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Series Preface

Spine care is advancing at a rapid pace. The
challenge for today’s spine care professional is
to quickly synthesize the best available evi-
dence and expert opinion in the management
of spine pathologies. The AOSpine Masters
Series provides just that—each volume in the
series delivers pathology-focused expert opin-
ion on procedures, diagnosis, clinical wisdom,
and pitfalls, and highlights today’s top research
papers.

To bring the value of its masters level edu-
cational courses and academic congresses to a
wider audience, AOSpine has assembled inter-
nationally recognized spine pathology leaders
to develop volumes in this Masters Series as a

printed on 2/11/2023 3:05 AMvia .

vehicle for sharing their experiences and exper-
tise and providing links to the literature. Each
volume focuses on a current compelling and
sometimes controversial topic in spine care.

The unique and efficient format of the
Masters Series volumes quickly focuses the
attention of the reader on the core informa-
tion critical to understanding the topic, while
encouraging the reader to look further into the
recommended literature.

Through this approach, AOSpine is advanc-
ing spine care worldwide.

Luiz Roberto Vialle, MD, PhD
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Guest Editors’ Preface

It is with great pleasure that we introduce this
volume of the AOSpine Masters Series, in which
we focus on spinal cord injury and regenera-
tion. The prevalence of spinal cord injury (SCI)
in the United States is reported to be 906 per
million, with an estimated incidence of 40.1
per million.! Over a quarter of a million people
were said to be living with SCI in 2014,2 and
approximately 1,275,000 people in the United
States have sustained a traumatic SCI.3 Figures
for Canada suggest that there are over 85,000
people living with SCI.# Although global figures
vary, the physical, emotional, and social cost to
the individual and the health care costs to soci-
ety for those living with SCI are significant.
Mean first-year charges for a patient with SCI
have been reported as $523,089, with mean
annual charges over the remainder of the
patient’s life reported as $79,759,° but the cost
of care varies significantly with level of injury
and could be as high as $1,064,716 for the
first year after a high level cervical injury and
$184,891 for subsequent years.> As such, the
investigation of new treatments and ways to
optimize existing treatments to improve func-
tional outcomes for those with SCI is of vital
importance. In this volume, international experts
on SCI share their expertise and recommenda-
tions for spine care.
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The chapters herein cover a wide range of
topics starting with an introduction to the patho-
biology of SCI, moving on to assessment and
prediction of outcomes after SCI, before review-
ing the literature regarding existing treatment
options, and finishing with chapters discussing
the cutting edge research being conducted and
possible therapeutic and rehabilitative strate-
gies for the future. Regeneration of the spinal
cord using such approaches as stem cell trans-
plantation, electrical stimulation, and brain-
computer interface is becoming a real possibility
for the improvement of outcomes for patients
with SCI.

We believe that multifactorial strategies
combining surgery, pharmaceutical treatments,
cell therapy, and rehabilitation, tailored to the
specific patient, will be the way forward in SCI
treatment, and that continued review, research,
and discussion into the available approaches
will ensure that patients who suffer an SCI will
have the best possible outcome. We expect that
this volume will serve as an excellent resource
and reference for the practice of evidence-based
medicine for spine surgeons working with SCI.

Michael G. Fehlings, MD, PhD, FRCSC, FACS
Norbert Weidner, MD
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Pathobiology of Spinal Cord Injury

Hiroaki Nakashima, Narihito Nagoshi, and Michael G. Fehlings

Introduction

Spinal cord injury (SCI) is a devastating event
often resulting in neurologic deficit with social,
economic and emotional repercussions for
patients. It is estimated that acute traumatic
SCI has an annual incidence of 15 to 40 cases
per million. SCI costs society in excess of $7 bil-
lion annually,! and contributes significantly to
human suffering related to impaired ambula-
tion and sexual and sphincter dysfunction.

The pathobiology of spinal cord damage fol-
lowing SCI is conceptually constituted of pri-
mary and secondary injury phases (Table 1.1).1:2
The initial mechanical disruption to the spinal
cord constitutes the primary phase. The sec-
ondary injury refers to a wide range of down-
stream progressive events including vascular
dysfunction, edema, ischemia, excitotoxicity,
and free radical production. This secondary
injury phase continues after the primary injury
has ceased and can last for weeks or even years.
The cellular and molecular processes related
to secondary injury are complex and alter over
time, which is of great relevance to the timing
of therapeutics that might be administered.
This chapter summarizes our knowledge of SCI
pathobiology using knowledge gleaned from
our rodent model.
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Primary Spinal Cord Injury

