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Preface

There were two main goals for writing this book. The first goal, in keeping with
the book title, was to distil the “essentials” of the rapidly growing knowledge
in spinal cord medicine, and provide succinct yet comprehensive information
that is relevant to clinicians who care for people with injuries and disorders
of the spinal cord. This is an effort to bridge the gap between several good but
encyclopedic texts on this topic and those that consist primarily of lists with
restricted and limited coverage of material. The second goal was to make infor-
mation user-friendly and easy to access and digest by using a consistent for-
mat, paragraphs with clarifying subtitles, appropriate cross-referencing, and a
large number of tables that highlight and reinforce key material.

Given the broad scope of spinal cord medicine, this book should be of
interest to a diverse group of clinicians and trainees. These include specialists
in spinal cord medicine as well as those who encounter people with spinal cord
injuries and disorders within a broader area of practice (physiatrists, neurolo-
gists, primary care physicians, internists, various medical and surgical subspe-
cialists, and rehabilitation clinicians from multiple disciplines). It may also be
of interest to researchers in the field who are looking for clinical context. The
chapters are organized under the broad headings of general principles, clini-
cal considerations, and knowledge gaps and emerging concepts, and include a
select list of suggested readings that substantively informed the chapter or are
good resources for additional information.

The book is organized into seven sections. Section I covers basic science
fundamentals, but with a focus on clinical relevance. It includes information on
applied anatomy and physiology, pathophysiology of spinal cord injury, and a
concise summary of the rapidly growing research in neuroprotection, repair,
and regeneration of the spinal cord. Section II covers various aspects of traumatic
spinal cord injury ranging from prevention to assessment and management, and
incorporates the most current guidelines on those topics. Section III covers non-
traumatic myelopathies. In addition to a clinical overview and general approach,

ix
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it includes separate chapters on various myelopathies. These vary in length and
detail with more comprehensive coverage of commonly encountered conditions
(such as multiple sclerosis, amyotrophic lateral sclerosis, and cervical spondy-
lotic myelopathy) and briefer summaries with tables highlighting the pertinent
facts about less frequently encountered conditions.

Section IV discusses physical function and rehabilitation. For this section
an effort was made to include information that would be of broad interest to cli-
nicians, rather than technical details that would primarily be relevant to phys-
ical or occupational therapists. Section V provides comprehensive coverage of
the multiple medical consequences and complications of spinal cord injuries
and disorders. The chapters in this section are organized by body system and
incorporate clinical practice guidelines, practice pearls, and practical tips for
assessment and management. Section VI summarizes psychosocial issues and
life participation following spinal cord injury. Here again the focus is on prac-
tical information of broad clinical relevance, rather than details that may only
be pertinent to psychologists or social workers. Section VII covers important
aspects of systems-based practice that are often not covered elsewhere or are
only covered generically. It includes chapters on systems of care, ethical issues,
and patient safety, each with a specific focus on the practice of spinal cord
medicine.

Many people made this book possible. Special thanks to the excellent team
at Demos Medical Publishing for their professionalism and support through-
out this process, to my family for their encouragement, humor, and under-
standing during the long hours spent on this book, and to the multiple mentors
and patients who have taught me so much over the years.

Sunil Sabharwal, MD



I. Basic Science Fundamentals

CHAPTER 1

Applied Anatomy and Physiology
of the Spinal Cord

GENERAL PRINCIPLES

External Anatomy of the Spinal Cord

The spinal cord is located within the vertebral canal and extends from the
foramen magnum to the lower part of the first lumbar vertebra where it ends as
the conus medullaris. There is a subtle enlargement in the cervical and lumbar
regions of the spinal cord, where the neurons that innervate the upper and
lower extremities, respectively, are located. Distal to the conus medullaris, the
vertebral canal contains the collection of lumbar and sacral nerve roots that
form the cauda equina.

Meningeal Coverings

The meningeal coverings of the spinal cord—the pia, arachnoid, and dura—
are continuous with those of the brain. The dura ends caudally at the level
of the second sacral vertebra and continues as the coccygeal ligament
that serves to anchor the spinal cord to the vertebral canal. The epidural space
is located between the dura mater and the vertebral canal. The arachnoid
lines the dura and ends as a sac at the level of the second sacral vertebra. The
subarachnoid space is filled with cerebrospinal fluid, and is largest inferiorly
between the second lumbar and second sacral vertebral levels, where it sur-
rounds the cauda equina and is known as the lumbar cistern. The pia tapers
distal to the conus medullaris and continues inferiorly as a slender filament
known as the filum terminale.

Relationship Between Spinal Cord and Vertebral Segments

The spinal cord has 31 segments:

8 cervical (C)

12 thoracic (T)

5 lumbar (L)

5 sacral (S)

1 coccygeal (Co)
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Spinal segmentation is based on the sites where spinal nerves emerge from the
spinal cord.

The vertebral column consists of 33 vertebrae:

7 cervical
12 thoracic
5 lumbar

5 sacral

4 coccygeal

The sacral and coccygeal vertebrae fuse in the adult to form the sacrum and
coccyX.

The spinal cord is shorter than the vertebral column, ending between L1 and
L2 so the spinal cord segment levels do not correspond to the vertebral levels
below the upper cervical segments. This discrepancy between the spinal cord
and vertebral levels becomes progressively more marked for the more caudal
segments of the spinal cord (Table 1.1). The lumbar and sacral roots descending
in the vertebral canal below the L1 vertebra form the cauda equina.

Spinal Nerves and Roots

There are 31 spinal nerves to which each spinal segment corresponds. Each
spinal nerve consists of a sensory nerve root, which enters the spinal cord at that
level, and a motor root, which emerges from the cord at each level. In the dorsal
root of a typical spinal nerve lies a dorsal root ganglion, a swelling that con-
tains nerve cell bodies. First order neurons of all ascending spinal cord tracts are
located in the dorsal root ganglia. The sensory component of each spinal nerve is
distributed to a dermatome, a well-defined segment of the skin (See Chapter 10
and Figure 10.1). The first cervical and coccygeal nerves typically have no dorsal
root so do not have any dermatomal representation. The skeletal musculature
innervated by motor axons in a given spinal root is called a myotome.

Table 1.1
Approximate Relationship Between Vertebral Bodies and

Spinal Cord Levels

Vertebral Body Corresponding Spinal Cord Level
Upper cervical (C1-C4) Same as vertebral level

Lower cervical (C5-C7) Add 1 level

Upper thoracic (T1-T6) Add 2 levels

Lower thoracic (T7-T10) Add 3 levels

T11-T12 Lumbar

T12-L1 Sacral

L2 and below Cauda equina (lumbosacral nerve roots)




1. Applied Anatomy and Physiology of the Spinal Cord 3

The first seven pairs of cervical spinal nerves (C1-C7) exit above the same-
numbered cervical vertebra. However, because there are 8 cervical spinal cord
segments but only 7 cervical vertebrae, the C8 nerve emerges between the sev-
enth cervical and first thoracic vertebrae and the remaining spinal nerves cau-
dal to that level all emerge below their respective same-numbered vertebra.

The spinal dura forms dural root sleeves that follow the spinal nerve roots
into each intervertebral foramen and blend with the epineurium covering of
each spinal nerve. Within the subarachnoid space, nerve roots lack any dural
covering.

Internal Structure of the Spinal Cord

On transverse section, the spinal cord includes outer white matter tracts con-
taining ascending sensory and descending motor pathways, and inner but-
terfly-shaped gray matter with nerve cell bodies. It surrounds a central canal,
which is anatomically an extension of the fourth ventricle, and is lined with
ependymal cells and filled with cerebrospinal fluid.

Gray matter
The spinal cord plays a key role in integration of multiple peripheral and central
inputs via the system of neurons in the gray matter. On cross-section, the gray
matter in the spinal cord includes the dorsal, ventral, and an intermediolateral
horns or columns. The gray matter is divided into 10 zones or laminae labeled
from I to X.

The dorsal, or posterior, horn is the entry point of sensory information
into the central nervous system. Laminae I to VI are in the dorsal horn
and receive different inputs. Laminae I, I (substantia gelatinosa), and
V receive input from noxious stimuli; laminae III and IV (also referred
to together as the nucleus proprius) receive light-touch and position-
related inputs; and lamina VI responds to mechanical signals from the
joints and skin.

The intermediolateral horn, present in the thoracic and upper lumbar
segments only (T1-L2), contains preganglionic cells for the sympathetic
nervous system. In thoracic and upper lumbar segments, lamina VII of
the gray matter contains the intermediolateral nucleus which has the
cells from which preganglionic sympathetic fibers project. Lamina VII
also contains the cells of the dorsal nucleus (Clarke’s column) that give
rise to the posterior spinocerebellar tract. A corresponding cell column
is located at the S52-54 levels with preganglionic parasympathetic neu-
rons for pelvic visceral innervation.

The ventral, or anterior, horn contains motor neurons (alpha and
gamma) and interneurons. Lamina VIII and IX are located in the
ventral horn. Neurons in these laminae are somatotopically arranged,
with the more medial neurons innervating the axial and proximal
limb musculature and the more laterally situated neurons primarily
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innervating the distal limb muscles. Neurons innervating the extensor
muscles are located ventral to the ones innervating the flexor muscles.

Lamina X represents the neurons surrounding the central canal.

White matter
The white matter includes ascending and descending tracts that are composed
of axons. The white matter also has glial cells.

The amount of white matter increases at each successive higher spinal segment.
Cervical spinal cord levels, therefore, contain more white matter because all
neurons descending from the brain inferiorly or traveling up to the brain pass
through the cervical spinal cord. The sacral spinal cord has the least amount
of white matter because most ascending or descending fibers have entered or
exited the spinal cord above that region of the spinal cord. The amount of gray
matter is increased in the lumbar and cervical enlargements of the spinal cord.

The ascending tracts in the spinal cord white matter (also see Table 1.2) include:

Fasciculus gracilis (FG) and fasciculus cuneatus (FC) (dorsal columns).
Spinothalamic tracts (anterolateral system): The distinction between
the lateral spinothalamic tracts that carry pain and temperature, and
the anterior spinothalamic tract carrying nondiscriminative touch sen-
sation is no longer universally accepted and the two tracts are often
collectively referred to as the anterolateral system.

Spinocerebellar tracts, including the dorsal and ventral spinocerebellar
tracts, which transmit signals from muscle spindle and golgi tendon
organs to the cerebellum.

The descending tracts in the white matter include:

Corticospinal of which 90% are fibers that have crossed at the pyrami-
dal decussation above the spinal cord and make up the lateral cortico-
spinal tract that controls voluntary movements of the opposite side; the
remaining uncrossed fibers make up the anterior corticospinal tract.
Rubrospinal tract: arising from the red nucleus in the midbrain and
play a role in motor function.

Tectospinal tract: arising from the midbrain and involved in coordinat-
ing head and eye movements.

Vestibulospinal tract: arising from the lateral and medial vestibular
nuclei and involved in postural reflexes

Reticulospinal tract: going from the brain stem reticular formation
to both the dorsal and ventral horns; modulate sensory transmission
(especially pain) and modulate spinal reflexes.

The most important tracts in humans whose function and effect of injury
is best understood include the dorsal columns, spinothalamic tracts, and
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corticospinal tracts. Their function, location, and topography in the spinal cord
is summarized in Table 1.2.

While neuron cell bodies are present in the gray matter, the white matter con-
tains a variety of glial cells in addition to axonal tracts. Glial cells include:
oligodendrocytes (form myelin in the CNS analogous to Schwann cells in
peripheral nerves), astrocytes (regulate ionic environment, guidance of grow-
ing axons, and re-uptake of neurotransmitters), and microglia (have a role in
immune surveillance; while some are always present, others enter from blood
vessels in response to injury or inflammation).

Spinal Reflexes

In addition to being a conduit for motor and sensory information, the neural
connections in the spinal cord mediate several reflexes. A spinal reflex involves
discharge of an efferent motor neuron in response to afferent stimulation.

Autonomic Nervous System in Relation to the Spinal Cord

The autonomic nervous system (ANS) maintains the internal homeostasis or
balance of the body and regulates various involuntary functions. It includes the
sympathetic and parasympathetic divisions. Descending autonomic pathways
from the brain travel in the spinal cord and terminate on the preganglionic
sympathetic and parasympathetic neurons in the spinal cord that are located
at T1 to L2 and S2 to S4, respectively.

The sympathetic preganglionic neurons are located in the intermediolateral
horn at the T1 to L2 segments in the spinal cord. Axons of these pregangli-
onic sympathetic neurons project, via the ventral roots and white rami com-
municans, to paravertebral sympathetic ganglia. These axons either synapse
in the paravertebral ganglia (sympathetic chain ganglia) or pass through the
sympathetic ganglia without synapsing to one of the prevertebral ganglia
(celiac, superior mesenteric, or inferior mesenteric ganglia) where they then
synapse. Postganglionic fibers travel with peripheral nerves to innervate target
organs (also see Table 33.1).

The preganglionic neurons for the parasympathetic division of the ANS are
located in the brainstem and the sacral region of the spinal cord (52-54). The
parasympathetic control of much of the body, including the cardiovascular sys-
tem and the proximal part of the gastrointestinal tract, is through the vagus
nerve (cranial nerve X) so it bypasses the spinal cord. In the spinal cord, the
preganglionic parasympathetic neurons are located in the S2 to S4 sacral seg-
ments along the lateral surface of the base of the anterior horn of the gray mat-
ter. These innervate the bladder, reproductive organs, and distal part of the gut.
Axons of these cells exit through ventral roots and travel through the pelvic
nerve to the postganglionic neurons that are located close to the organ being
innervated.



Table 1.2

The Primary Motor and Sensory Spinal Cord Tracts*

Tract

Functions

Spinal Cord Location

Spinal Cord Topography

Effect of Lesion/
Injury

Fasciculus gracilis
(FG) and fascicu-
lus cuneatus (FC)
(Dorsal column)

Spinothalamic tract
(Antero-lateral
system)

Corticospinal tract

Carry fine touch, vibration,

two-point discrimina-
tion, and proprioception
(position sense); FG
carries sensation from
lower body and FC from
the upper body (above
T6 level)

Pain, temperature, and

tactile sensation

Voluntary control of motor

function

Ascend in the dorsal column of the

spinal cord without synapsing to
terminate in the ipsilateral nucleus
gracilis and cuneatus in the medulla;
FG is medial to FC

First order fibers synapse in the
dorsal horn after ascending for 1-2
segments in the periphery of the
dorsal horn (Lissauer’s tract), second
order fibers cross in the anterior
commissure of the spinal cord,
and then ascend in the opposite
spinothalamic tract

90% of fibers decussate in the
medulla and descend as the lateral
corticospinal tract in the lateral
column. The remaining uncrossed

fibers descend in the anterior column.

Descend to all levels of the spinal
cord, terminate in spinal gray matter
of both the dorsal and ventral horns

Sacral (S) fibers are most

medial, followed by

lumbar (L), thoracic (T),
and cervical (C) which are

most lateral

Cervical fibers are most
medial, sacral fibers are

most lateral

Cervical fibers are most
medial, sacral fibers are

most lateral

Ipsilateral loss of

sensation of fine
touch, vibration,
two-point dis-
crimination, and
proprioception

Contralateral loss

of pain, tempera-
ture, and touch
sensation

“Upper motor

neuron” paralysis
with loss of
voluntary control
of movement,
Babinski sign,
hyperreflexia, and
spasticity

*See text for other spinal cord tracts that have a less well defined role in humans.
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Blood Supply of the Spinal Cord

A single anterior spinal artery arises from the vertebral arteries and lies in
the anterior median fissure of the spinal cord. Although it descends the entire
length of the spinal cord it requires reinforcement through segmental connec-
tions from the radicular arteries. These connections can be quite variable and
relatively sparse in the mid-thoracic region, where the anterior spinal artery is
often less robust, making that region more vulnerable to ischemia. The artery
of Adamkiewicz, is the major segmental artery supplying the lower spinal
cord, and most commonly arises between T10 and T12 on the left, but may arise
anywhere between T5 and L2.

The posterior spinal arteries are paired and arise from the vertebral artery.
They receive contributions from the posterior radicular arteries, forming a
vascular plexus on the posterior surface of the spinal cord. They supply the
posterior third of the spinal cord.

Venous drainage is through six longitudinal veins that drain ultimately into
the epidural venous plexus.

See Chapter 16 for further discussion on the blood supply of the spinal cord
and its clinical implications.

CLINICAL CONSIDERATIONS

Anatomy and organization of the spinal cord has important clinical impli-
cations. Table 1.3 summarizes some important clinical correlations of the
anatomy and organization of the spinal cord, spinal nerves, and blood supply.

Table 1.3
Applied Anatomy of the Spinal Cord and Important Clinical

Correlations

Anatomical Fact Clinical Significance

Gross Anatomy of the Spinal Cord

The spinal cord is shorter than the There is a discrepancy between spinal
vertebral column, ending between L1 cord segment levels and vertebral
and L2 and occupying only the upper levels especially for the more caudal
2/3 of the length of the vertebral canal. segments (Table 1.1). E.g., An injury

or mass at the level of the L1 vertebra
will affect the sacral S2-S5 spinal
cord segments, not the L1 spinal cord

segment.
10 spinal cord segments (L1-S5) are Precise neurological level of injury from
contained in relation to just 3 vertebrae fractures or dislocations of T12-L1
(T11-L1). vertebrae can vary considerably and is

difficult to predict.
(continued)



Table 1.3
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Applied Anatomy of the Spinal Cord and Important Clinical

Correlations (continued)

Gross Anatomy of the Spinal Cord

The spinal cord typically ends between L1
and L2 in adults, and at the lower end
of L3 in infants.

Lumbar puncture can be performed
between L3-L4 in adults, but is performed
between L4-L5 in young children.

Spinal Nerves/Roots

C1-C7 spinal nerves exit above the
same-numbered vertebra, while the
remaining spinal nerves emerge below the
respective same-numbered vertebrae.

There is no dorsal root for the C1 spinal
nerve.

Spinal nerves have connective tissue
covering in the form of epineurium, but
nerve roots in the subarachnoid space
lack protective dura mater covering.

A herniated disk between C4-C5
impinges on the C5 spinal nerve,
whereas a herniated disk between
L4-L5 impinges on the L4 spinal nerve.

There is no sensory testing or dermatomal
representation for C1 spinal level

Nerve roots within the subarachnoid
space (e.g., the cauda equina) are more
fragile and liable to injury than spinal
nerves.

Spinal Cord Tracts

The second-order sensory fibers
originating from the dorsal horn, that
make up the spinothalamic tract,
ascend for one or two levels before
they cross to join the opposite side
spinothalamic tract.

Second-order sensory fibers cross
anterior to the central canal before
joining opposite side spinothalamic
tract.

The spinothalamic tract has fibers that
have crossed from the opposite side, but
the fibers ascending in dorsal columns
don’t cross till they reach the brainstem,
and descending corticospinal tract
fibers also don’t cross in the spinal cord
for the most part.

The main ascending and descending
tracts are somatotopically organized
with a laminated distribution. In the
spinothalamic as well as the corticospinal
tracts, the location of the cervical
thoracic, lumbar, and sacral segments
progresses from medial to lateral.

With a unilateral spinal cord lesion, the
sensory level on the opposite side is
often one to two segments lower than
the site of the lesion. With a bilateral
lesion, the loss is generally at the level
of the lesion.

A process such as syringomyelia, that
results in expansion of the central canal
along several spinal segments, can
manifest with selective loss of pain and
temperature sensation (dissociated
sensory loss) due to involvement of
these crossing fibers.

A hemi-section, injury, or pathology
involving one half of the spinal cord
causes loss of pain and temperature
sensation on the opposite side,
but ipsilateral weakness and loss
of position sense (Brown-Sequard
Syndrome).

Pathology or injury involving
predominantly the central part of the
spinal cord often manifests with more
pronounced upper limb than lower limb
weakness, and sacral sensory sparing
(Central Cord Syndrome).

(continued)
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Spinal Cord Tracts

The lateral corticospinal tract is in close
proximity to the spinothalamic tract.

May partly explain why preserved pin-

prick sensation is a particularly good
predictor of functional motor recovery.

Autonomic Pathways (Also See Chapter 33)

Sympathetic innervation to all viscera
including the cardiovascular system is
via preganglionic sympathetic neurons
located in the T1-L2 spinal cord
segments, whereas parasympathetic
innervation of the cardiovascular
system bypasses the spinal cord since
it is via the vagus nerve whose neurons
are in the brainstem.

Disproportionate loss of supra-

spinal control of the sympathetic
nervous system compared to the
parasympathetic nervous system

in cervical or high thoracic SCI
contributes to cardiovascular problems
such as low resting blood pressure,
orthostatic hypotension, and limited
cardiovascular responses to exercise.

Blood Supply of the Spinal Cord (Also See Chapter 16)

A single anterior spinal artery with
discontinuous reinforcement by
segmental arteries supplies the anterior
two-thirds of the cord, versus two
posterior spinal arteries with relatively
robust segmental reinforcement

Spinal cord infarction often causes

an anterior cord syndrome with
paralysis and impaired pin-prick and
temperature sensations, and relative
sparing of the posterior columns with
preserved touch, position, and vibration

throughout the length of the spinal cord sensations.

that supply the posterior third.

Mid-thoracic (T4-T8) level is the most
common site of spinal cord infarction.

There is a relatively avascular watershed
area in the mid-thoracic region between
the rostral region where the anterior
spinal artery is more robust and the
caudal region where blood supply is
supplemented by the relatively large
radicular artery of Adamkiewicz.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Emerging concepts about neuroplasticity of the spinal cord have important
implications on the effect and potential therapeutic interventions for spinal
cord injury (SCI), and this is an area of growing research. Newer techniques are
enabling improved understanding of the structure, function, and organization
of the spinal cord and its tracts.

SUGGESTED READING

Purves D, Augustine GJ, Fitzpatrick D, Hall WC, LaMantia AS, White LE, eds. Neuroscience.
5th ed. Sunderland, MA: Sinauer Associates; 2012.

Seigel A, Sapru HN. Essential Neuroscience. 2nd ed. Baltimore, MD: Lippincott William and
Wilkins; 2011:381-406.

Waxman SG. Chapter 5. The spinal cord. In: Waxman SG, ed. Clinical Neuroanatomy. 26th ed.
New York, NY: McGraw-Hill; 2010.



CHAPTER 2

Pathophysiology of Spinal
Cord Injury

GENERAL PRINCIPLES

The majority of current understanding of the pathophysiological processes
involved in spinal cord injury (SCI) comes from animal models, and very little
is derived from human studies.

SCI involves both primary damage, occurring at the time of impact, and sec-
ondary damage that occurs due to pathophysiologic processes that follow.

Primary Injury

Primary injury is the initial tissue disruption and damage to the spinal cord
that occurs at the time of impact. Forces related to flexion, extension, axial load-
ing, rotation, and/or distraction produce a primary mechanical insult to the
spine and spinal cord. The physical injury to the spinal cord results in lacer-
ation, contusion, compression, shear, and traction of the neural tissue. There
may be traumatic severing of axons. Primary injury rarely transects the spinal
cord, and often leaves an intact subpial rim of tissue on the outside.

The extent of both the primary injury and the subsequent secondary injury is
likely related to the energy delivered to the spinal cord at the time of impact.
The direction of the force also has a significant effect on the nature of the spinal
injury (Table 2.1).

Secondary Injury

In addition to the immediate injury, SCI also causes delayed damage and death
to cells that survive the original trauma. Studies of secondary damage after
SCI performed in blunt injury animal models, for example, delivered via a pre-
cisely calibrated weight drop, have largely generated the knowledge related
to histopathological changes and involved biochemical and molecular pro-
cesses. In addition to the “weight-drop” method, other animal models of SCI
include additional contusion models, clip or balloon compression, and surgical
transection.

10
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Table 2.1
Mechanical Forces Related to Primary Injury
Primary Mechanical lllustrative Injury Associated Spinal
Force Mechanisms Column Injury?
Flexion - Diving into shallow water - Bilateral facet dislocation
- Being thrown off a - Simple wedge fracture
motorcycle - Anterior subluxation
Extension - An elderly person - Hyperextension
sustaining a fall to the fracture-dislocation
floor - Laminar fracture
- Face hitting the - Traumatic
windshield in a car spondylolistheis
accident (hangman’s fracture)
Flexion-rotation - Rollover car accident - Unilateral facet
dislocation
Vertical compression - Falling from a height onto - Burst fracture
head or feet - Jefferson fracture of atlas
Lateral flexion - Fall - Uncinate process fracture
- Car accident
Distraction - Car accident with seat - Transverse fracture
belt incorrectly worn through vertebra (Chance
too high fracture)

aNot a comprehensive list, typical examples are listed.

The biological response to SCI has been temporally divided into several con-
tiguous phases: acute, that occurs in the initial minutes to hours after injury;
secondary or subacute, that occurs in days to weeks after injury; and chronic,
that occurs months to years after injury. The latter phase can be further divided
into an intermediate phase lasting up to 6 months, and a late/chronic phase
after that period. Each phase includes distinct but overlapping processes and
characteristics (Table 2.2).

A number of interrelated processes contribute to secondary damage after
SCI. These include vascular perfusion abnormalities, edema, free radical
generation, lipid peroxidation, excitotoxicity with alterations in local ionic
concentrations and calcium influx, inflammation, and cell death (Table 2.3).
There are several published reviews of the involved pathophysiology, includ-
ing those by Kwon et al. (2004) and Rowland et al. (2008), included in the
suggested reading at the end of this chapter, to refer for additional detail.

Figures 2.1 and 2.2 depict key steps in the cascade of events involved in the
pathophysiology of SCl-related secondary damage. Some of the processes
and feedback loops between the different steps in the pathophysiology of SCI
are not shown in the figures, but it is important to understand that ischemia,
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Table 2.2
Typical Sequence of Histopathological Changes in the Spinal

Cord After Closed Trauma (Animal Model)

Acute Phase

B Petechial hemorrhages in central gray matter visible on microscopy within 15 mins
of injury. Small white matter hemorrhages appear. Hemorrhages coalesce and
become macroscopically visible in 1 hr

Edema of the cord becomes evident within 2-4 hrs, with axonal swelling

The area of hemorrhage and edema spreads in a centrifugal manner. Spreading
edema at the level of injury obscures distinction between white and gray matter,
and there is a spindle-shaped spread to adjacent rostral and caudal spinal cord
segments

B Necrotic changes (involving neurons and glial cells) appear in the anterior horn
earlier than the posterior horn

B [nvasion by polymorphonuclear neutrophils (PMN) is seen in the first few hours,
followed by mononuclear cells and then macrophages

Subacute and Intermediate Phases

B Partial resolution of edema

B Removal of necrotic debris by macrophages, hemosiderin-laden macrophages
visible
Vascular angiopathy with intimal proliferation

As necrotic tissue is removed cystic cavity formation occurs in the central cord,
which can extend centrifugally

B Disrupted axonal segments with demyelinated nerve fibers are present above and
below the level of injury

Chronic Phase

B Connective scar tissue forms in the area of primary injury

B Wallerian degeneration of adjacent ascending and descending tracts
B Macroscopically the cord may become atrophic and sclerotic
[

Scar tissue or cystic cavity filled with cerebrospinal fluid replaces lost spinal cord
tissue

excitotoxicity, inflammation, free radical production, and lipid peroxidation
are interrelated processes with several feedback loops between one another
that propagate the progression of injury.

Mechanisms Behind Spontaneous Recovery After SCI

Following injury, the spinal cord can spontaneously recover to a varying extent
through a number of biological mechanisms, but current understanding of the
involved mechanisms is quite rudimentary. The possible mechanisms involved
include: remyelination, recovery of conduction, strengthening of existing syn-
apses, regrowth and sprouting of intact neurons to form new circuits, release of
growth factors and guidance molecules, and shift of function to alternate circuits.
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Table 2.3
Key Processes Involved in Pathophysiology of Secondary

Damage After SCI

Ischemia and Microvascular Perfusion Alterations

® Hemorrhage
® \asospasm and vasoconstriction

® Edema

® Intravascular thrombosis

® | oss of autoregulatory microvascular hemodynamic regulation

® Systemic effects of neurogenic shock/hypotension on vascular perfusion

Free Radical Generation and Lipid Peroxidation

® Free radicals are generated via several different processes (e.g., Ca++ activation
of nitric oxide synthetase, lactate accumulation, activation of the arachidonic
acid cascade, ischemia and reperfusion injury).

® Unpaired electrons of free radicals make them highly reactive; free radicals react
with lipids in cell membrane and cause lipid peroxidation contributing to axonal
disruption and cell death.

® Lipid peroxidation generates more free radicals, so can be self-propagating.

Excitotoxicity and Calcium Overload

® Excitotoxicity results from massive glutamate release that occurs in response to
depolarization and ischemia.
® Excess glutamate stimulation of N-methyl-D-aspartate (NMDA) and non-NMDA
receptors allows large amounts of calcium (and sodium) to move into the cell.
® Calcium accumulation due to this dyregulation has several deleterious effects,
and is a central feature in cell death (Figure 2.2). These effects include:
— Mitochondrial dysfunction — shift from aerobic to anaerobic metabolism
— lactate accumulation
— Activation of mitochondrial nitric oxide synthetase (NOS) — Free radical
production (perioxynitrite) — Lipid peroxidation
— Activation of phospholipase A2 and arachidonic acid (AA) cascade
® AA s converted by cyclooxygenase to prostanoids — cause
vasoconstriction — ischemia
® Activated lipooxygenase pathway — accumulation of leukotrines - PMN
and macrophage influx
— Activation of calcium-dependent protease enzymes — degradation of
cytoskeletal proteins — apoptotic cell death

Inflammatory and Immunological Response

® Some aspects of the inflammatory response in the central nervous system (CNS)
are neuroprotective but others are neurotoxic.

® |t has been suggested that the less pronounced macrophage response in
CNS may contribute to poor regenerative capacity compared to the peripheral
nervous system.

® Inflammatory cells produce cytokines, e.g., tumor necrosis factor (TNF-o) and
interleukins that can contribute to additional tissue damage.

(continued)
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Table 2.3
Key Processes Involved in Pathophysiology of Secondary

Damage After SCI (continued)
Cell Death

® Both necrotic and apoptotic cell death may occur. Death of neurons occurs
mostly through necrosis, while oligodendrocytes typically undergo apoptotic
cell death.

® Necrotic cell death involves swelling of the cell and membrane lysis in response
to a severe insult that overwhelms the cell’s homeostatic mechanisms.

® Apoptosis is a form of programmed cell death, often seen in oligodendrocytes,
in which extrinsic or intrinsic stressors initiate a cascade of intracellular
pathways that results in orderly dismantling of the cell. After SCI, cells
around the region of injury that are initially spared may experience sufficient
biochemical insult to generate apoptotic self-destruction due to activation of
capsases.

Figure 2.1
Pathophysiology of SCI-Related Secondary Injury—Part 1: Initial

Sequence of Events Leading to Intracellular Calcium Overload

Trauma

Mechanically induced
depolarization

Opening of voltage-
dependent ion
channels (Ca**, Na*, K*)

Massive release of
neurotransmitters,
including glutamate

Opening of glutamate
receptor-operated ion
channels (NMDA, non-
NMDA) - Excitotoxicity

Influx and
overload of
intracellular calcium

Abbreviation: NMDA, N-methyl-D-aspartate
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Figure 2.2

Pathophysiology of SCI-Related Secondary Injury—Part 2: Role
of Intracellular Calcium Overload in Cell Death?

