Phila Pa 1976). 2016;41(22):E1312-8.

Lopez AJ, Scheer JK, Leibl KE, Smith ZA, Dlouhy
BJ, Dahdaleh NS. Anatomy and biomechanics of
the craniovertebral junction. Neurosurg Focus.
2015;38(4):E2.

Montesano PX, Juach EC, Anderson PA, et al.
Biomechanics of cervical spine internal fixation.
Spine (Phila Pa 1976). 1991;16(Suppl):S10-6.
Moroney SP, Schultz AB, Miller JA, et al. Load-
displacement properties of lower cervical spine
motion segments. J Biomech. 1988;21:769-79.
Nowinski GP, Visarius H, Nolte LP, et al. A biome-
chanical com- parison of cervical laminaplasty and
cervical laminectomy with progressive facetectomy.
Spine (Phila Pa 1976). 1993;18:1995-2004.

Oda T, Panjabi MM, Crisco JJ III, Oxland TR,
Katz L, Nolte LP. Experimental study of atlas inju-
ries. II. Relevance to clinical diagnosis and treat-
ment. Spine (Phila Pa 1976). 1991;16(10 Suppl):
S466-73.



28

B.S.Lee and E. C. Benzel

26.

217.

28.

29.

30.

Panjabi MM, White AA, Keller D, et al. Stability
of the cervical spine under tension. J Biomech.
1978;11:189-97.

Park JB, Cho YS, Riew KD. Development of
adjacent-level ossification in patients with an
anterior cervical plate. J Bone Joint Surg Am.
2005:87(3):558-63.

Reidy D, Finkelstein J, Nagpurkar A, et al. Cervical
spine loading characteristics in a cadaveric C5 cor-
pectomy model using a static and dynamic plate. J
Spinal Disord Tech. 2004;17:117-22.

Ryken TC, Clausen JD, Traynelis VC, Goel
VK. Biomechanical analysis of bone mineral den-
sity, insertion technique, screw torque, and holding
strength of anterior cervical plate screws. ] Neurosurg.
1995;83(2):324-9.

Schroeder GD, Kepler CK, Hollern DA, Rodrigues-
Pinto R, Kurd MF, Wilson JR, Maltenfort MG,
Paul JT, Fleischman AN, Dwight K, Millhouse PW,
Vaccaro AR. The effect of dynamic versus static plat-
ing systems on fusion rates and complications in
1-level and/or 2-level anterior cervical discectomy

31.

32.

33.

34.

35.

36.

37.

and fusion: a systematic review. Clin Spine Surg.
2017;30(1):20-6.

Schulte K, Clark CR, Goel VK. Kinematics of the
cervical spine following discectomy and stabilization.
Spine (Phila Pa 1976). 1989;14(10):1116-21.

Techy F, Benzel EC. Stabilization of the cer-
vicothoracic junction: part I. Cont Spine Surg.
2011;12(5):1-5.

Weinstein PR, Ehni G, Wilson CB. Lumbar spondy-
losis: diagnosis, management and surgical treatment.
Chicago: Year Book; 1977. p. 13-87.

White AA, Panjabi MM. Clinical biomechanics of the
spine. 2nd ed. Philadelphia: Lippincott; 1990.

Wolff J. The law of bone remodeling. Berlin/
Heidelberg/New York: Springer; 1986. (translation of
the German 1892 edition).

Young WF. Cervical spondylotic myelopathy: a com-
mon cause of spinal cord dysfunction in older per-
sons. Am Fam Physician. 2000;62:1064—70 and 73.
Zdeblick TA, Abitbol JJ, Kunz DN. Cervical stabil-
ity after sequential capsule resection. Spine (Phila Pa
1976). 1993;18:2005-8.



®

Check for
updates

Cervical Alignment and Sagittal

Balance

Alexander Tuchman and Dominque M. O. Higgins

Pitfalls and Pearls
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Cervical sagittal alignment is qualified
as lordosis or kyphosis and can be
measured utilizing Cobb angles,
Harrison posterior tangent, and Jackson
physiologic stress lines.

Studies demonstrate a correlation
between cervical kyphosis and
myelopathy.

Chin brow angle is used to assess hori-
zontal gaze.

Abnormalities of horizontal gaze have
been shown to have negative impact on
ADLs and quality of life.

Cervical sagittal balance can be mea-
sured with C2-C7 SVA.

Abnormal cervical sagittal balance has
been associated with poor quality of
life and disability.

(g) Deviations of thoracolumbar align-
ment can lead to compensatory changes
of cervical alignment.

(h) Thoracolumbar deformity surgery
should incorporate the potential impact
on cervical alignment.

Introduction

In patients with cervical spine pathologies, sur-
gical consideration of alignment and balance
is critical for obtaining optimal outcomes [1].
Preoperative evaluation of these patients must
therefore take into account baseline deformity,
as well as potential risk of progression. As such,
reliable methods of describing cervical align-
ment and balance and awareness of their surgical
implications are of the utmost importance. Here,
we describe standard parameters utilized in clas-
sification of cervical spine alignment, deformity,
and their key clinical associations.

Cervical Alignment
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Spinal alignment refers to the local relationship
of the vertebrae to one another. Spondylolisthesis
describes translation of one vertebral body in
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relation to the next most distal vertebra. Angular
relationships in the sagittal plane are measured
in terms of lordosis and kyphosis, while coronal
angularity is described as scoliosis. By conven-
tion lordosis is described as a negative value
while kyphosis is positive. A variety of techniques
can be used to determine the angular alignment
of the cervical spine on upright anteroposterior
and lateral radiographs, including Cobb angles,
Harrison posterior tangent, and the Jackson phys-
iologic stress lines. The Cobb angle is one of the
most commonly used technique to determine the
alignment in the sagittal or coronal plane [2]. The
Cobb angles for assessing cervical sagittal align-
ment from C2 to C7 can be determined by first
drawing a line parallel to the inferior end plate
of C2 and a second line parallel to the inferior
end plate of C7, and then perpendicular lines are
drawn from each of the two (Fig. 3.1a). The Cobb
angle is the angle subtended between the cross-
ing of the perpendicular lines. Some studies refer
to cervical alignment over the C1-C7 segments.
In this case, a line extending from the anterior
tubercle of C1 to the posterior margin of the
spinous process may be used rather than the C2
inferior end plate line [2]. C1-C7 tends to over-
estimate cervical lordosis, and C2—C7 underes-
timates lordosis. Coronal deformity may also be
analyzed on anteroposterior radiograph using the
Cobb method. In this case, the initial two lines
are drawn parallel to the two most angled ver-

tebrae, and the degree of scoliosis is determined
by the angle subtended by the two intersecting
lines perpendicular to the end plates. A coronal
Cobb angle of greater than 10° indicates cervical
scoliosis.

Harrison posterior tangent provides an esti-
mate of overall cervical curvature in the sagittal
plane by the summation of parallel lines to the
posterior surface of cervical vertebral bodies
from C2 to C7 (Fig. 3.1b). Similarly, the Jackson
physiologic stress line utilizes parallel lines to
posterior vertebral body of C2 and C7, and mea-
suring the angle between them (Fig. 3.1c¢).

Mean cervical alignment from C2 to C7 in
normal controls is —17° of lordosis with a range
within two standard deviations between —45° of
lordosis and 11° of kyphosis [3]. The mean angle
between O and C1 is 2.1° + 5.0° and C1 and C2
is —32.2° £ 7.0°, and the subaxial levels range
between —0.6° and —4.5° [4, 5].

Despite increased cervical kyphosis being rec-
ognized as a form of cervical deformity [3, 6],
there is not a strong relationship between increas-
ing cervical kyphosis and neck pain or disabil-
ity. This is likely related to the fact that cervical
alignment has a large physiologic normal range
to compensate for the variable sagittal alignment
and angulation of the proximal thoracic spine
while maintaining cranial balance and horizontal
gaze. In fact cervical lordosis tends to increase
with age [4, 5]. Grob et al. found no relationship

Fig. 3.1 (a) Cobb angle. (b) Harrison posterior tangent line. (¢) Jackson physiologic stress line
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between neck pain and global or segmental cervi-
cal angles [7]. Le Huec et al. likewise found that
1/3 of the asymptomatic patients have cervical
kyphosis [8].

On the contrary, multiple studies have demon-
strated a relationship between cervical kyphosis
and myelopathy. Mechanistically, this is hypoth-
esized to be due to impaired blood supply due
to anterior cord flattening and compression of
arterial feeders [9]. Longitudinal cord tension
resulting in tethering may also play a role, caus-
ing increased intramedullary cord pressure lead-
ing to demyelination and neuronal apoptosis
[10]. Oshima et al. found segmental kyphosis to
be predictive of neurologic worsening in patients
with mild cervical myelopathy [11]. Furthermore,
patients with preoperative lordotic alignment
have greater improvement in myelopathy post-
operatively compared to kyphotic counterparts
[12]. Kyphotic patients, though, demonstrate
greater improvement with regard to myelopathy
when treated with anterior approaches versus
posterior [12].

There is evidence to suggest, though, that
correcting segmental alignment postoperatively
rather than global alignment does improve neck
pain [13].

Horizontal Gaze

Chin-brow vertical angle (CBVA) is used to
assess horizontal gaze, measured by the angle
subtended by a vertical line intersecting a sec-
ond line from the forehead to the chin [2, 14,
15]. CBVA can be measured on clinical photos
or relevant anatomy radiographs (Fig. 3.2). Mean
neutral angle range is estimated to be —1 + 3 [3].
Loss of horizontal gaze has a significant impact
on activities of daily living (ADLs) and quality
of life [16]. CBVA of <—4.8° or >17.7° correlates
with severe disability [16]. Surgical correction of
CBVA (+ 10°) is associated with improved gaze,
ambulation, and ADLs [14, 15, 17]. Slope of line
of sight, measuring from the inferior margin of
the orbit to the top of the external auditory canal
(EAC), and McGregor slope, measuring from
the posterior margin of the hard palate to the

Fig. 3.2 Chin-brow vertical angle (blue)

opisthion, are also similar metrics for assessing
gaze, the former of which has been shown to
independently predict quality of life [16]. These
can be helpful when X-rays do not allow for the
measurement of CBVA and can be converted
to the equivalence of CBVA with mathematical
equations [16].

In patients undergoing occipital cervical
(O-C) fusion, the fixed head position is of great
importance not only to optimize horizontal gaze
but also to minimize potential for dysphagia,
which is associated with cervical immobility,
mid-cervical hyperextension, and flexed posi-
tion of the O-C junction resulting in reduced
O-C2 angle [18-21]. Furthermore, reduction
of atlanto-occipital (AO) subluxation is associ-
ated with a reduction in oropharyngeal airway
space [22]. Radiographically, measuring the
pharyngeal inlet angle (PIA) may help predict
the risk of dysphagia, because it encompasses
most of these risk factors within its calculation
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[23, 24]. PIA is determined by measuring the
angle intersecting McGregor’s line and a verti-
cal line from the center of the CI anterior arch
through the apex of cervical sagittal curvature.
Patients with a PIA of <90° are at an increased
risk of postoperative dysphagia [23, 24]. Keeping
the O-C2 angle the same or slightly greater than
preoperatively is also recommended, as dyspha-
gia is associated with flexed position of the O-C
junction and reduced O-C2 angle [18, 20]. Some
groups advocate preoperative halo immobiliza-
tion prior to fusion to help predict potential post-
operative issues with dysphagia; however this too
is not entirely reliable in preventing such compli-
cations [23-26].

Sagittal Balance

Global measurements of alignment, as the name
implies, take into account additional factors in the
neuraxis that will ultimately influence the cervi-
cal spine [2]. Sagittal vertical axis (SVA) is a use-
ful method that takes into account alignment with
respect to the sacrum [2]. Techniques for measure-

ment include drawing a vertical line from C7, the
plumb line, and measuring the distance from it to
the posterior superior corner of S1. This measures
thoracolumbar balance but ignores the cervical
spine. Newer methods incorporate the cervical
spine using C2 or the anterior EAC as a starting
point to determine the cranial center of gravity
(CCOG) and give a more complete assessment of
global spine balance. A more focused assessment
of cervical sagittal axis can be made with a C2—
C7 SVA with a plumb line from the centroid of
C2 (or dens) and the posterosuperior aspect of C7
(Fig. 3.3a) [6, 27-29]. A C2-C7 SVA of >4 cm
suggests cervical deformity [6, 29] (Fig. 3.3b).
A retrospective analysis of 56 patients prior to
surgery demonstrated that higher C2-C7 SVA
correlated with worse myelopathy as measured
by the modified Japanese orthopedic scale [28].
In addition to the aforementioned neuro-
logic sequelae from abnormal cervical align-
ment, patients have also been shown to suffer
poor health-related quality of life (HRQoL) and
increased disability, as measured by validated
measures such as the Neck Disability index (NDI)
and the Short Form 36 (SF-36) [27, 29-31].

Fig. 3.3 (a) C2-C7 SVA (red arrow). (b) Positive C2—-C7 SVA (red arrow)
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Table 3.1 Important parameters of cervical sagital alignment

Cervical sagittal alignment

Measurements

Cobb angle

Line parallel to the inferior end plate of C2, a second line parallel to the inferior
end plate of C7, and then perpendicular lines are drawn from each of the two

Harrison posterior tangent

Summation of parallel lines to the posterior surface of cervical vertebral bodies
from C2 to C7

Jackson physiologic stress line

Parallel lines to posterior vertebral body of C2 and C7 and measuring the angle
between them

CBV Chin-brow vertical angle

Angle subtended by a vertical line intersecting a second line from the forehead

(CBVA)A to the chin

C2-C7 SVA Plumb line from the centroid of C2 (or dens) and the posterosuperior aspect of
Cc7
Neck tilt Angle between 2 lines both originating from the upper end of the sternum with

plate

one being a vertical line and the other connecting to the center of the T1 end

Thoracic inlet angle

Angle between a line originating from the center of the T1 end plate and
perpendicular to the T1 end plate and a line from the center of the T1 end plate
and the upper end of the sternum

T1 slope

Angle between the horizontal plane and T1 end plate

Indeed, high preoperative SVA values are an inde-
pendent predictor of high Neck Disability Index
scores [27, 31]. Global alignment parameters
(Table 3.1), particularly in instrumented patients,
can also significantly impact quality of life. High
postoperative SVA values, above 4 cm, have been
shown to worsen HRQoL [29]. Similarly, Hyun
et al. also showed a 5 cm cutoff for risk of poor
quality of life [30].

Thoracic Parameters

Similar to the how the pelvis controls the need for
lumbar lordosis for the thoracolumbar spine, the
upper thoracic spine determines the need for com-
pensation for the cervical spine. Thoracic hyper-
kyphosis can result in chronic compensation of
the cervical spine. As such thoracic parameters
affecting cervical alignment have been identified
[2]. The main parameters are T1 slope, neck tilt,
and the thoracic inlet angle (Fig. 3.4). Neck tilt is
defined as the angle between two lines both origi-
nating from the upper end of the sternum with
one being a vertical line and the other connecting
to the center of the T1 end plate. Thoracic inlet
angle is the angle between a line originating from
the center of the T1 end plate and perpendicu-
lar to the T1 end plate and a line from the center
of the T1 end plate and the upper end of the

Fig.3.4 Red: T1 slope. Blue: thoracic inlet angle. Yellow:
neck tilt. Dashed line: vertical from manubrium

sternum [2]. This measurement can be viewed
as the cervical correlate to pelvic incidence. T1
slope is the angle between the horizontal plane
and T1 end plate. T1 slope may be helpful in pre-
dicting physiologic alignment and guide defor-
mity correction and is similar in concept to sacral
slope. The sum of the T1 slope and the neck tilt
results in the thoracic inlet angle.