Primary SCI occurs at the time of injury as a
result of the physical forces impacting on the
spinal cord and is the key determinant of the
severity of spinal cord damage. SCI is most
commonly the result of displaced elements of
the vertebral column, including intervertebral
disks and ligaments, which then exert force on
the cord, causing both immediate SCI and often
sustained compression.! Sustained compression
of the spinal cord is observed in many cases
after the initial impact of the injury. The most
common primary injury mechanisms are shear,
stretch, and, in particular, contusive and com-
pressive forces.!2 In addition, spinal cord lacer-
ation has been observed in a small number of
cases due to vertebral bone fragments or from
violence involving weapons. These forces dis-
rupt axons, blood vessels, and cell membranes.
Complete transection of the spinal cord is a
rare occurrence even in cases with complete
paralysis. In cases with complete paralysis, via-
ble axons are usually found around the lesion
site, often occupying a subpial rim. However,
the reason for dysfunction is the extensive loss
of oligodendrocytes and their myelin sheaths.3
The existence of these spared axons crossing
the injury site is seen as a potential therapeutic
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Chapter 1

Table 1.1 Timeline of Spinal Cord Injury Phases

Injury Phase

Key Processes and Events

Primary Immediate (< 2 hours)

Traumatic physical injury

Axon severing

Gray matter hemorrhage and ischemia

Microglial activation

Necrotic cell death

Release of proinflammatory factors: IL-1B, TNF-a, IL-6, and
others

Secondary Early acute (< 48 hours)

Continued hemorrhage, ischemia, and necrosis

Neutrophil invasion

Free radical production: lipid peroxidation
Increased BSCB permeability
Glutamate-mediated excitotoxicity

Neutrophil invasion

Vasogenic and cytoxic edema

Oligodendrocyte death and early demyelination
Neuronal death

Subacute (< 14 days)

Maximal phagocytic response

Macrophage infiltration
Initiation of reactive gliosis and glial scar formation
BSCB repair and resolution of edema

Intermediate (< 6 months)

Continued glial scar formation

Cyst formation
Lesion stabilization

Chronic (> 6 months)

Prolonged wallerian degeneration

Potential structural and functional plasticity of spared
spinal cord tissue

target for the improvement of neurologic func-
tion, and represents the neural substrate on
which many emerging therapeutic strategies
will act.

In recent decades, central cord injury has
become more prevalent, and can occur in
patients of all ages. It entails motor impair-
ment of the upper extremities that is more
pronounced than that of the lower extremities.
This injury occurs via different mechanisms in
younger versus older patients. Younger patients
are typically affected as a result of severe spi-
nal column injury.* In contrast, older patients
with long-standing cervical spondylosis do not
typically suffer bony injuries. Instead hyper-
extension injury results in trauma to the cord.
In this pathology, primary injury results from
sudden “pinching” of spinal cord between a
posterior buckled ligamentum flavum and
anterior osteophytes and disk regions. Central
cord injury is more common in older patients,
where the incidence of cervical spondylosis or

acquired spinal stenosis due to degenerative
changes is higher.

It is often said that clinicians cannot affect
the occurrence of primary SCI, but education,
safety legislation, and technology can have a
significant impact on the incidence and sever-
ity of this primary injury. As a result of these
developments, both the incidence and severity
of SCI tends to be decreasing. For example,
prehospital use of a cervical collar in trauma
patients can potentially reduce primary dam-
age to the spinal cord, and airbag technology in
motor vehicles has reduced lumbosacral inju-
ries in recent years.

Secondary Spinal Cord
Injury

The initial trauma to the spinal cord triggers a
series of systemic, cellular, and molecular cas-
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Demyelination

Infiltration of macrophages and

neutrophils

Hemorrhage

Cavitation

Severed axon

Apoptosis and necrosis
Ischemia-vasospasm

Glial reactivity and inhibitory scar formation

Fig. 1.1 Pathophysiological events occurring after spinal cord injury (SCI), including the acute, subacute,

and chronic phases.

cades that expand the lesion from the primary
injury site into adjacent white matter and gray
matter. This delayed, progressive, and pro-
tracted tissue injury is known as secondary
spinal cord injury (Fig. 1.1). In general, the
force of the primary injury determines the size
and extent of the ensuing hemorrhage, which in
turn dictates the extent of ischemia and other
aspects of secondary damage. These secondary
SCI processes, in addition to ischemia, include
free radicals and oxidative stress, ionic dysreg-
ulation and glutamate excitotoxity, mitochon-
drial dysfunction, blood-spinal cord barrier
(BSCB) compromise, neuroinflammation, and
cell death and apoptosis.’