Mulitple damaging
effects from Calcium
overload, including:

15

Mitochondrial
dysfunction

Failure of aerobic
metabolism; shift to
anaerobic metabolism

Accumulation of
lactate

Ischemia, lipid
peroxidation

CELL DEATH

Activation of
mitochondrial nitric
oxide synthetase (NOS)

Nitric oxide-related
free radical production®

Lipid peroxidation (e.g.
of membrane
phospholipids)

Microvascular damage
and ischemia

CELL DEATH

Activation of
phospholipase A2 and
the arachidonic acid (AA)
cascade

AA converted by COX1
& 2 to prostaoids (e.g.
TXA,, PGF, ) and by
LO to leukotrines

TXA,, PGF,, cause
vasoconstriction;
leukotrines cause PMN
& macrophage influx®

Microvascular damage
and ischemia

CELL DEATH

Activation of calcium-
dependent proteases,
e.g. caplains &
capsases

Degradation of
cytoskeletal proteins
and other cellular
substrates

Unregulated

proteolysis

Irreversible tissue
damage and
programmed cell
death

CELL DEATH

Abbreviations: COX, cyclooxygenase; LO, lipoxygenase; TXA2, thromboxane A2; PGF2a.,
Prostaglandin F2o; PMN, polymorphonuclear neutrophils.

aThis is a partial representation of events. There are additional interrelations and positive feedback loops
between these processes that are omitted from the figure for ease of illustration.

*Other free radicals may be generated by additional pathways and contribute to lipid peroxidation.
°Inflammatory response acts as a double-edged sword. Some aspects can be neuroprotective, but the
secreted lytic enzymes and cytokines can also further damage local tissue.

Barriers to Axonal Regeneration

While the dogma that the central nervous system (CNS) cannot regenerate is
no longer held to be true, it is recognized that the CNS neurons have a low
intrinsic regenerative capacity and that the injured CNS is a relatively nonper-
missive environment for growth.

Several factors have been identified that inhibit axonal regeneration after SCI.
These include inhibitory factors in myelin such as myelin-associated glycopro-
tein (MAG), and Nogo-A. Downstream effects of these inhibitory pathways
utilize the guanosine triphosphatase (GTPase) Rho.
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An additional source of inhibition of regeneration is the glial scar that forms in
the recovery process during the chronic phase of SCI. This can pose a physical
as well as chemical barrier. Several proteoglycans in the glial scar have been
found to be inhibitory to axonal regeneration, though a few have also been
found to promote regeneration.

CLINICAL CONSIDERATIONS

An understanding of the pathophysiological processes occurring following SCI
is critical for developing effective therapies to minimize or reverse the damage.
These are further discussed in Chapter 3.

In addition to local pathophysiological processes at the site of injury that lead
to secondary injury, systemic factors also contribute. Strategies such as prompt
resuscitation, minimizing prolonged hypoxia, and prevention and manage-
ment of neurogenic shock and hypotension during early acute management
after SCI not only save lives but may also limit secondary damage to the spinal
cord. It has been proposed that mean arterial pressure (MAP) be maintained at
or above 90 mmHg after SCI, although further study is needed to define opti-
mal MAP after SCI. Measures to prevent additional damage to the spinal cord,
for example, from spinal instability and timely decompression when indicated,
are of critical importance.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Much has been learned about the biochemical reactions and pathways that
are involved in the progression of SCI, especially in the past two decades, but
much remains to be understood. Knowledge about the molecular mechanisms
that regulate formation and maintenance of the complex and intricate glial and
neuronal neurological circuits, which control the function of the spinal cord, is
continuing to evolve. Additional understanding of the molecular mechanisms
that promote and inhibit axonal regeneration is needed.

SUGGESTED READING
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89-127.

Institute of Medicine. Spinal Cord Injury: Progress, Promise, and Priorities. Washington, DC:
National Academies Press; 2005.

Kwon BK, Tetzlaff W, Grauer JN, Beiner ], Vaccaro AR. Pathophysiology and pharmacologic
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Rowland JW, Hawryluk GW, Kwon B, Fehlings MG. Current status of acute spinal cord injury
pathophysiology and emerging therapies: promise on the horizon. Neurosurg Focus.
2008;25(5):E2.



CHAPTER 3

Research in Neuroprotection,
Regeneration, and Repair of the
Injured Spinal Cord

GENERAL PRINCIPLES

Basic research in spinal cord protection and repair is promising. During
the past few decades there has been a rapid expansion of discoveries in
neuroscience and understanding of pathophysiological mechanisms associ-
ated with spinal cord injury (SCI), and an explosion of multiple avenues of
research aimed at utilizing this knowledge to protect and restore spinal cord
function after injury.

New discoveries have provided opportunities and hope for future therapies. At
the same time enthusiasm for a “cure” for SCI has been tempered by difficulties
and disappointments in translating animal research into strategies for clinical
interventions. There has been an inability to demonstrate robust efficacy of
various experimental interventions that would allow for widespread clinical
acceptance.

What Constitutes a “Cure”?

Given that SCI involves multiple body systems, a pragmatic approach to
defining a “cure” has been recommended, incorporating a broad definition
of function rather than an “all or nothing” approach or a singular focus on
restoration of walking.

It is also important to recognize that even small anatomical gains can lead to
disproportionate functional benefits. An improvement of one or two neuro-
logical levels can be of great functional significance to an individual with SCL.
Animal studies have suggested that even 10% retention of axonal white matter
may be sufficient for functional recovery of locomotor function. In order to
improve relevance of research in this area, it is crucial to target the priorities of
individuals with SCI for functional recovery.

17
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Research Strategies to Protect and Restore Function After SCI

There are multiple potential approaches and interventions to promote
recovery from SCI (Table 3.1). These include: prevention of secondary injury
(neuroprotection); promotion of axonal regeneration and repair; restoration of
axonal transmission; replacement of destroyed spinal cord tissue; retraining
the spinal cord; or strategies to bypass the injured segment. Neuroprotection
strategies to prevent secondary damage are primarily applicable in the acute
phase following injury, whereas several of the strategies for regeneration and
repair are less time-specific.

Table 3.2 summarizes various neuroprotection research strategies to prevent
secondary damage by countering the acute processes that are involved. The
involved pathophysiological processes that are targets for experimental inter-
ventions are discussed in detail in Chapter 2. It may be helpful to refer to
Figures 2.1 and 2.2 in conjunction with Table 3.2 to identify the sites of action of
various neuroprotective agents in the secondary injury cascade.

Table 3.3 summarizes axonal repair and regeneration strategies after SCI, and
potential cell replacement therapies that are currently being explored.

Strategies to retrain the spinal cord are important aspects of efforts to restore
function and mobility after SCI. Another important avenue is ongoing research
and advancement in technologies and methods to assist with or incorporate
strategies to replace lost function. These aspects are discussed in further detail
in the chapters in Section IV of this book.

CLINICAL CONSIDERATIONS

Despite the exponential growth of research avenues and opportunities, there
has been a lack of any uniformly accepted or FDA-approved treatment for
improving neurological function after SCI.

Methylprednisolone, administered intravenously within 8 hours of injury, was
the only agent that was in widespread clinical use for a period of time following
publication of positive studies in the 1990’s that suggested improved outcomes
(also see Chapter 8). However, that research has been subject of much debate

Table 3.1

Neuroprotection from secondary injury (Table 3.2)

Promote axonal regeneration and repair; restore axonal transmission (Table 3.3)
Replace destroyed spinal cord tissue (Table 3.3)

Retrain the spinal cord (enhance purposeful function of remaining neural circuitry)

Substitute for or bypass the injured circuits (neural prostheses; epidural stimulation
distal to injury site; brain-computer interface); Assist or replace function
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Table 3.2

Neuroprotection Research Strategies to Target Acute

Pathophysiological Processes After SCI

Pathophysiological Process*

Experimental Strategy/Agent

Excitotoxicity and calcium overload:

B Massive glutamate release and
stimulation of receptors (e.g.,
N-methyl-D-aspartate [NMDAY])

H Allows large influx of calcium (and
sodium) into the cell

Free radical formation

B E.g., by calcium-related activation
of nitric oxide synthetase (NOS) in
mitochondria

Lipid peroxidation
B |eads to axonal disruption and cell
death

Activation of phospholipase A2 and

arachidonic acid cascade

B Formation of vasoconstricting
prostanoids through cyclooxygenase
pathway

B Generation of leukotrienes that
increase polymorphonuclear
neutrophils influx through
lipooxygenase pathway

Inflammatory and immunological

response

B Microglial activation and/or
inflammatory cytokines can increase
cell damage

B Suboptimal macrophage response
may decrease regenerative capacity

Ischemia

B Associated with microvascular
perfusion abnormalities

B Metabolically overactive cells may be
especially vulnerable to damage

Activation of calcium-dependent

proteases

B Activated capsases and caplains
degrade cellular substrates

B |eads to tissue damage and
programmed tissue damage and
programmed cell death

NMDA receptor blockers

(e.g., gacyclidine, magnesium salts)
and glutamate antagonists

Prevent calcium overload with calcium
channel blockers; reduce sodium
influx with sodium channel blockers
(e.g., riluzole)

Antioxidants
NOS inhibitors, e.g., minocycline

Steroids
Erythropoietin

Phospholipase inhibition

(e.g., steroids)

Modulation of mediators of
cyclooxygenase and lipooxygenase
pathways

Agents that reduce inflammation,
reduce microglial activation and/or block
effects of cytokines, e.g., minocycline
Transplantation of autologous
macrophages

Anti-vasospastic agents
Steroids
Regional hypothermia

Capsase inhibitors

Caplain inhibitors

Block cytochrome c release,
minocycline

(continued)
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Table 3.2
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Neuroprotection Research Strategies to Target Acute

Pathophysiological Processes After SCI (continued)

Pathophysiological Process*

Experimental Strategy/Agent

Tissue damage and cell death

Multiple interrelated processes are

involved

B Prevent apoptosis (e.g., minocycline)
and/or promote neural repair (e.g.,
ganglioside injection)

B Use combination therapies

*Also see Figures 2.1 and 2.2 for pathophysiological processes in the injury cascade.

Table 3.3

Regeneration and Repair Strategies After SCI

Pathophysiological Process

Potential Intervention/Agent

Glial scar

B May pose a physical as well
as chemical barrier to axonal
regeneration

Myelin-related inhibitory factors

B These factors (e.g., nogo,
myelin-associated glycoprotein
or MAG) inhibit axonal growth
through pathways that utilize the
GTPase Rho

Poor intrinsic regeneration

capacity of the central nervous

system (CNS)

B Axonal growth is limited and
incomplete

Nonpermissive environment for

axonal growth

B The extrinsic environment of the
CNS is much less conducive to
regeneration than other tissues

Axons grow haphazardly
B Regenerating axons often don’t
reach their target

Reduce glial scar, with enzymes such as
chondroitinase ABC that degrade glial
proteoglycans

Receptor blockers or antibodies against
inhibitory factors, e.g., anti-nogo antibodies
or anti-MAG antibodies;

Rho antagonists to block its downstream
inhibitory pathway (e.g., Cethrin)

Up-regulate regeneration associated genes
through gene therapy (e.g., introduce genes
that code for growth factors into target cells)

Provide neurotrophic factors either directly,
or indirectly by transplanting cells that
produce these factors

Cyclic adenosine monophosphate (AMP)
analogues to improve intracellular signaling
to augment the effect of trophic factors
Facilitate nerve growth and sprouting e.g.,
through use of oscillating field stimulation

Guidance molecules to steer axons in a

particular direction (netrins, ephrins)

Matrices and scaffolds as physical conduits
(continued)
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Pathophysiological Process Potential Intervention/Agent

Gaps in axonal connections
B Physical gaps interfere with axon B Use techniques to bridge axonal gaps
connections e.g., through peripheral nerve bridges;
biomaterials, scaffolds

Demyelinated axons conduct

poorly B Agents to improve conduction in

B | oss of myelin makes impulse demyelinated axons, e.g., potassium channel
conduction through exchange of blockers to decrease potassium leakage
ions much less effective B Enhance or inhibit specific subtypes of

sodium channels
B Schwann cell transplant to facilitate
remyelination

Loss of viable spinal cord tissue
B Cellular transplant strategies, e.g., Schwann
cells, olfactory ensheathing cells (OEC),
bone marrow stem cells, genetically
modified fibroblasts, human embryonic
stem cells, adult stem cells

Multiple processes impair repair
and regeneration
B Combinational therapies

and consensus about its use is lacking. In fact, several professional organizations
have increasingly recommended against its use, citing lack of consistent or
compelling clinical evidence and demonstrated evidence of harmful side-effects.
The American Association of Neurological Surgeons/Congress of Neurological
Surgeons (AANS/CNS) guidelines for management of acute cervical spine
and SCI, updated in 2013, now explicitly recommend against administration of
methylprednisone for the treatment of SCI.

Only asmall proportion of animal studies have been progressed to clinical trials,
and none has shown convincingly demonstrated efficacy to date. Translational
challenges relate to differences between the animal model and human sub-
ject, inadequate clinically meaningful objective outcome measures that lead to
interpretational challenges, and issues with study design and implementation.

Measures to minimize systemic hypotension, systemic hypoxia, and spinal insta-
bility are important to prevent additional secondary insults to the spinal cord.

Rehabilitations strategies should be emphasized as crucial components to pro-
mote function in the clinical setting, in concert with other avenues of ongoing
research to treat SCI. It is also important to prioritize further research to pre-
vent the wide range of acute and chronic complications of SCI, such as pain,
spasticity, bladder functions, and pressure ulcers.

Given the lack of proven, effective strategies, there is concern that patients may
be willing to try nonvalidated experimental treatments for SCI that have not
been adequately tested for safety and efficacy. Desperate patients may also be
prone to victimization by individuals or organizations offering questionable
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treatments for material gain. Careful consideration and through study of
therapies is necessary with full attention to patient safety. Clinicians should
be prepared to offer advice or to direct patients to the appropriate source for
guidance if they are considering experimental treatments. It is important to
make sure that patients fully understand the risks involved and the extent of
any potential benefits, and to steer them away from nonvalidated, unregulated
interventions that don’t meet the criteria for a well-designed clinical trial.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

A continued focus on increased understanding of the biochemical and
molecular mechanisms involved in SCI and potential targets for interventions
is required. Several aspects of potential therapies such as cellular replacement
therapies are still in their infancy.

Currently available outcome measures have limited sensitivity. More refined
and meaningful outcome measures are needed to assess efficacy of future
studies. Objective assessments that accurately predict recovery of function
need to be established.

Given the multifaceted and interrelated pathophysiological processes involved
in SCI, therapeutic approaches likely need to address multiple targets, making
combination approaches especially attractive. Research to determine the par-
ticular therapies that can be combined safely and work in concert to provide
maximum effectiveness is an important area of focus for the future.
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CHAPTER 4

Epidemiology of Spinal
Cord Injury

GENERAL PRINCIPLES

Much of the published data on epidemiology of traumatic spinal cord injury
(SCI) for the Unites States (U.S.) comes from a few databases, primarily from
the National Spinal Cord Injury Statistical Center (NSCISC). The NSCISC data-
base is estimated to capture about 13% of new SCI cases in the U.S. (Table 4.1).
Published reports from that database are the source of information for most of
this chapter (except for estimated incidence, prevalence, and global data).

International registries and databases provide some information about global
epidemiology of SCI, but are only collected in a systematic manner in a few
countries. There is lack of standardization and much variation in data elements
collected in existing data globally, so only limited broad generalizations about
international comparisons can be made (Table 4.2).

Incidence

Incidence of traumatic SCI in the U.S. is estimated to be around 40 cases per
million, but these estimates are based on old incidence studies, so it is not clear
if these numbers are still accurate.

Interpretable global incidence data is only available for a few countries. The
reported incidence in Australia and Western Europe at 15 to 16 per million is
considerably lower than that in North America.

Prevalence

The number of people living with traumatic SCI in the U.S. is estimated to be
around 273,000, with a range between 238,000 to 332,000. Some studies have
suggested a significantly higher prevalence but the validity of that data is
uncertain.

Sufficient data to derive a global prevalence for SCI is not available. The
reported prevalence from different regions worldwide varies between 236 and

23
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Table 4.1
Key Epidemiological Facts About Traumatic SCI in the U.S.?°
Age at injury (years) - Most common age group—16 to 30

- Average age of injury since 2010—42
Gender - 80% male
Etiology - Vehicular—37%

- Falls—29%

- Violence—14%

- Sports—9%

- Other/unknown—11%
Neurological category at discharge - Incomplete tetraplegia—41%

- Incomplete paraplegia—19%

- Complete paraplegia—18%

- Complete tetraplegia—12%

- Unknown ~ 10%

- Complete recovery <1%

2 Based on National Spinal Cord Injury Statistical Center (NSCISC) data, which captures an estimated
13% of new SCl cases in the U.S.
° Numbers rounded to the closest digit, may not add up to 100% due to rounding.

Table 4.2

Global Variations in the Etiology of SCI

B Falls from trees and rooftops are the leading reported cause of traumatic SCI in parts
of South Asia

B Transportation-related SCI in South-east Asia is more likely to involve two-wheeled
and nonstandard transportation than the four-wheeled motor vehicle accidents that
are the commonest cause in the U.S. and other developed countries

B Sub-Saharan Africa has the highest reported violence-related SCI in the world. Rates
are also high in North Africa, Middle East, and Latin America

B Western Europe and Australia have lower proportion of violence-related SCI than
North America

B Nontraumatic SCI is most often related to degenerative conditions of the spine,
followed by spinal tumors, in the U.S. and other developed countries

B Infections, including tuberculosis and HIV, are the predominant cause of
nontraumatic SCI in many developing countries

over 1,000 per million, but prevalence data is missing for several major global
populations.

Age at Injury

SCI continues to primarily affect young adults with highest incident rates in
late teens and early twenties. However, the average age of injury in the U.S.
has gone up steadily; it is reported to be 42.6 years since 2010. Possible
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contributors to this trend might include changes in age-specific incidence rates,
age of the general population, survival rates of older individuals at injury, or
changing referral patterns.

Gender

About 80% of traumatic SCI in the U.S. occurs in males, although there seems
to be a slightly increasing percentage of SCI among women. A much smaller
gender gap for SCI in the elderly may account for this trend.

Ethnicity/Race

Although whites continue to make up the majority of SCI in the U.S., NSCISC
data seems to suggest that the proportion of injuries in black and Hispanic
individuals in the database is steadily increasing. Possible reasons may be
changes in the U.S. general population, changing location of model systems
that contribute to the database, changing referral patterns, or changes in
race-specific incidence rates.

Etiology of Injury

Motor vehicle crashes are the leading cause of SCI in the U.S. making up about
36.5% of cases in the database since 2010. Falls are the next most common cause,
followed by violence, primarily due to gunshot wounds, and sports (Table 4.1).

Falls are the leading cause of SCI in the elderly, which likely accounts for the
increased proportion of falls as a cause of injury. Violence as a cause of SCI, peaked
in the 1990s, but has since declined. Sports injuries have decreased slightly, to
9.2% currently. Diving (especially into shallow water), football, and trampolines,
that were the major causes of sports injuries, are still important, though these
seem to have decreased in recent years in association with injury prevention
initiatives. Winter sports-related injuries have increased concomitantly.

Globally, motor vehicle accidents are the most common cause of SClin developed
countries. Transportation-related injuries in several developing countries are
more often related to accidents involving two-wheeled or nonstandard trans-
portation. Falls from rooftops or trees are leading causes of traumatic SCI in
parts of South Asia (Table 4.2).

Neurological Level and Completeness of Injury

The most frequent neurological category at discharge in the NSCISC database
since 2010 is incomplete tetraplegia, and the least frequent is complete tetraplegia
(Table 4.1).

There has been a slight increase in the proportion of cervical injuries over the
years. The most common level of injury at discharge was C5 (15.3%), followed
by C4 (14.7%), C6 (10.6%), T12 (6.4%), C7 (5.2%), and L1 (5.0%).
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The proportion of incomplete injuries has been increasing. Possible reasons
for this could include better acute treatment modalities, but trends in age and
etiology of injury are at least part of the reason.

Thoracic injuries are more likely to neurologically complete. Lumbar and,
especially, sacral injuries are often American Spinal Injury Association (ASIA)
Impairment Scale (AIS) D. Cervical injuries are most often either AIS A or
AISD.

Etiology is associated with the neurological category of injury. For example,
gun-shot wounds often result in paraplegia, while sport-related injuries, in the
vast majority, result in tetraplegia.

Life Expectancy

Life expectancies remain substantially below normal, particularly for persons
with tetraplegia and ventilator-dependency. Over the past few decades there
has been a significant increase in life expectancy after SCI. It has been reported,
however, that much of this increase in life expectancy can be contributed to
a continued significant reduction in mortality rate during the first year after
injury. After the first year or two of injury, progress in reducing annual mor-
tality rates seems to have been much slower, with no additional demonstrable
decrease in over two decades in that regard.

Mortality during the first year of injury is related to ventilator dependence,
advanced age at injury, a higher level of injury, a neurologically complete
injury, being male, and being injured by an act of violence.

These factors also affect mortality after the first year, though to a lesser extent.
Other factors associated with higher long-term mortality rates are higher levels
of dependence, poor general health, lower life satisfaction, poor adjustment to
disability, poor community integration, and income level below the poverty line.

Causes of Death

Diseases of the respiratory system are the leading cause of death in people with
SCI (over two-thirds of these were cases of pneumonia). Based on the 2012
annual NSCISC report, the second leading cause of death was infective and
parasitic diseases. These were usually cases of septicemia (88.9%) and were
usually associated with decubitus ulcers, urinary tract or respiratory infec-
tions. Cancer ranked third (lung cancer being the most prevalent), followed by
hypertensive and ischemic heart disease.

Standardized mortality ratio (SMR) in SCI, that is, the ratio of observed death
in those with SCI to expected deaths in the general population, is highest for
deaths due to septicemia, pulmonary embolism, and pneumonia.
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Diseases of the genito-urinary system as a cause of death have dramatically
decreased in the last four decades associated with improvements in urological
management.

Suicide accounts for about 3.5% of deaths. The suicide rate is reported to be
about five times higher than the general population, with highest risk in the
first 5 years. Higher rates are reported in those with neurologically complete
paraplegia, and in whites compared to blacks.

Nontraumatic SCI

Data on nontraumatic SCI is not captured in NSCISC and has been collected
systematically or comprehensively to a much lesser extent so only broad
generalizations can be made.

Epidemiology of individual causes of nontraumatic SCI is covered in separate
chapters in Section III of this book.

While epidemiological characteristics depend on the underlying etiology of
nontraumatic SCI, overall as a group these are associated with older age, a
higher percent of females, and a higher percent of paraplegia compared to tet-
raplegia (Table 4.3).

Table 4.3
Characteristics of Nontraumatic Versus Traumatic SCI (Also

See Chapter 12)

Traumatic Nontraumatic

Age of onset Younger (although
increasing incidence in

older adults)

Depends on the underlying
etiology, but older
overall

Gender distribution
Neurological level
Completeness of injury

Comorbidities

Complications

80% male, 20% females
Tetraplegia or paraplegia
Complete or incomplete

Fewer comorbidities with
younger age

Multiple complications, can
affect all body systems

Higher percent of females
More often paraplegia
More often incomplete

Higher prevalence
of age-related
comorbidities, may
affect management and
outcomes

Many of the same
complications as
in traumatic but
lesser prevalence of
autonomic dysreflexia,
orthostatic
hypotension, venous
thrombo-embolism,
and pneumonia reported
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Nontraumatic SCI in the U.S. and other developed countries is most often
related to degenerative conditions of the spine, followed by spinal tumors.
On the other hand, infections, including tuberculosis and HIV, are the
predominant cause of nontraumatic SCI in many developing countries
(Table 4.2).

CLINICAL CONSIDERATIONS

With the trend of an increasing proportion of injuries affecting those over age
60 years, there is a greater likelihood of encountering preexisting medical con-
ditions and comorbidities that could adversely affect medical and functional
outcomes, and complicate acute care and rehabilitation.

Given the especially great impact of pneumonia and septicemia on reduced
life expectancy in people with SCI, measures to prevent, and expeditiously
identify and treat these conditions are a critical component of care of people
with SCI. While the greatest risk for pneumonia and septicemia is in the initial
period after SCI when greatest vigilance is warranted, SMR for these condi-
tions remains high in the longer-term so life-long attention to prevent and treat
these complications is needed.

The SMR for cancer and ischemic heart disease is much lower in SCI com-
pared to the general population than that for pneumonia and septicemia.
However, given that those are the next commonest causes of death (with a
trend suggesting continued increase), there is a need to ensure that people
living with SCI get adequate prevention, screening, diagnostic measures, and
management for those conditions.

Knowledge of the incidence and causes of SCI is needed to implement mean-
ingful prevention initiatives.

KNOWLEDGE GAPS AND EMERGING CONCEPTS
Population-based incidence studies are needed to get accurate estimates.

Standardized data collection and reporting measures are needed, which will
give the ability to combine and compare different epidemiological databases.
The development of the International SCI Core Data Set and other International
SCI Data Sets are an important step in the right direction.

More robust data collection and studies of nontraumatic SCI are required,
again with standardized definition and data collection and reporting
methods.
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CHAPTER 5

Primary Prevention of Spinal
Cord Injury

GENERAL PRINCIPLES

Prevention measures canbe categorized as: primary prevention (i.e., measures to
stop a disorder or injury from occurring), secondary prevention (i.e., measures
to diagnose and treat the disorder or injury before it causes significant
morbidity), and tertiary prevention (i.e., measures to reduce negative impact
of the existent disorder or injury by restoring function and reducing disease-
related complications). Various aspects of secondary and tertiary prevention of
spinal cord injury (SCI) are covered in several other chapters in this book. The
focus of this chapter is primary prevention of traumatic SCI.

A focus on primary prevention measures in health care is extremely important.
Primary prevention programs are typically the most cost-effective type of pre-
vention since they reduce the risk of catastrophic, high-cost injury. A challenge
is to evaluate and demonstrate effectiveness and overall outcomes of preven-
tion measures, but that is often not well documented.

Preventive measures can either be active, that is, targeting individual behav-
ior, or passive, that is, the intervention does not require a conscious act on the
part of the person to be protected. While passive measures, when feasible, are
usually the more consistently effective ones, typically strategies involving both
active and passive measures working in conjunction are the most effective.

As discussed in the previous chapter the most common causes of traumatic
SCI are: vehicular accidents, fall-related injuries, violence (primarily firearm-
related), and sports and recreational injuries. Preventive measures for each
of these are discussed below and key measures for each etiological group are
summarized in Tables 5.1 to 54.

Vehicular Crashes (Table 5.1)

As the leading cause of SCI, preventive measures targeting vehicular crashes
are of greatest importance. Passive measures include incorporation of
vehicular safety technology aimed at crash avoidance and at crash protection,

30
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Table 5.1

Potential Measures to Prevent SCI Due to Vehicular Crashes

Safer road B Decrease driving while impaired (DWI)
users — Education/ awareness initiatives about dangers of drinking (or
drugs) and driving
— Designated driver programs
— Legislation and enforcement of DWI laws (e.g., expanded sobriety
checks, minimum legal drinking age, zero tolerance laws, ignition
interlocks for convicted DWI offenders)

B Decrease distracted driving
— Banning and enforcement of laws regarding texting and driving
— Restricting cell phone use while driving
— Education/awareness initiatives about texting and other forms of
distracted driving

B Special attention to high risk groups, e.g., teens

— Teen driving laws, graduated driver licensing systems (designed
to delay full licensure while allowing teens to get initial driving
experience under low-risk conditions)

— Special focus on teen driving safety (e.g., initiatives to reduce
teen alcohol access, eliminate teen texting while driving, increase
seatbelt use)

B Avoiding drowsy driving

— Preventive measures e.g., adequate sleep, scheduled breaks,
avoiding sedating medications and alcohol

— Countermeasures (stop driving, take a nap, drink a caffeinated

beverage)
Safer B Deploying, enforcing, and complying with road safety laws (e.g., “Click
vehicles it or Ticket”)

B Safety technology for crash avoidance
— Electronic stability control
— Lane departure warnings
— Anti-lock brakes

B Safety technology for crash protection

— Advanced head-restraints (reduce head, neck injuries in crashes)

— Advanced air bags (protect head, neck, chest in crashes)

— Seat belts, seat-belt pretensioners to restrain occupants,
eliminating lap-only or improperly worn seat belts to reduce
distraction injuries

— Child safety seats, booster seats (recommended till 8 yrs of age
or taller than 4 ft., 9 in.) related laws, education, and distribution
programs

B Conducting and disseminating car crash safety ratings
B Proper vehicle maintenance (including brakes, tires)

Safer B Planning and safety conscious design of roads and road networks
roads — minimum lane and shoulder widths, proper stoppage sight distance,
road hazard markings, traffic signals, speed controls

B |dentifying and addressing accident black-spots
B Well lighted roads
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Table 5.2

Potential Measures to Prevent SCI Due to Falls

Home/environment M Grab bars in showers and bathtubs
modifications

B Removing tripping hazards (electric cords, throw rugs, uneven
surfaces)

B Nonslip mats in bathrooms and tub/showers

B Handrails for stairs

B Proper lighting

B Window guards, safety gates for children

Reducing personal M Review and adjustment of medications that contribute to fall
fall risk risk, dizziness, or balance problems

B Therapeutic exercise to improve strength and balance
B Timely diagnosis and correction of visual impairment

B Taking care to avoid situations that increase fall risk e.g., using a
sturdy step stool to reach higher areas instead of climbing on a chair

B Wearing nonslip shoes

Table 5.3

and Violence

Personal B Keeping guns unloaded and locked up, with bullets locked and
behaviors stored in a separate location.

B Educating children about dangers of guns and about not
touching them

B Prevention-oriented program to reduce interpersonal and
gang-related violence

M |nitiatives to educate youth and teens about resolution of arguments
and conflicts without resorting to guns or violence

Firearm safety =~ B Consensus-based development, implementation, and enforcement

regulations of regulations to assure safe and responsible gun use
Product B |ncorporating technology to make guns safer e.g., safety locks,
design measures to prevent unauthorized or unintentional use

as well as safe roadway planning and design. Active measures target the
road user and include interventions to reduce distracted driving including,
especially, texting while driving which is considered one of the most dan-
gerous forms of distracted driving since it involves all three forms of distrac-
tion concomitantly: manual, visual, and cognitive. According to the National
Highway Traffic Safety Administration (NHTSA), studies have shown a
23 times greater likelihood of crashing if the driver is texting while driving.
Other active measures target drunk driving or driving while impaired (DWI),
aggressive driving, drowsy driving, and compliance with road safety and seat
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Table 5.4
Potential Measures to Prevent SCI Due to Sports and

Recreational Activities

Personal B Avoiding head-first dive into pools or other recreational water source
behaviors without being certain water depth is at least 8—10 ft.