The T1 slope, in conjunction with the SVA, can
help determine the amount of subaxial cervical
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lordosis required to maintain CCOG in balance
and maintain horizontal gaze. T1 slope can also
be a useful predictor of post-laminoplasty kypho-
sis, as Kim et al. demonstrated [32]. Postoperative
cervical laminoplasty patients with high T1 slope
(>26.3°) were more likely to develop kyphotic
changes (greater than 5° and 10°) at 2-year follow-
up [32]. Despite its utility, only 11% of patients
can have a full evaluation of T1 parameters on
plain upright X-rays, limiting its application [33].
Upright kinematic MRIs can overcome this limita-
tion; however such studies are not readily available
at many institutions, and traditional MRIs and CT
scans do not represent physiologic alignment as
these images are obtained in the supine position.

To better assess cervical deformity after tho-
racolumbar surgery, T1 slope minus cervical
lordosis (T1S-CL) can be employed. This has
shown to be a useful tool to identify patients at
risk of progression of cervical deformity follow-
ing thoracolumbar deformity surgery [34]. It is
also useful for determining the amount of cervi-
cal lordosis required to prevent increased SVA
following cervical fusion. A postoperative mis-
match greater than 20° corresponds with cervical
SVA greater than 4 cm [35].

Thoracolumbar Deformity
and Cervical Compensation

Global and local parameters of cervical deformity
also are important considerations when evaluat-
ing patients for adult spinal deformity surgery.
Interestingly 53% of this population also has cer-
vical deformity [2, 36]. Patients can either have
concomitant primary cervical deformity or physi-
ologic compensatory changes in cervical align-
ment. As such, postoperatively, upper thoracic
deformity correction can lead to new or wors-
ened cervical deformity if such factors are not
taken into account [35]. Lumbar posterior spinal
osteotomies with adequate sagittal plane correc-
tion have been shown to result in spontaneous
cervical deformity correction [37]. Other studies
have not found such a link, and it may not always
be apparent if cervical deformity patients have
underlying thoracolumbar deformity [38]. To
address this, Klineberg et al. demonstrated that

a T1 slope greater than 32° correlates on chest
X-ray with underlying thoracolumbar deformity
and a T1 slope outside the range of 12-25° may
warrant evaluation of global alignment [38, 39].
Protopsaltis et al. demonstrated that a mismatch
between T1S-CL greater than 17° correlated with
a primary cervical deformity [34]. These patients
experienced progression of cervical deformity
following thoracolumbar deformity correction
instead of reciprocal improvement. Similarly,
Ghobrial et al. showed that preoperative mis-
match of greater than 15° was associated with
an increased risk for postoperative deformity fol-
lowing corrective surgery [40].

Limitations and Areas for Future
Investigation

Despite these numerous parameters established
for evaluating cervical deformity, individually
they fall short of providing a complete descriptor
of a patient’s clinical picture. Also, comparisons
across studies can become difficult given the vari-
ety of parameters available for measuring align-
ment globally and even across segments. To this
end, a cervical deformity classification system
has been defined that incorporates the parameters
described [41]. The system consists of five defor-
mity descriptor groups that include three primary
sagittal deformity groups at the cervical apex, cer-
vicothoracic junction, and thoracic apex, primary
cranio-vertebral junction deformity, and primary
cervical coronal deformity. There are additional
five modifiers that can be applied to those pri-
mary descriptors to account for SVA, horizontal
gaze, T1S-CL, myelopathy, and the SRS-Schwab
classification to address ASD, which is useful for
standardizing descriptions. Similarly, a standard-
ized system has also been developed to describe
surgical deformity correction, with seven grades
ranging from partial facetectomy to complete
vertebral column resection [4, 5].

Discussion/Conclusion

In summary, cervical alignment has an extremely
large physiologic range, and any surgical plan
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must address the individual patient’s deformity,
provide adequate correction at the pathologic site,
and minimize perioperative risk. Kyphosis alone
does not define symptomatic cervical deformity;
however there is a relationship between cervi-
cal kyphosis and myelopathy that should be
accounted for in a treatment plan. Cervical sagit-
tal balance does correlate with quality of life met-
rics. A C2-C7 SVA of >4 cm corresponds with
cervical deformity and is caused by a mismatch
between thoracic slope and subaxial cervical lor-
dosis (T1S-CL). This mismatch can be from a
too high T1 slope (thoracolumbar deformity), not
enough cervical lordosis (primary cervical defor-
mity), or both. Assessment of global balance is
key to defining the site of pathology that requires
treatment. The goals of sagittal cervical defor-
mity surgery are therefore to restore horizontal
gaze, prevent dysphagia, alleviate neurologic
compression, maintain or restore global balance,
and promote fusion. Lastly, thoracolumbar defor-
mity surgery, as well, should incorporate poten-
tial issues with cervical balance during operative
planning to optimize cervical alignment.
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Degenerative Cervical
Myelopathy: A Spectrum
of Degenerative Spondylopathies

Aria Nouri, Jean-Christophe Murray,
and Michael G. Fehlings

Introduction

Degenerative cervical myelopathy (DCM) is an
overarching term that describes the various age-
related and progressive changes of intervertebral
discs, ligaments, and vertebrae, which result in spi-
nal cord impairment through static and dynamic
injury mechanisms. At the present time, there
remain a large number of ICD-10 codes that
describe conditions that may fall under DCM
(Table 4.1). The term DCM was recently intro-
duced with the growing recognition that these
patients present with a constellation of the afore-
mentioned anatomical changes and that previous
diagnostic delineation within this group had not
been clear in the literature [54]. These factors have
ultimately impeded knowledge dissemination and
have resulted in under-recognition of the collective
importance of this spectrum of disorders in the
healthcare community. Following the introduction
of the term, a guideline development for the man-
agement of patients with DCM, with sponsorship
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from the Cervical Spine Research Society and
AOSpine, has been formulated. Previous guide-
lines by AANS/CNS focused on the surgical man-
agement of cervical spondylotic myelopathy and
were published in 2009 [42]. However, these guide-
lines have been somewhat outdated given the recent
introduction of the term DCM and publication of
prospective and multicenter studies on the surgical
management of DCM. The AANS/CNS spine sec-
tion guidelines are slated to be updated in 2019.

Diagnostic entities that fall under DCM include
degenerative disc disease, cervical osteoarthritis
(spondylosis), spondylolisthesis or subluxation,
and hypertrophy, calcification, or ossification of
spinal ligaments (ligamentum flavum, posterior
longitudinal ligament) (Fig. 4.1). These anatomi-
cal changes result in static compression of the
cord due to spinal canal stenosis, cervical spine
instability that can result in dynamic injury, and
changes in the sagittal alignment that can result in
altered cord tension and blood supply [3, 27, 54].
While the constellation of degenerative changes
and underlying genetic predisposition uniquely
affects individual patients, the unifying principle
underlying the pathophysiology of DCM is spinal
cord injury that is typically progressive in nature
and a response to these changes.

In addition to neck pain and altered range of
neck motion, DCM patients can present with great
heterogeneity of clinical findings suggestive of
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Table 4.1 International classification of diseases, tenth revision (ICD-10) list of condition that may be used to
described cervical condition resulting in myelopathy

Classification group Specific category
M25: Other joint disorders, not elsewhere M25.3: Other instability of joint
classified M25.7: Osteophyte
M25.9: Joint disorder, unspecified
M43: Other deforming dorsopathies M43.3: Recurrent atlantoaxial sub luxation with myelopathy

M43 .4: Other recurrent atlantoaxial subluxation

M43.5: Other recurrent vertebral subluxation

M47: Spondylosis (including arthrosis or M47.1: Other spondylosis with myelopathy
osteoarthritis, spine degeneration of facet joints) | M47.9: Spondylosis, unspecified
M438: Other spondylopathies M43.0: Spinal stenosis

M43.S: Other specified spondylopathies (including OPLL)
M43.9: Spondylopathy, unspecified

MS50: Cervical disc disorders (including cervical | M50.0+: Cervical disc disorder with myelopathy

disc disorders with cervicalgia cervicothoracic M50.2: Other cervical disc displacement

disc disorders)

MS50.3: Other cervical disc degeneration
M350.8: Other cervical disc disorders
M50.9: Cervical disc disorder unspecified

Nouri et al. [54]
OPLL indicates ossification of the posterior longitudinal ligament
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myelopathy on physical examination. Symptoms
include motor and sensory loss, usually most pro-
nounced in the hands but also present in the lower
limbs. In addition, patients typically present with
loss of proprioception and impairment of gait,
which is commonly broad-based in nature. These
findings can be corroborated with the presence of
clinical signs of myelopathy including hyperre-
flexia, Hoffman’s sign, Babinski’s response, a
failed Romberg test, and ankle clonus [25, 65].
The present chapter will begin with a new per-
spective on the epidemiology of DCM. Subsequent
sections of this chapter will describe the various
pathophysiological processes of the aging spine
and the impact of these changes on the spinal cord.
Finally, genetic and anatomical risk factors that can
predispose patients to DCM are briefly described.

Epidemiology

DCM is the most common cause of nontraumatic
spinal cord injury in adults in developed nations
[47, 54]. The average age at presentation has been
estimated to be in the 50-60s [48, 54], but it is dif-
ficult to provide a precise estimate, as many
patients who are mildly impaired or who do not
seek treatment are not captured. This estimate is
supported, however, by two recent AOSpine pro-
spective and multicenter studies representing a
global cohort of DCM patients undergoing surgical
treatment, where the average age of patients was
56 years [14, 15]. It has also been widely reported
that men present more commonly than women,
with an estimated ratio of 3:2 and higher [48, 54].
It has been recently shown that despite comparable
neurological impairment at presentation, men have
worse MRI evidence of DCM than women (e.g.,
higher prevalence of T2 hyperintensity of the cord
and more levels of spinal cord compression) [52].

Incidence and Prevalence of DCM

The incidence and prevalence of myelopathy due
to degeneration of the spine are estimated at a
minimum of 4.1 and 60.5 per 100,000 in North
America, respectively [54], and the incidence of
DCM-related hospitalization has been estimated

at 4.04 per 100,000 person-years in Taiwan [75].
While some patients, particularly those with risk
factors, can present at a younger age, the occur-
rence of DCM is largely dictated by age and
accumulation of wear and tear. As a consequence,
the aging population and increased recognition of
potential DCM among elderly patients by pri-
mary care physicians are expected to result in an
increased prevalence of the disorder. Indeed,
research has indicated a rise in surgical treat-
ments for DCM [35]. However, there remains
only limited epidemiological data available at the
present time to provide a clear picture of the
increased impact of DCM in the coming years.

Spectrum of Degenerative Cervical
Myelopathy Presentation

There has been little research describing the
spectrum of pathologies present in patients with
DCM. Recently, however, MRIs from the two
AOSpine prospective and multicenter studies
from a global cohort were analyzed to define the
constellation of disorders presenting in patients
with  DCM. The authors described specific
pathologies and criteria for their reporting
(Table 4.2). Therein, it was reported that the vast
majority of patients with DCM present with
spondylosis  (~90%) and  accompanying
ligamentum flavum hypertrophy (>50%). Single-
disc pathology, spondylolisthesis, and OPLL
were present in approximately 10% of patients in
the global cohort, but Asians presented with a sta-
tistically greater prevalence of OPLL (Asia=29%
vs. others = 4.8%, p = 0.3 x 107!1), as has been
previously reported [40, 54]. Interestingly, Asians
also presented with a statistically lower rate of
spondylolisthesis (Asia = 1.9% vs. oth-
ers = 14.8%, p = 0.002). While not statistically
significant, South Americans presented with an
increased rate of ligamentum flavum hypertrophy
(South America = 65.5% vs. others = 55.5%),
and Europeans had a much lower rate of congeni-
tal stenosis (Europe = 2.3% vs. others = 9.4%).
The most common level of maximum spinal
cord compression was C5-C6 region (39.5%),
which reflects clinical experience and has also
been reported by a smaller study [48]. The next
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Table 4.2 Definition for the MRI diagnostic criteria

Diagnosis

Criteria

Isolated disc pathology

Single-level disc herniation/bulging disc, with no other disc pathology
contributing to spinal cord compression at other levels

Multilevel disc pathology with or
without bore changes (spondylosis)

Spinal cord compression at multiple levels due to multilevel cervical
spine degeneration with two or more degenerated discs, with or without
associated bony changes

Ossification of the posterior longitudinal
ligament (OPLL)

OPLL appears hypointense on both T1 W1 and T2 W1. Effacement of
the CSF anterior to the cord on T2 W1 as well as spinal cord
compression that is contiguous across multiple levels, or in the absence
of spondylotic changes, is highly suggestive of ligament pathology

Ligamentum flavum buckling,
hypertrophy, calcification, or ossification

Any posterior enlargement of the ligamentum flavum contributing to
stenosis of the cervical canal

Spondylo listhesis or subluxation

Anterior or posterior displacement of the vertebral body/bodies in
relation to adjacent levels on sagittal imaging

Klippel-Feil syndrome

Vertebral levels without a complete disc and a wasp-waist sign. Absent
discs due to degenerative autofusion were disregarded

Craniocervical junction abnormalities

Abnormal structural pathologies resulting in spinal cord or brain stem
compression

Congenital stenosis

Patients with a spinal cord occupation ratio (SCOR) of >70% in the

spinal canal at non-pathological sites

From Permission (Nouri et al. [52])

most common sites of maximum compression
were in descending order of prevalence C4-CS5,
C3-C4, and C6—C7. In terms of cord signal
changes on MRI, the prevalence of T2 hyperin-
tensity across multiple studies has been reported
within a range of 58-85% [51].

Pathophysiology of Degenerative
Cervical Myelopathy

It is generally accepted that mechanical compres-
sion of the spinal cord is the primary pathophysi-
ologic pathway leading to myelopathy. Several
anatomic structures of the spine can be involved in
spinal cord compression: a bulging or herniated
intervertebral disc, posterior osteophytes protrud-
ing in the canal, an hypertrophied or ossified poste-
rior longitudinal ligament, infolding or ossification
of the flavum, and osteoarthritic uncovertebral and
apophyseal joints (Fig. 4.2). In many cases, a com-
bination of static compression coming from these
structures, in addition to dynamic factors second-
ary to abnormal motion between unstable spine
segments, can lead to myelopathy. Finally, altered
cord tension, compromised vascular supply, and
chronic repetitive microtrauma are likely to be
contributory to the natural history of DCM.