Changes in Spinal Cord Blood Flow
and Ischemia

The traumatized spinal cord in the acute stage
shows severe hemorrhages predominantly in
the gray matter, leading to hemorrhagic necro-
sis and central myelomalacia at the lesion site,
according to a study by Tator and Fehlings.® But
they found no evidence of complete occlusion
of any large spinal arteries, whereas occluded
intramedullary veins were identified in the
white column. Also, measurement of spinal
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cord blood flow after acute injury demon-
strated that there is a major reduction of blood
flow in the parenchyma of the injured spinal
cord. Disruption of the microvasculature, loss
of normal autoregulatory mechanisms, the
occurrence of vasospasm and thrombosis, and
accumulation of fluid and edema contribute to
this ischemia. This ischemic status enhances the
cascade of secondary injury processes, such
as free radical formation, glutamate-mediated
excitotoxicity, ionic dysregulation, inflamma-
tory response, and disruption of the BSCB. These
processes are all interrelated, and eventually
lead to axonal degeneration and cell death.

Free Radicals and Oxidative Stress

Free radicals are highly reactive molecules
possessing an unpaired electron on their outer
shell. This unpaired electron provides high
chemical reactivity. The term reactive oxygen
species (ROS) includes some kinds of free radi-
cals, such as superoxide and hydrogen peroxide.
Free radicals and ROS are generated during the
process of oxidative metabolism in mitochon-
dria, and under normal biological conditions,
their activity is suppressed by endogenous
antioxidants.
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However, this oxidant/antioxidant balance
is disrupted during the secondary injury pro-
cess, leading to oxidative stress. The excessive
formation of free radicals and ROS results from
mitochondrial dysfunction, increasing intra-
cellular calcium levels, arachidonic acid break-
down, and activation of inducible nitric oxide
synthase.” Neutrophil infiltration into the lesion
site also contributes as a source of ROS through
oxidative bursts. Free radicals and ROS attack
biological molecules such as proteins, DNA, and
lipids by oxidation. These processes enhance
adverse mechanisms of neural injury, such as
spinal cord hypoperfusion, the development of
edema, axonal conduction failure, and break-
down of energy metabolism with accompany-
ing necrotic and apoptotic cell death.®

lonic Dysregulation and Glutamate
Excitotoxicity

Ionic dysregulation and glutamate excitotoxic-
ity play key roles in the evolution of the sec-
ondary injury following acute SCL> After SCI,
neuronal ionic balance is disrupted, and intra-
cellular sodium concentration increases as a
result of trauma-induced activation of voltage-
gated sodium channels. These increases in
sodium concentration in neuronal cells pro-
mote cellular swelling and the development
of intracellular acidosis and cytotoxic edema
through increased entry of protons via sodium-
proton exchangers. In addition, concomitant
influx of calcium ions also occurs with the
increase of sodium concentration via the
sodium-calcium exchanger, inducing extracel-
lular release of the excitatory neurotransmitter
glutamate in presynaptic neurons. Impaired
glutamate reuptake by astrocytes through dys-
function in glutamate transporters also contrib-
utes to increased extracellular glutamates. High
concentrations of glutamic acid can accumulate
in the synaptic cleft and promote excitotoxic-
ity. The presence of excitotoxic concentrations
of glutamic acid in the cleft results in excessive
stimulation of excitatory amino acid receptors
on the postsynaptic cell, leading to the entry of

sodium and calcium ions through N-methyl-
D-aspartic acid (NMDA) and non-NMDA recep-
tors. The excessive influx of ions depolarizes the
postsynaptic cells and triggers the activation
of voltage-gated sodium and calcium channels,
amplifying the depolarization. This process
eventually leads to edema and apoptotic death
in the postsynaptic neural axons.

One of the therapeutic strategies for atten-
uating ionic imbalance is to block the sodium
channels and prevent the excessive influx of
various ions with the use of pharmacological
drugs. Riluzole, a sodium channel blocker, is
a promising agent to diminish neurologic tis-
sue destruction and attenuate the secondary
injury, and has been demonstrated to be effec-
tive in laboratory research in rodent models.?
Currently, an international, multicenter phase
II/III clinical trial, the Riluzole in Acute Spinal
Cord Injury Study (RISCIS; NCT01597518), is
ongoing in patients with acute SCI.10

Mitochondrial Dysfunction

In general, mitochondria play an important role
in oxidative phosphorylation and adenosine
triphosphate (ATP) supply. ATP production is
controlled by mitochondrial calcium ions. Mito-
chondria act as high-capacity calcium sinks,
taking up excessive calcium ions to maintain
homeostatic levels of calcium concentration
within the cytosol.!! After SCI, however, the
aforementioned excessive influx of calcium ions
into postsynaptic cells results in the formation
of mitochondrial permeability transition pores
(mPTPs). Once an mPTP opens, molecules and
concomitant water can enter the mitochondria,
and this influx causes the mitochondria to swell
as they achieve equilibrium with the cytosol.
This matrix swelling eventually leads to rupture
of the mitochondrial membrane. Disruption
of the membrane releases ROS, accumulated
calcium ions, and proapoptotic molecules (e.g.,
cytochrome ¢, SMAC/DIABLO, and apoptosis-
inducing factor). These substances lead to acti-
vation of cell death pathways, such as apoptosis,
autophagy, and necrosis.
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Blood-Spinal Cord Barrier
Compromise

The BSCB anatomically consists of endothelial
cells linked with tight junctions and their acces-
sory structures, including astrocytic end-feet
processes, pericytes, and the basement mem-
brane. This barrier has an important function
in protecting the spinal cord parenchyma from
exogenous infection and toxins, and in regu-
lating the transport of molecules in and out of
the spinal cord. The BSCB provides an optimal
environment for neuronal activities by regulat-
ing nutrients and neurotoxins.