B Abstaining from alcohol while swimming/diving

B Avoiding tackling head-first in football (spearing) or sliding head-first
onto bases in baseball

B Avoiding trampoline use without competent supervision, avoiding risky
or acrobatic maneuvers without supervision of a trained professional

B Following safe skiing and snow-boarding practices, avoiding high-risk jumps

B Improving all-terrain vehicle (ATV) safety awareness

B Educational initiatives that address personal vulnerability and risk
taking (e.g., THINK FIRST)

Regulations B Development, adoption, and consistent enforcement of regulations to

reduce sports-related injuries
— Banning of spearing in football, regulating scrummage in rugby,

penalizing hard slams in wrestling, penalizing push or check from
behind on to the boards in ice hockey

B Ensuring that players of matched skill levels, size, and maturity play
with each other

B Ensuring that players have training in proper and safe techniques, and
adequate strength and conditioning required for that activity

Equipment/ B Wearing appropriate and properly secured and fitted protective gear
facilities and/or helmet as recommended for the sport or activity

B Clearly marked depth indictors for swimming pools; trampolines
should be placed at ground level to prevent falls off the side

belt regulations. A special focus on teen drivers is indicated, since they are an
especially high-risk group.

Fall Prevention (Table 5.2)

Falls are an especially important cause of SCI in older individuals. Prevention
measures include environmental and home modification to reduce fall risk
by minimizing fall hazards and providing safety measures, as well as mea-
sures that are aimed at the individual person making them less likely to fall.
Young children are at risk for falls from windows and stairs, so appropriate
prevention measures for those are needed.

Violence and Firearm Related Prevention Measures (Table 5.3)

While violence-related SCI has decreased from its peak in the 19907 it is still
an important cause of injury. The vast majority of violence-related SCI in the
United States is related to gun-shot wounds. Measures to reduce firearm-
related injuries target personal behaviors, firearm safety regulations, and
incorporation of safety measures in firearm product design.
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Preventing Sports and Recreational Activity-Related Injuries (Table 5.4)

Diving is still the most common of these causes and typically involves diving
head-first into shallow water. Alcohol is often involved in such diving-related
injuries. Football and trampoline injuries were traditionally the other most
common causes of sports-related injuries but have been declining, with water
and snow-sports becoming increasingly common more recently. Sport or
activity-related measures target individual behaviors, enforcement of rules
to protect from injury (e.g., banning of head-first tackling or “spearing” in
football that has significantly reduced the incidence of football-related SCI),
and appropriate protective gear and equipment.

CLINICAL CONSIDERATIONS

Physicians and allied health professionals are natural spokespeople for preven-
tion of SCI by virtue of their role in treating people who have sustained traumatic
injuries. It has been shown in other contexts that, if properly done, physician-pro-
vided education and counseling can be especially effective in facilitating behavior
change. Partnering with people who have sustained a SCI to provide preven-
tion-related awareness and education can be particularly powerful. It is, therefore
imperative for professionals who treat SCI to be aware of the contributors to risk
of sustaining and injury and the related counter-measures, and to get involved in
SCI prevention efforts as individuals and as professional organizations.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

There is a lack of published data on the effectiveness of various SCI primary
prevention initiatives and programs. More evidence-based studies are needed.
Prevention programs should publish not only their program designs and under-
lying rationale, but also their successes, failures, and outcomes so that others can
apply those findings as they develop and implement preventive services and
programs.
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CHAPTER 6

Prehospital Management
of Spinal Cord Injury

GENERAL PRINCIPLES

Proper care for patients with spinal injuries at the scene of the accident includes
immobilization, extrication, initial resuscitation, evaluation, and early trans-
port of the patient to a medical center with the capability for diagnosis and
treatment.

Development and advances of emergency medical services (EMS) have sig-
nificantly improved prehospital management of spinal cord injury (SCI). The
establishment of EMS is credited to be responsible, at least in part, for the
observed improvement in neurological category, with a significantly higher
proportion of incomplete injuries in those arriving to the emergency depart-
ment with SCI, compared to the 1970s.

Expeditious and careful transport of patients with acute cervical spine or spinal
cord injuries is recommended from the site of injury by the most appropriate
mode of transportation available to the nearest capable definitive care medical
facility.

Delayed transportation of spinal injury patients to a definitive treatment cen-
ter has been associated with less favorable outcomes. Whenever possible, the
transport of patients with acute cervical spine or spinal cord injuries to special-
ized acute SCI treatment centers has been recommended.

The goal is to expedite safe and effective transportation without an unfavorable
impact on patient outcome. Cervical spinal cord injuries have a high incidence
of airway compromise and pulmonary dysfunction, and respiratory support
measures should be available during transport.

CLINICAL CONSIDERATIONS

Key aspects of prehospital management that are especially pertinent in the set-
ting of spine and spinal cord injuries are summarized in Table 6.1.

35
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Table 6.1
Key Aspects of Prehospital Management for Suspected SCI
Immobilization W Rigid cervical collar and supportive blocks on a backboard
with straps to maintain neutral spine position
® Backboard with occipital recess (or padding under the
shoulder and upper back to raise torso in relation to the
head) in children <8 yrs
® |eave helmet and shoulder pads on for athletic injuries
Airway B |f intubation is needed, use manual in-line stabilization
Circulation B Maintain mean arterial pressure (MAP) >85 mmHg, avoid
systolic blood pressure <90 mmHg, avoid fluid overload,
treat severe or symptomatic bradycardia
Transportation B Expeditious transportation to the closest capable trauma

center

Resuscitation Including Airway, Breathing, and Circulation

As with all trauma patients, addressing airway, breathing, and circulation are
the highest priorities.

Supplemental oxygen is administered in all patients. Urgent intubation may
be needed in the presence of hypoventilation, and patients with high cervical
injuries may even be apneic. Airway management of patients with suspected
SCI, who require intubation in the prehospital setting, should include the use
of manual in-line stabilization (MILS) of the cervical spine. MILS is provided
by an assistant during airway assessment and intubation who immobilizes
the cervical spine in a neutral position. The goal is to secure the airway with as
little movement of the cervical spine as possible. If paramedics have the ability
and approval to perform rapid sequence induction (RSI), the recommended
technique is RSI with an inducing agent (e.g., etomidate) followed by oro-
tracheal intubation with cricoid pressure and manual in-line immobilization
of the head and neck. Fiberoptic tracheal intubation, although an appropriate
alternative, is not usually available in the prehospital setting.

Hypotension in the prehospital setting is treated with fluid resuscitation after
ensuring adequate intravenous access. As needed, bleeding is controlled with
direct manual pressure and pressure dressings. The goal is to maintain optimal
tissue perfusion and resolve shock. In acutely injured patients with cervical or
high-thoracic SCI, often both hypovolemic and neurogenic shock are present
(Table 6.2). Neurogenic shock is due to disruption of sympathetic output to
the heart and peripheral vasculature. The spine-immobilized patient may be
placed in the Trendelenburg position to decrease pooling of blood in the lower
extremity. On arrival to the medical center, additional evaluation is needed to
determine the need for ongoing fluid resuscitation while avoiding fluid over-
load, and the need for vasopressor management. The recommended goal is to
keep mean arterial pressure (MAP) greater than 85 mmHg, although further
study is needed in that regard. Systolic blood pressure less than 90 mmHg
should be avoided.
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Table 6.2

Hypovolemic Shock Neurogenic Shock

Cold, clammy extremities Warm, flushed extremities
Tachycardia Bradycardia

Decreased urine volume Urine volume often maintained

aHypovolemic and neurogenic shock often co-exist in acute cervical or high thoracic SCI.

Table 6.3

Suggested Guidelines for Cervical Spine Clearance in the Field?

No neck pain, tenderness, or discomfort

No altered sensorium
No intoxication
No motor or sensory deficit

No distracting injuries

aSpinal immobilization not needed if patient meets all the above criteria.

Bradycardia is frequent in those with complete cervical injuries, and, if severe,
may need to be treated with atropine or vasopressors.

Patients with cervical or high thoracic injury may be poikilothermic and it is
important to monitor and regulate temperature, and avoid prolonged exposure
to extremes of temperature.

Immobilization and Handling

A major concern during the initial management of patients with potential cervical
spinal injuries is that neurologic function may be impaired as a result of an
unstable spine with pathologic motion of the injured vertebrae. With an unstable
spine, SCI may occur after the initial traumatic insult, either during transit or
early in the course of management, so proper handling during this period is
most important. Depending on the urgency of the situation and presence of life-
threatening hazards such as a fire, either an extrication device or manual-in line
stabilization may be used to get the patients out of the vehicle safely.

Triage for Immobilization

Spinal immobilization is recommended for all trauma patients with a cervical
spine injury or SCI, or with a mechanism of injury having the potential to
cause cervical spinal injury. Triage of patients with potential spinal injury at
the scene by trained and experienced EMS personnel to determine the need for
immobilization during transport is recommended (Table 6.3).
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The use of spinal immobilization particularly for those patients with a low
likelihood of traumatic cervical spinal injury has been questioned. Immobiliza-
tion of trauma patients is not needed if they meet all the following conditions:

Awake and alert;

Not intoxicated;

Without neck pain or tenderness;

Do not have an abnormal motor or sensory examination; and

Do not have any significant associated injury that might detract from
their general evaluation

Spinal immobilization in patients with penetrating trauma (gunshot or knife-
stab) is not recommended since they rarely have spinal instability and because
delayed resuscitation from applying immobilization devices has been associ-
ated with increased mortality and morbidity in that group.

Method of Immobilization

A combination of a rigid cervical collar and supportive blocks on a backboard
with straps is effective in limiting motion of the cervical spine and is
recommended. Attempted spinal immobilization with sandbags and tape
is insufficient and is not recommended. Since spinal injuries may involve
multiple noncontinuous vertebral levels, complete spinal immobilization has
been used in prehospital spinal care to limit motion until injury has been
ruled out.

Children younger than 8 years have a relatively large head compared to their
torso. To avoid excessive neck flexion, child-specific spine boards with an
occiput cut-out or recess should be used, or the torso raised 2 to 3 cm with pad-
ding under the shoulders and chest leaving the head at the board level. On the
other hand, in the presence of a kyphotic spine, for example, in older adults, a
folded sheepskin under the head or neck should be placed to avoid excessive
neck extension during immobilization on the board.

Transfer From Immobilization Device

Immobilization devices are effective but can result in morbidity including
discomfort, pressure ulcers, and increased risk of aspiration. Spinal immo-
bilization devices should be used to achieve the goals of spinal stability for
safe extrication and transport. They should be removed as soon as a definitive
evaluation is completed and/or definitive management is initiated.

The patient with a potential spinal injury should be transferred as soon as
possible off the backboard onto a firm padded surface while maintaining
spinal alignment. Measures to prevent skin breakdown should be initiated
if prolonged time on a backboard is anticipated. In cases of confirmed spinal
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injury or SCI, spine immobilization should be maintained until definitive
treatment. An adequate number of personnel should be employed during
patient transfers and for repositioning to maintain the alignment of a poten-
tially unstable spine and avoid shearing of the skin. Patients with a potentially
unstable spine should be logrolled as a unit when repositioning, turning, or
preparing for transfers.

Prehospital Care of Athletes With a Potential Spine Injury

It is recommended that the helmet and shoulder pads should be left in place
as the injured athlete is immobilized and transported on a rigid backboard. If
needed, only the face mask may be carefully removed to assess and secure the
airway. A properly fitted football helmet with shoulder pads holds the head
in a position of neutral spinal alignment, and field removal of these devices is
not recommended. Immobilizing the player with only the helmet or only the
shoulder pads in place has been shown to cause significant misalignment of the
cervical spine, and should be avoided.

Simultaneous removal of the helmet and shoulder pads should be done after
clinical assessment at the hospital. Removal of football shoulder pads and hel-
met requires at least four individuals to maintain spinal alignment. All straps
and laces that secure the pads to the torso and arms are cut, not unbuckled or
unsnapped.

SCI in the Setting of Polytrauma

Injury to the spine must always be considered in the polytrauma patient and
managed with the principles outlined above. Injuries such as limb or pelvic
fractures, traumatic brain injury, vascular injuries, chest and abdomen injuries
can complicate assessment and management of SCL

When performing an injury survey in a person with trauma, the presence of
certain injuries can alert the examiner to the possibility of associated spinal
injury. For example, facial trauma may suggest the possibility of an injury to
the cervical spine. An abrasion under the strap of a restraint can be associated
with injuries to the cervical spine. Lap belt contusions should heighten sus-
picion for flexion—distraction injuries to the thoracolumbar spine. Calcaneal
fractures (e.g., falls, motor vehicle crashes) may be associated with fractures of
the thoracolumbar and lumbar spines due to axial loading.

Clues to the presence of SCI in a patient with multi-trauma and impaired
consciousness may include response to pain above but not below a level, flac-
cid areflexic extremities, loss of anal sphincter tone, presence of paradoxical
breathing (i.e., chest goes in as abdomen goes out), unexplained bradycardia,
inappropriate vasodilation with warm flushed extremities in the presence of
hypotension, and priapism (Table 6.4).
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Table 6.4

Response to pain above but not below a level

Flaccid areflexic extremities

No anal sphincter tone

Paradoxical breathing

Warm flushed extremities in the presence of hypotension
Unexplained bradycardia

Priapism

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Development and refinement of transportation protocols for patients with cer-
vical spine and SCI should be undertaken and could be accomplished with a
large prospectively collected data set. The optimal device for immobilization
of the cervical spine after traumatic vertebral injury should be studied in a
prospective fashion.
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CHAPTER 7

Imaging of the Injured Spine
and Spinal Cord

GENERAL PRINCIPLES

Criteria for Spinal Imaging After Trauma

Spine or spinal cord injury (SCI) should be considered in anyone with an
appropriate traumatic mechanism of injury. Concerns about cost and radiation
exposure require thoughtful selection of patients who truly are at risk and need
imaging after potential trauma. Validated guidelines have been developed to
identify low risk criteria when cervical spine imaging is not indicated. These
include the National Emergency X-Radiography Utilization Study (NEXUS)
criteria that were validated in a large study published in 2000 (Table 7.1),
and the Canadian C-Spine Rule (CCR) that was created following evaluation
of multiple criteria in a multicenter study of Canadian medical centers and is
applicable to alert and stable trauma patients (Table 7.2). A 2003 study compar-
ing CCR and NEXUS criteria found that CCR had somewhat higher sensitivity
and specificity.

The American Association of Neurological Surgeons and the Congress of Neu-
rological Surgeons (AANS/CNS) Joint Guidelines Committee Guidelines for
the Management of Acute Cervical Spine and Spinal Cord Injury, updated in 2013,
include the following recommendation regarding radiographic assessment for
the awake, asymptomatic patient:

In the awake, asymptomatic patient who is without neck pain or ten-
derness, has a normal neurological examination, is without an injury
detracting from an accurate evaluation, and who is able to complete
a functional range of motion examination; radiographic evaluation
of the cervical spine is not recommended. Discontinuance of cervical
immobilization for these patients is recommended without cervical
spinal imaging.
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Trauma patients who are symptomatic, that is complain of neck pain, have
cervical spine tenderness, have symptoms or signs of a neurological deficit,
and those who cannot be assessed for symptoms or signs (those who are
unconscious, uncooperative, incoherent, intoxicated, or who have associated
traumatic injuries that distract from their assessment) require radiographic
study of the cervical spine prior to the discontinuation of cervical spine
immobilization.

Table 7.1
National Emergency X-Radiography Utilization

Study (NEXUS) Criteria®

Absence of midline tenderness

Normal level of alertness and consciousness
No evidence of intoxication
Absence of focal neurological deficit

Absence of painful injury that may detract from an accurate evaluation

aCervical spine imaging is unnecessary if the patient meets all five criteria.

Table 7.2

Canadian C-Spine Rule (CCR) for Alert and Stable
Trauma Patients?

Criteria or Assessment Definitions
There are no high-risk factors that High risk factors include any of the
mandate radiography following:

- Age 65 yrs or older

- Dangerous mechanism of injury (fall
from height >3 ft., axial loading injury,
high-speed motor vehicle crash, rollover,
or ejection, motorized recreational vehicle
or bicycle collision) or

- Paresthesias in the extremities

There is a low-risk factor that allows safe Low risk factor includes any of the
assessment of neck range of motion following:
- Simple rear-end motor vehicle collision,
- Sitting up in the Emergency Dept.
- Ambulatory at any time following injury
- Delayed onset of neck pain, or
- Absence of midline cervical spine

tenderness
The patient is able to actively rotate their - Can rotate neck 45° to the right and to
neck the left

aCervical spine imaging is unnecessary if patients meet all three criteria.
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Similar criteria are applied for thoracic and lumbar spine imaging, though
those have been less formally specified or evaluated. Thoracolumbar spine
injuries are often multiple and frequently missed in patients with multiple
injuries. Indications of imaging include high-risk mechanisms of injury (e.g.,
gunshot, high energy motor vehicle accident with rollover or ejection, fall from
a significant height, or a pedestrian hit by a car), clinical findings of midline
back pain and/or tenderness or evidence of neurological deficit consistent with
spinal cord or nerve root involvement, or significant associated injuries (e.g.,
cervical fracture, rib fracture, aortic or hollow viscus injuries).

Recommended Imaging Modalities

Initial Imaging Study

Cervical Spine Imaging

For patients in whom imaging is indicated based on the criteria outlined above
(i.e., in the awake, symptomatic patient, and in the obtunded or not evaluable
patient):

High-quality computed tomography (CT) imaging of the cervical spine
is recommended as the initial imaging study of choice.

If high-quality CT imaging is not available, a three-view cervical spine
series (anteroposterior [AP], lateral, and odontoid views) is recommended.
This should be supplemented with CT (when it becomes available) if nec-
essary to further define areas that are suspicious or not well visualized on
the plain cervical x-rays. Oblique or pillar views are not recommended in
this setting since they add time, expense, and radiation without provid-
ing definitive answers (that may be obtained by CT as needed). If the C7
and T1 vertebrae are obscured by soft tissue of the shoulder in the lateral
view, a swimmer’s view may be performed or a CT scan obtained if/when
available to adequately visualize the cervico-thoracic junction.

While the choice of initial imaging may depend on the available resources, sev-
eral studies have demonstrated that CT is significantly superior to plain film
radiography for the initial evaluation of cervical spinal injuries following trauma
and should be the imaging modality of choice. CT scans using thin axial cuts
with saggital and coronal reconstruction are highly sensitive in detecting injuries.
Technical advances in multi-detector CT (MDCT) have significantly improved the
quality of imaging allowing for both high slice resolution and coverage. In addi-
tion to CT’s superior sensitivity and specificity in fracture detection, authors have
reported on other advantages of CT over plain radiography in the acute trauma
setting. Average time involved to obtain a cervical CT scan was 11 to 12 minutes,
approximately half the time required to obtain a full radiographic series of the
cervical spine. A cost-effectiveness analysis for high risk subjects concluded that
the higher short-term cost of CT would be offset by the increased sensitivity of
CT for fracture detection, the shortened time required for the evaluation, and a
decreased need for additional imaging.
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Thoracolumbar Spine Imaging

Although less well-defined, similar considerations apply to choice of initial
imaging in thoracolumbar spine injuries. In the patient with neurological defi-
cit or strong suspicion of spinal injury it is often advisable to move directly to
CT, if it is available. If plain films are obtained as the initial imaging method,
those should include AP and lateral views. Oblique views add little in the set-
ting of acute trauma and are typically not indicated.

Imaging Patients With Ankylosing Spondylitis and Stiff Spine

Patients with a stiff spine, for example, with ankylosing spondylitis or dif-
fuse interstitial skeletal hyperostosis (DISH) are at higher than normal risk
of getting spine fractures, but fractures may be un-displaced initially, leading
to delayed cord damage. CT or magnetic resonance imaging (MRI) should be
strongly considered in such cases in the presence of midline tenderness, even
if radiographs are negative and even with minor trauma.

Penetrating Injuries

In gunshot injuries, plain films may be useful initially to assess location of
bullet fragments. Once level of injury is determined, CT is helpful to evaluate
the precise nature of the bone injuries and possible involvement of the spinal
canal. After it is clear that there is no contraindication (i.e., metal in the spinal
canal), MRI can be used to visualize the spinal cord.

Imaging of the Entire Spine

Spine injury often involves multiple levels, and noncontiguous fractures are
estimated to occur in about 16% of cases after identification of a fracture, so
survey of the entire spine is indicated if one fracture is detected.

The Role of MRI in Spine and Spinal Cord Trauma

MRI has a very important role in imaging after spine and spinal cord trauma
but is more often performed later in the course, though often within hours. It is
typically not the initial imaging performed after spine trauma because of sev-
eral reasons. These include relative insensitivity to detection and detail of frac-
tures (since cortical bone appears dark), challenges with patient monitoring
during the procedure, and longer imaging time than CT or plain radiographs.

MRI in Suspected or Known SCI

MRI of known or suspected areas of SCI should be performed. MRI has several
advantages over other imaging modalities. It provides excellent visualization
of the spinal cord and of soft-tissues, hematomas, ligaments, and intervertebral
disks. It characterizes the cause and severity of myelopathy, and may be used
to guide surgical intervention.

MRI in SCI Without Radiological Abnormality

SCI may sometimes occur with negative bony imaging of the spinal column
(i.e., SCI Without Radiological Abnormality [SCIWORA]). It is important to
be alert to that possibility, especially in children and adolescents. MRI will
almost always show some abnormalities (e.g., evidence of ligamentous and soft
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tissue damage) in the presence of neurological deficits, so MRI of the region of
suspected neurological injury is recommended in such instances.

MRI Consideration in Patients With Normal CT and Plain Radiographs

MRI has been recommended by some as an imaging to consider for patients
with normal CT and radiographic evaluation if they are either unconscious/
obtunded but there is high suspicion of injury, or if they are awake but con-
tinue to have neck pain or tenderness. However, evidence for use of MRI in
these settings (vs. just continuing cervical immobilization until asymptom-
atic or until it is discontinued at the discretion of the treating physician), is
less compelling and its role not well defined or consistently recommended.
Some studies have found that routine MRI screening of both conscious and
unconscious patients was only cost-effective in the setting of neurological
deficits.

Dynamic flexion/extension radiographs prior to discontinuing immobilization
in the awake, symptomatic patient with continued neck pain and tenderness
and normal CT and/or plain radiographs are sometimes considered an option,
but their utility in the acute setting is limited. Limitations of flexion-extension
radiographs in the acute setting include risk of worsening spinal cord compro-
mise if the spine is, in fact, unstable (motion should be stopped immediately as
soon as subluxation or abnormal motion is visualized), and a high incidence
of muscle spasm or guarding that limits adequate neck movement to assess
stability. Their use is not recommended in obtunded patients. Delayed stud-
ies, several weeks after trauma and after muscle spasm has subsided, with
the patient co-operative and in control of neck motion, are when dynamic
flexion-extension radiographs are typically performed, if needed, for evaluat-
ing stability of the cervical spine.

With the availability of MRI, there is now little role for myelography in the
evaluation of spinal trauma.

Technical Considerations Regarding MRI

MRI utilizes the interaction between the magnetic spin property of hydrogen
protons in biological tissue, a static magnetic field provided by an external
magnet, and radiofrequency waves introduced by coils. The elicited data is
processed by a computer to provide images. Differences between density of
hydrogen protons within tissues, and differences in relaxation times of hydro-
gen protons between different tissues, create different signal intensities and
provide tissue contrast in the images. The rate of return to equilibrium of per-
turbed protons is called the relaxation rate.

Two relaxation rates, T1 and T2, influence the signal intensity of the image. The
terms T1 and T2 refer to the time constants for proton relaxation; these may be
altered to highlight certain features of tissue structure.

Structures containing more water, such as cerebrospinal fluid (CSF)
and edema have long T1 and T2 relaxation rates, resulting in relatively
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lower signal intensity (dark) on T1-weighted images (T1W) and higher
signal intensity (white) on T2-weighted images (T2W).

The spinal cord has intermediate signal intensity in both TIW and
T2W but appears relatively lower in signal intensity on T2W, being sur-
rounded by CSF that is hyperintense.

Structures with little water content (i.e., hydrogen protons) for example,
air or dense cortical bone, appear dark on both TIW and T2W.
Appearance of spinal cord pathology on MRI is discussed below and
summarized in Table 7.3.

Short inversion recovery (STIR) imaging is a technique that suppresses fat to
improve visualization of adjacent edema and other abnormalities on MRI. A fat
saturation pulse can be added to fast spin-echo imaging sequences to achieve
the same result.

CLINICAL CONSIDERATIONS

Imaging Findings

Spinal Cord Pathology on MRI (Table 7.3)

The spectrum of spinal cord-related findings that may be seen on MRI after
SCI is summarized in Table 7.3. Findings include extrinsic cord compression
for example, by bone, disk, and/or epidural hematoma and identification of
intrinsic spinal cord pathology including cord swelling, edema, and hemor-
rhage in the acute stage. Myelomalacia may be evident in the subacute stage,
and if posttraumatic syrinx or cyst develops in the chronic stage, that will be
evident on MRI. Cord atrophy may be evident after several years postinjury.

Assessing Severity of Injury by MRI

While the precise role of MRI findings in determining prognosis after SCI is
not fully established, certain generalizations have been demonstrated. The
length of spinal cord affected by edema has been shown to relate to the extent
of neurological deficits. Extensive intramedullary hemorrhage has been associ-
ated with severe injuries and poor neurological recovery. Hemorrhage location
typically correlates with the neurological level of injury.

Fracture Patterns and Ligamentous Disruption

The primary initial considerations in evaluation of patients with suspected spi-
nal injury include identification of fractures and assessment of spinal stability.
Plain radiographs, CT, and MRI show pathology related to vertebral column
injury, including fractures, abnormalities of alignment, and ligamentous dis-
ruption. Ligamentous disruption is seen on MRI as loss of the usual low signal
from the anterior and posterior longitudinal ligaments, with increased signal
on T2-weighted images in the adjacent tissues. Fat-suppression MRI sequences
are useful to distinguish ligament damage from normal fat signal since both
have similar signal characteristics on T2W images. CT is better than MRI for
visualization and characterization of fractures.
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Table 7.3

MRI Appearance of Spinal Cord Pathology After Traumatic SCI

Pathology Appearance

Acute:

Extrinsic compression - Presence and cause of cord compression (i.e., due to bone/
of the spinal cord bone fragments, extruded disk or disk material, or epidural
hematoma) can be determined

Cord swelling - Smooth enlargement of the cord contour
Edema - High intensity signal on T2W
- Low intensity (intermediate between cord and CSF) signal
on T1IW
Hemorrhage - Acute hemorrhage within the spinal cord most reliably seen

as a hypointense signal on T2W (often as a lens shaped
hypointensity surrounded by rim of hyperintense edema)

- The signal intensity of hemorrhage on T1W and T2W varies
based on stage of hemoglobin breakdown (transitioning from
deoxyhemoglobin in the acute stage to methemoglobin in
the next few days and hemosiderin after 2 wks)

Ligamentous - Bright signal on T2W images
injury/tear - Fat-suppression MRI sequences are needed to distinguish
ligament damage from normal fat signal since both have
similar signal characteristics

Bony fracture - Bony fragments have decreased signal on T1W images against
high signal of marrow fat (though better visualized on CT)

Subacute:

Myelomalacia - ll-defined signal alteration similar to edema (High intensity
signal on T2W, and T1W signal intensity intermediate between
cord and CSF)

Chronic:

Posttraumatic cyst or - Well-demarcated, isointense with CSF (dark on T1W, white on

syrinx T2W),

Cord atrophy - Antero-posterior (AP) dimension of <7 mm in cervical cord

and <6 mm in thoracic cord

Abbreviations: CSF, cerebrospinal fluid; T1W, T1-weighted image; T2W, T2-weighted image.

Fracture patterns based on the primary mechanism/force of injury, and related
imaging findings are summarized in Table 74.

Findings on Plain Radiographs
Though CT has supplanted plain radiographs as the initial imaging of choice (as
mentioned above), a three-view cervical spine series (AP, lateral, and odontoid
views) is still often done and is recommended in settings where high-quality
CT imaging is not available. Most anatomic features of the spine are identifi-
able on plain radiographs including vertebral bodies, facet joints, disk spaces,
pedicles, laminae, transverse processes and spinous processes.