In the following paragraphs, the discussion on
the pathogenesis of DCM will be divided into (1)
factors related to cervical osteoarthritis; (2) ossifi-
cation, hypertrophy, and calcification of spinal
ligaments (i.e., non-osteoarthritic causes); and (3)
mechanisms and pathobiology of spinal cord com-
pression as a result of the two previous factors.

Cervical Osteoarthritis

Degenerative osteoarthritis of the cervical spine,
termed cervical spondylosis, is the result of mul-
tiple alterations in the normal anatomy of the ver-
tebral body and intervertebral disc (Fig. 4.1). It is
generally accepted that the disc degeneration is
the initiating step in the development of a spondy-
lotic spine [16, 26]. With progressive aging and
wear of the cervical spine, the intervertebral disc
and subsequently the uncovertebral joints degen-
erate and become flattened, altering the weight-
bearing and load-transferring capacities of the
vertebral segment. The facet joints become hyper-
mobile and lax, causing abnormal cervical spine
biomechanics, instability, and spondylolisthesis
[51]. This puts greater stress on the cartilaginous
end plates and promotes the formation of osteo-
phytic spurs as a result of bone remodelling and in
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Fig. 4.2 Sagittal T2WI MRIs of patients with DCM. (a)
A single-level disc degeneration resulting in spinal cord
compression (D). Also shown here are hyperintensity
changes of the end plate consistent with Type I or II Modic
changes (M). (b) A patient with ossification of the poste-
rior longitudinal ligament (OP) and disc degeneration (D).
(c) A patient with severe multilevel bone and disc degen-

an attempt to stabilize adjacent vertebrae [6, 16,
54]. In addition, there is loss of vertebral body
height and an increase in the anterior-posterior
diameter. This vertebral segment restructuring
promotes canal size narrowing, which can be
compounded by a preexisting congenitally narrow
canal. In a study of 295 patients with neck pain
with or without neurological symptoms, Morishita
et al. [45] found that an anteroposterior cervical
spinal canal diameter of less than 13 mm was
associated with an increased risk of developing
intervertebral disc degeneration and cervical spi-
nal stenosis. In other words, a congenitally narrow
canal lowers the threshold at which the various
spondylotic changes in the cervical spine can ulti-
mately encroach the spinal cord and cause
myelopathy [8]. The final result of these degenera-
tive changes is static and dynamic injury by repet-
itive microtrauma on the compressed cord during
flexion and extension of the cervical spine [54].

Non-osteoarthritic Pathophysiology

In addition to degenerative changes affecting the
intervertebral disc and segmental joints of the cer-
vical spine, age-related changes to spinal ligaments
(posterior longitudinal ligament (PLL) and liga-

eration (spondylosis) and substantial kyphotic deformity.
(d) A patient with congenital fusion of the C4 and C5 ver-
tebrae (C) also referred to as Klippel-Feil syndrome. In
addition, there is spondylolisthesis evident at the inferior
end of the fused vertebrae (S) as well as enlargement of
the ligamentum flavum (LF). (Nouri et al. [52])

mentum flavum (LF)) have been involved in the
pathophysiology of DCM [54]. Both hypertrophy
and ossification of these two ligaments, namely,
ossification of the PLL (OPLL) and ossification of
the ligamentum flavum (OLF), have been
described. A multifactorial pathogenesis involving
progressive age-related changes, local tissue char-
acteristics, associated medical comorbidities, and
genetic factors (described in details below) has
been implicated in the final common pathway of
hypertrophy and ossification of the spinal liga-
ments [4]. Hypertrophy of the PLL has been sug-
gested to precede ossification [23] and can also
result from a nucleus pulposus protrusion [43].
Stiffening and dynamic infolding of the LF have
been linked to cervical joint spondylosis and loss of
intervertebral disc height [6, 51]. OPLL is a well-
studied form of spinal ligament ossification that is
especially encountered in Asian populations with
an incidence up to 3% [4, 52]. Radiographically,
OPLL is classified based on its distribution into (1)
localized, i.e., a solitary lesion involving one verte-
bral level; (2) segmental, i.e., multiple separate
lesions; (3) continuous, i.e., a long, single lesion
involving multiple levels; or (4) mixed, i.e., com-
bining features of the previous three types [58, 68].
OPLL is typically a progressive disease that leads
to increasingly severe cervical stenosis and
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myelopathy. In a cohort study of 207 patients fol-
lowed during an average period of 10 years,
myelopathy was diagnosed before or during the
follow-up period in 70 patients (34%). The authors
of this study highlighted the role of dynamic fac-
tors in the development of myelopathy in OPLL
since patients with limited cervical motion tended
to have less myelopathy progression [41]. OLF is
another disease particularly common among
Asians, where it has been radiographically found to
some extent in >7% of volunteers greater than
45 years of age [18]. The occurrence of OLF is
typically more common in the thoracic region;
however, thoracic lesions are more likely to be
asymptomatic than cervical [1]. In rare instances,
OLF can occur concomitantly with OPLL, which
has been referred to as “tandem ossification” [60].
Ultimately, OPLL and OLF result in anterior and
posterior impingement on the spinal cord, respec-
tively, and static cord compression.

Mechanisms and Pathobiology
of Spinal Cord Compression

In addition to the aforementioned factors leading
to anterior and/or posterior static cord compres-
sion, it has been shown that abnormal or exces-

sive motion of the cervical spine by itself can be
associated with progressive myelopathy [7, 20].
During daily range of motion, the cross-sectional
diameter and space available for the spinal cord
change as a result of dynamic compression [76]
(Fig. 4.3). Flexion of the cervical spine may
result in tensioning of the cord on an anterior
disc bulge or osteochondral bar. In extension, LF
infolding and hypertrophy can further increase
cord compression [36]. This dynamic injury
mechanism is exacerbated in patients with sig-
nificant preexisting static compression. For
example, in a prospective study on the natural
history of patients with myelopathy from OPLL,
Matsunaga et al. [39] found that patients with a
space available for the cord (SAC) less than
6 mm all had myelopathy, whereas no myelopa-
thy was present in patients with a SAC 14 mm or
greater. Interestingly, when SAC was greater
than 6 mm but less than 14 mm, myelopathy was
preferentially found in those with increased
range of motion of the cervical spine. Given
these results, this study suggests that dynamic
injury mechanism has a critical role in the devel-
opment of myelopathy, especially in patients
with a compromised canal diameter. In addition
to excessive range of motion, dynamic injury
may occur in the setting of cervical instability
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Fig.4.3 The space available for the spinal cord. Comparing
flexion with extension, neutral with flexion, and extension
with neutral at each level. ASAC and PSAC were compared
with each other at each level. *P < 0.05, **P < 0.01,

##%kP < 0.001. # represent the higher bar. #P < 0.05,
##P < 0.01, ##P < 0.001. ASAC indicates anterior space
available for the cord; PSAC, posterior space available for
the cord. (From Permission Xiong et al. [76])
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(degenerative spondylolisthesis) and through
minor repetitive trauma in the setting of preexist-
ing DCM [54].

A number of pathobiological mechanisms
have been studied in the setting of spinal cord
compression, including hypoxic ischemic insult,
chronic inflammatory response, demyelination,
atrophy, and apoptosis of neural tissue [36].
These studies have investigated the role of vas-
cular factors in the setting of cord compression,
and it has been suggested that chronic cervical
cord compression results in a reduction of the
intraparenchymal spinal cord blood flow [27]. In
addition it has been suggested that cord tension
and kyphosis can result in flattening of blood
vessels and reduction of blood flow as well [3].
In response to these changes, chronic ischemia
generates a unique inflammatory response in the
spinal cord parenchyma, characterized by per-
sistent activation of microglia and macrophage

recruitment and accumulation [26, 54]. It has
been shown using rodent models of cervical
myelopathy that chronic cervical spinal cord
compression leads to compromise of the micro-
vasculature, blood-spinal cord barrier disrup-
tion, inflammation, and activation of apoptotic
signaling pathways, which inevitably potenti-
ates the inflammatory response already initiated
by immune cell accumulation and activation [29,
54, 78]. The final common pathway of this
compression-mediated inflammatory reaction
leads to white and gray matter degeneration,
cystic cavitation, gliosis, and atrophy of the
anterior horns associated with motoneuronal
loss. These pathobiological changes are respon-
sible for the clinical constellation of symptoms
(fine motor dysfunction, spasticity, gait distur-
bances, etc.) seen in DCM [25]. The key patho-
physiologic features seen in DCM are
summarized in Fig. 4.4.

Chronic compression

Ischemia

Glutamate Excitotoxicity
Neuronal and oligo. loss

Inflammation
FasL/Fas

Endothelial cell damage

BSCB disruption

Upper limb dysfunction, Gaits
deficits & spasticity

Fig. 4.4 Current knowledge about degenerative cervical
myelopathy. Progressive compression of the cervical spi-
nal cord causes a chronic hypoxic/ischemic insult that
damages oligodendrocytes (oligo) and neurons, eliciting
an inflammatory response. Furthermore, the compression-
induced ischemic state leads to endothelial cell loss — dis-
rupting the neurovascular unit (NVU) and leading to
compromise of the blood-spinal cord barrier (BSCB).
BSCB permeability and inflammation have been demon-
strated in the chronic stages of DCM. Inflammation can

potentiate the initial cellular loss and BSCB permeability.
It is thought that the enhanced cross talk between the
peripheral immune system and the spinal cord microenvi-
ronment, which occurs in DCM through the impaired
BSCB, potentiates inflammation. Moreover, it has been
suggested that inflammatory Fas ligand (FasL) signaling
can lead to apoptosis of neurons and oligodendrocytes.
Neuronal loss and axonal damage are responsible for the
upper limb dysfunction, spasticity, and gait disturbances
seen in humans with DCM. (Kalsi-Ryan et al. [25])
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Greater understanding of these pathophysio-
logical events has provided potential pharmaco-
logical targets for treatment of DCM. It has
recently been shown, for instance, that apoptosis
is mediated by Fas and that blocking the Fas
ligand reduced neural inflammation mediated by
macrophages, activated microglia, glial scar for-
mation, and caspase-9 activation [78].
Furthermore, there is currently a Phase III inves-
tigation involving the perioperative administra-
tion of riluzole, which is a sodium glutamate
channel blocker approved for the treatment of
amyotrophic lateral sclerosis.! It is believed that
decompression of the spinal cord during surgery
can result in reperfusion injury via glutamate
excitotoxicity, and it is believed that riluzole may
be able to attenuate this phenomenon and improve
surgical outcomes [28, 44].

Genetic and Congenital Factors

There is an increasing evidence that genetic and
congenital factors play a role in the development
of DCM [54, 61, 74]. Genetic factors can influ-
ence the natural degenerative process by predis-
posing disc degeneration and bone remodelling
(spondylosis) or may promote the aberrant
enlargement and ossification of intraspinal liga-
ments. Congenital factors that impact the typical
anatomical architecture can promote the develop-
ment of DCM by altering spine biomechanics,
which may result in accelerated degeneration, or
reduce the threshold of degenerative changes
required to cause myelopathy (Table 4.2).

Genetic Factors

Genetic factors potentially involved in DCM
development can be separated into two broad
groups, those that impact disc degeneration and
bone remodelling and those that influence the
enlargement and ossification of spinal ligaments,
including the posterior longitudinal ligament and
ligamentum flavum. This segregation is largely

'https://clinicaltrials.gov/ct2/show/NCT01257828

based on the natural history of these conditions
but also on genetic studies.

Disc Degeneration and Vertebral
Remodelling (Spondylosis)

The first reports to investigate a potential genetic
predisposition to spondylosis were studies that
involved reviewing degenerative patterns on
radiographs of identical twins [11, 59]. More
recent studies have looked at specific allele poly-
morphism [66, 72, 73] and genealogical index of
familiality [61]. Setzer et al. [66] investigated
APOE, whose allele €4 has shown to be associ-
ated with Alzheimer’s disease, and assessed
whether specific APOE alleles were related with
DCM. The authors showed that APOE &4 was
significantly associated with cervical spondylotic
myelopathy on multivariate analysis and con-
cluded that it may be an independent predictor of
cervical spondylotic myelopathy occurrence.
Wang et al. [72] investigated specific
polymorphism of the vitamin D receptor (VDR),
given its role in bone metabolism and reports that
certain VDR polymorphisms are associated with
degenerative disc disease in the lumbar spine.
The authors showed that the Apal A and Taql T
alleles were associated with a significantly higher
risk of DCM development with an odds ratio of
2.88 and 4.67, respectively. Another interesting
genetic association was made between the colla-
gen IX Trp2 allele and development of cervical
spondylotic myelopathy [73]. Interestingly, these
authors showed that this risk was directly related
to smoking status, with greater consumption of
cigarettes and presence of collagen IX Trp2 allele
resulting in a significantly increased risk for cer-
vical spondylotic myelopathy development [73].
Most recently, Patel et al. [61] assessed a genea-
logical database of over 2 million Utah residents
and showed that there was a 5.21 relative risk
(p < 0.001) for cervical spondylotic myelopathy
development among first-degree relatives.

While a number of other genetic investiga-
tions have looked specifically at disc degenera-
tion, these studies are likely to also indirectly
associate with spondylosis, as the natural history
of spondylosis begins with disc degeneration.
These studies have implicated a wide array of
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Table 4.3 Genes associated with the development and progression of degenerative disc disease

Gene Functions
MMP-2 Degradation of collagen typo IV major structural component of | Inhibited by TIMP-2
basement membrane. Regulated in part by thrombospandins.
MMP-3 Degradation of collagens II, III, IV, IX, and X; proteoglycans; MMP-3 promoter stimulated
fibronectin; laminin and elastin. Activator of MMP-1, -7, -9 and | by growth factors and
a facilitator of wound repair and initiation of tumorigenesis. cytokines as well as tumors and
oncogenes.
TIMP-1 inhibited
MMP-9 Key effector of ECV remodeling. Also known as a type IV
collagenase (gelatinase-B). Increased activity in DDD.
ADAMTS ADAMTS-4 and -5 major players in degradation of cartilage in
general and aggrecan in particular. ADAMTS4 in particular
plays a major role in the progression of DDD.
IL-1p IL-1p is a critical cytokine involved with the regulation of the
ECM and turnover of extracellular matrix.
Vitamin D Polymorphisms associated with increased risk of DDD.
receptor
Col9A2 Encodes part of the alpha chains of type IX collagen: a major
collagen component of hyaline cartilage.
Usually found in tissues containing type II collagen such as the
MD NP.
IL-1 receptor | 11-1 RI gene expression and protein production reported to
increase in degenerated compared with non-degenerated human
discs. IL-1/ is a predominant factor leading to accelerated ECM
breakdown in progressive DDD.

MMP matrix metalloproteinase, 7IMP tissue inhibitors of matalloproteinases, ECM extracellular matrix, DDD degen-
erative disc disease, ADAMTS a disinterring and metalloproteinase with thombospondin motifs, /L interleukin, /VD

intervertebral disc, NP nucleus pulposus

genes involving collagens, interleukins, the vita-
min D receptor, ADAMTS, and matrix metallo-
proteinases (MMP) [13, 24]. A list of these
implicated genetic products and their functions
are described in Table 4.3.