The primary injury in SCI causes vascular
disruption and breakdown of the BSCB. Further
BSCB compromise results from the degener-
ation of endothelial tight junction proteins, and
the disappearance of astrocytic end feet due
to cell death. Progression of BSCB permeability
enables cellular and molecular inflammatory
mediators to intrude into the parenchyma of
the spinal cord, initiating and expanding the
secondary injury. The time taken until the BSCB
is reestablished has variously been reported as
between 14 and 56 days postinjury.!2 The pro-
longed permeability of the BSCB results from
upregulation of inflammatory cytokines such
as interleukin-1p (IL-1B) and tumor necrosis
factor-a (TNF-a), and other signaling molecules
such as ROS, histamines, and nitric oxide. The
permeability also contributes to the develop-
ment of edema. Some angiogenetic factors,
such as vascular endothelial growth factor and
hepatocyte growth factor, contribute to neo-
vascularization and BSCB repair.

Neuroinflammation

The inflammatory response initiated after SCI
is a complex series of cellular and molecular
events with systematic and local mediators.!3
The process involves orchestrated activation
of various factors including phagocytic cells
(microglia, macrophages, neutrophils), lym-
phocytes, and soluble mediators (chemokines,
cytokines, complement). The inflammatory pro-
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cesses vary depending on animal species and
strains. The SCI model used and the level of
injury also contribute to differences in the
inflammatory response. Inflammation has both
beneficial and detrimental roles in removing
cellular debris, which aids tissue repair, and in
propagating the secondary damage processes.

Within hours after SCI, resident microglia
are activated, due to vascular disruption and
loss of homeostasis, and migrate toward the
lesion site. Microglia react to the injury by
changing their morphology and releasing cyto-
kines such as IL-1, IL-6, TNF-q, free radicals
and nitric oxide, and chemokines such as leu-
kotrienes and prostaglandins.!®> These media-
tors play roles in recruiting inflammatory cells
and modulating protein expression in neuronal
and glial cells, and lead to neurotoxicity and
myelin damage. Microglia may also contribute
to debris phagocytosis rather than apoptosis
induction.

Increasing the permeability of the BSCB after
the primary injury, neutrophils infiltrate into
the injured spinal cord. They accumulate in the
lesion site starting hours after injury and con-
tinuing up to 3 days after SCI, and are rapidly
cleared in the first week. Neutrophils release
matrix metalloproteinases (MMPs) and myelo-
peroxidase, which lead to ROS production and
lipid peroxidation.

Monocyte-derived macrophages are re-
cruited to the lesion site from peripheral circu-
lation a few days after SCI. Unlike neutrophils,
macrophages stay in the injured spinal cord for
months in rodents and years in humans.!# The
macrophages are indistinguishable from resi-
dent microglia when examined histologically,
and show similar cytokine expression profiles.
Macrophages are believed to have both benefi-
cial and detrimental roles. Long-lasting release
of proinflammatory cytokines, free radicals,
and proteases by macrophages may contrib-
ute to neuronal and glial toxicity. Depletion of
macrophages, or inhibition of their function,
contributes to neural repair and recovery of
neurologic function.'* Conversely, activation
of macrophages may also protect and repair
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the injured spinal cord to modulate gluta-
mate excitotoxicity and to produce growth fac-
tors essential for neuronal survival and tissue
repair.!4

Lymphocytes infiltrate the spinal cord
maximally between 3 and 7 days after injury
in response to the cytokine/chemokine sig-
nals from activated microglia/macrophages.
T-lymphocytes recognize myelin basic protein
(MBP), and amplify the reactions. These auto-
immune responses aggravate demyelination
and axonal degeneration, and increase the size
of the lesion site. Again, however, lymphocytes
may also play an important role in repairing the
injured spinal cord. Lymphocytes can secrete
neurotrophins such as brain-derived neuro-
trophic factor (BDNF) and insulin-like growth
factor-1 (IGF-1), and active immunization with
MBP promotes functional recovery.!>