(text continues on page 50)
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Table 7.4
Spinal Injuries and Imaging Findings Based on Mechanism

II. Traumatic Spinal Cord Injury

of Injury

Primary Mechanical Force
(Typical Mechanisms)

Spinal Injury

Flexion injury
(e.g., diving into shallow
water, being thrown off a
motorcycle)

Bilateral facet dislocation

- Inferior articular facets either come to rest on
top of superior facet of the vertebra below
(“perched facets”) or leapfrog over them (“locked
facets”)

- A 50% shift of one vertebral body over another
suggests bilateral facet dislocation

- Implies disruption of anterior longitudinal
ligament, posterior longitudinal ligament, and
facet capsules

Anterior wedge fracture

- Often stable

- >50% vertebral body compression is associated
with posterior ligamentous injury and flexion
instability

Anterior subluxation

Flexion teardrop fracture

- Involves the anterior inferior corner of vertebral
body, most often C5

- Unstable injury indicative of severe
ligamentous disruption and associated with
severe SCI due to retropulsion of the entire pos-
terior fragment of the vertebral body into spinal
canal

Clay-shoveler’s fracture
- Avulsion fracture of spinous process in the lower
cervical spine, stable

Extension injury
(e.g., an elderly
person sustaining a fall to the
floor, head hitting the
windshield in a car accident)

Hyperextension dislocation/hyperextension
fracture-dislocation
- Cord is pinched between the dislocated vertebral
body and the buckled ligamentum flavum and
lamina
- Variable neurological damage, may result in
central cord syndrome
Traumatic spondylolisthesis (Hangman’s
fracture)
- Bilateral fractures of the pars interarticularis of C2
(may extend obliquely into body of C2)
- Variable cord damage due to wide canal diameter
at this level
Laminar fractures (without facet dislocation)

Widening of the anterior disk space
(continued)
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Primary Mechanical Force
(Typical Mechanisms)

Spinal Injury

Extension teardrop fracture

- Differentiated from flexion teardrop fracture by
involving upper (usually C2) rather than lower cer-
vical vertebra, and location at the superior aspect
of the vertebral body

Flexion-rotation injury
(e.g., rollover car accident)

Unilateral facet dislocation

- Lateral radiograph shows abrupt change from the
usual lateral appearance below the injury to an
appearance of oblique projection above the
dislocation, often stable with incomplete SCI or
nerve root injury

Axial compression
(e.g., falling from a height on
to feet, direct blow to top of
the head)

Jefferson fracture

- Burst fracture of C1 vertebra with disruption of
anterior and posterior arches

- Usually no neurodeficit or instability if transverse
ligament remains intact. Greater than or equal
to 7 mm transverse separation of lateral masses
of C1 on C2 in open mouth view or CT suggests
disrupted transverse ligament which can be visu-
alized on MRI

Burst fracture

- Sagittally oriented fracture line through vertebral
body on axial CT

- In the thoracolumbar spine, T12-L1 fractures are
the commonest; in the subaxial C-spine C5 is
commonest

- Neurological deficit is variable depending on
displacement of fragments into spinal canal

Lateral flexion
(e.g., car accident, fall)

Uncinate process fracture

Flexion-distraction
(e.g., car accident while
wearing lap seatbelt vs. a
three-point seatbelt with
shoulder harness)

Diverse injury mechanisms

Chance or Chance-equivalent fracture

- Horizontal fracture through the vertebral body that
extends through pedicles and supporting ligaments

- Typically affects L1 or L2 vertebra, usually
unstable

- May have significant associated intraabdominal
injury

Odontoid fracture

- Three types: involve tip (type I) or base (type Il) of
the odontoid process, or extend into the body of
C2 (type Ill)

- Of these, type Il is most unstable and most prone
to nonunion

Atlanto-axial instability
- The ADI, measured from the posterior arch of
C1 to anterior margin of the odontoid should not
exceed 3 mm in adults and 5 mm in children
(continued)
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Table 7.4
Spinal Injuries and Imaging Findings Based on Mechanism

of Injury (continued)

Primary Mechanical Force Spinal Injury
(Typical Mechanisms)

Cranio-cervical junction injury
- Occipital condyle fracture
- Atlanto-occipital dislocation (often fatal)

Table 7.5
Key Points in Evaluating Lateral View Plain Radiographs of the

Cervical Spine for Spinal Injury
All seven cervical vertebral bodies are seen

Alignment of four imaginary lines
Anterior spinal line (along the anterior aspect of the vertebral body)
Posterior spinal line (along the posterior aspect of the vertebral body)
Spinolaminar line (along the junction of the lamina and spinous processes)
Spinous process line (joining tips of the spinous processes)

Predental space or atlanto-dens interval (ADI)

Each vertebra examined for fractures

Intervertebral angulation

Fanning of spinous processes (ruptured inter-spinous ligament, suggests flexion
injury)

Prevertebral soft tissue (normally <5 mm at C3)

Findings suggestive of cervical spine instability

- ADI >3 mm in adults and >5 mm in children

- Anterior or posterior translation of vertebral bodies >3.5 mm

- Angulation between adjacent vertebrae 11° more than contiguous cervical vertebrae
- Flexion tear-drop fracture (see Table 7.4)

Table 7.5 summarizes key features to look for in evaluation of the lateral view
in evaluation of cervical trauma. Ligamentous damage is implied, though
not directly visualized, on plain radiographs. In the upper cervical spine, an
atlanto-dens interval (ADI) greater than 3 mm in adults and greater than 5 mm
in children suggests atlanto-axial instability due to ligamentous insufficiency
or disruption. In the subaxial cervical spine, anterior or posterior translation of
vertebral bodies greater than 3.5 mm implies instability. A 50% shift of one ver-
tebral body over another is suggestive of bilateral facet dislocation. Angulation
between two adjacent vertebrae of 11° more than contiguous cervical vertebrae
also suggests instability. The open-mouth view facilitates visualization of the
atlanto-axial (C1-2) articulation and provides additional views to examine the
occipital condyles, lateral masses of C1 and C2, and the dens.

Thoracolumbar spine injury and stability can be assessed by the Denis’
Three-Column Spine Concept (Table 7.6). Findings that suggest instability of
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Table 7.6
Denis’ Three-Column Spine Concept to Assess Stability of the

Thoracolumbar (T-L) Spine?

The spine is divided into three columns:

- Anterior column: anterior longitudinal ligament, anterior half of the vertebral body, and
anterior half of the intervertebral disk

- Middle column: posterior half of the vertebral body, posterior half of the intervertebral
disk, posterior longitudinal ligament

- Posterior column: pedicles, facets, ligamentum flavum, lamina, spinous processes,
interspinous and supraspinous ligaments

Thoracolumbar injuries that only involve one column are stable; those involving two or three
columns are unstable. The middle column is the most critical for thoracolumbar stability

@Though originally described for T-L injuries, it is also applied to cervical spine injuries (as such or
adapted to a two-column model combining anterior & middle columns into one).

the thoraco-lumbar spine include: displacement of the vertebral body >2mm
indicating possible ligamentous disruption, widening of the interspinous
space, widening of the facet joints, disruption of the posterior vertebral body
line, or loss of vertebral body height by >50%.

Vascular Injuries

CT angiography can demonstrate carotid and vertebral injury. In some institu-
tions, it has become part of imaging protocol if a cervical spine fracture is evident
by noncontrast CT. Magnetic resonance angiography (MRA) is another option.

Practice Pearls

It is important to make sure that the entire cervical spine is visible on imaging including
the junction with the thoracic spine and skull. Example in plain radiographs, soft tissue
of the shoulders may obscure the C7-T1 junction on lateral radiographs and may be
missed unless a swimmer’s view or CT is done to view the obscured area.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

The issue of discontinuing cervical spinal immobilization after blunt trauma
remains an area of controversy in both the symptomatic patient with nega-
tive initial imaging, and in the obtunded or unevaluable patient with normal
cervical spinal imaging. An appropriately designed and conducted prospec-
tive multicenter trial has the potential to define the optimum methodology to
accurately exclude a significant cervical spinal injury in these patients prior to
discontinuing immobilization. While limited and conflicting medical evidence
suggests that MRI is recommended to further study these patients, this has yet
to be definitely proven. The question of whether there is any role for dynamic
imaging in this setting should be determined.
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New and evolving techniques have potential in improving assessment of SCI
in the future. Diffusion tensor imaging may demonstrate more extensive axo-
nal injury than otherwise evident. Magnetic resonance (MR) spectroscopy has
potential for studying chemical changes reflective of ischemia of the spinal
cord. Functional MRI may have a role in identifying residual neurological
pathways in injuries that otherwise seem complete (e.g., by demonstrating
brain activation in response to anorectal stimulation).
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CHAPTER 8

Early Hospital Care Following SCI:
Medical, Surgical, and Rehabilitation

GENERAL PRINCIPLES

The basic principles regarding attention to airway, breathing, and circulation
and spinal protection, including proper handling and immobilization, that
are applied during prehospital care (as described in Chapter 6) carry over to
emergency department and early hospital management of traumatic spinal
cord injury (SCI).

In addition to these aspects, early hospital care includes diagnostic
assessments for definitive care and surgical decision making, assessment
and management of associated injuries, surgical interventions as/when
indicated, assessment of prognosis, nutritional support, assessment and
management of pain, and prevention and management of complications
such as skin breakdown, venous thromboembolism (VTE), respiratory, gen-
itourinary, and gastrointestinal issues. It is important to initiate early reha-
bilitation interventions and measures to address psychosocial and family
issues and to maintain these throughout the acute care stay.

Published guidelines on various aspects of early management following acute
SCI are available and have been used to inform this chapter. These include the
Consortium for Spinal Cord Medicine clinical practice guidelines on Early Acute
Management in Adults with Spinal Cord Injury and the American Association of
Neurological Surgeons/Central Nervous System (AANS/CNS) Guidelines for
Management of Acute Cervical Spine and Spinal Cord Injury, which were updated
in 2013.

CLINICAL CONSIDERATIONS

Acute Cardiopulmonary Monitoring and Management

Patients with an acute SCI, especially those with complete or severe cervical
SCI, should be managed in an intensive care unit or similarly monitored set-
ting, with use of cardiac, hemodynamic, and respiratory monitoring devices to

53
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detect cardiovascular dysfunction and respiratory insufficiency. These patients
frequently develop hypotension, hypoxemia, pulmonary dysfunction, ther-
moregulatory abnormalities, and cardiovascular instability, even after initial
stable cardiac and pulmonary function.

Prevention and treatment of hypotension as soon as possible is recommended,
with efforts to maintain mean arterial blood pressure (MAP) greater than or
equal to 85 mmHg for the first 7 days following an acute SCI (although ideal
MAP to optimize outcomes is not definitively known). Bradycardia is common
in the acute phase in people with complete cervical SCI; symptomatic bradycar-
dia needs monitoring and treatment (see Chapter 33A).

Patients should be monitored closely for respiratory failure in the first few
days following SCI. Baseline respiratory parameters, including vital capacity,
forced expiratory volume in 1 second (FEV1), and arterial blood gases, should
be obtained when patients are first evaluated and at intervals until stable.
Mechanical ventilation should be considered for patients with tetraplegia (see
Chapter 32 and 32B). Measures to prevent ventilator-associated pneumonia
in patients with acute SCI who require mechanical ventilation for respiratory
failure are of critical importance.

Retained secretions due to expiratory muscle weakness should be treated with
manually assisted coughing (“quad coughing”), pulmonary hygiene, mechan-
ical insufflation-exsufflation, or similar expiratory aids in addition to suction-
ing (see Chapter 32). Tracheal suctioning alone is often insufficient for secretion
mobilization; suction catheters often don't adequately reach into the left main
bronchus due to bronchial anatomy.

Neuroprotection

For several years over the past two decades, following publication of posi-
tive studies in the 1990’s, methylprednisolone, administered intravenously as
a 30mg/kg bolus within 8 hours of injury and continued at a rate of 5.4 mg/
kg/hr for 24 to 48 hours by intravenous infusion, was in relatively widespread
clinical use. While it still remains an option in individual cases, that research
has been subject of much debate, and several professional organizations have
increasingly recommended against its use, citing lack of consistent or com-
pelling clinical evidence and demonstrated evidence of significant harmful
side-effects (e.g., increased incidence of pneumonia, sepsis, and gastrointestinal
hemorrhage).

The Consortium for Spinal Cord Medicine clinical practice guidelines on Early
Acute Management in Adults with Spinal Cord Injury state that no clinical evi-
dence exists to definitively recommend the use of any neuroprotective phar-
macologic agent, including steroids, in the treatment of acute SCI to improve
functional recovery. The 2013 AANS/CNS Guidelines for Management of Acute
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Cervical Spine and Spinal Cord Injury explicitly recommend against administra-
tion of methylprednisolone for the treatment of SCI.

Diagnostic Assessments for Definitive Care

Clinical Neurological Assessment

A baseline neurological assessment should be completed on any patient with
suspected spinal injury or SCI to document the presence of SCI. If neurologic
deficits are consistent with SCI, a neurological level and the completeness
of injury is determined in accordance with the International Standards for
Neurological Classification of SCI (ISNCSCI) as discussed in Chapter 10. Serial
examinations should be performed as indicated to detect neurological deterio-
ration or improvement.

After the first 48-72 hours, the clinical neurological assessment as described
by the ISNCSCI can also be used to determine the preliminary prognosis for
neurological recovery.

Diagnostic Imaging

Radiographic evaluation of patients following SCI is central to diagnostic
assessment for definitive care and surgical decision making, as detailed in
Chapter 7.

Associated Injuries

A comprehensive tertiary trauma survey to identify associated injuries should
be completed on anyone with suspected or confirmed SCL

Patients with SCI have a high incidence of extra-spinal fractures. Most com-
mon sites of extra-spinal fractures associated with SCI include chest, lower
extremity, upper extremity, head, and pelvis. Loss of sensation due to SCI and/
or altered sensorium due to associated traumatic brain injury (TBI) increases
the likelihood of missed fractures in this setting. Early stabilization of extra-
spinal fractures is indicated.

Individuals with SCI, especially those with high cervical injury, have a high
incidence of TBL In addition to the Glasgow Coma Scale assessed in the acute
setting, evaluation of posttraumatic amnesia with a reliable test such as the
Galveston Orientation and Amnesia Test (GOAT) is indicated, keeping in mind
that, in addition to TBI, medications or hypoxia could influence test results in
the acute setting. Additional discussion about the dual diagnosis of TBI and
SClis included in Chapter 41.

Chest and abdominal injuries are common especially in those with thoraco-
lumbar spinal injuries. Clinical examination may not be reliable in the setting
of impaired sensorium or sensory loss, and additional diagnostic measures are
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needed, for example, diagnostic ultrasound and/or computerized tomography
(CT) scan of the abdomen.

Patients with cervical SCI may have concomitant injury to the carotid or
vertebral circulation and screening with CT or magnetic resonance (MR)
angiography should be considered as part of evaluation of cervical SCL

Surgical Decision Making and Intervention

Surgical intervention involves reducing or realigning the spinal elements,
decompressing compromised neural tissue, and/or stabilizing the spine.

Initial Closed Reduction

Closed or open reduction should be performed as soon as permissible on
patients with bilateral cervical facet dislocation, especially in the setting of an
incomplete SCL If traction reduction is not preferred or possible, open reduc-
tion should be performed. Decompression of the spinal cord and restoration of
the spinal canal is the goal.

Closed reduction of fracture/dislocation injuries of the cervical spine by trac-
tion-reduction appears to be generally safe and effective for the reduction of
acute traumatic spinal deformity in alert patients, if carried out by trained
personnel. Closed traction is safer than manipulation under anesthesia. The
procedure is generally performed using Gardner-Wells tongs or Halo rings
(which are now also available in MRI-compatible versions). Patients must be
examined after each increase in added weight. Traction typically begins with
small weight that is gradually increased. There is a small risk of neurologi-
cal deterioration, which is usually transient but could very rarely be perma-
nent. Causes of neurological deterioration include inadequate immobilization,
unrecognized rostral injuries, over-distraction, or loss of reduction. Patients
who fail attempted closed reduction of cervical fracture injuries have a higher
incidence of anatomic obstacles to reduction, including facet fractures and
disk herniation, and should undergo more detailed radiographic study before
attempts at open reduction. Tong or halo traction is avoided in the presence of
skull fractures.

Role and Timing of Surgery

The role that timing of surgical intervention plays in SCI management remains
a controversial topic although there is accumulating evidence to suggest that
early surgical decompression is safe and is possibly associated with better neu-
rological outcomes. A recent prospective multicenter study comparing early
(designated as within 24 hours of injury) versus delayed decompression for
traumatic cervical SCI (Surgical Timing in Acute Spinal Cord Injury Study—
STASCIS) concluded that decompression prior to 24 hours after SCI can be per-
formed safely and is associated with improved neurologic outcome. However,
there were inherent limitations of the cohort study design used in the STASCIS
study. For example, the early surgery group included patients with a slightly
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lower mean age and contained a significantly greater proportion of patients
with a more severe degree of initial injury as compared to the late group. There-
fore, further study is necessary to more accurately define which patients with
SCI benefit the most from early surgical intervention.

Choice of Surgical Approach

The decision to proceed with surgery and the chosen surgical approach should
be determined on a case by case basis with full consideration of surgical ben-
efits versus risks and the specific treatment goals. The choice of surgical inter-
vention is often a function of severity of injury, level of injury, mechanism of
injury, and the extent of compression. In patients with complete SCI, the pri-
mary goal of surgery is spinal stabilization, which reduces pain and facilitates
participation in rehabilitation. For incomplete SCI, especially in the setting of
deteriorating neurological function, surgery may also improve neurological
recovery, though conclusive literature regarding that is relatively limited.

Table 8.1 outlines key aspects of management approach to specific cervical
spine fractures. While there are no universally accepted treatment algorithms,
surgical indications for thoraco-lumbar injuries include >50% loss of verte-
bral height with posterior ligamentous disruption or a three-column injury
(Chapter 7). Decompression with laminectomy alone can lead to kyphotic
deformity and further neurological deterioration, and is not recommended in
the setting of SCL

Table 8.1
Key Aspects of Management and Surgical Considerations in

Specific Cervical Spine Injuries?

Cervical Spine Injury Management Approach

Occipital Condylar External cervical immobilization is recommended for
Fractures (OCF) all types of occipital condyle fractures. More rigid
external immobilization in a halo vest device should be
considered for bilateral OCF. Halo vest immobilization
or occipitocervical stabilization and fusion are
recommended for injuries with associated atlanto-
occipital ligamentous injury or evidence of instability

Atlanto-Occipital AOD is often fatal. If patients survive the injury, treatment
Dislocation (AOD) with internal fixation and fusion is recommended. Traction
is not recommended in management of patients with
AOD, since it is associated with a high risk of neurological
deterioration

Atlas Fractures Treatment is based on specific fracture type and integrity
of the transverse ligament. For an isolated fracture of the
atlas with an intact transverse atlantal ligament, cervical
immobilization is recommended. For fractures of the atlas
with disruption of the transverse atlantal ligament, either
cervical immobilization alone or surgical fixation and
fusion is recommended.

(continued)
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Table 8.1
Key Aspects of Management and Surgical Considerations in

Specific Cervical Spine Injuries? (continued)

Cervical Spine Injury Management Approach
Axis Fractures: Consideration of surgical stabilization and fusion for
Odontoid type Il odontoid fractures in patients >50 yrs of age is

recommended (since risk of nonunion is significantly
greater than in younger patients). Initial management of
nondisplaced odontoid fractures with external cervical
immobilization is recommended, recognizing that a
decreased rate of union (healing) has been reported
with type Il odontoid fractures. Surgical stabilization and
fusion of type Il and type lll odontoid fractures with dens
displacement >5 mm, comminuted odontoid fracture,
and/or inability to achieve or maintain fracture alignment
with external immobilization are recommended

Axis Fractures: The initial management of Hangman fractures has typically
Hangman been nonsurgical, and high success rates have been
reported. External immobilization is recommended.
Surgery is recommended if there is angulation or
instability.

Axis Fractures: Body In the presence of comminuted fracture of the axis body,
evaluation for vertebral artery injury is recommended.

Atlas/Axis Combination Treatment is based on characteristics of axis fracture.
Fractures External immobilization of most C1-C2 combination
fractures is recommended. C1-type Il odontoid
combination fractures with an atlanto-dental ratio of
>5 mm and C1-Hangman combination fractures with
C2-C3 angulation of >11° should be considered for
surgical stabilization and fusion.

Subaxial Cervical Spine  Closed or open reduction of subaxial cervical fractures or

Injuries dislocations is recommended. Decompression of the
neural elements and the restoration of sufficient spinal
stability to allow early mobilization and rehabilitation
remain basic treatment tenets. Treatment must be
individualized on the basis of the specific characteristics
of each particular injury. Stable immobilization by
either internal fixation or external immobilization to
allow for early patient mobilization and rehabilitation is
recommended. If surgical treatment is considered, both
anterior or posterior fixation and fusion are acceptable as
long as the goals of treatment can be accomplished.

Spinal Cord Injury External immobilization of the spinal segment of injury is
Without Radiographic recommended for up to 12 weeks. Early discontinuation
Abnormality of external immobilization is recommended for patients
(SCIWORA) who become asymptomatic and in whom spinal stability

is confirmed with flexion and extension radiographs.

aSee Chapter 7 and Table 7.4 for imaging findings that influence surgical decision making.
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Spinal Orthoses

Details of spinal orthoses, including indications and choice of orthoses after
acute SCI and/or postoperatively, are discussed in Chapter 9

Prevention and Management of Secondary Complications

Pain

Pain may be under-recognized and undertreated in the acute setting.
Patients with SCI may experience distressing pain immediately or very soon
after injury, including both at-level and below-level neuropathic pain, and
at-level musculoskeletal pain. Allodynia, that is, hypersensitivity to touch,
is often seen in cervical SCI, especially with incomplete injuries, although
it typically diminishes over weeks or months. Taking care to avoid contact
with the oversensitive region and minimizing evoked pain through thought-
ful patient handling is helpful. Pharmacological management of the pain
(see Chapter 38C) may be needed, balanced with risk of side effects such as
over-sedation or respiratory depression.

Skin Protection

See Chapter 37 for details regarding skin protection and prevention of pres-
sure ulcers. At-risk areas such as bony prominences should be assessed for
skin breakdown frequently. Patients should be placed on a pressure reduction
mattress or a mattress overlay, as appropriate. A pressure reducing cushion
should be used when the patient is mobilized out of bed to a sitting position.
Meticulous skin care is crucial and includes repositioning to provide pressure
relief or turn at least every 2 hours while maintaining spinal precautions, keep-
ing the area under the patient clean and dry, and inspecting the skin under
pressure garments and splints.

Venous Thromboembolism (VTE)

Mechanical and chemical prophylaxis should be started early. There is a high
incidence of VTE associated with substantial morbidity and mortality in
untreated patients after acute SCI and prophylactic treatment has been shown
to be effective.

Pathophysiology and Risk of VTE after SCI

Contributing factors to pathophysiology of VTE in acute SCI include
venous stasis due to muscle paralysis and immobility, hypercoagulability
due to transient clotting factor and platelet aggregation abnormalities, and
intimal injury (Virchow’s triad). Motor complete SCI, older age, smoking,
obesity, associated injuries such as lower limb fracture, prior history of
thromboembolism coexisting coagulopathies, and comorbidities such as
heart failure or cancer further increase VTE risk.
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Diagnosis of VTE

Clinical findings may include unilateral leg edema, increased calf diameter,
localized tenderness, and/or low grade fever, although deep venous thrombo-
sis (DVT) may be present without any of these findings. Sudden onset of short-
ness of breath, hypotension, tachycardia, pleuritic chest pain, or unexplained
hypoxia in individuals with acute SCI warrant prompt consideration of pulmo-
nary embolism (PE). Diagnostic testing or screening for DVT typically includes
duplex ultrasound. Diagnostic tests for PE include ventilation-perfusion scan,
electrocardiogram (characterized by a right ventricular strain pattern), and
spiral CT of the lungs. Testing for D-dimer levels has poor specificity, although
good negative predictive value for VTE. Venogram and pulmonary angiogram
are gold standards but are only done if clinical suspicion remains strong but
other tests are indeterminate or negative.

Prophylaxis of VTE

Mechanical compression: Mechanical compression devices should be applied
early after injury. If trauma to the lower extremities prevents the application
of stockings or devices, use of a foot pump may be considered. If initiation
of VTE prophylaxis is delayed by more than 3 days, a duplex scan of the leg
may be indicated to exclude deep vein thrombosis prior to placing compression
devices.

Chemical prophylaxis: Low molecular weight heparin (LMWH), should be
started in all patients, as soon as feasible, when primary hemostasis becomes
evident. Low dose heparin therapy alone is not recommended as a prophylactic
treatment strategy and oral anticoagulation alone is not recommended
for prophylaxis. Intracranial bleeding, spinal hematoma, or hemothorax
are contraindications to the initial administration of anticoagulants, but
anticoagulants may be appropriate when bleeding has stabilized. Chemical
prophylaxis is often held 1 day before and 1 day following surgical intervention
to minimize bleeding risk. Prophylactic treatment should be continued for
8 to 12 weeks after SCI in patients without other major risk factors for VTE,
since risk decreases substantially after that time. Prophylactic treatment may
be discontinued earlier in patients with useful motor function in the lower
extremities, as these patients appear to be at less risk for VTE.

Vena cava filters: Vena cava filters are not recommended as a routine prophy-
lactic measure, but are recommended for select patients who fail anticoagula-
tion or who are not candidates for anticoagulation and/or mechanical devices.
An inferior vena cava filter (IVC) should be considered with active bleeding
only if it is anticipated to persist for more than 72 hours and anticoagulants
should be started as soon as feasible once bleeding has stabilized. IVC filters
can be associated with complications such as distal migration, intra-peritoneal
erosion, and symptomatic IVC occlusion. It has been suggested that loss of
abdominal muscle tone and use of the “quad cough” maneuver may increase
risk of IVC complications in people with SCL
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Early mobilization: Early mobilization and passive exercise should be initiated
as soon as the patient is medically and surgically stable in coordination with
other prophylactic measures. With documented DVT, mobilization of the
involved lower extremity should be withheld for 48 hours till appropriate
medical therapy is implemented.

Reinstitution of prophylactic measures should be considered in people with SCI
if they are immobilized with bed rest for a long time, readmitted for medical
illnesses or altered medical conditions, or undergo surgical procedures.

Treatment of VTE

In patients with established VTE anticoagulant treatment should be promptly
initiated either with LMWH (usually preferred due to safety and comparable
effectiveness as unfractionated heparin) or unfractionated heparin. Warfarin
is started at an initial dosage of 5-10 mg/day at the same time, with overlap
in heparin and warfarin treatment for 4-5 days after which heparin is
discontinued. Warfarin dosage is adjusted with frequent testing of the
International Normalized Ratio (INR) to maintain the INR in the recommended
therapeutic range of 2 to 3. Although optimal duration of treatment is not
certain, anticoagulation is often continued for 3 to 6 months for a known DVT
and 6 months for established PE.

Genitourinary Management

Urinary retention is common in the immediate aftermath of SCI. An indwelling
urinary catheter should be placed as part of the initial patient assessment unless
contraindicated, and left in place at least until the patient is hemodynamically
stable and strict attention to fluid status is no longer needed. If contraindicated,
for example due to urethral injury (suspected in those with pelvic fractures,
hematuria, blood at the meatus, or high-riding prostate on rectal exam), urgent
urological consultation should be sought and emergent suprapubic drainage
initiated.

Priapism is usually self-limited in acute SCI and does not require treatment.
Urethral catheter can still be place in the presence of priapism secondary to
acute SCI.

Gastrointestinal and Bowel Management

Stress Ulcer Prophylaxis

Patients with acute SCI are at high risk of bleeding from stress ulcers in the
first 4 weeks, and stress ulcer prophylaxis should be initiated. Proton pump
inhibitors (PPI) or histamine H2-receptor antagonists are used for prophylaxis.
While these agents have been shown to be safe and effective, they should not be
continue indiscriminately and should be stopped after 4 weeks since the risk
greatly diminishes, unless there are other risk factors. Prolonged PPI use has
been associated with increased Clostridium difficile infection.
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Swallowing

Patients with cervical SCI, halo fixation, cervical spine surgery (especially
anterior discectomy and fusion), prolonged intubation, tracheotomy, or
concomitant TBI, are at increased risk of dysphagia after acute SCI, and
swallowing function should be evaluated prior to oral feeding in these patients.
If a feeding tube must be placed for long-term enteral feeding, risk of aspiration
may be lower with a jejunostomy tube than a gastrostomy tube.

Bowel Management

Reduced gut motility and even ileus are common after acute SCI. Bowel dis-
tention and inadequate evacuation can lead to nausea and vomiting, high gas-
tric residuals, anorexia, decreased respiratory excursion. A bowel program
should be initiated early during hospitalization to ensure regular scheduled
evacuations. In the early stages, patients are often areflexic and have a lower
motor neuron bowel; return of bulbocavernosus reflex often indicates con-
comitant return of reflex bowel function in those with supra-sacral injuries
and the bowel program should be modified accordingly (See Chapter 36A).

Nutrition

Appropriate nutritional support is important in the acute phase after SCI.
Severely injured patients are at risk for prolonged nitrogen losses and advanced
malnutrition within 2 to 3 weeks following injury with resultant increased
susceptibility for infection, impaired wound healing, and difficulty weaning
from mechanical ventilation. These factors added to the inherent immobility,
denervation, and muscle atrophy associated with SCI provide the rationale for
targeted nutritional support of spinal cord injured patients following trauma.

The actual caloric needs are lower after SCI than predicted by conventional
assessment, although these differences are less pronounced in the acute phase.
Equation estimates of energy expenditure in SCI are inaccurate, and the use
of indirect calorimetry (with a metabolic cart) has been recommended as the
technique to assess energy expenditure in both the acute and chronic settings
among patients with SCI (Chapter 39A). Protein catabolism does occur after
acute, severe SCI, and marked losses in lean body mass due to muscle atrophy
result in huge nitrogen losses, prolonged negative nitrogen balance, and rapid
weight loss.

Nutritional support of patients with SCI and early enteral nutrition to meet
caloric and nitrogen needs is safe and may reduce the deleterious effects of the
catabolic, nitrogen wasting process that occurs after acute SCI. Enteral nutrition
rather than parenteral nutrition is recommended whenever feasible. A standard,
polymeric enteral formula can be initiated, using the semi-recumbent position
when possible to prevent aspiration (balancing with the need to prevent shear
and risk of skin breakdown which is increased in the semi-recumbent posi-
tion). It has been suggested that high-fat/low-carbohydrate enteral nutrition
has favorable physiologic effects on CO2 production and respiratory quotient,
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rendering this type of nutrition potentially useful in patients with impaired
ventilatory reserve, but there are no definitive recommendations regarding
that due to lack of conclusive evidence about the outcomes on duration of ven-
tilation and weaning success. Hyperglycemia has been associated with worse
medical outcomes in critically ill and/or mechanically ventilated patients, so
care should be taken to maintain normoglycemia.

Rehabilitation Interventions in the Acute Stage

Rehabilitation specialists should be involved early in the management of per-
sons with SCI, immediately following injury during the acute hospitalization
phase. They can prescribe interventions that will assist in recovery, including
preventive measures against potential secondary complications, and facilitate
discharge to the next level of care.

Rehabilitation consultation and interventions in an acute setting should
address range of motion (to prevent painful and functionally limiting con-
tractures, for example, of the heel cords, shoulders, elbows, and hip flexors),
positioning, early mobilization following medical and spinal stability, bowel
and bladder management programs, clearance of respiratory secretions, pre-
vention of pressure ulcers, input about functional implications of options
for surgery and spinal orthosis, and education of the patient and family.
Orthostatic hypotension may need to be addressed as patients start assum-
ing the upright position (see Chapter 33B). Assessment and management of
swallowing, communication, and cognitive deficits due to concomitant TBI
need to be addressed.

Psychosocial Concerns and Issues in the Acute Setting

Assessment

Mental health concerns and possible risk for psychosocial problems should be
addressed after admission and throughout acute care stay. Particular attention
should be paid to current or past history of major depression, acute stress disor-
der/posttraumatic stress disorder (PTSD), or substance intoxication and with-
drawal, availability or lack of a social support network, cognitive functioning
and learning style, preferences in coping style, and concurrent life stressors.

Requests to Withdraw Life-Sustaining Treatment or Suicidal Ideation

Suicidal ideation, requests for assisted suicide, treatment refusals, and requests
for withdrawal of treatment should be taken very seriously. Although suicidal
ideation and completed suicide are more prevalent among people with SCI
than the general population, these are still infrequent occurrences and should
not be considered a normal response to SCI. In the case of high tetraplegia,
and there is evidence to suggest that acute medical and emergency personnel
may significantly underestimate the potential quality of life for these patients.
Therefore, any decision to withdraw life support soon after SCI needs to be
scrutinized carefully.
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An honest and sincere response, acknowledging the patient’s suffering, is
appropriate if such requests are expressed. An ongoing dialogue about the
recovery process and the likelihood of returning to a meaningful life after SCI
should be maintained. A number of factors must be balanced when considering
an overt refusal or a request for withdrawal of treatment. This includes balanc-
ing the patient’s right to self-determination and the health care provider’s duty
to benefit the patient and prevent harm (see Chapter 48). Underlying depression
should be assessed and treated. The patient’s decision-making capacity should
be assessed. For competent patients who express an explicit unwavering
request to withdraw life-sustaining treatment such as a ventilator, negotiating a
time-limited trial (TLT) has been suggested as an option. This is a mutual agree-
ment between the physician/treatment team and the patient to revisit goals of
treatment and the potential for treatment cessation after a predefined period.
It allows opportunity for patient reflection, adaptation to life with SCI, pallia-
tion of symptoms and suffering, time to build trust, goal setting, evaluation of
trends and progress, recruitment of supportive resources, and rehabilitation and
functional improvement. The institution’s ethics committee should be consulted
when appropriate, and legal counsel consult may be needed if conflict continues
or if there is any uncertainty regarding the patient’s request (See Chapter 48).