Hypertrophy and Ossification

of Intraspinal Canal Ligaments

Support for genetic predisposition to DCM devel-
opment that is predominately related to intraspi-
nal canal ligament aberrations, including OPLL
and OLF, derives from the observation that such
pathologies vary greatly in prevalence across
geographic regions. Most notably, it has been
shown that East Asian patients have a higher risk
for OPLL development. Indeed, population prev-
alence rates have been reported to be as high as
4.3% in the Japanese [23, 54], and a survey on
1030 relatives from 347 Japanese families of
patients with OPLL revealed that 26% of parents
and 29% of siblings had radiographic evidence of

OPLL [70]. Multiple genetic products have been
studied and related to OPLL development, with
the most significant and promising implicating
single nucleotide polymorphisms in collagen 6
[COL6A1/Intron 32(—29)] and 11 [COL11A2/
Intron 6(—4))] [33, 69, 74]. While others have
shown associations with OPLL development
with other genetic products including genes
encoding retinoic X receptor § [56], BMP 2 [71]
and 4 [64], and IL-15R [30], these have not been
reproduced by other studies. Recently, it has also
been proposed that genetic factors may differ
depending on the morphology of OPLL (continu-
ous vs. segmental) based on mRNA expression of
Osterix production and alkaline phosphatase
activity [34]. Overall, while these studies have
provided some evidence to support a genetic
association, the limited amount of literature and
lack of validation studies require that further
investigation be conducted to demonstrate a more
definitive relationship [74].
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As with OPLL, reports of higher prevalence
rates of OLF among East Asians have suggested
that there may be genetic factors involved.
Animal studies have also supported a genetic
role — a mouse model with a homozygous muta-
tion in the NPPS gene (twy/twy) specifically
develops OLF at C2-C3 [77]. Unfortunately,
however, there is little evidence in terms of
human studies to support a genetic predisposi-
tion. This may be partly due to its relatively low
occurrence compared to OPLL. Furthermore, it is
also challenging to ascribe specific genetic fac-
tors to OLF, as it has often been studied along
with OPLL, making it challenging to determine
whether there are genetic factors that are distinct
from those implicated in OPLL. There is some
evidence showing that haplotype 4 of the
COL6A1 gene is related with OLF, whereas hap-
lotype 1 was associated with OPLL [33].
However, the same authors found that that intron
33 (+20) and promoter (—572) SNPs of COL6A1
were associated with both OPLL and OLF [33].
It has also been shown that RUNX2 may be
related with both OLF and OPLL [32, 38].

The observation that OLF and OPLL can
occur in tandem suggests that genetic factors may
be implicated in a general predisposition to ossi-
fication of spinal ligaments [32, 33, 38]. Indeed,
this finding is not limited to only intraspinal liga-
ments. Diffuse idiopathic skeletal hyperostosis
(DISH) is a condition where patients present with
substantial ossification of the anterior longitudi-
nal ligament, and it can manifest with diffuse
ossification of the PLL and LF and result in
myelopathy development [49]. Collectively,
these findings indicate that there are likely to be
distinct genetic factors that contribute to specific
ligament ossification (such as OPLL) and others
that are involved in a general increased propen-
sity for cervical ligament ossification.

Congenital Factors

Congenital factors may accelerate degenerative
changes in the cervical spine or reduce the thresh-
old of degenerative changes necessary to cause
DCM. These include congenital cervical fusions
(Klippel-Feil syndrome), trisomy 21 (Down’s syn-

drome), and congenital cervical spinal stenosis.
Other conditions, particularly those which impact
fibrous tissue, such as Ehlers-Danlos syndrome
[19], may also predispose patients with DCM, but
there is little research to support this relationship.

Klippel-Feil Syndrome (KFS)

A number of genetic conditions have been identi-
fied that impact vertebral segmentation during
early gestation [17]. Many of these conditions
tend to be quite severe however, while isolated
cervical spine fusions are often discovered inci-
dentally (Fig. 4.2d). Indeed, while most cases of
KFS appear to occur sporadically, autosomal
dominant, autosomal recessive, and X-linked
genetic factors affecting PAXI, GDF6, and others
have been reported [17].

It has been previously hypothesized that
patients with KFS are predisposed to DCM due
to increased wear and hypermobility at adjacent
segments [50, 55, 63]. Biomechanically increased
wear would be expected, as these fusions create a
spontaneous lever arm, which places increased
stress on the adjacent disc segment. Clinically,
this mechanism is supported by the findings that
patients receiving anterior surgical fusions for
DCM are also predisposed to adjacent segment
pathology [21, 22].

The prevalence of the KFS in the general popu-
lation has been estimated at 0.71% [10], while the
prevalence of the recent AOSpine global studies
on DCM reported a prevalence of 2.4%. In this
study it was estimated that the relative risk of
DCM development in patients with KFS was 3.3
[50]. While baseline severity and surgical outcome
did not appear to be different in patients with DCM
with or without KFS, the degenerative pattern
tended to be different. Adjacent segments tended
to be more commonly affected, but more interest-
ingly, pathology of adjacent segments preferen-
tially occurred toward the mid-cervical regions.

Trisomy 21 (Down’s Syndrome, DS)

Patients with DS have been reported to be at risk
for DCM due to congenital abnormalities in the
craniocervical junction including atlantoaxial
instability, odontoid abnormalities, atlanto-
occipital abnormalities, and hypoplasia of the
posterior arch of C1 [9, 57]. It has been estimated
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that atlantoaxial instability occurs in 10-20% of
patients with DS, of whom 1-2% present with
symptomatic spinal cord compression [2]. While
it is true that the average life expectancy of
patients with DS is lower than the average,
improvement in care has resulted in a significant
increase in their life expectancy — it is therefore
expected that the incidence of DCM among this
population is likely to increase [54, 67].

Congenital Cervical Spinal Stenosis (CSS)

Cervical spinal stenosis (CSS) indirectly predis-
poses to the development of DCM due to two key
factors: (1) it lowers the threshold of degenera-
tive changes necessary to cause spinal cord com-
pression and (2) due to a reduction in the amount
of CSF surrounding the spinal cord, there is a
reduced capacity to withstand dynamic forces
directed at the spine [12, 53, 54]. This is sup-
ported by research showing that these CSS
patients are predisposed to acute traumatic spinal
cord injury and neurapraxia in athletes. Previous
criteria for CSS include a Torg-Pavlov ratio of
<0.82 [62] or an anteroposterior canal diameter
of <12—-13 mm [5, 37] (Fig. 4.5). Unfortunately,

Fig.4.5 A lateral radiograph of a patient with DCM with
Torg-Pavlov measurements is presented. By dividing the
spinal canal diameter (1.50 cm) and dividing it by the
mid-vertebral anterior-posterior length (1.90 cm), a Torg-
Pavlov ratio of 0.789 is computed at C3

these parameters are applicable to patients with-
out degenerative disease, largely derive from
cadaveric studies, and do not take into account
the size of the spinal cord within the canal.
Recently, a new MRI diagnostic criterion called
the spinal cord occupation ratio (SCOR) of >70%
that measured the size of cord within the canal
has been proposed to diagnose CSS to address
these limitations [53] (Fig. 4.6). The technique
measures the midsagittal spinal cord diameter
and spinal canal diameter at the nearest normal
adjacent segments above and below the site of
compression in patients with DCM. As these
patients typically present with compression in the
mid-cervical levels, normal segments are typi-
cally measured at C3 and C7. SCOR is then cal-
culated by dividing the mean cord diameter by
the mean canal diameter and multiplying by 100.
It has been demonstrated that patients with DCM
and preexisting CSS presented 5.5 years younger
on average and with worse neurological impair-
ment; however, surgical outcome between
patients with or without CSS did not differ [53].
The genetic basis for CSS is largely unknown,
and it is likely simply a normal population

Fig.4.6 A midsagittal T2ZWI MRI showing a patient with
severe congenital cervical spinal stenosis. The spinal cord
occupation rate (SCOR) in this patient was 76%
[(5.77 + 5.25)/(7.38 + 7.12)] x 100. (Nouri et al. [52])



48

A. Nouri et al.

variation. However, some conditions have been
reported to potentially present with CSS, includ-
ing achondroplasia and KFS [31, 46].

Conclusion

A multitude of degenerative changes can present
in patients with DCM, and patients with risk fac-
tors may have a greater predisposition to develop
symptoms at an earlier age than otherwise
expected. The unifying problem in patients with
DCM remains spinal cord injury that is typically
progressive in nature. However, this injury can
manifest due to direct cord compression, dynamic
forces directed at the cord, altered cord tension
that can arise from tethering, and frequently a
combination of these factors. Therefore, the dis-
ease process, natural history, and subsequent
treatment strategies will remain unique to each
patient.

It is clear that DCM is becoming increasingly
prevalent worldwide, but there remain ongoing
difficulties in identifying these patients at the pri-
mary care level due to the lack of awareness of
the impact, prevalence, and importance of this
condition by the public. Increasing awareness
and understanding potential risk factors as well
as the underlying pathologic process can help to
identify patients before they become significantly
neurologically impaired. Unfortunately, how-
ever, it remains unclear when and which asymp-
tomatic patients with spinal cord compression
will become myelopathic and require treatment.
While guideline development will help to address
this, longitudinal studies to evaluate the natural
history of DCM are needed and would be a sig-
nificant contribution to the field.
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Pathobiology of Cervical
Radiculopathy and Myelopathy

Cory J. Hartman and Daniel J. Hoh

Introduction

Symptomatic cervical spine disease commonly
presents with signs and symptoms of radicu-
lopathy and/or myelopathy. Understanding the
pathobiologic mechanisms underlying radicu-
lopathy and myelopathy is vital for appropri-
ate and timely diagnosis and management. This
chapter is an overview of current understanding
of the pathophysiology of these two processes as
it relates to their clinical presentation.

Cervical Radiculopathy

Cervical radiculopathy is the lower motor neu-
ron and/or sensory manifestation of neurologic
dysfunction in the distribution of a given cer-
vical nerve root. While the true incidence of
cervical radiculopathy is not known, a popula-
tion-based study in Rochester, MN, from 1976 to
1990, showed an annual incidence of 107.3 per
100,000 men with a mean age of 47.6 and 63.5
per 100,000 females with a mean age of 48.2
[36]. Peak age-specific annual incidence was
202.9 per 100,000 people ages 5S0-54 [36]. More
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recently, Schoenfeld et al. found an incidence
of cervical radiculopathy in the military popu-
lation of 1.79 per 1000 person-years from 2000
to 2009 [39]. Risks factors in patients to develop
cervical radiculopathy include axial load bearing,
high-risk occupation (meat carriers, dentists, pro-
fessional drivers), cigarette smoking, and prior
lumbar radiculopathy [38]. Additional poten-
tially implicated factors are prior cervical trauma,
gender, race, and genetics [38]. Non-risk factors
include repeated turning of the neck, sports, and
sedentary occupations [38].

Cervical Radiculopathy
Pathophysiology

The pathophysiology of degenerative cervical
radiculopathy relates to age-related changes that
occur within the intervertebral disc. Normally,
the cervical intervertebral disc is characterized
by a greater ventral disc height relative to dorsal,
which is what contributes to the overall lordosis
of this region. The annulus fibrosis of the ventral
aspect contains multi-laminated, interweaving
collagenous fibers of altering orientation; how-
ever the dorsal aspect is made of a thin layer of
collagen [32]. With aging, however, the interver-
tebral disc diminishes the ability to retain water
leading to decreased elasticity. This decrease
in elasticity causes the disc to prolapse posteri-
orly, which can lead to compression of adjoining
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neural structures, radiculopathy and/or myelopa-
thy, and concomitant loss of cervical lordosis.

Static Mechanical Compression-
Induced Radiculopathy

A Rochester population-based study demon-
strated that 21.9% of patients with cervical radic-
ulopathy present with a cervical disc protrusion
and 68.4% with degenerative cervical spondylo-
sis, which may lead to static compression of the
nerve root [36]. Less common presentations of
compressive cervical radiculopathies include spi-
nal neoplasm and infection [40]. The mechanism
of symptomatic compressive radiculopathy is not
fully understood; however, there are likely mul-
tiple contributing factors. One proposed etiology
is direct mechanical compression of the nerve
root including the dorsal root ganglia, which may
be acute or chronic in nature. Acute compression
is often secondary to herniated nucleus pulposus
(Fig. 5.1), whereas chronic compression is com-
monly due to slowly progressive degenerative
disc-osteophyte complex formation (Fig. 5.2)
with superimposed facet and/or uncovertebral

Fig. 5.1 MRI demonstrating an acute herniated nucleus
pulposus (arrow) causing nerve root compression. The
increased T2 signal within the paracentral disc herniation
suggests an acute process

C.J.Hartman and D. J. Hoh

hypertrophy (Fig. 5.3). Compression of the nerve
root proximal to the dorsal root ganglion (DRG)
causes increased endoneurial fluid pressure and
decreased blood flow to the DRG [52], lead-
ing to neuronal ischemic injury [52]. Patients
with cervical radiculopathy have sensory axonal

Fig. 5.2 MRI demonstrating a chronic disc-osteophyte
complex (arrow) causing nerve root compression. The
decreased T2 signal within the disc protrusion suggests a
chronic process with likely possible osteophyte
formation

Fig. 5.3 CT demonstrating facet hypertrophy (star) and
uncovertebral joint hypertrophy (arrow) causing neural
foraminal stenosis and radiculopathy
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dysfunction due to distal nerve axonal hyperpo-
larization thought to be due to Na+ -K+ ATPase
over activation induced by proximal ischemia or
remyelination of the axons [46]. Animal studies
have revealed histologic, electrophysiologic, and
functional changes in the nerve root as a result
of chronic mechanical compression. Compressed
nerve roots demonstrate thickened dura mater
and arachnoid membrane with alterations in the
blood-nerve barrier at 1 month, decreased num-
ber of large myelinated fibers at 3 months, and
endoneurial fibrosis with Wallerian degeneration
of nerve fibers at 6 months [53]. Jancalek and
Dubovy showed a decreased number of myelin-
ated axons in as little as 1 week of mechanical
nerve compression [24]. Further, chronic com-
pression of the dorsal root ganglia causes func-
tional changes including enhanced excitability of
sensory neurons, ectopic neuronal discharge, and
hyperalgesia [44, 59].

Dynamic Compression-Induced
Radiculopathy

Change in spinal alignment associated with cer-
vical flexion, extension, and lateral bending may
further cause dynamic compression or tension
injury to cervical nerve roots. Rhee et al. report
that the normal trajectory of nerve roots as they
exit the cervical spine is at a 45° anterolateral
angle toward the foramina, which may be subject
to pathophysiologic stretch over ventral pathol-
ogy with motion [37]. This repetitive dynamic
compression may contribute to injury of the nerve
root with associated radiculopathy over time.

Biochemical-Induced Radiculopathy

In addition to static and dynamic compression
injury tothe nerve, biochemical mediatorsreleased
by the cervical disc also may have an important
role in symptomatic radiculopathy. Burke et al.
showed production of pro-inflammatory cyto-
kines IL-6 and IL-8 from herniated nucleus pulp-

osus in patients presenting with radiculopathy
[8]. Release of TNF alpha causes upregulation
of IL-1beta and nerve growth factor leading to
hyperalgesia [50, 51]. Compared to normal disc
material, herniated nucleus pulposus produces
increased matrix metalloproteinases (MMP),
nitric oxide, prostaglandin E2, and IL-6 [26, 60].
This pro-inflammatory chemical cascade is asso-
ciated with increased pain and sensitization in the
given nerve root distribution [50]. Compounding
matters, it is thought that biochemical alterations
of the nerve root may not only lead directly to
symptoms but may also increase susceptibility to
injury from static or dynamic forces.