Necrotic and Apoptotic Cell Death

Following SCI, cell death can occur due to necro-
sis or apoptosis. The pathway of cell death is
dictated by the intensity of the cellular insult.
Necrosis occurs as a result of physical damage
or disease. In this “accidental” form of cell
death, intracellular contents are released into
the extracellular matrix, causing an inflamma-
tory reaction. In contrast, apoptotic cell death
is a form of programmed cell death that
involves cell shrinkage, genomic fragmenta-
tion, and karyorrhexis.!> Acute cell death after
SCI is necrosis in most cases, whereas delayed
cell death is caused by apoptosis. Necrosis can
cause physical and chemical membrane dam-
age and excessive accumulation of intracellular
ROS. Apoptosis is induced by mitochondrial
dysfunction with cytochrome c release and
caspase-9 activation. The other signaling path-
ways of apoptosis include activation of death
receptors such as TNFR, Fas, p75, and DR3.13
Expression of Fas and p75 receptors is seen in oli-
godendrocytes, astrocytes, and microglia; down-
stream, caspase-3 and -8 lead to apoptosis.!6

Demyelination

Oligodendrocytes are myelinating cells in the
central nervous system (CNS), and they play a

critical role in promoting transduction of action
potentials along neuronal axons. In addition,
oligodendrocytes protect neurons with trophic,
metabolic, and structural support. After SCI,
the communication between myelinating oligo-
dendrocytes and neuronal axons is disrupted.
During the acute and subacute stages of sec-
ondary damage, inflammation, ischemia, free
radical formation, excitotoxicity, and dysregu-
lation of ion equilibrium contribute to the death
of oligodendrocytes, leading to myelin loss and
dysfunction.!” Apoptosis predominantly occurs
in nonneuronal cells such as oligodendrocytes
between 24 hours and 7 days following injury,
and this event leads eventually to anterograde
neurodegeneration. As a result, saltatory con-
duction is lost, and axonal degeneration occurs
over time. Spontaneous remyelination occurs
after injury, but is insufficient for repair. Endog-
enous oligodendrocyte precursor cells (OPCs)
proliferate in response to the SCI, and migrate
toward the lesion site. The migrated OPCs dif-
ferentiate into astrocytes to contribute to glial
scar formation. Although some OPCs can also
produce oligodendrocytes, their maturation
is not complete. Recent findings suggest that
myelinating Schwann cells at the lesion site are
derived not only from peripheral nerve roots
but also from the residual OPCs.!8 Overall, the
activation of endogenous OPCs and enhance-
ment of their myelination potential using exter-
nal factors may be an optimal strategy for
functional recovery after SCI. Another strategy
with exciting potential is cell transplantation
therapy, in which OPCs are cultured and har-
vested from various cellular sources, such as
induced pluripotent stem cells (iPSCs), embry-
onic stem cells, or somatic neural stem cells.
The efficacy of OPC transplantation has already
been demonstrated in laboratory research.

Limited Regenerative
Capacity of the Central
Nervous System

In the first description of injured neurons, by
Santiago Ramoén y Cajal in 1928, it was thought
that the injured neurons themselves in the CNS
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had limited axonal regenerative capacity due
to the dystrophic “end-balls” he observed at
the end of the axon, which he believed were
no longer capable of regeneration.!® However,
later reports indicated the possibility that these
dystrophic end-balls were not a sign of axonal
regeneration failure, but rather an active struc-
ture occurring postinjury.!® In fact, axonal
regeneration is observed in the CNS for months
after an injury. Unfortunately, these regener-
ative responses are less than those seen in
peripheral axons. Axonal regeneration depends
on several regenerative molecules including
GAP-43, neurotrophins, cyclic adenosine mono-
phosphate (cAMP) and tubulins. The expres-
sion levels of these genes are lower in the CNS
following injury than in the peripheral nervous
system (PNS), and this results in the lower
regeneration capacity of the CNS.20
Furthermore, recent scientific advances have
suggested that many inhibitory repulsive guid-
ance molecules related to axonal pathfinding
during development continue to be found in
adults and could reduce axon regeneration
after injury. In addition, the glial environment
of the adult CNS, which is different from that of
the PNS or embryonic nervous system, affects
axonal regeneration. The nerve fibers in the
CNS are ensheathed by oligodendrocytes, but
they are exposed to myelin-associated inhibitors
after injury. In addition, a glial scar consisting
of reactive astrocytes could act as an additional
barrier and thus inhibit axon regrowth.

Myelin-Associated Inhibitory
Molecules™

The specific environment related to myelin in
the CNS is one of the biggest factors contrib-
uting to the inhibition of regeneration after
injury, and it is suspected that there is a spe-
cific inhibitor of axonal growth inherent in
myelin. In fact, cultured sympathetic ganglion
neurons extend their neurites on myelin in the
PNS but not in the CNS. Nogo is one of the first
reported inhibitors inherent to myelin, which
triggers growth cone collapse. Other studies
led to the identification of several other myelin-
associated components that can inhibit axon
outgrowth in vitro, including myelin-associated
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glycoprotein (MAG), oligodendrocyte myelin
glycoprotein (OMgp), semaphorin 4D, and eph-
rin B3.