Coping Strategies

Effective coping strategies, health promotion behaviors, and independence can
be fostered through a variety of interventions including use of assistive devices.
Breaking the news about SCI, and answering questions and providing infor-
mation about prognosis can be challenging but very important communication
(see Chapter 48). It is often best to provide medical and prognostic information
matter-of-factly, yet at the same time leave room for hope. Expressions of hope
should be respected and direct confrontations of denial concerning probable
implications of the injury should be avoided. Feelings of hope have been shown
to assist with a future orientation and help patients move forward through
the recovery process. Over time, the hope becomes more realistic, though the
time frame differs among individuals. Helping patients and family identify
effective coping strategies that have aided them in the past is useful. Efforts
to develop a partnership of patient, family, and health care team help promote
involvement in the treatment plan and optimize patient outcomes.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

While significant progress is continuing to be made in the early, acute, man-
agement of people with SCI, there are many areas of controversy and lack of
consistent evidence for which further systemic study is needed.

For example, the issue of whether or not blood pressure augmentation has
an impact on outcome following SCI is important and deserves to be further
investigated. If augmentation of MAP is determined to be of potential benefit,
the most appropriate threshold levels of MAP and the length of augmentation
therapy need further definition. Further study regarding timing of surgery to
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examine efficacy within specific SCI subgroups, and evaluating for synergistic
effects of decompression with other SCI therapies, would be helpful in devel-
oping best practice guidelines.

SUGGESTED READING

Consortium for Spinal Cord Medicine. Early Acute Management in Adults with Spinal Cord
Injury. Clinical Practice Guidelines for Health Care Professionals. Washington, DC: Paralyzed
Veterans of America; 2008.

Consortium for Spinal Cord Medicine. Prevention of Thromboembolism in Spinal Cord Injury.
2nd ed. Washington, DC: Paralyzed Veterans of America; 1999.

Dhall SS, Hadley MN, Aarabi B, et al. Deep venous thrombosis and thromboembolism in
patients with cervical spinal cord injuries. Neurosurgery. 2013;72(suppl 2):244-254.
DhallSS, Hadley MN, Aarabi B, et al. Nutritional supportafter spinal cord injury. Neurosurgery.

2013;72(suppl 2):255-259.

Fehlings MG, Vaccaro A, Wilson JR, et al. Early versus delayed decompression for traumatic
cervical spinal cord injury: results of the Surgical Timing in Acute Spinal Cord Injury
Study (STASCIS). PLoS One. 2012;7(2):e32037.

Hadley MN, Walters BC. Introduction to the guidelines for the management of acute cervical
spine and spinal cord injuries. Neurosurgery. 2013;72(suppl 2):5-16.

Hadley MN, Walters BC, Aarabi B, et al. Clinical assessment following acute cervical spinal
cord injury. Neurosurgery. 2013;72(suppl 2):40-53.

Hurlbert RJ, Hadley MN, Walters BC, et al. Pharmacological therapy for acute spinal cord
injury. Neurosurgery. 2013;72(suppl 2):93-105.

Kirshblum S, Fichtenbaum ]. Breaking the news in spinal cord injury. | Spinal Cord Med.
2008;31(1):7-12.

Liu JC, Patel A, Vaccaro AR, Lammertse DP, Chen D. Methylprednisolone after traumatic
spinal cord injury: yes or no? PM R. 2009;1(7):669-673.

McMahon D, Tutt M, Cook AM. Pharmacological management of hemodynamic complica-
tions following spinal cord injury. Orthopedics. 2009;32(5):331.

Ryken TC, Hurlbert R], Hadley MN, et al. The acute cardiopulmonary management of
patients with cervical spinal cord injuries. Neurosurgery. 2013;72(suppl 2):84-92.



CHAPTER 9

Spinal Orthoses

GENERAL PRINCIPLES

Orthoses are external devices applied to the body to restrict motion in that
particular body segment.

Categories of Spinal Orthoses

Spinal orthoses are broadly categorized based on the regions or body seg-
ments that they are intended to restrict. These include: cervical orthoses (CO),
cervicothoracic orthoses (CTO), cervicothoracolumbosacral orthoses (CTLSO),
thoracolumbosacral orthoses (TLSO), lumbosacral orthoses (LSO), and sacral
orthoses (SO).

Spinal orthoses can be rigid or soft. In general, soft spinal orthoses have
very limited role in management of spinal cord injury (SCI) and will not be
discussed further. For example, while soft (foam) cervical collars may serve as
a kinesthetic reminder to restrict motion, they offer no significant restriction of
motion themselves. The same applies to soft LSO or corsets that are primarily
used for low back pain but have little utility in SCI.

The primary example of a CTLSO is the Milwaukee brace, which is indicated for
management of progressive and significant (25°-35°) idiopathic thoraco-lumbar
scoliosis in the immature skeleton and is not used in the setting of SCL and will
also not be discussed further.

The remainder of this chapter focuses primarily on the spinal orthoses that are
used in the setting of SCI (Table 9.1).

Mechanism of Action of Spinal Orthoses

One or more three-point pressure systems providing counteractive forces
(i.e., a force in one direction acting in equilibrium with two forces in a different
direction) is a primary principle involved in motion control by spinal orthoses.
General containment, increased intra-abdominal forces with load transfer
from the vertebral disks to surrounding soft tissue, traction distraction forces
are other mechanisms in play with some types of orthoses.

66
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Table 9.1

Spinal Orthoses in Management of SCI

67

Type Examples Indications Considerations
Cervical Philadelphia, Stable mid cervical Primarily restrict
orthoses (CO) Aspen, injuries; Following mid flexion-
Miami or low cervical spine extension,
J collar surgery/instrumentation; less effective
as an interim measure in restricting
while awaiting surgery rotation or lateral
or HCTO immobilization bending
Cervicothoracic SOM, Yale, Stable cervical fractures; Not adequate for

orthoses (CTO)

Head
cervicothoracic
orthoses
(HCTO)

Thoracolumbosa-
cral orthoses
(TLSO)

Four poster  Atlanto-axial instability or
C2 arch fractures (where
restriction of flexion-
extension is the primary

objective)

Unstable injuries of the
cervical or upper tho-
racic spine

Halo, Minerva

Custom- Custom-molded TLSO
molded is used as an adjunct
body to surgical treatment
jacket, for T6-L1 fractures, or
CASH, by itself with relatively
Jewett stable vertebral injury;
extension Prophylactic bracing
brace with a TLSO may delay

need for scoliosis in
pediatric SCI surgery
when curve <20°; CASH
or Jewett brace can be
used for stable vertebral
compression fracture

highly unstable
injuries (those
require additional
incorporation

of head
restriction)

Halo is especially
effective at
limiting C1-C2
movement;
Custom-molded
Minerva jacket
can provide as
good or better
restriction for
most cervical
spine movements
(except lateral
bending) as halo;
potential for
segmental move-
ment (snaking)
despite overall
limited of cervical
spine motion
with halo

Not effective at
controlling lower
lumbar motion,
or for highly
unstable injury
involving two- or
three-columns

(continued)
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Table 9.1
Spinal Orthoses in Management of SCI (Continued)
Type Examples Indications Considerations
Lumbosacral Chair-back, Role in SCl is limited; Limited effect
orthoses (LSO) Williams Williams brace can on restricting
Flexion be used to restrict segmental motion
lumbar extension in even if overall
traumatic spondylolysis spinal motion is
or spondylolisthesis; restricted with
Chair-back brace used LSO; can cause
postoperatively for deconditioning
lumbar laminectomies/ of trunk muscles
fusion with prolonged
use
Sacral Sacral corset, Pelvic or pubic symphysis Little role in SCI
orthoses (SO) Trochan- injury
teric belt
Table 9.2

Spine Biomechanics Considerations in Role of Spinal Orthoses
C1-2 (atlantoaxial) joint provides almost 50% of cervical spine axial rotation

C2-3, C3-4, and C4-5 have the main contribution to lateral bending of the cervical spine
C5-6 is the segment where the most flexion occurs in the cervical spine

T1-T10 motion is significantly limited naturally by the rib cage. The lower thoracic
segments that lack rib attachments are considerably more mobile

T12-L1 and T11-T12 are the primary contributors to flexion and extension of the tho-
racic spine. T12-L1 acts as a fulcrum between the immobile thoracic and sacral spine.

T1-T2 is the part of the thoracic spine with the most axial rotation, with a gradual
decrease going lower down the thoracic spine

An understanding of some aspects of spinal biomechanics is useful when
considering appropriateness and effectiveness of spinal orthoses (Table 9.2).

CLINICAL CONSIDERATIONS

Indications for Orthoses in SCI

Spinal orthoses are used to limit spinal motion, stabilize, support and realign
the spine, and/or to protect it after acute trauma or surgery.

The duration of use varies with the nature and stability of the spinal injury,
evidence of healing, and concomitant use of definitive measures such as
spinal surgery and instrumentation. In general, spinal orthoses are worn for
10 to 12 weeks after spine surgery or spine fracture to allow for healing. There
may be concomitant restrictions placed on certain activities and movements to
avoid compromising spinal stability during this period.
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Specific Orthoses Used in SCI (Table 9.1)

co

The Philadelphia and Miami | collars provide some restriction of flexion and
extension, but are much less effective at controlling lateral bending and cervi-
cal rotation. These orthoses are prefabricated and consist of two pieces that are
secured with Velcro straps. They are used for stable cervical fractures or lig-
amentous injuries, to restrict motion following mid or low cervical spine sur-
gery or instrumentation, and as an interim measure (in conjunction with other
restrictions) while awaiting surgery or head cervicothoracic orthoses (HCTO)
immobilization. A thoracic extension can be incorporated with these orthoses
which converts them to CTO.

CTO

Examples of these include the Sternal Occipital Mandibular Immobilizer
(SOMI), Yale, and Four Poster orthoses. These are used for stable cervical frac-
tures but are not adequate for highly unstable injuries, for which additional
incorporation of head restriction is needed. The SOMI orthoses can be donned
in the supine position and used for people who are restricted to bed. The Yale
orthoses extend a little higher in posterior region.

Head CTO

These provide the most restriction of cervical spine motion and include the
Halo orthoses and the Minerva jacket. These are indicated for more unstable
cervical injuries and can also be used postoperatively when significant restric-
tion of cervical motion is desired.

Halo Orthosis

Thisincludes a prefabricated halo ring (which comes in different sizes), uprights,
vest, and pins. In adults typically four pins are used with 6 to 8 in/Ib torque set-
ting. The anterior pins are placed less than an inch above the lateral third of the
eyebrow to avoid sinuses and cranial nerves, and the posterior pins are placed
less than an inch above and just posterior to the ear. When lesser torque forces
are desired (e.g., in young children and infants or those with skull fractures),
the number of pins is increased. Pins should be checked to confirm tightness
1 to 2 days after placement, and pin sites should be cleaned twice daily. Studies
have shown potential movement (snaking) between individual cervical spine
segments despite overall limited of cervical spine motion with halo.

Custom Molded Minerva Orthosis

A properly fitted, thermoplastic custom molded Minerva can provide compa-
rable or better restriction of most cervical movements than a Halo, without the
need for pin insertion. Unlike older plaster-versions of the Minerva, the light
weight thermoplastic jacket allows for better hygiene and self-care abilities.

TLSO

A rigid custom-molded TLSO can be used for management of traumatic or
pathological fractures of the mid to lower thoracic or upper lumbar spine,
but may not provide adequate restriction of lower lumbar spine injuries or
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highly unstable injuries. TLSO is also available in a prefabricated off-the-shelf
version. The Cruciform Anterior Spinal Hyperextension (CASH) or Jewett
orthoses are used primarily for stable compression fractures of the lower
thoracic and thoracolumbar spine, but are not appropriate for unstable or
burst fractures.

LSO and SO

These have a very limited role in SCI. The Williams Flexion brace can be used
to restrict lumbar extension in traumatic spondylolysis or spondylolisthesis.
The Chair-back brace may be used postoperatively for lumbar laminectomies
and fusion.

Cautions and Complications in Use of Spinal Orthoses

While some discomfort is to be expected with the use of restrictive orthoses
that often need to be snug fitting to be effective, the edges should not dig into
the skin and there should be little persistent redness 10 to 15 minutes after
removal of orthosis. The orthoses may restrict certain movements and activities
but should ideally allow the patient to sit comfortably while wearing it, and
should not restrict breathing, digestion, or chewing. Superior mesenteric artery
syndrome (see Chapter 36) is a rare complication with use of an overly restric-
tive TLSO. It is important to be vigilant to the possibility of skin breakdown.
Excess perspiration may occur with inability to adequately dissipate body heat.
Prolonged use may exacerbate trunk muscle weakness. While the orthoses may
be effective in restricting total motion of a particular region or body segment,
there may still be segmental motion resulting in “snaking” of spinal alignment.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Improvements in materials available for manufacture of spinal orthoses have
led to significant enhancements in design.

The use of computer-aided design (CAD) and computer-aided manufacturing
(CAM) can improve efficiency in design and fabrication of spinal orthoses.
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CHAPTER 10

Neurological Assessment for
Classification of Traumatic
Spinal Cord Injury

This chapter focuses on the International Standards for Neurological Classi-
fication of Spinal Cord Injury (ISNCSCI) published by the American Spinal
Injury Association (ASIA), which include motor and sensory assessments.

The International Standards to Document Remaining Autonomic Function
after Spinal Cord Injury (ISAFSCI) are discussed elsewhere (Chapter 33).

GENERAL PRINCIPLES

Definitions

Tetraplegia and Paraplegia

Cervical spinal cord injury (SCI) results in tetraplegia. The term tetraplegia
(preferred to quadriplegia) refers to impairment or loss of motor or sensory
function in the cervical segments of the spinal cord due to damage of neural
elements within the spinal canal. The result is impairment of function in the
arms as well as in the trunk, legs, and pelvic organs.

The term paraplegia refers to impairment or loss of motor or sensory function in
the thoracic, lumbar, or sacral segments of the spinal cord, secondary to dam-
age of neural elements within the spinal canal. With this level of injury, arm
functioning is spared, but the trunk, legs, and pelvic organs may be involved.

A couple of points are important to note in the above definitions.
These terms refer only to damage of neural elements within the spinal
canal. Impairment of sensorimotor involvement outside the spinal

canal, such as plexus lesions or injury to peripheral nerves, should
not be referred to as tetraplegia. Similarly while the term paraplegia is
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appropriate to use in referring to conus medullaris and cauda equina
injuries (since these are within the spinal canal), it should not be used
to refer to lumbosacral plexus lesions or injury to peripheral nerves
where the neural involvement is outside the spinal canal.

The terms tetraplegia or paraplegia are appropriate to use regardless
of the severity of the impairment or loss of motor or sensory function
in the segments of the spinal cord due to damage of neural elements
within the spinal canal. Use of the terms “tetraparesis” and “parapa-
resis” is discouraged, as they describe incomplete lesions imprecisely,
and incorrectly imply that tetraplegia and paraplegia should only be
used for neurologically complete injuries. Instead, the ASIA Impair-
ment Scale (AIS) provides a more precise approach to description of
severity (completeness) of the SCL.

Dermatomes and Myotomes

The neurologic exam is conducted by systematic examination of the der-
matomes and myotomes. The term dermatome refers to the area of skin inner-
vated by the sensory axons within each spinal nerve root/segment. The term
myotome refers to the collection of muscle fibers innervated by the motor axons
of each nerve root. Most muscles are innervated by more than one root, and
most nerve roots innervate more than one muscle. By convention if a muscle
has a grade of at least 3, it is considered to have intact innervation by the more
rostral of the innervating segments.

Measures/Descriptors of Neurological Damage (Table 10.1)

The International Standards examination is used to determine the sensory,
motor, and neurological levels, to generate motor and sensory scores, and to
determine completeness of the injury. Thorough understanding and correct
use of definitions of these measures of neurological damage generated from
ISNCSCI is crucial for accuracy and consistency in communication. These
measures, including Sensory Level, Motor Level, Neurological Level of Injury
(NLI), Sensory Scores, Motor Scores, Incomplete Injury, Complete Injury, and
Zone of Partial Preservation (ZPP), are defined in Table 10.1.

CLINICAL CONSIDERATIONS

Neurological Examination

The International Standards examination used for neurological classification
of SCI has sensory and motor components. A neurological rectal examination
is part of these components.

The examination can be performed with minimal equipment (safety pin and
cotton wisp) in almost all clinical settings and phases of care. It should be per-
formed with the patient in the supine position (except for the rectal examination



10. Neurological Assessment for Classification 73

Table 10.1

Measures/Descriptors of Neurological Damage, Generated

From ISNCSCI

Measure

Definition

Sensory level

Motor level

Neurological level of injury (NLI)

Sensory scores

Motor scores

Incomplete injury

Complete injury

Zone of partial preservation (ZPP)

The most caudal, normally innervated
dermatome for both Pin-Prick (sharp/
dull discrimination) and Light Touch
sensations

The lowest key muscle function that has a
grade of at least 3/5 on manual muscle
testing in the supine position, providing
the key muscle functions represented by
segments above that level are judged to
be intact (graded as a 5/5)

The most caudal segment of the spinal
cord with normal sensory and antigravity
motor function on both sides of the body,
provided that there is normal (intact)
sensory and motor function rostrally

Refers to a numerical summary score of
sensory function. There is a maximum
total score of 56 (key sensory points
for 28 dermatomes, each graded from
0 to 2) each for Light Touch and Pin-Prick
(sharp/dull discrimination) modalities, for
a total of 112 points per side of the body.

Refers to a numerical summary score of
motor function. There is a maximum
score of 25 for each extremity (five
key muscles in each extremity graded
from 0 to 5), totaling 50 for the upper
limbs (Upper Extremity Motor Score,
UEMS) and 50 for the lower limbs (Lower
Extremity Motor Score, LEMS)

Preservation of any sensory and/or motor
function below the neurological level that
includes the lowest sacral segments
S4-85 (i.e., “sacral sparing”)

Absence of sensory and motor function in
the lowest sacral segments (S4-S5)

Used only with complete injuries, the term
refers to those dermatomes and
myotomes caudal to the sensory and
motor levels that remain partially
innervated. The most caudal segment
with some sensory and/or motor function
defines the extent of the sensory and
motor ZPP respectively

Abbreviation: ISNCSCI, International Standards for Neurological Classification of Spinal Cord Injury.
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that can be performed side-lying) to allow for a valid comparison of scores
between serial exams.

The examination can be recorded on a standardized worksheet (Figure 10.1).
The worksheet may be freely downloaded and photocopied (but not altered)
from the ASIA website (www.asia-spinalinjury.org). The ASIA website also pro-
vides web-based instructional modules (InSTeP) about conducting and scoring
the exam and additional training material with details about the examination.

Sensory Examination
The sensory examination has both required and optional elements. The required
elements are the ones necessary for classification based on the standards.

Required Elements

The required portion of the sensory examination is completed through the
testing of a key point in each of the 28 dermatomes (from C2 to S4-5) bilat-
erally that can be easily located in relation to bony anatomical landmarks.
Key points for each dermatome are specified in Table 10.2 and illustrated in
Figure 10.1.

At each of these key points, two aspects of sensation are examined: light touch
(LT) and pin-prick (PP) (sharp-dull discrimination).

LT and PP sensation at each key point is separately scored on a three-point
scale (with comparison to the sensation on the patient’s cheek as a frame of
reference for normal):

0 = absent

1= altered (impaired or partial appreciation, including hyperesthesia)
2 = normal or intact (same as on the cheek)

NT = not testable

LT sensation is tested with a tapered wisp of cotton stroked once across an area
not to exceed 1 cm of skin (for consistency of sensory input) with the eyes closed
or vision blocked. PP sensation (sharp/dull discrimination) is performed with
a disposable safety pin that is stretched to allow testing on both ends; using the
pointed end to test for sharp and the rounded end of the pin for dull.

Deep Anal Pressure (DAP): DAP awareness is examined through insertion of the
index finger and applying gentle pressure to the anorectal wall. Alternatively,
pressure can be applied by using the thumb to gently squeeze the anus against
the inserted index finger. Consistently perceived pressureis graded as being pres-
ent or absent. Any reproducible pressure sensation felt in the anal area during
this part of the exam signifies that the patient has a sensory incomplete lesion.

(text continues on page 78)
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Table 10.2

Key Sensory Points (Tested Bilaterally) (see Figure 10.1)

Level Key Sensory Point

(67 At least 1 cm lateral to the occipital protuberance (alternatively 3 cm
behind the ear)

C3 Supraclavicular fossa (posterior to the clavicle) and at the midclavicular line

C4 Over the acromioclavicular (AC) joint

C5 Lateral (radial) side of the antecubital fossa (just proximal to elbow
crease)

Cé6 Thumb, dorsal surface, proximal phalanx

C7 Middle finger, dorsal surface, proximal phalanx

C8 Little finger, dorsal surface, proximal phalanx

T Medial (ulnar) side of the antecubital fossa, just proximal to the medial
epicondyle of the humerus

T2 Apex of the axilla

T3 Midclavicular line and the third intercostal space (IS) found by palpating
the anterior chest to locate the third rib and the corresponding IS
below it

T4 Fourth IS (nipple line) at the midclavicular line

T5 Midclavicular line and the fifth IS (midway between T4 and T6)

T6 Midclavicular line and the sixth IS (level of xiphisternum)

T7 Midclavicular line and the seventh IS (midway between T6 and T8)

T8 Midclavicular line and the eighth IS (midway between T6 and TI0)

T9 Midclavicular line and the ninth IS (midway between T8 and T10)

T10 Midclavicular line and the tenth IS (umbilicus)

T11 Midclavicular line and the eleventh IS (midway between T10 and TI2)

T12 Midclavicular line and the mid-point of the inguinal ligament

L1 Midway distance between the key sensory points for TI2 and L2

L2 On the anterior-medial thigh at the midpoint drawn connecting
the midpoint of inguinal ligament (T12) and the medial femoral
condyle

L3 Medial femoral condyle above the knee

L4 Medial malleolus

L5 Dorsum of the foot at the third metatarsal phalangeal joint

S Lateral heel (calcaneus)

S2 Mid-point of the popliteal fossa

S3 Ischial tuberosity or infra-gluteal fold

S4-5 Perianal area <1 cm lateral to the mucocutaneous junction (taken as

one level)




~N
©  Figure 10.1

INTERNATIONAL STANDARDS FOR NEUROLOGICAL Patient Name, DateMme of Bxam ..
Asik CLASSIFICATION OF SPINAL CORD INJURY IS C QDS Examiner Name Signature
(ISNCSCI) "
SENSORY SENSORY
RI G H T Kx %Tsc():fss KEY SENSORY POINTS KEY SENSORY POINTS KE’cngfEs L E FT
Light Touch (LT) Pin-Prick (PP) Light Touch (LT) Pin-Prick (PP)
C2 C2
C3 C3
c4 g c4
Elbow flexors C5 L C5 Elbow flexors
UER Wrist extensors C6 o C6 Wrist extensors UEL
(Upper Extremity Right) 50y extensors G7 C7 Elbowextensors  (Upper Extremity Left)
Finger flexors C8 o C8 Finger flexors
Finger abductors (ittie finger) T1 i T4 Finger abductors (itte finger)
Comments (Non-key Muscle? Reason for NT? Pain?). n 2 MOTOR
3 A T3 (SCORING ON REVERSE SIDE)
T4 A\ L pp——
5 T5 | b ot ooty s
T6 T6 3= active movement, against gravity
17 T7 4= active movement, against o resistance
5= active movement, against full esistance
T8 T8 5*= normal corrected for pain/disuse
T9 53 . Key Sensory Tg NT = not testable
0 545 Points T10 SENSORY
™ 4 ™ (SCORING ON REVERSE SIDE)
Tg \ Ez it A vt st
Hip flexors L2 Dorsum! L2 Hip flexors
Knee extensors L3 L3 Knee extensors LEL
(Lower Extremity Right) ~ Ankle dorsiflexors L4 L4 Ankle dorsiflexors  (Lower Extremity Left)
Long toe extensors L5 L5 Long toe extensors
Ankle plantar flexors S1 S1 Ankle plantar flexors
S2 S2
" S3 S3
(VAC) Voluntary anal contraction S4-5 S4-5 D (DAP) Deep anal pressure
(Yes/No) (Yes/No)
RIGHT TOTALS | LEFTTOTALS
(MAXIMUM)  (50) (56) (56) (56) (56) (50)  (MAXIMUM)
MOTOR SUBSCORES SENSORY SUBSCORES
ver[_Jrue[ J=uvemstora [ | wer[_Jeie[ J=uewstora | ro[ e wr[ J=urrom [ ree[_J+ e[ J=prrom[ ]
MAX (25) (25) (50) MAX (25) (25) (50) MAX (56) (56) (112) MAX (56) (56) (112)
NEUROLOGICAL ? (In complete injuies only) R L
LEVELS 1. SENSORY |:R| Itl 3,_ E"ﬁ"gﬁf,’f,’,ff;",‘ :nmn'.‘;;r:fﬁ%"ﬂfﬂfﬂf %‘;’;ﬁﬁ% — ZONE OF PARTIAL sensory[_ 1]
St Toforcessieaion . MoToR[___|[__] (NL) 5. ASIA IMPAIRMENT SCALE (AIS) PRESERVATION motor[_] [

This form may be copied freely but should not be altered without permission from the American Spinal Injury Association.

REV 0213



LL

Muscle Function Grading

0 = total paralysis

1 = palpable or visible contraction

2 = active movement, full range of motion (ROM) with gravity eliminated
3 = active movement, full ROM against gravity

4 = active movement, full ROM against gravity and moderate resistance in a muscle
specific posttion

5 = (normal) active movement, full ROM against gravity and full resistance in a
functional muscle position expected from an otherwise unimpaired person

5* = (normal) active movement, full ROM against gravity and sufficient resistance to be
considered normal if identified inhibiting factors (i.e. pain, disuse) were not present

NT = not testable (.. due to immobilization, severe pain such that the patient cannot
be graded, amputation of limb, or contracture of > 50% of the normal range of motion)

Sensory Gradin

0 = Absent

1 = Altered, either decreased/impaired sensation or hypersensitivity
2 = Normal

NT = Not testable

Non Key Muscle Functions (optional)
May be used to assign a motor level to differentiate AIS B vs. C
Movement Root level

Shoulder: Flexion, extension, abduction, adduction, internal C5
and external rotation
Elbow: Supination

Elbow: Pronation C6
Wrist: Flexion

Finger: Flexion at proximal joint, extension. c7
Thumb: Flexion, extension and abduction in plane of thumb

Finger: Flexion at MCP joint c8
Thumb: Opposition, adduction and abduction perpendicular

fo palm

Finger: Abduction of the index finger T
Hip: Adduction L2
Hip: External rotation L3
Hip: Extension, abduction, intenal rotation L4
Knee: Flexion

Ankle: Inversion and eversion
Toe: MP and IP extension

Hallux and Toe: DIP and PIP flexion and abduction L5
Hallux: Adduction S1

ASIA Impairment Scale (AIS)

A = Complete No sensory or motor function is preserved in
the sacral segments S4-5

B = Sensory Incomplete Sensory but not motor function
is preserved below the neurclogical level and includes the sacral
segments S4-5 (light touch or pin-prick at S4-5 or deep anal
pressure) AND no motor function is preserved more than three
levels below the motor level on either side of the body

C = Motor Incomplete Motor function is preserved below
the neurological leve™*, and more than half of key muscle
functions below the neurological level of injury (NLI) have a
muscle grade less than 3 (Grades 0-2)

D = Motor Incomplete Motor function is preserved below
the neurological level™*, and at least half (half or more) of key
muscle functions below the NLI have a muscle grade > 3

E = Normal I sensation and motor function as tested with the
ISNCSCI are graded as normal in all segments, and the patient
had prior deficits, then the AIS grade is E. Someone without an
initial SCI does not receive an AlS grade

** For an individual to receive a grade of C or D, i.e. motor incomplete
status, they must have either (1) voluntary anal sphincter contraction or
(2) sacral sensory sparing with sparing of motor funtion more than threg
levels below the motor level for that side of the body. The International
Standards at this time allows even non-key muscle function more than 3
levels below the motor level to be used in determining motor incomplete
status (AIS B versus C)

NOTE: When assessing the extent of motor sparing below the level

for distinguishing between AIS B and C, the motor level on each

side is used; whereas to differentiate between AIS C and D (based on
proportion of key muscle functions with strength grade 3 or greater) the
nneurological level of injury is used

Asin

INTERNATIONAL STANDARDS FOR NEUROLOGICAL
CLASSIFICATION OF SPINAL CORD INJURY

Steps in Classification

The following order is recommended for determining the classification of
individuals with SCI

1. Determine sensory levels for right and left sides.
The sensory level is the most caudal, intact dermatome for both pin-prick and
light touch sensation

2. Determine motor levels for right and left sides.

Defined by the lowest key muscle function that has a grade of at least 3 (on
Ssupine testing), providing the key muscle functions represented by segments
above that level are judged to be intact (graded as a 5)

Note: In regions where there is no myotome to test, the motor level is
presumed to be the same as the sensory level, if testable motor function above
that level is also normal

3. Determine the neurological level of injury (NLI)

This refers to the most caudal segment of the cord with intact sensation and
antigravity (3 or more) muscle function strength, provided that there is normal
(intact) sensory and motor function rostrally respectively

The NL1 is the most cephalad of the sensory and motor levels determined in
steps 1and 2

4. Determine whether the injury is Complete or Incomplete.
(i.e. absence or presence of sacral sparing)

If voluntary anal contraction = No AND all S4-5 sensory scores = 0
AND deep anal pressure = No, then injury is Complete

Otherwise, injury is Incomplete

5. Determine ASIA Impairment Scale (AlS) Grade:
Is injury Complete?  If YES, AIS=A and can record
ZPP (lowest dermatome or myotome
NO ‘ on each side with some preservation)

Is injury Motor Complete? If YES, AIS=B

NO (No=voluntary anal contraction OR motor function
more than three levels below the motor level on a
given side, if the patient has sensory incomplete
classification)

Are at least half (half or more) of the key muscles below the
neurological level of injury graded 3 or better?

NO ; YES ;
AIS=C AIS=D
If sensation and motor function is normal in all segments, AIS=E
Note: AIS E is used in follow-up testing when an individual with a documented

SCl has recovered normal function. If at initial testing no deficits are found, the
individual is neurologically intact; the ASIA Impairment Scale does not apply
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Examination for DAP is not required in patients who have LT or PP sensation at
S4-S5.

Optional Elements
Optional sensory elements include:

1. Joint movement appreciation and position sense: joints that can be tested
include the inter-phalangeal (IP) joint of the thumb, the proximal IP joint
of the little finger, the wrist, the IP joint of the great toe, the ankle, and the
knee, and

2. Awareness of deep pressure/deep pain: tested by applying firm pressure
to the skin for 3 to 5 seconds at different locations of the wrist, fingers,
ankles, and toes

Motor Examination
The motor examination also has required and optional elements.

Required Elements

The required portion of the motor examination is completed through the test-
ing of key muscle groups corresponding to 10 paired myotomes (C5-T1 and
L2-S1). The key muscles were each chosen since they can be tested for all grades

of strength in the supine position and represent one myotome in each extrem-
ity (Tables 10.3 and 10.4).