Cervical Radiculopathy Clinical
Presentation

Patients with cervical radiculopathy present with
various neurologic sequelae, which may include
pain, numbness, paresthesias (burning and/or
tingling), weakness, or decreased upper extrem-
ity reflexes (Fig. 5.4a—c, Table 5.1). Radicular
weakness typically follows a myotomal pattern,
whereas sensory disturbance follows a distinct
dermatome [37] (Table 5.2). A review of over 800
patients with cervical radiculopathy found arm
pain in 99.4%, sensory deficits in 85.2%, scapu-
lar pain in 52.5%, anterior chest pain in 17.8%,
headaches in 9.7%, anterior chest and arm pain
in 5.9%, and left-sided chest pain and arm pain in
1.3% [20]. Another study found surgical pathol-
ogy correlated with neurologic symptoms as fol-
lows: diminished reflexes (82%), motor weakness
(77%), and diminished sensation (65%) [54].

C3 Nerve Root

Pure C3 radiculopathy is uncommon. The C3
nerve root exits the largest foramen at C2—C3 and
is the smallest cervical nerve root [34]. There is
no distinguishing motor function of the C3 nerve
root, and symptoms of radicular pain may present
as neck pain or occipital headaches.



C.J.Hartman and D. J. Hoh

Fig.5.4 (a-c)Case 1. A 37-year-old female presents with
symptoms of mid-scapular pain and pain radiating down
the left arm. On neurologic exam, the patient had subtle
left wrist extension weakness and numbness to her left
thumb. Reflexes were normal except for a slight dimin-
ished left brachioradialis reflex. Sagittal T2-weighted cer-
vical MRI demonstrates a disc protrusion at the C5-C6

Table 5.1 Cervical radiculopathy

Symptoms Signs

Neck and/or radicular pain | Positive Spurling’s test

Paresthesias Hyporeflexia

Weakness Shoulder abduction
relief sign

& 2

level (a). Axial T2-weighted cervical MRI at C5-C6
reveals left greater than right lateral recess and foraminal
narrowing due to a broad-based disc protrusion. There is
compression of the left C6 nerve root consistent with the
patient’s presenting radiculopathy (b). The patient eventu-
ally underwent surgical treatment with a C5-C6 anterior
cervical discectomy and fusion (c)

C4 Nerve Root

Isolated C4 radiculopathy is also an uncommon
presentation. C4 radiculopathy may present with
pain radiating to the posterior neck, trapezius,
and anterior chest.
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Table 5.2 Cervical radiculopathy presentation

Disc Space Nerve Root Dermatome Motor Reflex

Cl1/C2 Cc2 Occiput

C2/C3 C3 Upper 1/3 of neck Diaphragm

C3/C4 C4 Lower 2/3 of neck Diaphragm

C4/C5 C5 Lateral shoulder Deltoid, biceps Biceps

C5/C6 C6 Lateral forearm and thumb Biceps, wrist extensors Brachioradialis
C6/C7 C7 Posterior arm, digits 2 and 3 Triceps, wrist flexors Triceps

C7/T1 C8 Ulnar palm, digits 4 and 5 Finger flexors

T1/T2 Tl Medial arm Interossei muscle

C5 Nerve Root

C5 radiculopathy presents with pain and/or numb-
ness over the lateral aspect of the shoulder and
deltoid weakness. There may be minor weakness
of the biceps, supraspinatus, and infraspinatus
muscles. C5 radiculopathy may mimic shoulder
pathology. Careful examination of the shoulder is
crucial to make a correct diagnosis. The abductor
relief sign, characterized by pain relief when plac-
ing one’s hand over the head, is classic of cervical
radiculopathy compared to pain with abduction
seen with shoulder pathology. Of note, this sign is
not limited to the C5 nerve root and may be seen
with other lower cervical radiculopathies.

C6 Nerve Root

C6 radiculopathy is common and may lead to
weakness of the biceps and particularly the
extensor carpi radialis, which is only innervated
by the C6 nerve root. C6 radicular weakness is
characterized by impaired elbow flexion and
wrist extension. Decreased biceps and/or bra-
chioradialis reflexes may additionally be seen.
C6 radicular sensation loss is over the thumb and
lateral portion of the index finger. Radicular pain
may start in the neck and radiate to the lateral arm
and forearm into the thumb.

C7 Nerve Root

C7 radiculopathy is also a frequent presentation.
The C7 nerve root innervates the triceps, and

radiculopathy may lead to elbow extension or wrist
flexion weakness and a diminished triceps reflex.
Symptoms can include pain and sensory distur-
bance, including numbness and/or paresthesias
radiating from the neck to the arm and digits 2—4.
Horner’s syndrome may also rarely be present [33].

C8 Nerve Root

The C8 nerve root innervates the hand intrin-
sic muscles and finger flexors. C8 radiculopa-
thy may mimic ulnar neuropathy given their
similar function. Weakness in the hand intrin-
sic muscles, wrist extensors, and wrist flexors
may be present. Individuals may not be able to
fully extend digits 4 and 5 (Benediction sign).
Sensation over the medial forearm and digits
4 and 5 may be decreased, which can be dis-
tinguished from a pure ulnar neuropathy which
results in splitting sensory loss of the ring fin-
ger. Pain typically radiates from the neck to the
arm, medial forearm, and into digits 4 and 5.
Horner’s syndrome may also rarely be present
in a C8 radiculopathy [33].

T1 Nerve Root

The T1 nerve root is a rare origin of radicu-
lar symptoms. Patients may present with hand
intrinsic weakness without pain into the hand.
Weakness of the first dorsal interosseous muscle
(Froment’s sign) may also be present. Similar to
C7 or C8 radiculopathy, Horner’s syndrome may
also be a rare presentation [33].
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Cervical Zygapophyseal
and Discogenic Pain

It is important to note that cervical nerve roots are
not the sole cause of neck, shoulder girdle, and
upper extremity pain syndromes. Referred pain
from small nociceptive neurons that innervate the
zygapophyseal (facet) joints and disc space may
mimic radicular pain symptoms [16, 43]. Unlike
radicular symptoms, pain generated in the facet
joints or disc space is not accompanied by sen-
sory disturbance (i.e., numbness, paresthesias)
or weakness. Radicular symptoms may be uni-
lateral and/or bilateral, whereas pain associated
with facet joints and/or the disc space is typically
bilateral in nature. Table 5.2 summarizes the
referred pain area from the facet joints and disc
space [16, 43].

Cervical Myelopathy

Cervical myelopathy was first described in 1928
as neurologic signs or symptoms due to spi-
nal cord dysfunction secondary to spinal canal
narrowing or hypoperfusion of the spinal cord
[34, 45] (Table 5.3). Cervical myelopathy is
characterized by upper motor neuron and sen-
sory impairment, often involving long ascending
and descending spinal tracts. Cervical spondy-
losis and congenital spinal stenosis are the most
common causes of cervical myelopathy [12],
with cervical spondylotic myelopathy being the
most common cause of spinal cord dysfunction
in the elderly and the most common cause of
nontraumatic spastic paresis. Other etiologies
include ossification of the posterior longitudinal
ligament, neoplasm, rheumatoid arthritis, infec-
tion, vascular disease, trauma, demyelinating
disease, and metabolic disorders [55]. Cervical
spondylotic myelopathy (CSM) is the most com-
mon worldwide cause of spinal cord dysfunction
[27]. Early radiologic studies suggest 13% of
men in the third decade and 100% of men over
the age of 70, compared to 5% of women in the
fourth decade and 96% of women over the age
of 70, exhibit cervical degenerative changes that
may lead to cervical myelopathy [23]. Multiple

Table 5.3 Cervical myelopathy

Symptoms Signs

Paresthesias Spastic gait

Gait disturbance Positive Hoffman’s
reflex

Weakness Positive Babinski’s
reflex

Problems with fine motor Hyperreflexia

control

Incontinence Inverted radial reflex
Urinary retention

Lhermitte’s sign

Weakness

Increased muscle tone

studies have assessed age as a risk factor for
degenerative cervical myelopathy. Studies that
have controlled for multiple cofounders show
a positive association of age with myelopathy,
whereas other conflicting studies fail to demon-
strate correlation [10, 48, 58]. Gender has not
been shown to be a risk factor for myelopathy
[48, 58]. Radiologic studies and systematic
reviews reveal that congenitally shortened canal
and rheumatoid arthritis are factors associated
with a high risk of developing cervical myelopa-
thy [2, 30, 42].

Cervical Myelopathy
Pathophysiology

The pathophysiology of cervical spondylotic
myelopathy is characterized by chronic pro-
gressive degenerative arthropathy. As described
previously, age-related changes in the visco-
elastic properties of the intervertebral disc lead
to alterations in its biomechanical load-bearing
capabilities. Ensuing redistribution of stress
and strain across the cervical motion segment
results in several pathologic changes. Initially,
disc protrusion coincides with degenerative loss
of disc height. Reactive endplate changes even-
tually progress to bridging osteophytic spur
formation, in an attempt to minimize motion.
The disc-osteophyte complex causes canal ste-
nosis which may lead to cord compression and
myelopathy (Fig. 5.5). Hypertrophy of the liga-
mentum flavum (Fig. 5.6) and progressive facet
joint arthropathy develop to further off-load the
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Fig. 5.5 MRI demonstrating multilevel disc-osteophyte complexes (arrow) causing canal stenosis and spinal cord
compression. T2 signal change within the spinal cord suggests pathologic changes that correlate with myelopathy

degenerated disc. The combination of these fac-
tors (disc protrusion, osteophyte formation, liga-
mentum flavum hypertrophy, facet arthropathy)
ultimately leads to narrowing of the spinal canal
with potential compromise of the spinal cord.
Congenital spinal stenosis and ossification of the
posterior longitudinal ligament (Fig. 5.7) or liga-
mentum flavum are additional factors that may
pathologically contribute to the development of
cervical myelopathy.

Static Mechanical Compression-
Induced Myelopathy

Static mechanical compression of the spinal
cord leads to a cascade of pathophysiologic
changes within the spinal cord ultimately result-
ing in spinal cord dysfunction and myelopathy.
As discussed, common underlying etiologies of
mechanical compression include spondylotic
spinal stenosis, ossification of the posterior lon-
gitudinal ligament or ligamentum flavum, con-
genital stenosis, rheumatologic spinal disorders,
and other acquired compressive pathologies (e.g.,
neoplasm or infection) [3]. Spinal cord histology
in cervical myelopathy is characterized by cys-
tic cavitation, gliosis, Wallerian degeneration
of descending and ascending tracts, and loss of

Fig. 5.6 MRI demonstrating ligament flavum hypertro-
phy (arrow) causing canal stenosis and spinal cord com-
pression. A disc-osteophyte complex (star) with chronic
degenerative anterolisthesis at the same level causing fur-
ther stenosis and cord compression

anterior horn cells [7, 47]. It deserves mention
that mechanical compression injury from cervi-
cal spondylosis is distinct from that due to acute
trauma. Unlike acute traumatic compression
injury, in cervical spondylosis, there is no sud-
den mechanical insult, and consequently there is
a noted absence of hemorrhagic necrosis within
the spinal cord [27]. Further, the slow gradual
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Fig. 5.7 CT demonstrating ossification of the posterior longitudinal ligament (arrow) causing canal stenosis and cord
compression

development of spondylotic compression likely
allows for coinciding compensatory neurologic
and functional mechanisms to occur. This likely
explains the chronic insidious symptoms, and
often relatively minimal deficits in those with
even severe radiologic spondylotic spinal cord
compression, which is opposed to the immediate
neurologic compromise seen in acute traumatic
spinal cord injury (SCI) [27].

Static mechanical compression from cervical
spondylosis is believed to cause myelopathy by
direct injury to neurons via ischemic and apop-
totic mechanisms. Gooding et al. first proposed
the association of ischemic injury and myelopa-
thy in a canine model of spinal cord compression
[18]. They found hyalinization and hypertrophy
in the walls of the anterior spinal artery after
mechanical cord compression. Anterior and
posterior compression of the spinal cord results
in hypoperfusion through transverse arterioles
originating from the anterior sulcal arteries and
intramedullary branches to the central gray mat-
ter [15]. Foraminal stenosis compromises blood
flow through the radiculo-medullary arteries
leading to further decreased spinal cord perfusion
[49]. Histologic evaluation of myelopathic spinal
cords is characterized by areas of ischemic necro-
sis [14]. Corticospinal tracts are most affected by
hypoperfusion and spinal cord ischemia [18],

with the lower cervical spine being the most vul-
nerable to decreased perfusion [4]. Compression
of spinal cord vasculature and hypoxia-induced
cell injury of endothelial cells may additionally
cause breakdown of the blood-spinal cord barrier
(BSCB) leading to pathologic vasogenic edema
[25]. A further distinction between pathologic
changes in acute traumatic and spondylotic com-
pression injury is that in traumatic SCI, there is
repair to the BSCB, whereas in cervical spondy-
lotic myelopathy, there is chronic disruption [29,
31]. While many studies suggest that alterations
in spinal cord hemodynamics may play a role in
myelopathy, other clinical and preclinical studies
have countered with contradictory evidence of no
or minimal spinal cord ischemia in the setting of
myelopathy [1, 17, 21].

Apoptosis (programmed cell death) is the
culmination of multiple biochemical processes
resulting from primary and secondary injury to
the spinal cord. In vivo models of cervical spon-
dylotic myelopathy show that chronic extrinsic
spinal cord compression results in Fas-mediated
apoptosis of neurons and oligodendrocytes
through action of caspase-8, caspase-9, and
caspase-3 [56]. Animal models of spinal cord
injury reveal apoptotic oligodendrocytes at the
site of injury but more importantly distant demy-
elination of white matter tracts remote from the
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primary injury epicenter [13, 28]. Histologic
analysis of human spinal cord injury demon-
strates oligodendrocyte apoptosis occurs prior
to axonal degeneration [6]. This demyelination
process within the spinal cord secondary to com-
pression may explain the long tract findings at
clinical presentation in patients with cervical
myelopathy.

Dynamic Compression-Induced
Myelopathy

In addition to static compression, studies indicate
that dynamic compression of the spinal cord may
have a significant role in myelopathy develop-
ment. Cadaveric research has shown alterations
in the anteroposterior spinal canal diameter in
response to tension-compression forces and
flexion-extension changes [11]. From tension
to compression, the canal diameter decreases
10.1% secondary to changes related to the disc
and decreases 6.5% from the ligamentum flavum
[11]. From flexion to extension, the canal diame-
ter decreases 10.8% secondary to changes related
to the disc and decreases 24.3% from the liga-
mentum flavum [11]. More recent clinical stud-
ies using dynamic magnetic resonance imaging
demonstrate flexion-extension-induced spinal
canal narrowing due to ligamentum flavum buck-
ling and shingling of the lamina in hyperexten-
sion [9]. Narrowing of the spinal canal <11 mm
during flexion-extension is correlated with cervi-
cal myelopathy [35]. Lhermitte’s sign, electrical
shock-like sensation, or pain radiating down the
back with neck range of motion is a classic clini-
cal manifestation of cervical extension-induced
dorsal column compression.