Although Nogo, MAG, and OMgp lack se-
quence homologies, they all bind to the Nogo
receptor (NgR) (Fig. 1.2). This NgR is glyco-
sylphosphatidyl-inositol (GPI) linked, lacks an
intracellular domain, and transduces intracel-
lular inhibitory signals by forming co-receptor
complexes with the TNF receptor family pro-
teins such as p75 and TROY, as well as LINGO-1.
These complexes activate the Rho/Rock path-
way, leading to decreased growth cone mobility
and growth cone collapse.

Glial Scarring and Chondroitin
Sulfate Proteoglycans'®

The glial scar is another major element contrib-
uting to the inhibition of regeneration within
the CNS. This glial scarring is a result of the
recruitment of microglia, oligodendrocyte pre-
cursors, meningeal cells, and astrocytes to the
lesion site. Some of these responses have bene-
ficial qualities. Reactive astrocytes reestablish
ionic homeostasis and the integrity of the BSCB,
which is important for the resolution of edema
and in limiting the infiltration of immune cells.
Although much of the glial scar contains inhib-
itory chondroitin sulfate proteoglycans, there
are regions that are rich in growth promoting
extracellular matrix (ECM) molecules such as
laminin and fibronectin. Astrocytes are also
thought to supply neurons with energy and to
help in the release of growth factors and bene-
ficial cytokines.

In contrast, astrocytes at the lesion core
often begin to display a hypertrophic reactive
phenotype, forming a chemical barrier by
secreting several growth inhibitory chondroi-
tin sulfate proteoglycans (CSPGs), which include
neurocan, versican, aggrecan, brevican, phos-
phacan, and NG2. These form a family of mole-
cules characterized by a protein core to which
large, highly sulfated glycosaminoglycan (GAG)
chains are attached. It is associated with fibro-
blast infiltration and the deposition of inhibi-
tory ECM molecules. These molecules function
as chemical barriers to axonal regeneration in
the same fashion as myelin inhibitors.
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Fig. 1.2 Molecular mechanisms of myelin inhibition
and potential for therapeutic intervention. The
Nogo 66 peptide of Nogo A binds to the Nogo
receptor (NgR) along with myelin-associated
glycoprotein (MAG) and oligodendrocyte myelin
glycoprotein (OMgp). NgR lacks a cytoplasmic
domain and must interact with the tumor necrosis
factor (TNF) receptor family proteins to transduce

This inhibitory activity of CSPGs depends
on the GAG components. Chondroitinase ABC
(ChABC) is known as an enzyme that removes
GAG chains from the protein core and elimi-
nates this inhibition. Thus, ChABC is expected
to contribute to the reduction of glial scarring.
Recently, the receptor for CSPGs, PTPsigma
was discovered; this is a transmembrane tyro-
sine phosphatase. CSPGs also signal through
the Rho/Rock pathway just as in Nogo, MAG,
and OMgp. This downstream signaling cascade
could be a therapeutic target to reduce glial
scarring and thus remove a barrier to axonal
regeneration.

Limited Progenitor Cell
Proliferation?

Endogenous stem/progenitor cells have been
identified in the adult mammalian spinal cord.
In intact spinal cords, latent neural stem cells
are found in the ependymal layer around the
central canal and an intact corticospinal tract.
In the intact spinal cord, progenitor cells rarely

p75 or TROY

Growth cone collapse

Neurite outgrowth inhibition

signals intracellularly. Ligand-receptor binding
activates RhoA, and RhoA then activates Rho kinase
(ROCK). ROCK has growth inhibitory effects on the
actin cytoskeleton, showing growth cone collapse
and neurite outgrowth inhibition. CSPGs, chon-
droitin sulfate proteoglycans; PTP, permeability
transition pore.

divide; however, these ependymal cells start
dividing rapidly after SCI. Half of them become
astrocytes in the glial scar, and a small number
of them become oligodendrocytes myelinating
axons. Unfortunately, this native adult neuro-
genesis is insufficient for robust neural repair.

Chapter Summary

Spinal cord injury is a debilitating condition
that is biphasic in nature with a complex series
of secondary responses occurring after the ini-
tial primary injury. The most common types
of primary injuries in humans are contusion
or impact/compression of the spinal cord fol-
lowing a fracture-dislocation of the vertebral
column or a burst fracture. Damage from the
primary mechanical trauma causes local edema,
ischemia, hemorrhage, necrosis, laceration of
tissue, and release of proinflammatory factors.
The secondary phases of the various patho-
physiological processes exacerbate the initial
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damage, whereas endogenous efforts to facili-
tate healing and regeneration struggle to suc-
ceed. These secondary SCI processes include
ischemia, free radicals and oxidative stress,
ionic dysregulation and glutamate excitotox-
icity, mitochondrial dysfunction, blood-spinal
cord barrier compromise, neuroinflammation,
and cell death and apoptosis.