There are several ways in which muscle testing as part of ISNCSCI differs from
traditional manual muscle testing (MMT) (Table 10.5).

Table 10.3

Key Muscle Groups for the Upper Extremities?

Positions for Testing

Level Muscle Group Key Muscles for Grades 4 or 5
C5 Elbow flexors (biceps, brachialis) Elbow flexed at 90°, arm at patient’s
side, forearm supinated
C6 Wrist extensors (extensor Wrist in full extension
carpi radialis longus and
brevis)
C7 Elbow extensors (triceps) Shoulder in neutral rotation,

adducted, and in 90° of
flexion, with elbow in 45° of

flexion
C8 Finger flexors (flexor digitorum Full-flexed position of the distal
profundus) to the middle finger phalanx with the proximal finger
joint stabilized in extended
position
T1 Small finger abductors (abductor Full-abducted position of the fifth
digiti minimi) digit of the hand

aFor those myotomes that are not clinically testable by manual muscle examination (e.g., C1 to C4),
the motor level is presumed to be the same as the sensory level.
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Table 10.4
Key Muscle Groups for the Lower Extremities

Position for Testing

Level Muscle Group Grade 4 or 5 Strength
L2 Hip flexors (iliopsoas) Hip flexed to 90°
L3 Knee extensors Knee flexed to 15°
(quadriceps)
L4 Ankle dorsiflexors (tibialis Full-dorsiflexed position of
anterior) the ankle
L5 Long toe extensors First toe fully extended
(extensor hallucis
longus)
S Ankle plantar flexors Hip in neutral rotation,
(gastrocnemius, soleus) knee fully extended,
and ankle in full planter
flexion
Table 10.5

How Muscle Strength Testing for the International Standards

Examination Differs From Traditional MMT

All MMT for classification of SCl is conducted in the supine position

Use of + and — is not recommended when grading muscle strength from 0 to 5
Use of “NT” (Not Testable) when unable to test (e.g., due to immobilization of extremity)

Use of 5* (when muscle is felt to be normally innervated by the examiner despite weak-
ness on MMT, which is attributed to nonneurogenic causes e.g., disuse or pain)

Abbreviation: MMT, Manual muscle testing.

The strength of each muscle function is graded on a six-point scale from 0 to 6.

0 = total paralysis.

1 = palpable or visible contraction.

2 = active movement, full range of motion (ROM) with gravity eliminated.

3 = active movement, full ROM against gravity.

4 = active movement, full ROM against gravity and moderate resistance in
a muscle specific position.

5 = (normal) active movement, full ROM against gravity and full resistance
in a muscle specific position expected from an otherwise unimpaired
person.

5* = (normal) active movement, full ROM against gravity and sufficient
resistance to be considered normal if identified inhibiting factors (i.e.,
pain, disuse) were not present.

NT =not testable (i.e., due to immobilization, severe pain such that the

patient cannot be graded, amputation of limb, or contracture of
greater than 50% of the range of motion).

Voluntary anal contraction (VAC): The external anal sphincter is tested for
reproducible voluntary contractions around the examiner’s finger and graded
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as being present or absent. The suggested instruction to the patient is “squeeze
my finger as if to hold back a bowel movement.” If there is VAC present, then
the patient has a motor incomplete injury. VAC should be distinguished from
reflex anal contraction.

Optional Elements

For purposes of the SCI evaluation, other non-key muscles may be evaluated;
for example, the diaphragm, deltoid, finger extension, hip adductors, and ham-
strings. While these muscle functions are not used in determining motor levels
or scores or in the determination of AIS C versus D, at this time the International
Standards allows non-key muscles to determine motor incomplete status; i.e.
AIS B versus C. Suggested non-key muscle functions included on the examina-
tion worksheet are listed in Table 10.6.

Pitfalls in Neurological Examination: (Table 10.7)
Commonly encountered pitfalls in assessment of the sensory and motor com-
ponents of the standards examination are summarized in Table 10.7.

It is important to properly stabilize and position the joints being tested during
MMT to prevent confusion from substitutions by other muscles that may give

Table 10.6
Non-Key Muscle Functional (Optional) May be Used to Assign a

Motor Level to Differentiate AIS B vs. C
Movement Root Level

Shoulder: Flexion, extension, abduction, adduction, internal and C5
external rotation
Elbow: Supination

Elbow: Pronation C6
Wrist: Flexion

Finger: Flexion at proximal joint, extension (674
Thumb: Flexion, extension and abduction in plane of thumb

Finger: Flexion at MCP joint Cc8
Thumb: Opposition, adduction and abduction perpendicular to palm

Finger: Abduction of the index finger T
Hip: Adduction L2
Hip: External rotation L3
Hip: Extension, abduction, internal rotation L4

Knee: Flexion
Ankle: Inversion and eversion
Toe: MP and IP extension

Hallux and Toe: DIP and PIP flexion and abduction L5
Hallux: Adduction S

Abbreviations: MCP, metacarpophalangeal; MP, metatarsophalangeal; IP, interphalangeal; DIP,
distal interphalangeal; PIP, proximal interphalangeal.
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the erroneous perception of intact muscle function in the muscle being tested
(Table 10.8).

Table 10.7
Common Testing Pitfalls in the International Standards

Neurological Exam

Sensory Exam

- In grading PP sensation, inability to distinguish the sharp end from the dull end should
be graded as PP=0 (absent) even if the patient is able to feel the pin. PP is graded as
1 if the patient can distinguish between sharp and dull at least 80% of the time but the
sharpness feels different (less or more intense) than the face

- Sensory preservation in the T3 dermatome with absent sensation in T1, T2, and T4
dermatomes should be scored as absent since it likely represents C4 sensation (from
supraclavicular nerves that can extend down the anterior chest wall to a variable level
up to the third intercostal space)

Motor Exam

- Improper positioning and stabilization of the extremity being tested may lead to mus-
cle substitution. Consistency and accuracy in placing stabilizing and resisting hands
as recommended is important

- Trace function may be overlooked if not palpating correctly

- Passive ROM should be checked prior to MMT to detect any contracture, otherwise it
can lead to under-grading strength since the patient will not be able to complete move-
ment across the full ROM (even though not necessarily due to muscle weakness, but
due to contracture)

- Reflex withdrawal or spasticity may mimic voluntary muscle contraction. Patients
should be able to isolate and voluntarily be able to repeat movement

- Muscle substitutions causing joint movement may lead to erroneous perception of
muscle function that is absent (Table 10.8)

Table 10.8
Muscle Substitutions That Can Lead to Erroneous Interpretation

of Muscle Function?

Wrist extension mimicked by forearm supination (and the use of gravity)

Elbow extension mimicked by external rotation of the shoulder
Elbow extension mimicked by quickly flexing and relaxing the elbow
Long finger flexion mimicked by wrist extension (due to tenodesis)

Long finger flexion (flexor digitorum profundus) mimicked by hand intrinsic or flexor
digitorum superficialis contraction

Finger abduction mimicked by finger extension

Hip flexion mimicked by adductor or abdominal contraction

Ankle dorsiflexion mimicked by long toe extensors

Great toe extension mimicked by active flexion followed by relaxation of the toe

Ankle plantar flexion mimicked by hip flexion

aProper technique, including positioning and stabilization of the limb being tested, will avoid these
muscle substitutions during testing of muscle function.



82 II. Traumatic Spinal Cord Injury

Reliability of Examination

In general, the elements of the motor and sensory examination have been
demonstrated to have good inter-rater and test-retest reliability when con-
ducted by trained examiners. PP scores had slightly lower reliability than LT
scores in one study. Inter-rater reliability of motor and sensory has been shown
to be better for complete than for incomplete injuries. Studies have demon-
strated that while it is not uncommon to have variation in single dermatome
and myotome scores (usually within one muscle grade) between skilled exam-
iners, summed motor and sensory scores are much more reliable. Follow-up
examination should be done to clarify discrepancies. As mentioned in the next
paragraph, certain circumstances can affect the reliability of the examination.

Circumstances that Impact Conduct and Interpretation of the Examination

(Table 10.9)

Several circumstances, for example, young children, potentially unstable spine,
presence of contractures, and associated conditions or complications, may affect
the ability to complete and interpret the classification standards examination.
Specific guidance about these circumstances is summarized in Table 10.9.

Neurological Classification

Steps in classification of SCI (Table 10.10 and Figure 10.1)
The following order is recommended for determining the classification of
individuals with SCI:

1. Determine sensory levels for right and left sides (i.e., the most caudal, intact
dermatome for both PP and LT sensation)

2. Determine motor levels for right and left sides (i.e., the lowest key muscle
function that has a grade of at least 3, providing the key muscle functions
represented by segments above that level are judged to be intact [graded
as ab])

Note: In regions where there is no myotome to test, the motor level is pre-
sumed to be the same as the sensory level, if testable motor function above
that level is also normal

3. Determine the NLI (i.e., the most caudal segment of the cord with intact sen-
sation and antigravity [>3] muscle function strength, provided that there
is normal [intact] sensory and motor function rostrally respectively). The
NLI is the most cephalad of the sensory and motor levels determined in
steps 1 and 2

4. Determine whether the injury is Complete or Incomplete (i.e., absence or pres-
ence of sacral sparing)

If VAC = No AND all 54-5 sensory scores = 0 AND DAP = No, then
injury is Complete
Otherwise, injury is Incomplete
5. Determine AIS Grade (Table 10.10):
Is injury Complete? If YES, AIS=A
Is injury Motor Complete? If YES, AIS=B
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Table 10.9
Particular Circumstances That Impact Conduct and

Interpretation of the International Standards Examination

Condition Resolution

Young children - Neurological exam based on ISNCSCI is not useful and
should not be attempted for children <4 yrs;
- Can attempt for older than 5 yrs though individual compo-
nents (e.g., anorectal exam, pin-prick testing) may be diffi-
cult to complete and interpret reliably in children <10 yrs

Contractures - If the patient exhibits 250% of the normal range, then the
muscle function can be graded through its available range
with the usual 0-5 scale

- If the ROM is limited to <50% of the normal ROM, a
numerical grade cannot be provided and “NT” (Not Test-
able) should be documented

Potentially unstable - When examining a patient with a suspected acute
spine traumatic injury below the T8 level, the hip should not be

allowed to flex beyond 90° due to the increased kyphotic
stress placed on the lumbar spine. Examination should be
performed isometrically and unilaterally, so that the con-
tralateral hip remains extended to stabilize the pelvis

- In the presence of potential cervical spine instability,
shoulder flexion or abduction >90° or resistance to shoul-
der movement should be avoided

- To complete the anorectal exam, if there is spinal insta-
bility without adequate orthotic stabilization, the patient
should be log-rolled (so there is no twisting of the spinal
column) on their side, or alternatively an abbreviated exam
can be performed in the supine position

Associated injuries in - When associated injuries interfere with completion of the
the acute stage (e.g., examination; the neurological level should still be deter-
traumatic brain injury, mined as accurately as possible. However, obtaining the
brachial plexus injury, sensory/motor scores and impairment grades should be
limb fracture) deferred to later examinations

Abbreviation: ROM, range of motion.

If NO, AIS=C or D (No=VAC OR motor function more than three levels
below the motor level on a given side, if the patient has sensory incom-
plete classification)
Are at least half (half or more) of the key muscles below the NLI
graded 3 or better? If NO, AIS=C; If YES, AIS=D
(NOTE: When assessing the extent of motor sparing below the level for
distinguishing between AIS B and C, the motor level on each side is used;
whereas to differentiate between AIS C and D [based on proportion of key
muscle functions with strength grade three or greater below the injury
level] the single NLI is used).
If sensation and motor function is normal in all segments, AIS=E
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Table 10.10

American Spinal Injury Association (ASIA) Impairment Scale
Grade Category Description

A Complete No sensory or motor function is preserved in the

sacral segments S4-5.

B Sensory incomplete  Sensory but no motor function is preserved below
the neurologic level including the sacral segments
S4-5, and no motor function is preserved more
than three levels below the motor level on either
side of the body.

C Motor incomplete? Motor function is preserved below the neurologic
level, and more than half of key muscles below the
neurologic level have a muscle grade <3.

D Motor incomplete? Motor function is preserved below the neurologic
level, and at least half of key muscles below the
neurologic level of injury have a muscle grade >3.

E Normal Sensory function and motor function are normal, and
the patient had prior deficits.

aFor an individual to receive a grade of C or D, that is, motor incomplete status, they must have either
(1) voluntary anal sphincter contraction or (2) sacral sensory sparing (at S4/5 or DAP) with sparing of
motor function more than three levels below the motor level for that side of the body. Even nonkey
muscle function more than three levels below the motor level can be used in determining motor
incomplete status (AIS B versus C).

NOTE: When assessing the extent of motor sparing below the level for distinguishing between AIS B
and C, the motor level on each side is used; whereas to differentiate between AIS C and D (based on
proportion of key muscle functions with strength grade 3 or greater) the single NL/ is used.

(Note: AIS E is used in follow-up testing when an individual with a docu-
mented SCI has recovered normal function. If at initial testing no deficits
are found, the individual is neurologically intact; the AIS does not apply).

KNOWLEDGE GAPS AND EMERGING CONCEPTS

The stated purpose of the SCI classification standards since inception has been
to facilitate accurate communication between clinicians and researchers work-
ing with patients with SCI, and this has remained unchanged. However, the
classification standards have not been a static document and there have been
several adjustments, revisions, and additional clarifications over the years.

At the time of this writing, the available standards were most recently revised
in 2011. In 2013, a new version of the worksheet for ISNCSCI was made avail-
able. The new worksheet now lists non-key muscle functions as optional ele-
ments that may be used to assign a motor level to differentiate AIS B vs C
(Figure 10.1 and Table 10.6). Table 10.11 summarizes the main changes in the
2011 revision of the standards and the 2013 changes in the worksheet.

It is anticipated that there will continue to be additional changes and refine-
ments in the standards with future revisions and updates.
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Table 10.11

Recent Revisions and Updates in ISNCSCI and
Related Exam Worksheet

- The term deep anal sensation has been replaced by deep anal pressure (DAP). It was
felt that the new terminology would reinforce the technique of applying pressure to the
anorectal wall with the examiners distal thumb and index finger as opposed to more
vigorous techniques

- It has been specified that if sensation is abnormal at C2 and intact on the face, the
level should be designated as C1 (for consistency amongst clinicians and researchers)

- It has been clarified that in patients who have light touch or pin-prick sensation at
S4-S5, examination for DAP is not required

- The definition for ZPP in patients with a neurologically complete injury (AIS A) has
been revised. Specifically, the method used to determine the levels of the ZPP has
been changed to include the ‘dermatomes and myotomes caudal to the sensory
and motor levels on each side of the body that remain partially innervated’ in a
neurologically complete injury. In the previous edition of the ISNCSCI, the ZPP was
determined from the NLI. This distinction is important when discussing the levels of
sparing for the ZPP

- The motor and sensory examination is described in greater detail, including specific
positions to be used when testing for grade 4 or 5 strength (Tables 10.3 and 10.4)

- Some of the figures on the worksheet have been updated, and the worksheet has
been adjusted for ease of use. For example, the 2013 worksheet has both the
motor and sensory functions from the right side of the body on one half and motor
and sensory functions from the left side on the other half of the worksheet (instead of
motor from both sides of the body being on one half and sensory on the other)

- Non-key muscle functions for C5 to T1 and L2 to S1 root levels are now listed on the
back of the 2013 version of the worksheet as optional elements that may be used to
assign a motor level to differentiate AIS B vs. C (Figure 10.1)

Abbreviations: AlS, ASIA Impairment Scale; ISNCSCI, International Standards for Neurological Classi-
fication of Spinal Cord Injury; ZPP, zone of partial preservation.
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CHAPTER 11

Traumatic Spinal Cord
Injury in Children

GENERAL PRINCIPLES

The primary focus of this chapter is to highlight the unique aspects of traumatic
spinal cord injury (SCI) in children. Other disorders of the spinal cord in
children, for example, developmental disorders including myelomeningocele
(Chapter 22), are discussed elsewhere.

Many aspects of SCI in children and adolescents are similar to adults. How-
ever, there are also many unique differences that impact the assessment and
management of pediatric SCI (Table 11.1).

Etiology

Motor vehicle accidents are the most common cause of SCI in children as in
adults, followed by violence and sports. Violent etiology increases during ado-
lescence, especially among Hispanics and black youth. Behavioral differences
and risk exposure account for some of the differences in etiology of spinal
injuries between children and adults. Specific measures for prevention of SCI,
including those that are particularly applicable to children, are discussed in
Chapter 5.

There are some unique etiologies of SCI in children. These include:

Lap-belt injury: This is most common in children between 40 and 60 pounds.
The lap seat belt can act as a fulcrum during impact, causing flexion-distraction
forces on the mid-lumbar spine. This is typically related to absence of booster
seat use in a child who is too short to be sitting without it and an improperly
fitted seat belt. SCI may be accompanied by abdominal bruising or intra-
abdominal bleeding. Vertebral injury most commonly occurs between L2 and
L4, and the typical injury is a transverse fracture going through the vertebral
body and posterior elements (Chance fracture). Twenty-five percent to 30%
have SCI without radiological abnormalities (SCIWORA). Preventive measures
include properly secured booster seats for ages 4 to 8 years (and for height up
to 4ft., 9 in.), and proper placement of seat belts.

86
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Table 11.1

87

Unique Aspects of SCI in Children Compared to Adults

Etiology

Gender
distribution

Neurological
category of
injury

Pathophysiology

Clinical
assessment

Imaging

Transportation/
immobilization

Complications

Psychosocial
considerations

Rehabilitation

Though vehicular crashes are the most common cause as in
adults, there are also some unique causes of injury, e.g., lap-belt
injury, birth injuries, child abuse

Equal in males and females up to age 3 yrs; progressively
increasing male preponderance after that (unlike adults where
~80% are male)

Complete paraplegia is more common in children under 10 yrs
of age (~2/3 have paraplegia, 2/3 have complete SClI)

High cervical injury more common in infants from 0-2 yrs of age
(relatively large heads, poorly developed neck muscles)

Children have increased elasticity of the spine, a less flexible
spinal cord, and vertebral anatomical differences that result
in greater resistance being shifted to ligaments; these factors
contribute to increased proportion of SCIWORA

Delayed neurological abnormalities may be more common in
children

Eliciting history of neck discomfort in young children may be
difficult; neurological exam may be less reliable; these factors
contribute to challenges in clearance of the cervical spine

Higher incidence of SCIWORA (although abnormalities can often
be seen on MRI)

Normal findings in children (e.g., normally anteriorly wedged
configuration of the vertebral body, absent anterior ossification
of the atlas, 3-4.5 mm atlanto-dental interval) that may be
considered pathological in adults, can lead to misinterpretation
of plain radiographs

Backboard with occipital recess (or padding under shoulder

to raise torso) needed for neutral spine alignment in view of
proportionately larger head size in children <8 yrs of age

Halo fixation in young children done with more pins to allow for
lesser torque and pin pressure in view of thinner skull bones

Scoliosis, hip instability, and limb growth problems are common
following SCI occurring at <8-10 yrs of age, before skeletal maturity
Immobilization hypercalcemia in first 3 months postinjury is
especially common in adolescents males

Latex allergy is common, probably related to young age of initial
exposure and longer exposure

Venous thrombo-embolism is less common in children <12 yrs
of age

Unique issues related to each developmental stage e.g.,
schooling, adolescence, transition to adulthood

Developmentally based goals needed; dynamic, responsive to
changing needs at each developmental stage

Particular involvement of family and school in the rehabilitation
team

Incorporation of recreation and play into rehabilitation program
is especially important

Abbreviation: SCIWORA, spinal cord injury without radiological abnormalities.
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Birth injuries: Neonatal SCI occurs in 1 per 60,000 births. Upper cervical
injury occurs with torsional injury during delivery (e.g., during difficult
forceps delivery), while lower cervical/upper thoracic injuries occur with
breech delivery. May have associated injuries (brachial plexus, hypoxic
brain injury).

Child abuse: Spinal injuries related to nonaccidental trauma are usually the
result of shaking of the infant or young child. Spine injuries may be overlooked
if they are not associated with clinical findings. There is a propensity for
vertebral body and anterior end plate injury, consistent with hyper-flexion
injury.

Other conditions associated with SCI in children include Down syndrome with
atlanto-axial instability juvenile rheumatoid arthritis, and skeletal dysplasia.

Epidemiology

Three percent to 5% of SCI in the United States occurs in children less than
15 years. Up to 3 years of age, SCI occurs equally in males and females, with an
increasing male preponderance as age increases.

Children under 8 to 10 years are more likely to have paraplegia and complete
lesions than adults.

Infants and younger children ages 0 to 2 years have a greater proportion of
high cervical injuries from C1 to C4, probably related to disproportionately
large heads and underdeveloped neck muscles (see below).

Pathophysiology

There is a relative cephalo-cervical disproportion in young children. The aver-
age weight of a baby’s head is 25% of body mass compared to 10% in adults.
This, combined with poorly developed cervical musculature, puts the infants’
cervical spine at a mechanical disadvantage and accounts for the relatively
high incidence of high cervical injury in infants.

Children have increased elasticity of the spine, a less flexible spinal cord, and
vertebral anatomical differences (e.g., anteriorly wedged orientation of ver-
tebral bodies, horizontal orientation of facets, and absence of uncinate pro-
cesses on the vertebral bodies) that result in greater resistance being shifted
to ligaments rather than to the bones. This helps explain the high incidence
of SCIWORA in children; reported to be over 60% of SCI in children less than
5 years of age. SCIWORA usually occurs in the cervical cord, most commonly
at C5-C8 levels.

Delayed neurological abnormalities are more common in children, including
those with SCIWORA. Possible factors may include occult injury with repeated
trauma, cord swelling, or post-traumatic radicular artery occlusion.
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Associated Conditions and Complications in Pediatric SCI

SCI affects each body system in children as in adults, including bladder and
bowel dysfunction, autonomic and cardiovascular dysfunction, respiratory
problems, metabolic problems, pressure ulcers, and spasticity.

Certain complications occur more frequently in children. Scoliosis, hip-
instability, and impaired growth of the paralyzed limb are common after SCI
sustained at less than 8 to 10 years of age prior to development of skeletal matu-
rity. Young children and infants with tetraplegia and related thermoregulatory
problems are especially vulnerable to environmental temperature extremes
due to relatively large surface area and decreased ability to communicate
and problem solve. Latex allergy may occur and is probably due to frequent
exposure to latex containing medical equipment/supplies. Young age at initial
exposure and longer duration of exposure are risk factors. Hypercalcemia in
the first 3 months postinjury is especially common in adolescent males due to
high bone turnover (Chapter 39B, Table 39B.1).

CLINICAL CONSIDERATIONS

Assessment

History and Physical Exam
Clinical assessment of spinal injury in children can offer special challenges.
Eliciting history of neck discomfort in young children may be difficult.

Neurological assessment and classification of SCI should be done in accordance
with the International Standards for Neurological Classification of SCI, but the
neurological exam may be less reliable and difficult to interpret in children,
and is not useful in children younger than 4 years. Certain elements of the
exam (anorectal exam, pin-prick testing) are often difficult to complete and
interpret in children younger than 10 years. When assessing motor function, it
is important to take into account that normal motor strength in a young child
is different from that in older teens or adults.

Cervical spine clearance can be particularly difficult to do in children because
of these reasons.

Imaging

Some special considerations are needed when assessing spinal radiographs of
children. Normal findings in children (e.g., normally anteriorly wedged config-
uration of the vertebral body, absent anterior ossification of the atlas, 3-4.5 mm
atlanto-dental interval) that may be considered pathological in adults, can
lead to misinterpretation of plain radiographs by physicians not used to read-
ing these films in young children.

As mentioned previously, there is a high incidence of SCIWORA in children,
although abnormalities can usually be seen on magnetic resonance imaging
(MRI) in cases where the plain radiographs look normal.
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Management
The basic principles of management of SCI in children parallel those in adults,
although there are some important differences.

Initial Management

In prehospital care, priorities are centered around resuscitation, airway,
breathing, and circulation, evaluation, immobilization, and safe and expedi-
tious transportation to the definitive medical care facility. For spinal stabili-
zation in children less than 8 years of age, child-specific spine boards with a
cut-out recess for the occiput should be used. Immobilization on a standard
spine board can cause excessive neck flexion because of proportionately larger
head size compared with the rest of the body. If a standard spine board is used,
raising the torso 2 to 4 cm above the head with a mattress pad under the shoul-
der and chest will avoid excessive neck flexion.

Surgical Management

As in adults, the main considerations in surgical treatment are to decompress
the neural elements and stabilize the spine to prevent further injury. Certain
anatomic and developmental factors are important to consider in planning sur-
gery. Spinal fusion and related growth arrest can have a significant impact on
the developing spine so trying to limit the number of levels fused is appropri-
ate. It is important to consider the effect of an isolated fusion on subsequent
development of excessive kyphosis. Because of the relatively better recupera-
tive capacity in children, some injuries that would require surgical stabiliza-
tion in adults may only need immobilizing in children.

Halo traction is possible even in young children. The primary concern is to
avoid excessive pressure and skull erosion from the pins. For halo use in infants
and younger children 8 to 10 pins, instead of four pins as in adults, are used
and lower torque force is applied. A more frequently used option to stabilize
the spine currently is custom construction of an orthosis using thermoplastic
material.

Rehabilitation

In addition to the rehabilitation principles that apply to adults with SCI, there
are some unique aspects to rehabilitation of children with SCI. It is important
to be aware of the special needs of the child at various levels of development
and to incorporate development-based goals (Table 11.2).

The specialized needs of the individual vary from infancy through childhood
to teen years and continue into transition to adulthood. Responsiveness to
changing needs at different development stages is crucial. Equipment needs
also change because of change in size and needs as children grow. Growth
spurt during adolescence increases the tendency to develop scoliosis.

The role of the family in rehabilitation of SCI is vital, and is even more signifi-
cant in children. It is important to remain sensitive to the impact of the child’s
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Table 11.2

Functional Goal/Skill Starting Age

Assistive devices for standing 1-1.5yrs
(e.g., parapodium)

Ambulatory assistive devices 2-8 yrs

Independent wheelchair mobility 2-8 yrs

Establishment of bowel program 2-4 yrs

Ability to self-catheterize 5-6 yrs

Independence in bowel program 5-7 yrs

Adult level basic activities of daily living skills 7 yrs

SCI on the family, and to support parents through the process and engage their
involvement and cooperation in rehabilitation.

In addition to the various participants and disciplines that provide multidis-
ciplinary rehabilitation of individuals with SCI at any age, teachers and child
life specialists are important additional members of the rehabilitation team for
children. An important part of rehabilitation is to return the child to the most
appropriate school setting. Therapy and support is provided at the school as
needed. Ongoing communication with the school is very important especially
during the transition phase.

Bowel and bladder training can begin in preschool years when children nor-
mally become toilet trained. At development age of 5 to 6 years, those with
good hand function and adequate sitting balance can become independent in
self-catheterization, and can soon after learn to insert a suppository if needed
for bowel care. Surgical options are sometimes considered in children for blad-
der or bowel care. The Mitrofanoff procedure creates a stoma on the abdominal
wall, typically through the umbilicus, to allow accessibility for bladder cath-
eterization. A surgical option for bowel evacuation in children is the Malone
procedure or antegrade continence enema (ACE), which creates a stoma
(catheterizable appendicostomy) to allow antegrade use of enemas for bowel
evacuation.

Rehabilitation of children typically incorporates recreation and play as import-
ant components. Adaptive sports can be very beneficial.

Psychosocial Considerations

Decreased ability to explore environment in a developmentally appropriate
manner due to limited mobility after SCI can have a significant psychosocial,
educational, or vocational impact. The influence of peers becomes especially
significant in school years. Adolescence can be particularly tumultuous.
Anger or rebelliousness may surface. Physical appearance and relationship
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issues may arise. Support groups and sexual counseling are important at
this stage.

Ongoing Medical Management and Continuing Care

General pediatric and wellness care is important to incorporate in manage-
ment. In addition to the general immunization schedule, pneumococcus and
influenza vaccination is indicated to decrease the risk of chest infections.
Attention to nutrition is vital, avoiding both malnutrition and obesity.

Prevention, expeditious identification, and management of complications is
an essential part of ongoing management and is similar to adults with SCI in
many aspects.

Autonomic dysreflexia (AD) in children can occur with SCI above T6 neurological
level, as in adults with similar etiology and pathophysiology. Young children
may not be able to readily communicate symptoms of headache. It is important
to use appropriate sized cuff to measure blood pressure in children (width of
cuff ~ 40% of arm circumference); too large cuffs tend to underestimate and
small cuffs tend to overestimate blood pressure. Developmental variations in
baseline blood pressure in children are important to keep in mind. Systolic
blood pressure greater than 15 to 20 mmHg above baseline in adolescents and
greater than 15 mmHg in children may be a sign of AD.

Latex allergy is probably due to frequent exposure to latex containing medical
equipment/supplies. Young age at initial exposure and longer duration of
exposure are risk factors. Clinical features include urticaria, angioedema,
wheezing, and anaphylaxis. Intra-operative (e.g., latex glove contact) reaction
may be missed due to skin coverage by surgical drapes and may manifest with
anaphylactic reaction, unexplained hypotension, and tachycardia. History (e.g.,
rash with latex balloon, allergies to certain fruits) may provide a clue. Skin tests
can be helpful in establishing diagnosis. Preventive measures include mainte-
nance of a latex free environment, medical alert identification, and ready access
to auto-injectable epinephrine (EpiPen) for emergency use.

Scoliosis is extremely common if SCI occurs before skeletal maturity, with a
large proportion requiring surgical correction. Spine radiographs to monitor
for scoliosis are recommended every 6 months prior to puberty and annually
after that. Problems include pelvic obliquity and seated posture with reduced
upper extremity function, pressure ulcers, pain, gastrointestinal, and cardio-
vascular dysfunction.

Prophylactic bracing with thoracolumbosacral orthosis (TLSO) may
delay need for surgery for curves less than 20° (though may interfere
with mobility and self-care)

Surgical correction indicated for curves greater than 40° in children
over 10. Younger children can be managed conservatively for curves up
to 80° if flexible and decrease in a TLSO, otherwise surgery is indicated
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Hip instability (sublaxation, dislocation, contractures) is common with SCI less
than 8 to 10 years of age, and may require surgical correction for improving
function or if associated with complications (pressure ulcers, spasticity, AD).
Preventive measures include soft tissue stretching, spasticity management,
and prophylactic (abduction) bracing.

Transition to adulthood requires multidimensional planning and integration
including attention to independent living, employment, financial indepen-
dence, social participation, and continuing health care into adulthood.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Additional prospective studies are needed to better delineate optimal timing
and indications of surgical decompression of SCI in children. Further research
is needed on etiology and treatment options for SCIWORA. Longitudinal stud-
ies will be helpful to determine the natural history of neurological recovery in
children.