Stretch and Shear Force-Induced
Myelopathy

Dynamic movement of the cervical spine not
only results in spinal canal narrowing but may
further cause stretch and shear forces leading
to axial strain-induced cord injury [19]. Yuan
et al. showed an elongation of the spinal cord

up to 10% of its length on the posterior sur-
face and 6% on the anterior surface with full
flexion from the neutral position [57]. Human
cadaveric models show that the spinal cord
is initially compliant to stretch but loses this
compliance as axonal fibers straighten out and
bear tensile load [5]. Histologic studies dem-
onstrate that stretch and shear injury variably
affects spinal cord gray and white matter, with
gray matter being more rigid and thereby more
susceptible to increased stretch of the spinal
cord [22]. Stretch and shear injury leading to
axonal dysfunction has been confirmed with
in vitro electrophysiologic studies revealing
stretch-induced disruption of compound action
potentials [41].

Cervical Myelopathy Clinical
Presentation

Patients with myelopathy may present with a
variety of neurologic signs or symptoms that
are often progressive in nature (Fig. 5.8a—c).
Symptoms may include loss of fine motor
coordination in the hands, numbness or par-
esthesias in upper or lower extremities, sensa-
tion of heaviness or weakness in the legs, gait
imbalance, hyperreflexia, Lhermitte’s sign,
and, in late stages, bowel or bladder dysfunc-
tion [12]. Loss of fine motor control in the
hands may present as dropping objects, dif-
ficulty writing, or trouble buttoning a shirt.
Cervical myelopathy leads to characteristic
signs noted on physical exam. Spastic gait and/
or increased upper extremity tone are late-
stage signs in cervical myelopathy secondary
to loss of normal upper motor neuron tonic
inhibition. Hoffman’s and Babinski’s signs are
two common pathologic reflexes that may be
seen in cervical myelopathy. Hoffman’s sign is
characterized by flexion and adduction of the
thumb and concurrent flexion of the index fin-
ger with stimulation of the extensor tendon of
the third digit. Babinski’s sign (plantar reflex)
is concurrent extension of the great toe with
stimulation of the lateral aspect of the plantar
surface of the foot. Another pathologic reflex
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Fig. 5.8 (a—c) Case 2. A 55-year-old male presents with
symptoms of progressive loss of hand coordination and
gait instability. Neurologic examination was notable for
impaired tandem gait, brisk patellar tendon reflexes, and
positive Hoffman’s sign. Sagittal T2-weighted cervical
MRI demonstrates cervical spondylosis with spinal canal

that may be seen in cervical myelopathy is the
inverted radial reflex; tapping the brachiora-
dialis tendon causes wrist and finger flexion.
Unlike cervical radiculopathy, significant neck
or extremity pain is often notably absent in cer-
vical myelopathy [12].

stenosis and cord compression from C3 to C6 (a). Axial
T2-weighted cervical MRI demonstrates ventral spinal
canal narrowing secondary to broad-based disc osteo-
phyte formation with T2 signal abnormality within the
spinal cord (b). The patient underwent surgical treatment
via laminoplasty for posterior decompression (c)

Conclusion

The pathobiology of cervical radiculopathy and
myelopathy involves a combination of static
and dynamic mechanical compressive factors,
as well as biochemical processes that ultimately
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lead to nerve or spinal cord injury. In cervical
radiculopathy, the pathophysiologic mechanisms
result in motor and sensory loss in the distribu-
tion of select spinal nerve roots with clinical
symptomatology along a myotome or derma-
tome. Cervical myelopathy is a more significant
pathophysiologic process, which ultimately leads
to disruption of long ascending and descending
spinal cord pathways. As a result, the clinical
manifestation of myelopathy is characterized
by loss of combined motor and sensory function
involving multiple spinal levels with the hallmark
of upper motor neuron dysfunction. Improved
understanding of the underlying pathobiology
of radiculopathy and myelopathy may ultimately
lead to improved management strategies.
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Natural History of Cervical
Degenerative Disorders

John E. O'Toole and Joseph E. Molenda

Introduction

Cervical spondylosis is a naturally occurring,
age-related phenomenon that can be seen radio-
logically in 95% of males and 70% of females
over the age of 70 [13]. It is characterized by
degenerative changes affecting the vertebrae,
intervertebral discs, facets, and associated liga-
ments. Starting in the third decade of life, there is
a progressive loss of water content of the inter-
vertebral disc that continues with age. This is due
to a loss of glycosaminoglycan proteins, which
attract molecules of water due to their high
molecular weight and overall negative charge,
located in the nucleus pulposus. As water mole-
cules leave the nucleus pulposus, this results in a
less elastic and more compressible disc that
bulges into the spinal canal [7]. At the same time,
the vertebral bodies drift toward each other, and
the ligamentum flavum and the facet joint cap-
sule fold in dorsally [1]. The combination of
these events ultimately decreases the dimensions
of the neural foramen and spinal canal. The
approximation of the vertebral bodies leads to a
reactive process that produces osteophytes
around the margins of the disc and at the unco-
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vertebral and facet joints. Radiculopathy in cervi-
cal spondylosis is the result of compression either
by a hypertrophied facet joint or uncovertebral
joints, disc protrusion, spondylotic spurring of
the vertebral body, or any combination of these
processes [1]. Subacute radiculopathy occurs in
patients with pre-existing cervical spondylosis,
and these patients often develop symptoms which
are polyradicular in nature.

A number of different factors have been
implicated in increasing the risk for advanced
pathological findings related to cervical spondy-
losis that include smoking, repetitive trauma
(axial loading), Down syndrome, and genetics.
Recently, an elevated relative risk of disease in
both near and distant relatives of patients with
cervical spondylosis has been demonstrated,
confirming a genetic predisposition [27].
Additionally, smoking has been associated with
disc degeneration and is thus a risk factor for
cervical spondylosis [14]. This is particularly
true for individuals with collagen IX Trp2 allele,
where it is found that smoking amplifies this risk
[31]. With disc degeneration, increased mechan-
ical stresses occur at the end plates of the adja-
cent vertebral body, resulting in subperiosteal
bone formation [21]. This bone formation has
the potential to ventrally compress the spinal
cord, which can result in cervical spondylotic
myelopathy (CSM). CSM is the most common
acquired cause of spinal cord dysfunction in
patients older than 55 years [11]. However, the
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exact prevalence of CSM in the general popula-
tion is not known [8]. Myelopathy is the end
result of three important pathophysiological fac-
tors: static mechanical factors, dynamic mechan-
ical factors, and spinal cord ischemia [2]. Unlike
typical CSM, ossification of the posterior longi-
tudinal ligament (OPLL) represents a distinct
etiological entity with unique natural history [9]
that is more commonly seen in certain Asian
populations.

The natural history of CSM is very difficult to
study due to heterogeneous patient populations,
subjective questionnaires used to grade myelopa-
thy and quality of life (QOL) outcomes, and the
impossibility of verifying compliance with non-
operative therapy. Although the use of the
Japanese Orthopaedic Association (JOA) score is
very popular among spine surgeons, the validity
of the cutoff JOA score has not been formally
tested, and cutoff JOA scores have been seldom
used except in some studies. Other commonly
used scales include the modified JOA (mJOA), as
well as the Nurick scale, which primarily assesses
function of the lower extremities. For the Nurick
scale, a higher score indicates greater functional
impairment (range 0-5). Alternatively, for the
mJOA scale, a higher number is associated with
normal function (range 1-18). QOL measures
have become increasingly important, compared
to relying solely on clinical signs/symptoms, in
addressing subjective patient concerns when
comparing outcomes.

The literature has historically been sparse on
studies focusing on comparing outcome mea-
sures for patients with CSM. In a recent retro-
spective study of 119 patients undergoing surgery
for CSM by Lubelski et al. [22], the authors com-
pared measured QOL outcomes: health utility
(EQ-5D), Patient Health Questionnaire-9 (PHQ-
9), and Pain Disability Questionnaire (PDQ) of
patients diagnosed with CSM for a 1-year period
compared to the CSM-specific measures (mJOA,
Nurick scale). The main goal of this study was to
examine the convergent validity of QOL outcome
measures for CSM, evaluate the responsiveness
of each outcome measure, and assess the ability
of each measure to predict positive or negative
surgical outcomes via EQ-5D index scores [22].

They discovered that all measures demonstrated
statistical significance with the EQ-5D and PDQ
functional and total scores. The Nurick scale per-
formed the worst in that it did not show signifi-
cant correlation with either the PHQ-9 or the
psychosocial component of the
PDQ. Furthermore, the correlation of the Nurick
scale was the lowest among those questionnaires
with which it did achieve statistical significance.
Among the myelopathy scores, the mJOA per-
formed best. The substantially lower correlation
between the mJOA and QOL outcomes suggests
that these questionnaires are evaluating different
aspects of the patient experience. The authors
subsequently concluded that the mJOA is best
used with the PDQ questionnaire to accurately
evaluate the patient’s experience following sur-
gery for CSM.

Asymptomatic Cervical Spondylotic
Stenosis

Much of our understanding of the natural history
of patients with asymptomatic spondylotic cervi-
cal stenosis, and the risk for progression to symp-
tomatic myelopathy, comes from prospective cohort
studies performed by Bednarik et al. [3, 4, 5]. In the
most recent study [3], the authors investigated 199
patients who received an MRI due to either mod-
erate to severe cervical axial pain or clinical signs
and symptoms of cervical radiculopathy. These
patients were all admitted to the department of
neurology between 1993 and 2005 and com-
pleted at least a 2-year follow-up. Inclusion crite-
ria were MRI signs of spondylogenic or
discogenic compression of the cervical spinal
cord, axial pain and/or clinical signs and symp-
toms of radiculopathy, and the absence of clinical
signs and symptoms that might be attributed to
cervical cord involvement. The functional status
of the patients was scored according to the modi-
fied Japanese Orthopaedic Association (mJOA)
scale. 141 patients had a maximum entry score of
18, while 58 had a score of 16—17 resulting from
motor and/or sensory signs of cervical radicu-
lopathy. The primary end point was defined as the
occurrence of clinical signs and symptoms of
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CSM and a decrease in the mJOA scale of at least
1 point. Patients were examined at the beginning
of the study, every 6 months for the first 2 years,
and then annually.

During the follow-up period, 45 patients
(22.6%) displayed clinical evidence of progres-
sion to symptomatic CSM with a decrease of at
least 1 point in the mJOA scale. Sixteen of these
patients (35.5%) progressed within 12 months of
entry into the study. The 25th percentile time to
clinical manifestation of myelopathy was
48.4 months.

Of the variables studied that might be associ-
ated with the development of symptomatic CSM,
statistical significance was found for radiculopa-
thy (P < 0.001), abnormal EMG (P < 0.001),
abnormal MEP (P < 0.001), abnormal SSEP
(P <0.001), and MRI hyperintensity (P = 0.049).
Male gender had an increased risk that did not
reach significance (P = 0.072). Other risk factors
investigated that were not associated with pro-
gression to myelopathy included age >50, type of
compression (osteophytes and/or herniation),
number of stenotic levels, Pavlov ratio <0.8,
compression ratio <0.4, or cross-sectional spinal
cord area <70 mm?. Interestingly, risk of early
progression (<12 months) was predicted by the
presence of clinically symptomatic radiculopa-
thy, abnormal SEP, and abnormal MEP. Male
gender and EMG abnormality were excluded
from the set of independent risk factors and ulti-
mately the multivariate regression model, due to
highly significant positive correlation with radic-
ulopathy (P < 0.001). Conversely, MRI hyperin-
tensity predicted later (>12 months) development
of CSM.

Findings such as these prompted the American
Association of Neurological Surgeons/Congress
of Neurological Surgeons (AANS/CNS) clinical
practice guidelines workgroup to recommend
that “in patients with cervical stenosis without
myelopathy who have either abnormal EMG
findings or clinical radiculopathy, decompression
should be considered. The presence of EMG
abnormalities or clinical radiculopathy is associ-
ated with development of symptomatic CSM
(quality of evidence, Class I; strength of recom-
mendation, B)” [25].

In an additional study by Bednarik et al. [6],
the same 199 patients with asymptomatic spon-
dylotic cervical stenosis as previously followed
were analyzed for the risk of the development of
symptomatic myelopathy after minor trauma.
They concluded that there was no statistically
significant association between traumatic events
and the subsequent development of symptomatic
myelopathy (OR 0.935; 95% CI, 0.247-3.535;
p=0.921).

Much of the data regarding the progression of
asymptomatic patients with ossification of the
posterior longitudinal ligament (OPLL) comes
from two studies by Matsunaga et al. [23, 24].
These were both prospective cohort studies. In
the first study, 323 patients did not have myelopa-
thy on initial presentation and were treated con-
servatively. Of these patients, 55 (17%) developed
myelopathic symptoms requiring surgery.
Utilizing a Kaplan-Meier estimate of the remain-
ing myelopathy-free patients, 71% remained that
way at 30-year follow-up. All patients with
OPLL-induced stenosis greater than 60% devel-
oped symptoms of myelopathy. Additionally,
increased range of motion was found to be a sig-
nificant risk factor for those patients with
myelopathy and less than 60% stenosis. The
authors measured the angle between C1 and the
inferior margin of C7 on flexion and extension
radiographs and found that the group of patients
with myelopathy had a cervical ROM of 75.6° +
18.3. Those patients without myelopathy had a
cervical ROM of 36.5° = 159 (P < 0.05).
Therefore, the authors concluded that in patients
with less than 60% stenosis, ROM appears to be
an important variable in the development of
myelopathy. In a later multicenter prospective
cohort study [23], the same authors evaluated 156
patients from 16 institutions over an average
10.3-year period. They did not report on the time
interval to the development of myelopathy.
Similar to their previous work, all patients with
greater than 60% OPLL-induced stenosis had
symptoms of myelopathy. 57 (49%) of the
remaining 117 with <60% stenosis were myelo-
pathic. Once again, an increased ROM was asso-
ciated with the development of myelopathy.
Additionally, a lateral-deviated-type OPLL
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opposed to central OPLL was more commonly
seen in patients who developed myelopathy.
With regard to OPLL in asymptomatic patients
and their risk for progression after minor trauma,
1 study found that 13/19 (68%) of patients devel-
oped myelopathy [19]. This would suggest that
asymptomatic patients with underlying OPLL
may be at increased risk for the development of
myelopathy after minor trauma, as opposed to
those patients with CSM not caused by OPLL.

Mild CSM

The evidence for how best to manage a patient
with mild CSM is weak to moderate at best. This
is due to a heterogeneous patient population,
inconsistent follow-up, and variation in nonoper-
ative treatments. Additionally, the majority of
studies rely on the JOA (Japanese Orthopedic
Association), mJOA, motor function JOA, or
Nurick scale for use as an objective measure of
myelopathy.