Substantial tissue loss occurs after major
SCI, and this results in a fluid-filled cavity in
the center of the cord at the site of injury that
may even enlarge over time, resulting in fur-
ther tissue damage. In addition, myelin-related
inhibitory molecules, such as Nogo, MAG, or
OMgp, activate the Rho pathway in the injured
cord. The glial scar, made up of chondroitin
sulfate proteoglycans, is formed by reactive
astrocytes, resulting in a physical and chemical
barrier to regeneration. Spatial and temporal
dynamics of these secondary mediators are cen-
tral to SCI pathobiology, which was a recurring
theme in this chapter. Although there have been
advances in the medical and surgical manage-
ment for SCI, there continues to be a significant
need for effective neuroprotective and neuro-
regenerative therapeutic strategies. A deep
understanding of the SCI pathophysiology con-
tributing to the progression of an individual’s
unique injury will help the development of
successful treatment paradigms.
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Assessment of Functional Status
and Outcomes of Individuals with
Traumatic Spinal Cord Injury

Christian Schuld and Norbert Weidner

Introduction

High-quality outcome measures play an impor-
tant role in clinical research,! for which they
serve as inclusion/exclusion criteria as well as
stratification, subgrouping, and primary and
secondary outcome measures. Outcome mea-
sures also enable health care professionals to
describe, predict, and evaluate findings, so as
to provide benchmarks, summarize change, and
contribute to the identification of meaningful
treatment goals for individuals with spinal
cord injury (SCI). Therefore, outcome measures
can play an important role in providing quanti-
fiable information in clinical communication.
Accordingly, they also support clinicians in their
daily routine by (1) providing prognostic infor-
mation by means of an early assessment after
injury; (2) enabling the tailoring of individu-
alized rehabilitation plans (e.g., compensatory
versus restorative approaches, length of stay
prediction, and adaptive equipment need);
(3) facilitating short-term therapy planning
(force training versus coordination, etc.); and
(4) enabling the ability to evaluate the success
of rehabilitation interventions.
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Quality of Outcome
Measures

Key concepts in classical testing theory and psy-
chometrics science are reliability and validity.
Reliability, or more precisely test-retest reli-
ability, measures the degree of consistency or
agreement of repeated assessments of the same
individual.2 A distinction is made between
intrarater reliability and interrater reliability.
For the determination of intrarater reliability,
the assessment is repeated by the same rater,
whereas for interrater reliability, multiple rat-
ers assess the same individual. Reliability can
be expressed by intraclass correlation coeffi-
cients (ICC) or kappa statistics for nominal or
categorical scores. A common interpretation of
the kappa agreement coefficient k is as follows:
poor (< 0), slight (0-0.2), fair (0.21-0.4), mod-
erate (0.41-0.6), substantial (0.61-0.8), and
almost perfect (> 0.8).3

Reliability is the prerequisite of validity.
More specifically, reliability is necessary, but
not sufficient, for validity. Validity is defined
as the extent to which an assessment measures
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what it intends or purports to measure.* Valid-
ity comes in different variants.

Content validity verifies that the method
of measurement actually measures what it is
expected to measure. This verification includes
evaluation of the measurement aims, the target
population, clear concepts (e.g., capacity versus
performance in physical functioning), item selec-
tion (the target population should be involved
in item selection), as well as item reduction.?
Item reduction keeps the assessment short by
removing statistically unnecessary items.

Criterion validity refers to the extent to
which scores on a particular instrument relate
to a gold standard.> Without a gold standard,
the criterion validity cannot be evaluated.
Unfortunately, this is often the case in the field
of spinal cord medicine. In this situation, less
powerful methods are used to provide evidence
of validity.

Construct validity refers to how well a test
measures the constructs that it was designed
to measure.* For new clinical outcome mea-
sures, which are in the process of validation,
the new assessment and the established scores
have to be measured at the same time in sev-
eral studies. Each time a relationship is demon-
strated, an additional bit of evidence can be
attached to the new test. Construct validity is
commonly divided into two variants: conver-
gent construct validity and discriminant con-
struct validity. Convergent evidence for validity
is obtained if an outcome measure correlates
with other tests, which are believed to mea-
sure the same construct. Divergent construct
validity determines how dissimilar two con-
structs are, which theoretically should not be
related to each other, such as happiness and
sadness. Construct validity should be assessed
by testing predefined specific hypotheses.’

Face validity is the mere appearance that an
outcome measure has validity.2 In contrast to
the other variants of validity discussed above,
face validity is not a technical form of valid-
ity, because it is a subjective appraisement of
whether the test “looks like” it is going to mea-
sure what it is supposed to measure. Face
validity appears to be helpful for the motiva-

tion of both the evaluators and test takers, who
will be more confident in conducting, and tak-
ing, a test if the test appears to be valid.