Transition of children with SCI into adulthood is an area where research is
relatively sparse and additional study is needed.
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CHAPTER 12

Nontraumatic Myelopathies:
Overview and Approach

GENERAL PRINCIPLES

A variety of nontraumatic conditions can involve the spinal cord (Table 12.1).
Nontraumatic spinal cord involvement in the United States and other devel-
oped countries is most often related to degenerative conditions of the spine,
followed by spinal tumors. On the other hand, infections, including tuberculo-
sis and HIV, are the predominant cause of nontraumatic myelopathy in many
developing countries.

While systems of care for people with traumatic spinal cord injury (SCI) have
evolved over the past few decades, barring a few exceptions, systems of care for
the assessment and management of nontraumatic myelopathies are less well
defined and these disorders have been less well studied, despite their relative
overall high prevalence.

However, SCI centers are now reporting increasing proportions of admissions
for nontraumatic spinal cord injuries over the last several years, and a more
thorough understanding and study of these disorders is warranted.

There is much in common between the presentation, consequences, complica-

tions, and management of traumatic and nontraumatic myelopathies. However,
there are also some significant differences (Table 12.2).

CLINICAL CONSIDERATIONS

Assessment

Approach to assessment depends on the presentation and context.

Often the first priority is to exclude a treatable compression of the spinal cord
(Table 12.3). Neck or back pain, bladder dysfunction, and sensory symptoms
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Table 12.1
1. Spondylotic/degenerative
a. Cervical spondylotic myelopathy
b. Lumbar stenosis or disk-related cauda equina syndrome
2. Neoplastic
a. Spinal metastases
b. Primary spinal tumors
3. Vascular
a. Ischemic
b. Hemorrhagic
4. Infectious (bacterial, viral, mycoplasma, parasitic)
5. Inflammatory
a. Multiple sclerosis
b. Acute transverse myelitis, acute disseminated encephalomyelitis (ADEM)
c. Neuromyelitis optica
d. Connective tissue disorders
i. Systemic lupus erythematosus
ii. Sjogren-related
iii. Sarcoidosis
iv. Vasculitis
e. Arachnoiditis
6. Metabolic/nutritional
a. Vitamin B12 deficiency (subacute combined degeneration)
b. Copper deficiency
7. Toxic/environmental
a. Chemical
b. Radiation
c. Electrical
d. Lightning
e. Decompression sickness
8. Developmental and hereditary conditions
Syringomyelia (often with Chiari malformation)
Myelomeningocele
Tethered cord syndrome
Inherited disorders of metabolism

Spinocerebellar degeneration

™0 00 T w

Hereditary spastic paraplegia
g. Spinal muscular atrophy

9. Motor neuron disease/amyotrophic lateral sclerosis




96

Table 12.2

III. Nontraumatic Myelopathies

Characteristics of Nontraumatic Versus Traumatic Myelopathies

Traumatic

Nontraumatic

Age of onset

Gender distribution
Neurological level
Completeness of injury

Neurological examination
and classification

Comorbidities

Complications

Younger (although
increasing incidence in
older adults)

80% male, 20% females
Tetraplegia or paraplegia
Complete or incomplete

Based on the Interna-
tional Standards for
Neurological Classifica-
tion of Spinal Cord Injury
(ISNCSCI)

Fewer comorbidities with
younger age

Multiple complications, can
affect all body systems

Depends on the underlying
etiology, but older
overall

Higher percent of females
More often paraplegia
More often incomplete

While examination based
on ISNCSCI can also
apply to several nontrau-
matic myelopathies, it is
inappropriate for others,
e.g., multiple sclerosis
(with the exception of
transverse myelitis) or
amyotrophic lateral
sclerosis

Higher prevalence of
age-related comorbidi-
ties, may affect manage-
ment and outcomes

Many of the same
complications as in
traumatic but less
prevalence of autonomic
dysreflexia, orthostatic
hypotension, venous
thrombo-embolism, and
pneumonia reported

Abbreviation: ISNCSCI, International Standards for Neurological Classification of Spinal Cord Injury.

Table 12.3

Causes of Compressive Myelopathy

Posttraumatic

Epidural, intradural, or intramedullary tumor

Epidural abscess

Hemorrhage

Cervical spondylosis, spinal stenosis

Midline disk herniation, subluxation, or dislocation

often accompany or precede the paralysis caused by epidural compression.
Magnetic resonance imaging (MRI) with gadolinium infusion, focused on the
clinically suspected area, is often the initial test of choice.
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Once spinal cord compression is excluded, additional investigation is often
required to establish the cause of acute myelopathy including laboratory stud-
ies and often a lumbar puncture (Table 12.4).

While assessment and classification based on the International Standards
for Neurological Classification of SCI can be applied to several types of
nontraumatic myelopathies that present with a neurological level, it is not
applicable to disorders such as multiple sclerosis (MS) (except when there
is a distinct sensory level as in transverse myelitis) or amyotrophic lateral
sclerosis (ALS).

Management

Management depends on the underlying cause, associated impairments, and
functional limitations.

Several of the same complications may occur with nontraumatic myelopathies
as with traumatic SCI, including skin, bowel, and bladder dysfunction. However,
some complications are reported to be significantly less common including

Table 12.4
Evaluation of Acute Transverse Myelopathy

Rationale/Etiology Tests
Being Evaluated

Compressive causes  Spinal imaging, MRI with and without contrast
(Table 12.3)

Intrathecal inflamma-  Cerebrospinal fluid studies, including: Cell count, protein,
tion or infection glucose, IgG index/synthesis rate, oligoclonal bands, VDRL;
Gram'’s stain, acid-fast bacilli, and India ink stains; PCR viral
studies; antibody for Borrelia, Mycoplasma, and Chlamydia;
viral, bacterial, mycobacterial, and fungal cultures

Infectious causes Blood studies for infection: e.g., HIV; RPR; enterovirus
antibody; mumps, measles, rubella, antibodies
Immune-mediated ESR; ANA; dsDNA; rheumatoid factor; complement levels;
etiology antiphospholipid and anticardiolipin antibodies

Sjogren syndrome suspected: Schirmer test, salivary gland
scintography, and salivary/lacrimal gland biopsy

Sarcoidosis: Serum angiotensin-converting enzyme; serum
Ca; 24-h urine Ca; chest x-ray; chest CT; total body gallium
scan; lymph node biopsy

Demyelinating Brain MRI, evoked potentials, oligoclonal bands
disease
Vascular causes CT myelogram, spinal angiogram

Abbreviations: ANA, antinuclear antibodies; CT, computerized tomography; dsDNA, double-stranded
DNA; ESR, erythrocyte sedimentation rate; PCR, polymerase chain reaction; RPR, rapid plasma reagin
(test); VDRL, Venereal Disease Research Laboratory.



98 III. Nontraumatic Myelopathies

autonomic dysreflexia, orthostatic hypotension, venous thrombo-embolism,
and pneumonia. Lower neurological level of injury and greater incompleteness
of injury likely contribute to these differences.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Systems of care for the assessment and management of nontraumatic myelop-
athies are less well defined than those for traumatic SCI, and these disorders
have not been as well studied.
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CHAPTER 13

Cervical Spondylotic
Myelopathy

GENERAL PRINCIPLES

Cervical spondylotic myelopathy (CSM) is a condition in which the spinal cord is
damaged, either directly by traumatic compression and abnormal movement, or
indirectly by ischemia due to arterial compression, venous stasis, or other con-
sequences of the degenerative changes that characterize cervical spondylosis.

The average anteroposterior (AP) diameter of the canal measures ~17 mm from
C3-C7. The space required by the spinal cord averages 10 mm. An absolute
spinal canal stenosis exists with a sagittal diameter of less than 10 mm. The
stenosis is relative if the diameter is 10 to 13 mm.

Etiology

CSM results from degenerative changes that occur in the cervical spine, includ-
ing the joints, intervertebral discs, ligaments, and connective tissue.

A congenitally narrow canal lowers the threshold by which trivial trauma or
early degenerative changes may cause myelopathy.

Less common etiologies include ossification of the posterior longitudinal
ligament, which has a particularly high incidence in the Asian/Japanese
population.

Epidemiology

CSM is the most common cause of spinal cord dysfunction in persons more
than 55 years of age in North America. Men are affected more than women.

The most frequently involved levels are the more mobile segments: C5-C6,
C6-C7, and C4-C5.

Patients older than age 60 often have multi-segmental disease.
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Pathophysiology

Both static and dynamic factors contribute to the development of CSM.

Static Factors

Static factors include narrowing of the spinal canal from: decreased height of
the degenerating inter-vertebral disk leading to increased sagittal diameter
and bulging of the disk, reactive hypertrophy and osteophyte formation at the
vertebral end plates, projection of osteophytes from the uncovertebral and facet
joints, and hypertrophy of facet capsules and ligamentum flavum.

Dynamic Factors

Dynamic factors may also affect spinal canal dimensions. With hyperexten-
sion, the ligamentum flavum buckles into the canal and the degenerated disk
may bulge posteriorly, which decreases the space available for the cord. In
those with a kyphotic sagittal alignment, the cord can become tethered over
spondylotic anterior elements during flexion even though the canal diameter
is increased. As spinal segments are stiffened by spondylotic change, adjacent
segments may develop relative hypermobility or even subluxation, which con-
tributes to cord impingement.

Pathological Changes

Pathological cord findings in cervical myelopathy include gray as well as white
matter destruction, with ascending and descending demyelination. There is
relative sparing of anterior columns.

The extent to which direct mechanical compression of neural elements and
neuroischemia contribute to pathological changes is unclear. With progressive
compression, blood flow through the terminal branches of the anterior spinal
artery within the spinal cord maybe interrupted.

Secondary spinal cord injury (SCI) in CSM is likely related to a variety of
mechanisms such as glutamate toxicity, free radical mediated cell injury, and
apoptosis.

Disease Course

Natural history of CSM is highly variable and still not well defined. Onset is
typically insidious but may be acute, for example, with a hyperextension injury
after a fall.

Some patients experience a benign clinical course with neurological improve-
ment, though complete resolution is infrequent. The majority, however, do
not experience spontaneous improvement and may experience neurological
deterioration over time. Stepwise neurological worsening with interspersed
periods of quiescent stability is common; less commonly patients may expe-
rience slow, steady progression.
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Prognostic Indicators

Favorable prognostic indicators include symptoms of less than 1 year duration,
mild myelopathic symptoms at presentation, and younger age at initial presen-
tation. Motor symptoms tend to be more progressive and less likely to improve
than sensory abnormalities.

Associated Conditions and Complications

CSM often occurs concomitantly with cervical radiculopathy. Over 5% of
patients with CSM are estimated to have coexisting lumbar stenosis, which
may complicate assessment and diagnosis. Patients with CSM may develop
acute cord compression with central cord syndrome even with relatively minor
hyperextension trauma, for example, after a fall.

CLINICAL CONSIDERATIONS

Assessment

History

Depending on the magnitude and chronicity of the spinal cord dysfunction,
patients may be asymptomatic or severely disabled. Patients with CSM present
with a broad spectrum of signs and symptoms.

Early symptoms include diminished hand dexterity and subtle changes in bal-
ance and gait with leg stiffness, incoordination, and/or weakness. Patients may
present with frequent falls. Initial sensory complaints are often predominant
in the upper extremities.

Compromised bladder or bowel function is less common, but when present is
associated with greater disease severity.

Occipital headache, neck and/or upper extremity pain from associated radic-
ulopathy is common.

Physical Examination
Spastic paraplegia is a typical finding reflecting early involvement of the corti-
cospinal tracts.

Pathological reflexes such as Hoffman sign, Babinski sign, hyperreflexia in
lower extremity muscle stretch reflexes (MSR), and clonus are consistent with
cord compression. A normal jaw MSR helps to distinguish CSM from intracra-
nial pathology. The presence of concomitant lumbar stenosis may mask lower
extremity hyperreflexia.

Upper motor neuron signs may be accompanied by lower motor neuron signs
such as hyporeflexia and fasciculations in the upper extremities at the level of
cord or root compression (e.g., shoulder girdle muscle wasting and fascicula-
tions at C5-C6 or intrinsic hand muscle atrophy at C8-T1).
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Sensory changes vary according to the location and extent of spinal cord dys-
function. Altered vibratory and proprioceptive changes are often present. Pos-
terior column dysfunction may result in ataxia, positive Rhomberg’s sign, and
a wide-based gait.

Patients with CSM who develop a central cord syndrome after hyperextension
injury typically manifest with disproportionately greater upper extremity than
lower extremity weakness and relative sacral sensory sparing.

Limited neck range of motion reflects underlying spondylosis. Patients may
exhibit L'hermittes phenomenon upon neck flexion, characterized by a brief
shock-like sensation down the spine and extremities.

Assessment of Impairment and Function

Grip strength evaluation with a dynamometer, the 10-second step test, and
the 10-second open-and-close-hand test are valid measures for assessment
of impairment and are useful tools to measure natural history and treatment
efficacy. Normal subjects can perform the latter two tests more than 15 and
20 times respectively.

Gait analysis including changes in walking speed has been shown to be a reli-
able method of monitoring response to treatment.

Scales for evaluation of CSM include the modified Japanese Orthopedic Associ-
ation (mJOA) scale which assesses items related to motor and sensory function
of upper and lower extremities and bladder function. The myelopathy disabil-
ity index (MDI) is another instrument that includes items regarding activities
of daily living (ADL) that are commonly affected by CSM.

Diagnostic Tests

Imaging

Imaging is the key to diagnosis. Antero-posterior, lateral, and oblique radio-
graphs should be performed in those with suspected CSM.

Spondylotic changes such as disk space narrowing and osteophyte formation
and listhesis are often present (although should be interpreted with the aware-
ness that such changes are common with increasing age even in the absence of
CSM). Any decrease in segmental and global lumbar lordosis should be noted.

The absolute sagittal diameter of the spinal canal should be measured from
the posterior aspect of the mid-vertebral body to the spinolaminar line. The
sagittal canal diameter to 13 mm or less at C3 to C7 is considered stenotic,
but the absolute measurement is affected by the degree of magnification of
the radiograph. The ratio of the sagittal canal diameter to mid-vertebral body
diameter (Torg-Pavlov ratio) of 0.8 or less on a standard lateral radiograph is
considered evidence of spinal canal stenosis (Table 13.1). Calculating this ratio
eliminates the influence of magnification differences between radiographs,
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Table 13.1
Torg-Pavlov Ratio

Measured on a Conventional Lateral Radiograph

Ratio of:

a. The sagittal diameter of the spinal canal (measured as the shortest distance from
the midpoint of the posterior surface of the vertebral body to the spinolaminar line),
and

b. Sagittal diameter of the vertebral body (measured between the midpoints of the
anterior and posterior surfaces of the vertebral body)

Ratio of a/b <0.8 is considered to be significant for cervical spinal stenosis (normal ratio

of a/bis ~1.0)

Using a ratio vs the absolute canal diameter eliminates influence of magnification

differences between radiographs

Limitations:

Considered to be highly sensitive but of low predictive value

Does not take into account spondylotic changes that occur in the vicinity of the
intervertebral disk, or the contribution of soft tissue to canal narrowing

Clinical relevance, by itself, to predict risk of myelopathy after trauma is uncertain

Should not be used as an indication in itself to perform prophylactic surgery

and offers a universally comparable numeric value. Although some correlation
has been suggested, the role of the Torg-Pavlov ratio for predicting clinically
relevant risk of occurrence of SCI after a traumatic event has not been conclu-
sively established.

Lateral flexion and extension radiographs provide assessment of range of
motion and instability.

Magnetic resonance imaging (MRI) is useful for evaluation of the soft tissues
and neural elements. The effect of CSM on the size and shape of the spinal cord
should be assessed. Relatively good correlation has been reported between
clinical severity of CSM and the presence of a region of high signal intensity in
T2-weighted MR images. CT myelography has a limited role but may provide
additional information regarding the bony architecture and stenosing osseous
structures.

Lumbar spinal imaging may be indicated in cases of suspected concomitant
lumbar spinal stenosis.

Laboratory studies are primarily done to rule out other etiologies in the differen-
tial diagnosis of CSM.

Electrodiagnostic testing is helpful for evaluating root involvement and to
exclude coexisting or other differentials such as amyotrophic lateral sclerosis
or neuropathies.
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Evoked potential testing may have a useful role in certain specific situations for
diagnosis and prognosis, and in intra-operative monitoring during high risk spine
surgery. Somatosensory evoked potentials (SSEP) can provide indication of poste-
rior column function but don't provide information about motor tracts and are not
sufficiently precise to localize the cord involvement. Motor evoked potential (MEP)
elicited with transcranial magnetic stimulation evaluate motor tracts have been
shown to correlate with clinical features and imaging. Normal MEPs predicted
favorable prognosis in a study of patients with MRI features of asymptomatic CSM.

Differential Diagnosis

Although CSM is the most common cause of cervical myelopathy it is important
to consider a broad differential diagnosis. This includes motor neuron disease,
multiple sclerosis and other demyelinating conditions, other causes of spinal
cord dysfunction (e.g, tumors, syringomyelia, infectious, inflammatory, and
nutritional myelopathies), peripheral and entrapment neuropathies, intracra-
nial pathology, and systemic causes of hyperreflexia.

It is important to remember that these conditions may coexist with CSM.

Management

The varied natural history of the disease makes evaluation of treatment options
challenging. Definitive treatment guidelines for CSM are limited with several
areas of controversy and lack of consensus.

Medical and Rehabilitative Management

Patients without major neurological deficits but with radiological evidence of
cord compression may be treated conservatively and monitored. The role of
surgical decompression in this setting remains controversial. A soft cervical
collar may limit additional injury by acting as a restraint to extremes of move-
ment and there are some reports of association of its use with neurological
improvement although the evidence for this is limited. More rigid collars are
often discarded if prescribed for long-term use. Discouragement from high risk
and high impact activities is prudent. Nonsteroidal anti-inflammatory drugs
(NSAIDS) are used for symptomatic pain management.

Rehabilitation interventions depend on the extent and type of neurologi-
cal deficit. Mobility assessment, gait training, and fall risk management are
important components in those with significant lower extremity neurologi-
cal impairment. Patients with upper extremity weakness and impaired hand
dexterity are candidates for ADL assessment and training and prescription
of appropriate adaptive equipment. There is evidence to suggest that patients
with spinal cord dysfunction due to CSM make significant functional gains
with inpatient rehabilitation and can achieve functional outcomes similar to
those with traumatic SCI.

Promptmanagementand secondary prevention of complications suchasurinary
incontinence, urinary tract infections, pressure ulcers, and venous thrombo-
embolism is important in those with significant spinal cord dysfunction.
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Surgical Management

In the setting of progressive neurological deficit with CSM, surgical decom-
pression should be considered, although evidence-based consensus about
the long-term effectiveness of surgical intervention and the specific surgical
approach is still limited.

Both anterior and posterior surgical approaches have been used to treat CSM.
The choice of technique depends upon factors including location of the primary
compressive lesion, presence of spinal instability, spinal alignment, number
of levels involved, and surgeon preference. Anterior approaches include ante-
rior cervical discectomy and fusion or cervical corporectomy. The presence of
cervical kyphosis usually requires an anterior approach. Patients who have
widespread stenosis with multi-segmental cord compression, ligamentum
flavum buckling, or technical/mechanical factors that interfere with an ante-
rior approach, may be candidates for posterior decompression. Laminectomy
alone carries the risk of developing postoperative kyphotic deformity which is
lessened with other posterior approaches such as laminectomy with fusion, or
laminoplasty. A high incidence of C5 motor root paralysis has been reported
with laminoplasty. Disk arthroplasty in conjunction with decompression proce-
dures has been hypothesized to decrease the incidence of adjacent level disease.
While initial results have been promising longer follow-up is needed to justify
the additional expense as well as to identify potential long-term complications.

Patient Education

Patients should be fully informed of the risk, benefits, and limitations of vari-
ous surgical and nonsurgical treatment options so they can participate in mak-
ing informed decisions about their care.

Practice Pearls

Routinely consider CSM in the differential diagnosis of unexplained subtle gait abnor-
malities or hyperreflexia in elderly patients.

Don’t assume that CSM is the primary cause of neurological impairment just because
there is radiological evidence of cervical spondylosis without evaluating for other
conditions.

Remember that concomitant lumbar stenosis may cause diagnostic confusion by
masking typical finding of CSM such as hyperreflexia.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Recent advances in novel neuroimaging techniques are likely to play a key
future role in assessment and management of CSM. Spinal diffusion tensor
imaging (DTI) analyzes movement of extracellular water within white mat-
ter fibers, provides ability to perform three-dimensional reconstruction of the
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spinal cord, and can help quantify severity of injury to individual white matter
tracts. Magnetic resonance spectroscopy (MRS) offers metabolic information
regarding cellular biochemistry and function of neural structures within the
spinal cord. There is also emerging interest in using functional MRI of the
brain to study cortical reorganization in response to CSM, which may provide
an explanation of why some patients with radiological evidence of severe CSM
are able to function with relatively minor neurological deficits.

Given the fact that some patients with CSM do not experience neurological
improvement following surgery despite MRI evidence of alleviation of the spi-
nal cord compression, there is growing interest in identifying cellular mecha-
nisms affecting spinal cord function. There are efforts to develop appropriate
chronic SCI animal models to study targeted therapies that directly address
the biological injury on a molecular level.

There are controversies about the natural history of CSM as well as the role and
long-term outcomes of conservative versus surgical treatment of patients with
mild symptoms. Uniform consensus about the preferred surgical approaches is
lacking. Randomized clinical studies are needed to resolve these issues.
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CHAPTER 14

Nontraumatic Cauda
Equina Syndrome

GENERAL PRINCIPLES

Cauda equina syndrome (CES) results from pathology involving multiple
sacral and lumbar nerve roots within the lumbar spinal canal with resulting
neurological deficit. Impairments may include bladder and bowel dysfunction,
sensory impairment in the perineal saddle area, and variable lower extremity
weakness and reflex changes.

Etiology

While CES can result from spinal trauma, there are several nontraumatic causes
of CES. The most common among those is midline lumbar disk herniation. The
most common site of disk herniation associated with CES is at the L4-5 level.
Other causes include spinal stenosis, tumors, hematoma, abscess, or iatrogenic,
for example due to direct injury to the cauda equina during surgery, compres-
sion from a postoperative hematoma, or spinal manipulation.

Epidemiology

While it is considered to be relatively rare, the reported incidence of CES varies
considerably and is not well defined. It is estimated to occur in 1% to 6% of
lumbar disk herniations that undergo surgical treatment.

Pathophysiology

The nerve roots that form the cauda equina may be particularly susceptible to
injury from mechanical compression due to a relative lack of protective connec-
tive tissue covering. Unlike peripheral nerves that are covered by epineurium,
perineurium, and endoneurium, nerve roots of the cauda equina only have
endoneurium covering. In addition to the primary compressive injury, second-
ary injury mechanisms may including nerve root ischemia. Mechanical com-
pression of the nerve roots may also impair nutrition of the nerve roots, cause
venous stasis, and impede axonal flow. Some patients may be predisposed to
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cauda equina injury if they have a congenitally narrow spinal canal or have
acquired spinal stenosis from a combination of degenerative changes of the
disk and the segmental posterior joints and thickening of the ligamentum
flavum.

Disease Course

The disease may present acutely with sudden onset or may have a much more
gradual progression of neurological impairment over weeks or months.

CLINICAL CONSIDERATIONS

Assessment

History

Patients may present acutely with urinary retention, accompanied by sudden
onset of low back pain with variable radiation to the legs, variable leg weak-
ness, and perineal anesthesia (Table 14.1). Bowel disturbance may range from
constipation to incontinence but is not always obvious in those with acute pre-
sentation due to loss of rectal sensation

Another subset of patients may have a much more insidious onset with slow
progression of numbness, tingling, or urinary symptoms. They may notice
perianal sensory impairment as an abnormal sensation while wiping them-
selves with toilet paper. Bladder dysfunction may not always be reported espe-
cially if patients don't have urinary incontinence, but large volumes may be
noted on postvoid urine residuals on testing.

Impairment of sexual function may occur and genital sensory impairment may
be reported with symptoms of reduced penile sensation or reduced sensation
noted during sexual activity.

Some of these patients may have long-standing history of lumbar disk dis-
ease associated with low back pain. Those with preexisting lumbar spinal
stenosis often have history of neurogenic claudication with pain that occurs
while walking or prolonged standing, and improves with rest or flexion
position.

Physical Examination

Assessment should include careful examination of the sacral and lumbar
myotomes and dermatomes including testing of the perianal region for
light touch and pin-prick sensation. Neurologic rectal examination includes
determination of deep anal pressure and testing for voluntary contraction
of the external anal sphincter around the examiner’s finger. Anal wink and
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Table 14.1

Comparison of Conus Medullaris and Cauda Equina Lesions?

Clinical Feature Conus Medullaris Cauda Equina

Pain Less common Frequent

Symmetry More often symmetrical Often asymmetrical

Sensory loss Saddle distribution, may Radicular sensory loss,
have dissociated loss sensory loss is not
of pain and temperature dissociated
sensation

Muscle stretch reflexes May be preserved Often lost depending on

the nerve roots involved
Anal and bulbocavernosus  Often lost, but may be Usually lost
reflex preserved in high conus

lesions

Bowel and bladder reflexes  Usually absent, but may be  Usually absent
preserved in high conus
lesions

Prognosis for recovery Less likely More likely

alt is often difficult to clinically distinguish conus medullaris and cauda equina lesions due to overlap-
ping features and usual concomitant involvement of lumbar roots with conus injuries. Isolated conus
medullaris injuries are rare.

bulbocavernosus reflex should be examined to evaluate the sacral roots. Motor
exam may reveal variable leg weakness and loss of reflexes.

Conus Medullaris vs. Cauda Equina Lesions

The neurological examination will vary with the location of damage and the
relative involvement of the conus and cauda equina (Table 14.1). Conus medul-
laris lesions typically result in impaired sensation over the sacral dermatomes
(saddle anesthesia), lax anal sphincter with loss of anal and bulbocavernosus
reflexes, and sometimes weakness in the lower extremity muscles. Depend-
ing on the level of the lesion, this type of injury may manifest with a mixed
picture of upper motor neuron and lower motor neuron signs. For example,
with high lesions of the conus medullaris there may occasionally be preserva-
tion of the bulbocavernosus reflex and anal wink that are typically absent with
lower lesions. Cauda equina involvement more often results in asymmetric
atrophic, areflexic paralysis of the limbs, radicular sensory loss, and sphincter
impairment. In some cases it may be difficult to clinically distinguish a conus
medullaris injury from a cauda equina injury.

Diagnostic Tests

Magnetic resonance imaging is the imaging of choice because of its ability
to visualize the soft tissues, including nerve roots, dural sac, ligamentous
structures, intervertebral disks, and epidural or subdural hematomas.
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Practice Pearls

Development of new symptoms of perianal sensory changes or bladder symptoms in
patients with an increase in back pain or sciatica should be urgently investigated with
appropriate diagnostic imaging and consultation as needed. There is sometimes a
tendency to minimize new symptoms in those with long-standing back problems both
on part of the patient and physician.

A high index of suspicion for a hematoma compressing the cauda equina is warranted
in patients who are on anticoagulant therapy and develop bladder or sacral sensory
impairments. Similarly, development of increasing back pain or persisting difficulty in
voiding in the postoperative period after spine surgery requires a high index of suspi-
cion and prompt evaluation.

Management

Prompt attention is typically warranted. Surgical decompression is indicated,
often involving laminectomy and/or diskectomy, with nonsurgical manage-
ment having a relatively limited role. Decompression should not be unduly
delayed, and it is generally agreed that it should be performed within 24 to
48 hours. However, there is less consensus regarding even more urgent inter-
vention, with some suggestion that waiting till the next morning when proper
facilities are available may be preferable to performing an emergency proce-
dure if the patient presents in the evening and optimal resources are not avail-
able without waiting overnight. Surgery can be technically demanding and
care is needed to avoid causing further nerve root damage. Postoperatively, a
comprehensive rehabilitation program may be indicated to address residual
impairments and functional deficits in mobility and activities of daily living,
and to address persisting problems with neurogenic bladder, bowel, and/or
sexual dysfunction.

Prognosis: Incontinence at presentation is a poor prognostic feature. Those
with incomplete CES without urinary retention have better prognosis for
recovery than those with the full-blown syndrome. Recovery may continue for
up to 1 year or longer after surgery.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Further evaluation of timing and urgency of surgical intervention is needed.
Controversy currently exists in this regard. Some studies imply that outcome
is independent of the timing of surgery. However, other studies have demon-
strated that motor deficits are more likely to persist with delayed surgery.
Outcome studies are needed to define which subgroups of CES may benefit
from emergency surgery and which do not need such urgent intervention.
The procedures performed for CES range from microdiskectomy to wide
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laminectomy, diskectomy, and open inspection of nerve roots but additional
studies are needed to compare the effectiveness and outcomes of these various
surgical procedures.
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CHAPTER 15

Tumors of the Spine
and Spinal Cord

GENERAL PRINCIPLES

Etiology and Epidemiology

Tumors involving the spine and spinal cord can be classified based on origin
(primary or secondary) or based on location as extradural or intradural
(i.e., outside or inside the thecal sac). Intradural tumors can be further divided
into extramedullary or intramedullary (i.e., arising outside or within the spinal
cord). Fifty-five percent to 60% of all spinal tumors are extradural, 35% to 40%
are intradural-extramedullary, and 5% are intramedullary.

Extradural Tumors

Metastatic tumors account for over 98% of extradural spinal tumors, with
primary vertebral tumors making up the remaining small fraction. About 1
in 20 patients with cancer develop spinal cord compression. Nearly all types
of cancers can metastasize to the spine, but most common sources are lung,
breast, prostate, kidney, lymphoma, and myeloma. The thoracic spine is the
most common part of the vertebral column involved in metastatic disease,
except in prostatic cancer where the lumbar spine is more often involved.

Intradural-Extramedullary Tumors

Extramedullary tumors are mostly benign. Meningiomas and neurofibro-
mas/schwannomas account for the great majority. Meningiomas are often
located posterior to the thoracic cord or near the foramen magnum, occur
more often in females, and most often occur in the thoracic spine. Neurofibro-
mas and schwannomas arise from Schwann cells of the nerve roots. Multiple
neurofibromas suggest the likelihood of neurofibromatosis.

Intradural-Intramedullary Tumors

Intramedullary tumors are ependymomas, astrocytomas, or others (including
hemangioblastoma and, occasionally, intramedullary metastases). Ependy-
momas are more common in adults; astrocytomas account for the majority of
intramedullary tumors in children. Ependymomas arise from cells lining the
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central canal; nearly all are benign; they are most commonly located in the
cervical cord or in the vicinity of the cauda equina/filum terminale. Astrocyto-
mas can vary in degree of invasiveness from low-grade to high-grade, and are
most often cervical.

Disease Course

Extradural metastatic tumors have an acute or subacute onset. Intradural
tumors grow slowly and have a gradual progression. Intramedullary tumors
usually have an insidious disease course that develops over weeks or months.

CLINICAL CONSIDERATIONS

Assessment

History and Examination

The most common presenting symptom of spinal tumors is pain. Pain is often
unremitting, worse in the supine position, and more noticeable at rest. Pain
may be local or radicular.