Kadanka et al. [15, 16, 17] in a prospective
study attempted to look at patients with mild or
moderate clinical myelopathy (mJOA score >12)
by randomizing them into two groups: those
treated surgically and those treated conserva-
tively. In their first study of 68 patients, 33 were
treated surgically and 35 nonoperatively.
Nonoperative treatment consisted of intermittent
cervical immobilization with a soft collar, anti-
inflammatory medications, intermittent bed rest
for patients with pain, and active discouragement
of high-risk activities. Inclusion criteria consisted
of clinical signs and symptoms of myelopathy,
MRI evidence of cord compression caused by
spondylosis (with or without congenital narrow-
ing of the spinal canal), age <75, mJOA score
>12, and consent to surgery. Outcomes evaluated
were a patient self-evaluation, mJOA, 10-meter
timed walk, and daily activities (evaluated by two
independent physicians blinded to the treatment).
The results of this study did not show any differ-
ence in outcomes between those patients treated
nonoperatively and those treated surgically.
However, they acknowledged the goal with sur-
gery is not for improvement but to stop progres-

sion and/or sudden deterioration. The same study
population was assessed again at the 10-year
mark [15], and at that time point, no significant
difference between the groups was observed. The
authors further acknowledged that according to
the power analysis, these results could not defini-
tively answer the question as to whether surgical
versus nonsurgical treatment was appropriate in
this patient population due to the low number of
patients available for final evaluation.

Sumi et al. [30] added to the work of Kadanka
with a prospective study of nonoperatively
treated patients with mild CSM (JOA >13).
Sixty patients with mild CSM (42 males and 18
females, average age 57.2 years) were initially
treated conservatively. Patients with OPLL were
excluded from the study. Follow-up records were
available for 55. The mean overall follow-up
period was 789 =+ 39.0 months (range
5-147 months), with those that did not deterio-
rate being followed for more than 5 years.
Surgery was offered with deterioration of
myelopathy, defined as a decline in JOA score to
less than 13 with a decrease of at least 2 points.
Deterioration occurred in 14 of 55 (25.5%) cases
between 5 and 96 months after the initial visit.
There was not a significant difference seen in
mean JOA score between the initial visit (14.5 +
1.3) and the end point (14.1 = 2.2; p = 0.227).
Those patients that deteriorated had a decrease
in JOA from 14.3 = 1.0 to 10.9 £ 1.0 at the end
point (»p = 0.001). No statistical difference was
seen between sex, age, or JOA score at the initial
visit between the groups that deteriorated and
those that remained clinically stable. 74.5% of
mild CSM cases maintained the same level of
symptoms without deterioration over more than
5 years, with a tolerance rate of 70%. The major
prognostic factor in this study that predicted
deterioration was the presence of angular-edged
deformity, opposed to an ovoid deformity on
T1-weighted axial MR imaging. Of those
patients with ovoid deformity, only 1/19 (5.3%)
deteriorated. This is in stark contrast to those
with angular-edged deformity, of which 13/14
(92.9%) deteriorated and 23/41 (56.1%)
remained stable during the follow-up period
(p = 0.006).
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Oshima et al. [26] performed a retrospective
review of patients with mild myelopathy, as
defined by a motor JOA score of 3 or more in
both upper and lower extremities, in addition to
cervical spinal cord compression with ISI
(increased signal intensity) on T2-weighted
MRI. They did not include patients with OPLL or
disc herniation. The mean follow-up period was
78 months (range, 24-208 mo), and the end point
was conversion to surgery. Of the 45 patients at
the beginning of the study, 16 deteriorated and
underwent surgery, while 27 remained neurologi-
cally stable. Two of the patients worsened after
minor trauma and consequently received surgery.
Kaplan-Meier survival analysis indicated that
82% of the patients continued to be followed
without surgery at 5 years and 56% at 10 years.
Prognostic factors of the 16 patients that gradu-
ally deteriorated were compared to the 27 patients
who were followed without surgery, and signifi-
cance was found for local slip, as well as the seg-
mental lordotic angle at the maximum
compression segment. Cox proportional hazard
analysis revealed that total ROM between C2 and
C7 larger than 50°, segmental kyphosis in the
maximum compression segment, and existence
of a local slip were all risk factors for surgery.
The authors concluded that even in the presence
of ISI on MRI, mild CSM is well tolerated in
most patients. However, patients should be coun-
seled on the possibility of acute spinal cord injury
after minor trauma.

Similarly, Shimomura et al. [29] prospectively
analyzed prognostic factors for deterioration in
patients with mild CSM. The prognostic factors
analyzed included age, gender, follow-up period,
developmental or dynamic canal factors of the
cervical spine on lateral radiographs, presence or
absence of ISI, and the extent of cord compres-
sion at the maximum compression segment. The
extent of cord compression was further divided
into that of partial and circumferential. The mean
follow-up period was 35.6 + 25.2 months.
Seventy patients with mild CSM were included
in the analysis. Fifty-six of these 70 were
observed for the duration of the study, of which
11 deteriorated (moderate or severe forms of
myelopathy). The only factor that had a signifi-

cant effect was circumferential spinal cord com-
pression on axial MRI. Indeed, 10/11 patients
with this finding deteriorated. Nonsurgical treat-
ment is generally well tolerated as the first choice
of treatment in mild CSM; however, the authors
concluded that surgery can be considered for
those patients with circumferential compression
on axial MRI.

One of the most informative studies in the
patient population with mild CSM (JOA >13)
was performed by Kong et al. [20]. In this study,
78 patients were followed prospectively, and ini-
tial management was conservative (traction for
8 h/day for 2 weeks). After discharge, these
patients were followed every 3 months and
instructed to present earlier should myelopathic
symptoms progress. Surgery was subsequently
performed when JOA became <13 or a decrease
of >2 points was observed. All surgeries were
performed within 1 month of deterioration, and
all surgically treated patients were followed for
>1 year postoperatively. Twenty-one patients
were ultimately treated surgically with a mean
reduction in JOA score of 2.9 points (range 2-5)
at the time of treatment. The remaining 57
patients had an average JOA score at presentation
of 14.2 £ 1.0, compared to 14.0 = 1.1 in the surgi-
cally treated group with a nonsignificant p-value
of 0.62. The mean JOA score of the surgically
treated group decreased to 11.1 + 0.8 at the time
of surgical treatment but improved to 13.4 + 2.5
following timely surgical intervention. This work
and the recent systematic review by Karadimas
et al. [18] suggest that patients with mild CSM
can be safely managed conservatively with close
follow-up and surgical intervention performed
acutely once progression of myelopathy is
observed, since these patients can generally be
expected to return to a level of neurological func-
tion similar to those patients who did not experi-
ence a decline in JOA scores.

Ultimately, treatment decision-making in mild
CSM requires a balancing in understanding the
above evidence base, clinician expertise, and
patient choice. This is largely why the AANS/
CNS spine section clinical practice guidelines
recommend that “patients with mild CSM (aged
younger than 75 years with a mJOA scale score
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>12) be offered both operative and nonoperative
management options (quality of evidence: Class
I, strength of recommendation, B) [25].
Furthermore, evidence suggests that clinical
gains after nonoperative treatment in this patient
population are maintained over 3 years in 70% of
cases (quality of evidence, Class III; strength of
recommendation, D)” [25].

Spinal Cord Injury and CSM

Estimating the risk of acute spinal cord injury
(SCI) or central cord syndrome from even minor
trauma in patients with cervical stenosis is impos-
sible due to the unknown prevalence of asymp-
tomatic stenosis in the population. Some attempts
at estimating this risk through administrative
database reviews have been performed. In cases
of mild CSM, Wu et al. [33] found a worst-case
incidence of SCI of 13.9/1000 person-years for
nonoperative care vs 9.4/1000 person-years for
operative care. However, this study suffers from
the typical problems associated with administra-
tive database studies including lack of clinical
granularity and likely incorrect coding issues. In
patients with OPLL, however, some data sug-
gests that the risk of SCI is higher than in typical
CSM [10, 32], and so clinicians may have a lower
threshold for surgical intervention in cases of
mild myelopathy with OPLL.

Although patients with asymptomatic or mini-
mally symptomatic CSM should be counseled
regarding the possible risk of SCI in the absence
of operative treatment, they should also be aware
that this risk is very small [9]. Similarly, when
contrasting the risks and benefits of treatment for
asymptomatic/mild CSM, the clinician need also
acknowledge the risks of operative intervention.
Total complication rates (early and late) for
CSM surgery in one prospective multicenter
study [12] have been calculated to be 20%.
Though a true “number needed to treat” when
considering surgery to prevent a SCI cannot be
accurately calculated, perhaps a true “number
needed to harm” can be when analyzing surgical
complications. Regardless, as mentioned ear-
lier, the decision for or against surgery for

asymptomatic or mild CSM should derive from a
nuanced discussion between patient and surgeon
that is driven by the limited evidence available,
rational consideration of the risks, surgeon judg-
ment, and patient preferences.

Moderate to Severe CSM

There is a consensus that patients with moderate
to severe CSM should undergo surgical decom-
pression [28]. These patients have a low likeli-
hood of improvement with nonoperative
measures [25].

Conclusions, Key
Recommendations, and Guidelines

e For asymptomatic patients with evidence of
cervical cord compression (without evidence
of radiculopathy), prophylactic surgery should
not be offered. These patients should be
closely followed clinically and understand the
relevant signs and symptoms for which to
watch. For patients with clinical evidence of a
radiculopathy or abnormal findings on EMG,
SEP, or MEP, a surgical discussion is appro-
priate once the patient has failed conservative
measures. Class I evidence shows that electro-
myographic abnormalities (as well as pres-
ence of radiculopathy) are predictive of the
development of myelopathy in minimally
symptomatic patients with cervical stenosis
and spinal cord compression [11]. Class IT evi-
dence suggests that somatosensory evoked
potentials have prognostic value in patients
with CSM [11].

e For patients with mild CSM, 20-60% will
progress over time without surgical interven-
tion [18]. A supervised trial of nonoperative
management may be appropriate in this group.
Class II evidence suggests that in patients with
mild to moderate CSM (mJOA >12), the clin-
ical condition remains stable when observed
over a 3-year period in patients younger
than 75 [11]. If, however, they fail to
improve or demonstrate subsequent neuro-
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logical deterioration, prompt operative inter-
vention is warranted.

The presence of low signal on T1-weighted
images and high signal on T2-weighted
images and the presence of cord atrophy
on preoperative MRI in CSM are indica-
tors of poorer outcome as well as lack of
improvement after surgical intervention
[11].

Class III evidence suggests that the duration
of symptoms and possibly advancing age neg-
atively affect outcome in patients with CSM
[11].

All patients with moderate and severe CSM
should undergo surgical intervention [25].
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Pearls and Pitfalls

* The neurological exam provides the
foundation for clinical decision-making;
clinicians should be adept at distin-
guishing normal from abnormal find-
ings on exam.

e Physical examination should be thor-
ough and relevant to suspected
pathology.

e Cervical radiculopathy and cervical
myelopathy are common clinical sce-
narios; however there are a host of other
disease entities with similar presenta-
tions. Distinguishing these non-
neurosurgical entities is imperative to
appropriate patient management.

Introduction

History and physical examination are critical
in the evaluation of cervical myelopathy and
radiculopathy. Physical examination guides the
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decision to pursue surgery, the potential ben-
efit of surgery, as well as surgical approach.
Operative decisions should be questioned when
physical examination findings are incongruent
with diagnosis and/or radiological findings.

Neurological testing should be thorough and
include relevant examinations of cervical align-
ment, skin, muscle bulk, range of motion, tone,
motor, sensory modalities, reflexes, and gait [1].

In this chapter, we review the signs, symp-
toms, and physical findings consistent with axial
neck pain, radiculopathy, and myelopathy or
myeloradiculopathy. Importantly, radiculopathy
and myelopathy must be distinguished from imi-
tators of cervical degenerative myelopathy and
radiculopathy. At the end of the chapter is a brief
overview of neurosurgical and non-neurosurgical
entities that must be distinguished from radicu-
lopathy and/or myelopathy through pointed his-
tory and physical examination.

Components of the Neurological
Examination

Examiners should have an organized framework
which addresses cervical alignment, skin, muscle
bulk, range of motion, tone, motor strength, sen-
sory modalities, reflexes, and special maneuvers
[1]. As examiners progress in their training, the
exam may become more focused and relevant
to certain pathologies. Patients may also present
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with non-neurological diagnosis, necessitating
physical examination of other organ systems, i.e.,
left arm paresthesias in a patient with acute myo-
cardial infarction. Examiners should also recog-
nize when physical exam findings do not follow
an anatomical pattern, e.g., ipsilateral facial and
body numbness, indicating that there may not be
an organic cause.

Cervical Alignment

Cervical alignment refers to the curvature of the
cervical bodies in the sagittal and coronal planes.
Normal sagittal alignment is lordotic. Abnormal
cervical alignment may include kyphosis, sco-
liosis, and/or torticollis [1]. Alignment is best
assessed on imaging, rather than on physi-
cal examination. See Fig. 7.1 for examples of
kyphotic and lordotic alignment.

a Protraction

Muscle Bulk and Tone

The source of muscle bulk changes can local-
ize to any portion of the neuromuscular system
including the central nervous system, peripheral
nervous system, neuromuscular junction, and pri-
mary muscle. Upper motor neuron disorders will
exhibit weakness, decreased muscle bulk over
time, and increased tone. Lower motor neuron
pathology will exhibit weakness, muscle atro-
phy, and flaccidity [7]. Examiners should inspect
muscle bulk for any wasting in the extremities.
If wasting is identified, then note differences
between right and left, proximal and distal, and
upper extremity and lower extremity [1]. While
there is no formal grading system for muscle
bulk, examiners can assess for atrophy, hypertro-
phy, or pseudohypertrophy through visual inspec-
tion [19]. Generally, muscle wasting is indicative
of a long-standing pathology.

b Retraction

Fig. 7.1 Panel A demonstrating a kyphotic cervical alignment and panel B demonstrating a lordotic alignment.

(Magee [10])
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Table 7.1 Modified Ashworth scale Table 7.2 Motor grading
Grade | Tone Grading | Strength
0 No increase in muscle tone 0 No muscle twitch
1 Slight increase in muscle tone, catch, or 1 Muscle twitch present but no movement
resistance at the end of range of motion 2 Able to move with elimination of gravity
1+ Catch proceeded by slight increase in muscle 3 Moves antigravity but not against resistance
tone through less than half range of motion 4 Moves against some resistance
2 Increase muscle tone throughout range of 5 Moves against full resistance
motion but extremities still easily moved
3 Marked increase in tone, resistance to passive
movement
4 Rigid flexion or extension Normal range of contraction

Tone should be assessed for multiple reasons:
(1) preoperative to postoperative comparison, (2)
elucidation of other neurological pathologies, and
(3) understanding of upper motor neuron damage
in the spinal cord or brain. Muscle tone is sub-
jectively defined as hypotonia or hypertonia. The
Ashworth scale objectifies findings of hypertonia
and is commonly used in patients with spasticity.
Please see Table 7.1 for description of the scale. In
cervical myelopathy, spasticity is common [1, 12].