Recent onset of persisting pain in the thoracic spine that awakens the patient
at night and worsens with coughing or sneezing suggests that the possibility
of vertebral metastasis should be considered. There is often a known history
of the primary tumor, but in about 20% of cases spinal metastases are the ini-
tial presentation of cancer elsewhere. Local tenderness is usually present on
palpation.

Neurological deficits can occur due to cord compression and/or local nerve
root involvement. Distribution of deficits is based on the location of the lesion.
Segmental pain and sensory loss can occur at the level of the tumor due to
dorsal root irritation or compression. Segmental lower motor neuron loss may
also be present at the level of the tumor, and upper motor neuron signs may
be present below the level of the lesion. Sensory loss below the lesion level and
sphincter involvement may also be present.

Intramedullary tumors often extend over multiple segments and may give a
clinical picture similar to a syringomyelia (e.g., dissociated sensory loss, cen-
tral cord syndrome).

The general physical examination may provide clues about the source of the
tumor (e.g., primary site of metastatic cancer, café-au-lait spots suggestive of
neurofibromatosis).

Diagnostic Tests

Magnetic resonance imaging (MRI) is the imaging of choice and provides
excellent visualization of the tumor and the involved structures. It is also able
to distinguish tumors from other masses, for example, abscess or hematoma.
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Gadolinium-enhanced and noncontrasted MRI sequences are standard.
Location and appearance can help characterize the type of spine or spinal cord
tumor. Plain radiographs and bone scans have a limited role since they don’t
identify a substantial percent of tumors.

In case of a suspected metastatic lesion seen on MRI, the entire spine should be
visualized since there are often additional silent metastases present. Testing to
identify the primary source of tumor is needed if spinal metastasis is the first
presentation of cancer, including possible tissue biopsy.

Management

Surgical Resection of Primary Spinal Tumors

Surgical removal is the treatment of choice for most extramedullary tumors
(which are usually benign), and is curative in most cases. Intramedullary
tumors are also removed surgically. Ependymomas are often well demarcated
so amenable to complete removal. If astrocytoma removal is incomplete or
there is histological evidence of malignancy, postoperative radiation is typi-
cally given.

Management of Metastatic Spinal Cord Compression

Metastatic spinal cord compression needs to be addressed urgently, typically
with steroids (to reduce edema) and radiation. In addition, specific therapy is
initiated once the tumor type is identified.

If not medically contraindicated, steroids are recommended for any patient
with neurologic deficits who is suspected or confirmed to have metastatic
extradural spinal cord compression. A uniform consensus on dose is lacking. A
bolus of 8 to 10 mg dexamethasone (or equivalent) can be given, followed by 16
mg/d (usually in 2-4 divided doses for tolerance). Patients with complete para-
plegia should be considered for higher bolus (up to 100 mg has been suggested)
and high maintenance doses, but the risk of serious adverse reactions should
be considered. Motor deficits that are established for over 12 hours and don't
improve in 48 hours have a poor prognosis for recovery. Steroids are generally
continued at a lower dose till radiotherapy is complete, and gradually tapered
over several days. Patients with radiographic compression but no neurologic
deficits generally do not require steroids.

Radiation therapy directed at the compressive tumor is also usually given, and
should be started as early as possible. A typical regimen is 3000 cGY adminis-
tered over 15 days. Surgical decompression with laminectomy is rarely done or
needed with the use of radiation in this situation. However, with advances in
surgical techniques, surgical interventions for controlling neurological deficit,
pain, and instability, including minimally invasive surgery, have been advo-
cated as a treatment option. It has been suggested that surgery followed by
radiation may have better outcomes than radiation alone for patients in some
situations; surgical morbidity needs to be factored in that decision.
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Rehabilitation Management

Several reports have demonstrated that patients with functional loss from
neoplastic spinal cord compression can make significant functional gains
from inpatient rehabilitation. Rehabilitation treatment may focus on mobil-
ity, self-care, management of bladder and bowel dysfunction if present, and
pain, mood, and/or fatigue management. Preservation of effects of rehabili-
tation has been reported postdischarge in patients who have survived, with
demonstrated maintenance of function for self-care and mobility at several
months after discharge.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Minimally invasive surgical techniques have been reported as a treatment
option for spinal metastasis with good results. The role of stereotactic radiosur-
gery, to deliver a high dose of radiation to the target site while decreasing the
amount delivered to the normal tissue, is being explored as a potential option
for treatment of spinal metastasis.
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CHAPTER 16

Vascular Myelopathy—Spinal
Cord Infarction

Myelopathy due to a vascular cause can be secondary to:

Spinal cord infarction, or
Hemorrhage which could be
Within the spinal cord (hematomyelia)
In the epidural or subdural space, causing spinal cord compression

GENERAL CONSIDERATIONS

Etiology

Spinal cord ischemia can be caused either by systemic hypoperfusion or by
focal interruption of blood supply. A definite etiology may not be identified in
a significant proportion of cases.

Most common causes of spinal cord infarction are:

Aortic surgery, instrumentation, or cross-clamping
Dissecting aortic aneurysm
Profound systemic hypotension

Other causes include:

Cardiac embolism

Atherosclerosis, atherothrombosis, and atheroembolism

Vertebral artery dissection from cervical trauma or manipulation
Vertebral or aortic angiography

Arteritis (e.g., due to collagen vascular disease such as polyarteritis
nodosa, systemic lupus erythematosus [SLE], or Sjogren syndrome,
sarcoidosis, syphilis, tuberculosis, or cocaine use)

Venous thrombophlebitis

Hematological (due to procoagulant states, thrombocytosis, or sickle
cell disease)
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Fibrocartilaginous embolism (from nucleus pulposus material
following intervertebral disk rupture or trauma)

As a complication of epidural injection

Air embolism (from nitrogen bubbles in decompression sickness)

Epidemiology

Spinal cord infarction is a relatively rare cause of myelopathy. Age and gen-
der distribution depends on the underlying etiology. Given the most frequent
causes, it is most commonly seen in middle to older age.

Paraplegia is much more common than tetraplegia, with the mid-thoracic spi-
nal cord being the most commonly involved region. With aortic aneurysm sur-
gery, spinal cord infarction may occur in up to 5% to 10% of thoraco-abdominal
aneurysm repairs, but is very rare in procedures below the infrarenal segment.

Pathophysiology

Important aspects of the blood supply of the spinal cord that affect the patho-
physiology of spinal cord ischemia are summarized in Table 16.1.

Disease Course

Onset is typically acute with rapid progression. Initial flaccid paralysis may
evolve to spastic paralysis with signs of upper motor neuron weakness or a mixed
picture during the course of the disease. Those with complete paralysis have
poor prognosis for neurological recovery. Some reports suggest that sphincter or
sensory impairments are less likely to improve than motor weakness.

CLINICAL CONSIDERATIONS

Assessment

History and Physical Examination

Presentation is usually sudden. Radicular or trunk/back pain sometimes her-
alds the onset, and may be severe. Depending on the location of involvement,
pain may be interscapular, referred to the shoulders or chest (mimicking car-
diac pain), abdomen, anterior thighs, or buttocks.

Weakness and sensory loss are based on the level and distribution of ischemia.
An anterior cord syndrome is typical with loss of pain and temperature and
preserved touch, vibration, and position sense accompanying the paralysis,
but other distribution of deficits may occur including those consistent with a
complete transverse myelopathy, Brown-Sequard syndrome, central cord syn-
drome, or, rarely, a posterior cord syndrome. Typically, the paralysis is initially
flaccid, accompanied by loss of muscle stretch reflexes and flaccid sphincters.
It may evolve over days or weeks to spastic paralysis with hyperreflexia and
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Table 16.1

III. Nontraumatic Myelopathies

Significant Clinical Implications of Spinal Cord Blood Supply

Blood Supply of the Spinal Cord

Clinical Significance

Single anterior spinal artery with
discontinuous reinforcement by
segmental arteries supplying the
anterior two-thirds of the cord,
versus two posterior spinal arteries
with relatively robust segmental

Spinal cord infarction often causes an

anterior cord syndrome with paralysis
and impaired pin-prick and temperature
sensations, and relative sparing of the
posterior columns and touch, position,
and vibration sensations

reinforcement throughout the length of
the spinal cord supplying the posterior
third

Relatively avascular watershed area in the
mid-thoracic region between the more
robust anterior spinal artery rostrally
and the artery of Adamkiewicz caudally

Mid-thoracic (T4-T8) level is the most
common site of spinal cord infarction

Artery of Adamkiewicz, the major
segmental artery supplying the lower
spinal cord, most commonly arises
between T10 and T12 on the left, but
may arise anywhere between T5 and
L2, and the extent of area supplied by it
is variable

Because of variations in vascular supply,
the effects of aortic injury, dissection,
or cross-clamping at a particular level
differ between individuals

Anterior horn cells are especially
vulnerable to ischemia due to high
metabolic demands

Preferential ischemic injury to anterior
horn cells can cause a predominantly
flaccid paralysis

Cross-sectional border zone in the
spinal cord between the penetrating
arteries from the anterior and posterior
circulation can be relatively avascular

May be a contributing factor in the
pathogenesis of central cord syndrome

upgoing plantar reflexes. Mixed or lower motor neuron paralysis may persist in
those with significant anterior horn cell or cauda equina involvement.

Bladder, bowel, and sexual dysfunction are common. As with the paralysis, initial
flaccid bladder with urinary retention and bowel paralysis with ileus, may evolve
to features consistent with upper motor neuron involvement. While less common
(based on the typical distribution of spinal cord involvement), more rostral levels
of involvement with cervical or upper thoracic level of injury may be accompa-
nied by additional symptoms and signs of autonomic dysfunction such as ortho-
static hypotension, impaired thermoregulaton, and autonomic dysreflexia.

Diagnostic Tests

Magnetic resonance imaging (MRI) is the imaging of choice. However, it is
sometimes normal in the first few hours. Subsequently, lesions are visible on T2
sequences that likely reflect edema, which can extend over several levels. There
may be some enhancement after gadolinium infusion. In the more chronic stage,
the infarcted region of the cord is often atrophic with an attenuated signal on MRI.
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Additional diagnostic testing may be indicated to determine the etiology of
infarction, if not otherwise obvious, including tests for immune mediated dis-
orders, sarcoidosis, or infections (Chapter 12, Table 12.4).

Urodynamic testing is often indicated since the nature of bladder involvement
is variable and is often hard to determine clinically. It may reveal detrusor
areflexia, especially in the first few weeks, but later show evidence of detrusor
hyperreflexia and detrusor-sphincter dysynergia (DSD).

Management

Treatment of identified underlying disease should be undertaken if/as feasible.

However, management in most cases is primarily limited to symptom man-
agement, and prevention and treatment of complications. As with other
causes of myelopathy this includes appropriately addressing impairments in
mobility and activities of daily living, bladder, bowel, and sexual dysfunc-
tion, prevention and management of complications such as pressure ulcers,
pain, and spasticity, and addressing effects on psychosocial function and
participation.

Issues related to a sense of blame or hostility of the patient and/or family
towards the surgeon or treatment team that may arise in cases of iatrogenic,
or perceived iatrogenic, injury need to be addressed appropriately, as do any
issues of self-blame and regret in cases that occur after elective procedures.

KNOWLEDGE GAPS AND EMERGING CONCEPTS

Various techniques to prevent or minimize the occurrence of spinal cord isch-
emia during aortic surgery are being developed and implemented, but most
need further evaluation and demonstration of effectiveness prior to wide-
spread adoption.

Outcomes of spinal cord infarction have been systemically evaluated and
reported to a much more limited extent than traumatic spinal cord injury, and
further research in this area is warranted.

SUGGESTED READING

Kamin S, Gurstang S. Vascular disease of the spinal cord. Top Spinal Cord Inj Rehabil.
2008;14(2): 42-52.

Novy J, Carruzzo A, Maeder P, Bogousslavsky J. Spinal cord ischemia: clinical and imaging
patterns, pathogenesis, and outcomes in 27 patients. Arch Neurol. 2006;63(8):1113-1120.

Salvador de la Barrera S, Barca-Buyo A, Montoto-Marqués A, Ferreiro-Velasco ME, Cidon-
cha-Dans M, Rodriguez-Sotillo A. Spinal cord infarction: prognosis and recovery in a
series of 36 patients. Spinal Cord. 2001;39(10):520-525.



CHAPTER 17

Spinal Cord Hemorrhage and Spinal
Arteriovenous Malformations

GENERAL PRINCIPLES

Hemorrhagic involvement of the spinal cord can be due to:

Bleeding within the spinal cord (hematomyelia) or

External compression from bleeding within the epidural or subdural
space. Subarachnoid hemorrhage does not cause cord compression
because blood is able to spread in the cerebrospinal fluid throughout
the subarachnoid space.

Etiology

Causes of bleeding either within the spinal cord or in the epidural or subdural
space include:

Arteriovenous malformations (AVM)

Anticoagulant therapy

Bleeding disorders

Bleeding into a vascular neoplasm of the spine or spinal cord
Vasculitis

As a rare complication of epidural or lumbar puncture or injection
Trauma

Various classifications of AVM have been proposed. Morphologically, AVM

can be:

120

Arteriovenous fistulas, which represent a direct connection between
arteries and veins without interposition of a pathological nidus, or
True malformations with a vascular network that is interposed between
the feeding arteries and draining veins
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Table 17.1

Mechanisms by Which AVM Can Cause Myelopathy

Venous congestion and venous hypertension
Vascular steal

Compression due to mass effect

Hemorrhage inside the spinal cord (hematomyelia)

Epidural hemorrhage causing cord compression

AVM can also be classified by location, which could be dural, intradural, or
intramedullary. Dural AV fistulas, also referred to as Type I AVM, are the com-
monest type. Intramedullary AVM with a true nidus within the spinal cord are
also referred to as Type II.

Epidemiology

AVM can either be congenital or acquired. Age and gender distribution
depends on the type but overall they are more common in middle-aged or
older men. Type I AVM is the most common and is considered to be acquired
in most cases. These are most often located in the lower thoracic cord or
the conus.

Pathophysiology

AVM can affect the spinal cord in multiple ways including spinal cord com-
pression, venous hypertension due to congestion, vascular steal, and hemor-
rhage (Table 17.1). Venous hypertension is thought to play a primary role in
the pathophysiology of myelopathy associated with Type I AV fistulas. Hemor-
rhage within the cord can result from Type II AVM.

Disease Course

Patients often have a gradually progressive course, especially in those with
Type Ilesions. A stepwise course is considered classic, although is seen in only
a minority of patients. This saltatory evolution is presumed to be due to fluctu-
ating venous congestion within the cord. Acute onset of symptoms can occur
when there is significant hemorrhage.

CLINICAL CONSIDERATIONS

Assessment

History and Physical Examination
Sensory impairment and/or weakness are common initial symptoms. Leg
weakness and wasting with accompanying numbness and paresthesias in the
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same distribution may be present. Some patients may have pain in the form
of backache or sciatica. Claudication symptoms have also been reported. Gait
impairment and urinary problems often develop.

A bruit may sometimes be heard over the spine at the site of the AVM. Occa-
sionally, patients will have other cutaneous angiomas, or a nevus may be seen
on the skin of the back overlying the site of the AVM.

Evolution is variable, ranging from abrupt and apoplectic to worsening over
several months. With the progressive or stepwise course, symptoms may be
present for years before a diagnosis is made. The severity and distribution of
symptoms is also variable.

Diagnostic Tests

Magnetic resonance imaging (MRI) or computed tomography (CT) myelogra-
phy may show the presence of enlarged serpiginous blood vessels, but may not
be able to identify these in some cases. MRI may show myelomalacia, edema,
or bleeding. Appearance and signal intensity of the bleed on MRI may help
determine its duration, but the correlation can be variable.

Spinal angiography is used for definitive diagnosis and to identify the vascular
anatomy for surgical planning. It can be technically challenging and may need
to be performed at a specialized center.

Management

Management of acute epidural hematoma includes urgent surgical decompres-
sion and treatment for any identified underlying clotting disorder.

AVM associated with progressive neurological impairment or recurrent bleed-
ing should be evaluated for potential therapeutic intervention. Endovascu-
lar techniques, embolization, and microsurgical correction of AVM are now
increasingly possible. More extensive surgical resection or ligation may be
needed in some cases and successful correction is not always feasible. Focal
radiation therapy has also been used, but its effectiveness is not clear

Ongoing supportive treatment to address neurological impairment and func-
tion is needed for persisting deficits.

Practice Pearl

A vascular malformation is not always identified on MRI, so the possibility and further
testing should be considered in the differential diagnosis of otherwise unexplained
myelopathy with signs of cord congestion and edema on MRI even when no lesion is
visible.
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KNOWLEDGE GAPS AND EMERGING CONCEPTS

Ongoing advances in selective spinal angiography and microsurgery are
making precise visualization and treatment of vascular lesions increasingly
feasible. Further studies are needed to compare effectiveness and long-term
outcomes of existing and evolving techniques.
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CHAPTER 18

Multiple Sclerosis

GENERAL PRINCIPLES

Multiple Sclerosis (MS) is a chronic disorder of the central nervous system
(CNS), characterized by immune mediated inflammation, demyelination, glial
scarring, and neuronal loss. It is typically disseminated in time and space, that
is, lesions occur at different times and in different CNS locations.

Etiology

Both genetic and environmental factors are likely involved. Monozygotic twin
studies and family aggregation studies provide evidence of genetic suscepti-
bility. Epidemiological data and migration studies have suggested that expo-
sure to an environmental agent within the first 15 years of life seems to trigger
subsequent MS. Low levels of vitamin D and infectious agents, particularly the
Epstein-Barr virus, are among the proposed environmental culprits.

Epidemiology

MS is a leading cause of neurological disability in young adults. Its prevalence
has increased steadily over the past four to five decades in several regions of
the world. It affects about 400,000 individuals in the United States and 2.5 mil-
lion people worldwide.

It is rare in children but its onset increases steadily from adolescence to age 35,
and then gradually decreases. Onset after age 65 is rare. Women are affected
two to three times as often as men. White populations are at higher risk than
blacks or Asians. MS is more common in countries with temperate climates
and there is a higher rate of prevalence in northern United States and Canada
compared to the south. The environmental association with higher altitudes
and lower sunlight exposure provides support to the proposed role of lower
vitamin D levels in pathogenesis.

Pathophysiology

New MS lesions are associated with perivascular infiltration of T cells and
macrophages. B cells are also involved with evidence of myelin-specific anti-
bodies on damaged myelin sheaths. There is breakdown of the blood-brain
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barrier (BBB), as demonstrated in magnetic resonance imaging (MRI) with use
of gadolinium contrast, which may persist for 6 to 8 weeks.

Demyelinating plaques are the hallmark of the disease, with acute plaques
being distinguished by the presence of inflammation. As lesions evolve, astro-
cytic proliferation or gliosis becomes predominant. A degree of repair with
remyelination occurs but may be partial, with remylinating axons showing
thinner myelin sheaths than normal. Loss of myelin leads to disruption of
the normal saltatory nerve conduction with reduced conduction velocity and
conduction block. Conduction block may be incomplete, affecting high but not
slow-frequency impulses.

Worsening of conduction block with raised body temperature and metabolic
activity may explain clinical worsening with fever, high environmental tem-
perature, or strenuous physical activity.

Astrocytic scarring may interfere with complete remyelination. Although
axonal sparing is typical, MS is not solely a disease of the myelin. The impor-
tance of associated neuronal damage and gray matter involvement in contrib-
uting to permanent neurological disability, and to the development of spinal
cord and brain tissue atrophy seen in some cases, is being increasingly recog-
nized. Lack of proper myelin may adversely affect trophic nutritional support
to the neuron, and the redistribution of sodium channels along the axons
instead of the normal concentration at the nodes of Ranvier could increase
susceptibility to free radical damage, leading to future neuronal damage.

Common sites of MS lesions include:

Periventricular white matter of the cerebral hemispheres
Spinal cord (especially the subpial regions)

Brainstem

Cerebellum

Optic nerves

Disease Course

Onset of MS may be abrupt or insidious. The severity and course of the disease
varies significantly amongst individuals. Four clinical forms of MS have been
described based on disease course:

Relapsing-remitting MS (RRMS). This is the most common form,
accounting for over 85% of all cases at onset of the disease. Patients
have discrete attacks that evolve over hours, days, to weeks with recov-
ery over the following weeks to months, remaining neurologically
stable between relapses.

Secondary progressive MS (SPMS). SPMS begins as RRMS, but during
the course of the disease patients begin to experience progressive dete-
rioration unrelated to acute relapses. The risk of developing SPMS is
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estimated to be around 2% each year for patients with RRMS, so even-
tually a majority of those patients evolve to SPMS.

Primary-progressive MS (PPMS). This accounts for about 10% to 15% of
all MS diagnoses. These patients have a steady neurological and func-
tional worsening but don’t experience discrete attacks. PPMS often
beings at an older age and with a more even sex distribution than other
forms of MS.

Progressive-relapsing MS (PRMS). It accounts for about 5% of cases and
is characterized by steady worsening from the onset, but with superim-
posed acute attacks as in those with SPMS.

In addition, a clinically isolated syndrome (CIS), has been described to refer
to patients who have one demyelinating event accompanied by MRI and cere-
brospinal fluid (CSF) findings supportive of MS, although a single episode of
inflammation, whether unifocal or multifocal, cannot be classified as MS. Some
patients will have no further episodes or evidence of the disease, but the major-
ity eventually develops future relapses and a diagnosis of MS. The estimated
risk of developing MS after 20 years is around 60%, increasing to 80% if the ini-
tial MRI showed abnormalities in addition to the expected clinically significant
lesion based on presentation.

Prognosis for Long-Term Disability
Adverse and favorable prognostic factors for long-term disability are summa-
rized in Table 18.1.

The Kurtzke Expanded Disability Status Scale (EDSS) is used to measure the
disability status (Table 18.2). It focuses primarily on mobility and ranges
from 0 (no impairment) to 10 (death) with half-point increments in between.
While useful in quantifying MS-related disability, it has significant limita-
tions (e.g., the scale is not linear, changes of one point between lower scores
do not equate to single point change at higher scores, and there is no measure
of cognition).

Table 18.1

Prognostic Factors for Long-Term Disability in MS

Favorable Factors Adverse Factors

Early age of onset Late age of onset

Female sex Male sex

Sensory dysfunction (paresthesia) Cerebellar dysfunction (ataxia) at onset,
at onset insidious motor onset

Relapsing-remitting clinical course Progressive clinical course

Longer inter-attack interval; low initial Short interval between first two relapses

relapse rate

Fewer lesions on baseline MRI High lesion load on MRI at presentation
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Table 18.2

Kurtzke Expanded Disability Status Scale (EDSS)

0.0 = Normal neurologic exam (all grade 0 in functional status [FS])

1.0 = No disability, minimal signs in one FS (i.e., grade 1)

1.5 = No disability, minimal signs in more than one FS (more than one grade 1)
2.0 = Minimal disability in one FS (one FS grade 2, others 0 or 1)

2.5 = Minimal disability in two FS (two FS grade 2, others 0 or 1)

3.0 = Moderate disability in one FS (one FS grade 3, others 0 or 1) or mild disability in
three or four FS (three/four FS grade 2, others 0 or 1) though fully ambulatory

3.5 = Fully ambulatory but with moderate disability in one FS (one grade 3) and one or
two FS grade 2; or two FS grade 3; or five FS grade 2 (others 0 or 1)

4.0 = Ambulatory without aid or rest for ~500 m
4.5 = Ambulatory without aid or rest for ~300 m
5.0 = Ambulatory without aid or rest for ~200 m
5.5 = Ambulatory without aid or rest for ~100 m
6.0 = Unilateral assistance required to walk about 100 m with or without resting
6.5 = Constant bilateral assistance required to walk about 20 m without resting

7.0 = Unable to walk beyond about 5 m even with aid; essentially restricted to
wheelchair; wheels self and transfers alone

7.5 = Unable to take more than a few steps; restricted to wheelchair; may need aid to
transfer

8.0 = Essentially restricted to bed or chair or perambulated in wheelchair, but out of bed
most of day; retains many self-care functions; generally has effective use of arms

8.5 = Essentially restricted to bed much of the day; has some effective use of arm(s);
retains some self-care functions

9.0 = Helpless bed patient; can communicate and eat
9.5 = Totally helpless bed patient; unable to communicate or eat
10.0 = Death due to MS

MS Variants

Neuromyelitis optica (NMO) or Devic’s disease is a necrotizing inflammatory
disorder that primarily involves the optic nerves and spinal cord. It is now con-
sidered to be distinct from MS. It is a syndrome with diverse causes including
systemic autoimmune disorders and acute viral infections, but is often idio-
pathic. It is often disabling over time with a high percent eventually developing
blindness and permanent paralysis.

Acute disseminated encephalomyelitis (ADEM) and acute transverse myelitis: Iso-
lated transverse myelitis can be an initial presentation of MS, but is often a
postinfectious phenomenon. ADEM is an autoimmune disorder characterized
by widespread perivenular inflammation and demyelination of the brain and
spinal cord, most commonly as a result of antecedent viral infection. It has
also been reported as a rare complication of vaccinations. It is more common
in children than in adults and has a monophasic course. Permanent neuro-
logical sequelae are common, but some patients make remarkable recovery.
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CLINICAL CONSIDERATIONS

History and Physical Examination (Table 18.3)

Presentation of MS may be acute or insidious, and is very diverse.

Common initial symptoms, in decreasing order, are: sensory loss, visual
impairment, weakness, paresthesias, gait or balance problems, diplopia, or ver-
tigo. A small percent present with paroxysmal attacks or bladder dysfunction.

Over the course of the disease over 80% of patients develop weakness, sen-
sory disturbances, and ataxia, and bladder-related symptoms. Various other
symptoms develop as the disease evolves (Table 18.3). Fatigue and worsen-
ing of symptoms with heat or exercise is common. Other ancillary symptoms
include Lhermitte’s symptom/sign (with an electric shock-like sensation radi-
ating down the back on neck flexion), paroxysmal symptoms, and trigeminal
neuralgia. Cognitive dysfunction and depression may occur.

Table 18.3
Clinical Manifestations of MS
Clinical Involved Structure/ Features
Manifestation Process
Sensory
Sensory loss, Sensory tracts Most common initial manifestation
paresthesias of MS
Sensory level Spinal cord Often accompanying band-like
sensation on torso
Pain Varies Pain is common during course of the
disease, and can change locations
over time. Can be nociceptive or
neuropathic in origin
Lherrmitte’s Cervical spinal cord Electric shock-like sensation radiating
symptom down the back on neck flexion; can
also occur with other disorders of
the cervical spinal cord
Facial pain/ Root entry zone of the Brief, lancinating facial pain, often
trigeminal trigeminal nerve triggered by afferent input from
neuralgia face or teeth; most cases are not
related to MS but early age of onset,
bilateral involvement, and sensory
loss on exam should raise suspicion
Motor
Weakness Corticospinal tracts Limb weakness, loss of dexterity, z

and gait impairment may occur
(continued)
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Clinical
Manifestation

Involved Structure/
Process

Features

Motor

Spasticity

Ataxia

Tremor

Facial weakness

Facial myokymia

Corticospinal tracts

Cerebellar tracts or
dorsal column

Cerebellar tracts

Facial nerve/nucleus in
the pons

Corticobulbar tracts or
brainstem course of
the facial nerve

Especially involves the legs, with
accompanying hyperreflexia
and Babinski sign, associated with
painful spasms, interference with
function

Often have accompanying cerebellar
signs

Intention tremor worse at the end
of a purposeful movement, often
accompanying postural tremor of
head and trunk

Spared loss of ipsilateral taste
sensation and lack of retroauricular
pain differentiate it from Bell’s
palsy

Chronic flickering contractions of the
orbicularis oculi and other facial
muscles

Visual
Deceased Optic neuritis (ON) Generally monocular symptoms
visual acuity but occasionally bilateral, ranging
and color from mild to complete visual loss
perception of the eye; preceding or
accompanying periorbital pain;
scotoma in central field of vision;
optic disk may be normal, swollen,
or pale
Diplopia Medial longitudinal INO has impaired adduction of
fasciculus causing ipsilateral eye with nystagmus in
internuclear the abducting eye; bilateral INO is
ophthalmoplegia (INO), especially suggestive of MS; blurring
or due to sixth, third, or resolves when either eye is covered
fourth nerve paralysis unlike with ON
Speech and
swallowing
Dysarthria Cerebellar, brainstem, or  Speech impairment is common; can
corticobulbar tract have cerebellar dysarthria with
scanning speech, tongue weakness
from lower brainstem involvement,
or corticobulbar-related spastic
dysarthria
Dysphagia Brainstem May develop later in the course of

disease with choking on thin
liquids
(continued)
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Table 18.3

Clinical Manifestations of MS (continued)

Clinical Involved Structure/ Features

Manifestation Process

Autonomic

Bladder and Autonomic tracts Urinary frequency, urgency, nocturia,
bowel incontinence, or hesitancy
dysfunction may occur; constipation is the

most frequent manifestation of
MS-related bowel dysfunction, and
may be worsened by medication
side-effects or decreased fluid
intake to counter urinary problems.

Sexual Autonomic tracts Impaired erection and ejaculation in
dysfunction men, impaired vaginal lubrication
in women; reduced libido, adductor
spasms may interfere with sex

Systemic

Cognitive Cerebral cortex May manifest as problems with

dysfunction information processing, attention,
problem solving, multitasking,
abstract thinking, short-term memory,
or word finding. More common in
progressive forms, correlates with
cerebral atrophy and “black holes” on
MRI; depression and fatigue may also
cause or worsen it; some patients
develop “la belle indifference” or even
striking euphoria

Depression Multifactorial Lifetime prevalence of around 50%;
can be reactive, endogenous, or
part of illness itself; symptoms may
overlap and be confused with MS
symptoms

Fatigue Multifactorial Common, may be a debilitating;
manifestation of the disease itself, or
caused or worsened by depression
or sleep disturbance

Ancillary
symptoms

Heat sensitivity Worsening of Symptoms worsen with hot shower,
(Uhtoff’s conduction block exercise, or fever
phenomenon)

Paroxysmal Epiphatic (nonsynaptic) Lasts from seconds to minutes, often
phenomena transmission and in clusters; may include paroxysmal
spontaneous sensory disturbances of a body
discharges arising from part, e.g., facial pain or limb
edges of demyelinating dysesthesia, or paroxysmal tonic
plagues may contribute contractions
to the mechanism
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Examination findings depend on the location of the lesion, and key features are
summarized in Table 18.3. In addition to a focused exam based on the present-
ing symptoms, a careful and comprehensive neurological assessment including
cranial nerves, motor, reflexes, posture, balance, coordination, sensory exam-
ination, and mental status examination may identify other impairments and
disseminated effects of the disease. A general assessment may identify second-
ary effects of the disease and, if indicated, a more comprehensive assessment
for depression or cognitive function may be warranted.

Assessment of mobility and activities of daily living is needed to define the
effect of the neurological impairments on function, identify needed interven-
tions and establish a baseline for future progression or for monitoring efficacy
of treatment. Detailed psychosocial assessment may identify barriers and facil-
itators for participation in life activities.

Diagnostic Tests

MRI has transformed the diagnosis and management of MS. However, while
the central role of MRI in diagnosis has resulted in adjustments to criteria