Range of Motion

Range of motion can be limited by a combina-
tion of factors, including pain, muscular strain,
degenerative bony changes, and/or cervical
fusion. Range of motion is tested simply through
flexion, extension, and lateral bending. Degrees
of deficit can be detected through passive and
active motion, as well as against resistance [1].

Motor

Motor testing should be completed in all extremi-
ties with special attention to areas of expected def-
icit. Motor testing can be graded according to the
schema provided in Table 7.2. Of note, extremi-
ties may exhibit different velocities and contrac-
tion forces based on the muscle length. Maximal
contraction of the muscle fiber is reached when
shortening occurs but then decreases with
extreme shortening and lengthening of the mus-
cle fiber, in parabolic fashion. This is termed the
“length-strength” principle (Fig. 7.2). For optimal
examination, one should place large muscles at
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Fig. 7.2 Tension versus length of muscle in the muscle.
(Hall [9])

somewhat of a mechanical disadvantage (when
muscle not optimally shortened) and small mus-
cles at an advantage (optimally shortened) to
exploit the “length-strength” principle.

Examiners should note whether motor deficits
follow a nerve root versus peripheral nerve distri-
bution. Specific nerve roots can be tested through
isolated muscle group assessment, for example,
the triceps muscle corresponds well to the C7
nerve root. In comparison, the C6 nerve root
cannot be isolated and supplies multiple muscle
groups. See Fig. 7.3 for dedicated enumeration of
cervical myotomes and dermatomes.

Sensory

Light Touch, Pain, Temperature,

and Vibration

While multiple modalities are available for
sensory testing, generally light touch with the
examiner’s fingers or a tissue is adequate for the
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Level Motor signs (weakness) Reflex signs Sensory loss
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Fig. 7.3 Cervical dermatomes and myotomes. (Royden et al. [16])

determination of sensory loss. If there is suspi-
cion for a Brown-Sequard pattern, then pain and
temperature testing should also be performed.
Figure 7.3 enumerates cervical dermatomes [1].

Pain should be tested with a pin tip. Begin the
examination by testing an area known to be normal
to establish a baseline for the patient. Then proceed
to the necessary dermatomes. Examiners should be
careful to induce pain but not pressure with the pin
tip. Pain is carried primarily in the anterolateral sys-
tem which crosses immediately at that level but may
be carried in other ascending spinal pathways [1].

Temperature can be tested with hot or cold.
Similar to pain, begin the exam by testing an area
known to be normal to establish a baseline. Then
proceed to relevant dermatomes [1]. Temperature
is solely carried in the anterolateral system and is
more specific than pain.

Vibration can be tested with the use of a tun-
ing fork, preferably 256 Hz which activates the
Pacinian corpuscles [1].

Position Sense

The patient should close their eyes before
position sense testing. The examiner may then
elevate or depress a phalange and then ask
the patient which direction their phalange has
been displaced [1]. The examiner should be
careful to place their own fingers in a neutral
position, such as on either side of the patient’s
finger so as not to bias the patient’s percep-
tion. Placing the examiner’s fingers on the
ventral and dorsal aspects of the patient’s pha-
langes places directional pressure which the
patient can sense and is a confounder of posi-
tion sense pathways.

Position sense is an important discrimina-
tor in certain pathologies, i.e., position sense is
spared in anterior spinal syndrome, and position
sense is lost in tabes dorsalis or vitamin B12
deficiency which affects the posterior columns
[12]. Position sense should not be altered in
radiculopathy.
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Table 7.3 Reflex grading

Table 7.4 Reflex levels

Grading Reflex response Reflex Level
0 No reflex response Biceps C5

1+ Hyporeflexic Brachioradialis C6

2+ Normal reflex response Triceps C7

3+ Hyperreflexic Patellar L2-14
4+ Hyperreflexic with clonus Ankle L5-S1
Reflexes Clonus

Reflexes are tested by placing the thumb over
the tendon of interest and then striking the
thumb with a reflex hammer. Reflexes have a
standard grading system from O to 4. These are
outlined in Table 7.3. Abnormal reflexes should
be correlated with their cervical level. These are
outlined in Table 7.4 [1]. Crossed radial reflex
may occur when the reflex arc extends to the
next joint; as in, the biceps reflex is tested, the
patient displays a normal biceps response, and
in addition the wrist extends. This is a sign of
spinal cord compression, myelopathy, or spas-
ticity. Inverted radial reflex is flexion of the fin-
gers and diminished wrist extension in response
to tapping the distal brachioradialis tendon.
Inverted radial reflex is thought to localize to
C5 to C6 [6].

Babinski

Babinski sign indicates an upper motor neuron
lesion. Babinski is tested by dragging the tip of
a hard object from the heel, upward along the
lateral edge of the foot and then medially across
dorsum of the foot. An abnormal response is
extension of the first toe. A normal response is
plantar flexion of the first toe [1].

Hoffman’s

Hoffman’s test indicates an upper motor neuron
lesion and is routinely tested in the cervical neu-
rological exam. The patient’s hand should remain
relaxed. The examiner flicks the middle finger-
nail, and if Hoffman’s sign is present, then the
patient will reflexively flex the fingers [1].

Clonus is performed by forcefully dorsiflexing
the patient’s ankle. A positive response is seen
with “beating back”™ of the foot. Clonus is graded
on the number of beats. Severe clonus displays
sustained beating of the foot [1]. There is no con-
sensus on the number of beats considered abnor-
mal, but in general, four or more beats should
raise suspicion of an upper motor neuron lesion.

Maneuvers

Maneuvers should be used as adjuncts to the
cervical neurological examinations. These are
described in the following section. Sensitivities
and specificities of each maneuver are listed in
Table 7.5.

Spurling’s

Spurling’s tests assess for foraminal compression
in the cervical spine. In the upright position, the
patient’s head should be slightly extended, rotated,
and laterally flexed to one side. Once in position,
the examiner applies downward axial force on top
of the patient’s head. If this worsens the patient’s
radiculopathy, then this indicates compression of
the nerve root at the foramen [1, 4].

L'Hermitte’s Sign

L’Hermitte’s sign indicates upper motor neuron
disease and is classically seen in multiple scle-
rosis; however, it can be seen in other neuro-
logic conditions such as cervical degenerative
myelopathy. L’Hermitte’s sign is tested by plac-
ing the head in flexion and applying downward
force on the head. The patient should subjec-
tively feel an electric shock sensation through
the spine [1].
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Table 7.5 Specificity and sensitivity of cervical

maneuvers
Maneuver Specificity Sensitivity
Spurling’s sign 95% 92%

93% 30%

L’Hermitte’s sign 97% 28%
Distraction test 100% 40-43%
Hoffman’s 78% 28-94%
Clonus 96-100% 7-13%
Babinski 92-100% 7-53%
Adson’s test Not reported | Not reported
Broad or spastic gait 94% 19%
Hand withdrawal reflex | 63% 41%
Finger escape sign 100% 50%

Cook et al. [6], Malanga et al. [11], Rhee et al. [13], Shah
and Rajshekar [14], Tong et al. [17]

Distraction Test

Distraction testing mimics the effects of trac-
tion on the spine by widening the neural foram-
ina. The distraction test is performed by placing
one hand behind the head and the other under
the chin, placing the head in slight extension or
flexion, and then pulling gently upward. If the
patient experiences relief of their radiculopathy,
this indicates a foraminal etiology which may be
alleviated by surgical intervention such as foram-
inotomy or laminectomy [1].

Adson’s Test

Adson’s test can demonstrate subclavian artery
compression which can be from subclavian artery
stenosis, the presence of cervical rib, or tight-
ened scalenus and medius muscles. The test is
performed by placing the arm in an abducted,
externally rotated position above the level of the
clavicle. Ask the patient to breathe in and hold
their breath and turn their head toward the raised
arm. Meanwhile, the examiner is palpating the
radial pulse. If there is subclavian artery compres-
sion, then the pulse will be reduced or lost [1].

Hand Withdrawal Reflex

While holding the patient’s hand so the fingers
hang limply in the air, the dorsum of the hand
is tapped with a reflex hammer. An abnormal
response is finger flexion. Hand withdrawal
reflex is seen in cervical myelopathy [6].

Finger Escape Sign

Finger escape sign can be elicited in myelopathic
patients by instructing the patient to hold fingers
extended and adducted. A positive finger escape
sign is seen when the last digit spontaneously
abducts and flexes due to intrinsic weakness in
the hand [6].

Grip and Release Test

The patient is asked to make a tight grip and
then release their grip 20 times in 10 seconds.
This repetitive action is slowed in myelopathic
patients [6].

Cervical Pathology: Axial Neck Pain,
Radiculopathy, and Myelopathy

Axial Neck Pain

Axial neck pain is a challenging pathology, par-
ticularly for neurosurgeons. The etiology of neck
pain is vast and may not be due to cervical pathol-
ogy; degenerative changes are common and may
not be the source of neck pain; and lastly, operat-
ing on cervical pathology may not alleviate the
patient’s neck pain. Alternatively, degenerative
disc disease and facet disease can present with
axial neck pain, headache, or scapular pain.
Complaints of solely pain can complicate opera-
tive decisions. As a principle, surgeons should
attempt to correlate levels of disease with distri-
bution of pain, i.e., C7-T1 degenerative disease
can present as interscapular pain. See Fig. 7.4 for
further depiction of pain distributions related to
degenerative cervical pathology. Palpation is use-
ful in ruling out myofascial pain, weakness, or
overuse [1].

Radiculopathy by Group

C2 to C4 Radiculopathy

Upper cervical radiculopathies should be con-
sidered in patients presenting with headache and
pure neck pain. Due to the distribution, there may
be no associated sensory or motor deficits; how-
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Fig. 7.4 Distributions of pain related to cervical degenerative disease. (Aprill et al. [2])

ever, CN XI deficits may be noted due to their
cervical origin in the lateral aspect of the anterior
horn cell. The C2 to C4 dermatome covers the
posterior skull, neck, and upper chest and scapu-
lar areas [1, 15].

C5 to C6 Radiculopathy

C5 to C6 radiculopathy presentation overlaps
significantly with shoulder pathology and bra-
chial plexus pathology engendering the physical
examination critical in the differentiation pro-
cess. Shoulder abduction supplied by the deltoid
(C5), elbow flexion supplied by biceps (C5, C6),
supination supplied by multiple muscle groups
(C5), internal and external rotation of the shoul-
der supplied by multiple muscle groups (C5,
C6), and wrist extension supplied by multiple

muscle groups (C6) may be weak. Sensory loss
is seen in the C5 (axillary nerve) and C6 (lateral
antebrachial cutaneous nerve) distribution over
the lateral aspect of the arm. The biceps reflex
supplied by C5 or the brachioradialis supplied
by C6 may be abnormal [1, 7, 15].

C7 Radiculopathy

Weakness of elbow extension supplied by the tri-
ceps (C7) and wrist flexion (C7, C8) may be evi-
dent in C7 radiculopathy. C7 nerve root provides
sensation to the middle digit. The triceps reflex is
supplied by C7 [1, 15].

C8 Radiculopathy
The C8 nerve root contributes to finger flexion
and thumb adduction. C8 dermatome covers the
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medial portion of the forearm, fourth and fifth
digits [1, 15].

T1 Radiculopathy

Finger abduction and adduction are controlled by
the interossei (C8, T1). Medial brachial cutane-
ous nerve (T1) provides sensation to the medial
arm [1, 15].

Myelopathy

Myelopathy is a common neurosurgical entity
in spine practice. Presenting symptoms may be
subtle, including incoordination and gait abnor-
malities. Patients may complain of difficulty with
fine motor tasks, such as buttoning buttons or
using zippers. Severe myelopathy is characterized
by neck pain, extremity weakness, distal extrem-
ity numbness, spasticity, and gait abnormalities.

Physical examination generally reveals signs
of upper motor neuron injury:

e Motor examination may reveal weakness in
the extremities, more likely the distal upper
extremities and proximal lower extremities.

e Sensory examination may show numbness,
classically in the distal extremities.

e Reflex testing may show hyperreflexia and
perhaps inverted or crossed radial signs.

e Hoffman’s sign and sustained clonus are signs
of more severe myelopathy.

e Tone may be increased, characteristic of
spasticity.

e Gait may display slowness, stiffness, broad-
based steppage, and hesitancy.

* In the case of acute injury in chronic myelopa-
thy, such as hyperextension injuries in pre-
existing spinal stenosis and myelopathy,
urinary changes should be assessed, and rectal
tone should be noted. Patients with urinary
retention, incontinence, and/or poor rectal
tone should be considered for emergent surgi-
cal decompression.

Myelopathy presents on a spectrum and may
overlap with radiculopathy resulting in myelora-
diculopathy. Radiculopathy is present in approxi-

mately half of myelopathy patients. Myelopathy
and radiculopathy may be difficult to separate in
these patients. Common myelopathy signs may be
present including hand weakness, hyperreflexia,
and abnormal gait. Superimposed radiculopathy
will present as pain or paresthesias following a
radicular distribution. Weakness and paresthesias
of the hand are generally attributable to compres-
sion of the anterior horn cells rather than nerve
root compression. Spurling’s sign and shoulder
abduction relief test are specific for radiculopa-
thy. Most commonly, the C5-C6 level is affected,
and 59% of cases show multilevel pathology [5].
Myelopathy may be induced by metabolic abnor-
malities or radiation; these entities are non-oper-
ative [12, 15].

Imitators of Cervical Pathology
Shoulder Pathology

Cervical pathology may closely resemble shoul-
der pathology, including rotator cuff tear, frozen
shoulder, impingement syndrome, osteoarthritis,
and shoulder dislocation. History may relay pain
over the shoulder joint or difficulty with shoul-
der abduction which should be distinguished
from C5/C6 radiculopathy. Physical examina-
tion is particularly helpful in identifying pres-
ence and/or concomitance of shoulder pathology.
Palpation of the clavicle, acromioclavicular joint,
humeral head, and glenohumeral joint can elicit
tenderness which localizes well to the pathologic
area. The strength of subscapularis muscle can be
tested with internal rotation and lift-off test. Lift-
off testing is performed by the patient placing
the dorsal surface of their hand on his/her back
(internal rotation at the shoulder) and pressing the
said hand into the examiner’s hand against resis-
tance. Weakness against resistance is positive
indicator. Lift-off testing reveals subscapularis
weakness in patients with shoulder pathology.
Infraspinatus and teres minor can be tested with
external rotation. Supraspinatus is commonly
affected by impingement syndrome and can be
tested through several maneuvers. Hawkin’s
maneuver is tested by placing the arm in front of
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the body at shoulder level with the elbow flexed
at 90°. The examiner then places upward pres-
sure at the elbow and downward pressure at the
wrist. Neer’s test is performed by stabilizing the
scapula and raising the patient’s arm while in full
internal rotation. Both maneuvers will exacer-
bate shoulder pain in a patient with true shoulder
pathology. Importantly, this sign may also relieve
pain in the patient with cervical radiculopathy
and is alternately termed the shoulder abduction
relief sign [12].

Brachial Plexitis

Brachial plexitis (Parsonage-Turner syndrome)
is a predominantly painful pathology affecting 