International Classification
of Function

The International Classification of Functioning,
Disability and Health (http://www.who.int/
classifications/icf/fen/) commonly known and
abbreviated as ICF and published by the World
Health Organization (WHO) in 2001, provides
a standard language and framework for the
description of health and health-related states
independent of specific diseases. Functioning
and disability are viewed as a complex inter-
action between the health condition of the
individual and the contextual factors of the
environment as well as personal factors.

The ICF is based on a biopsychosocial model
and provides a coherent view of different per-
spectives of health: biological, individual, and
social. It is structured around the following
broad constructs:

» Body functions and structure

» Activities (related to tasks and actions by an
individual) and participation (involvement
in a life situation)

» Environmental factors

The ICF has been designed to classify and
describe health conditions, and as such it is
not an evaluation tool. However, the ICF pro-
vides an internationally recognized framework
to describe, categorize, and classify outcome
measures.

Clinical Initiatives in the
Field of Spinal Cord
Medicine

Given that presently there are more human
SCI studies in progress, or planned, than ever
before, a lot has been invested in recent years
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in outcome measure research in the field of
SCI medicine in the form of clinical initiatives
and expert panels supported by professional
organizations.

International Campaign for Cures
of Spinal Cord Injury Paralysis

The International Campaign for Cures of Spinal
Cord Injury Paralysis (known as the ICCP;
http://campaignforcure.org) is a group of affili-
ated nonprofit organizations working to fund
research into cures for paralysis caused by spi-
nal cord injury. The ICCP developed guidelines,
as reported in a series of four open-access pub-
lications,!7-? for the design of clinical trials to
protect or repair the injured spinal cord. The
guidelines for clinical trial outcome measures!
provide recommendations for neurologic, func-
tional, and quality-of-life assessments to be
used in different phases of clinical trials.

Spinal Cord Injury Research
Evidence (SCIRE)

The Spinal Cord Injury Research Evidence proj-
ect (SCIRE; http://www.scireproject.com/)!?
covers a comprehensive set of topics relevant
to SCI rehabilitation and community reintegra-
tion. The SCIRE project reviews, evaluates, and
translates existing research knowledge into a
clear and concise format to inform health pro-
fessionals and other stakeholders of the best
rehabilitation practices following SCI. SCIRE
provides and maintains the Outcome Measures
Toolkit, a list of, currently, 33 outcome measures
for use in SCI clinical practice. Comprehensive
clinical summaries are available online.

Spinal Cord Outcomes Partnership
Endeavor (SCOPE)

The Spinal Cord Outcomes Partnership En-
deavor (SCOPE, http://www.scopesci.org) is a
broad-based consortium of scientists and clin-
ical researchers whose mission is to enhance
the development of human study protocols to
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accurately assess therapeutic interventions for
SC1.6 Several reports have emerged from this
partnership, including the aforementioned
ICCP guidelines as well as a review of outcomes
measures in SCI,6 based on a previously devel-
oped appraisal framework for evaluating met-
ric properties.!! SCOPE provides the following
regularly updated databases on their Web site
(http://www.scope-sci.org/trials.php): Cur-
rent SCI Clinical Trials of Drug, Cell, and Surgi-
cal Interventions to Improve Neurological and
Related Functional Outcomes; and Current
SCI Clinical Trials of Rehabilitation and Tech-
nological Interventions to Improve Functional
Outcomes.

International Standards for
Neurological Classification of
Spinal Cord Injury

The International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI,
pronunciation IN’SKI), published by the Amer-
ican Spinal Injury Association (ASIA), is a
widely accepted assessment scheme and clini-
cal communication tool for both clinicians and
researchers. ISNCSCI is considered the de-facto
standards for describing and quantifying the
neurologic deficits caused by a SCL.!2 Sensory
function is examined bilaterally in 28 der-
matomes for light-touch appreciation (using a
cotton tip) and pinprick discrimination (using
the rounded and the sharp ends of an opened
safety pin). Motor function is tested via a stan-
dardized manual muscle test bilaterally on five
myotomes (C5-T1) on the arms and five myo-
tomes on the legs (L2-S1). The very important
most caudal segments S4-S5 are assessed, in
addition to light touch and pinprick, by ano-
rectal examination for deep anal pressure and
voluntary anal contraction. ISNCSCI is designed
to be a bedside test conducted with the patient
in the supine position. No additional equipment
is required besides a cotton tip and a safety
pin. The time needed for a full examination is
estimated as 15 minutes (for complete thoracic
lesions) to 60 minutes (for incomplete cervical
lesions).
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Based on this clinical examination, the
SCI-induced impairment is defined by several
variables: the neurologic level, the severity (com-
plete versus incomplete and the ASIA Impair-
ment Scale [AIS]), and the zones of partial
preservation. The AIS describes the SCI sever-
ity on an ascending five-point scale. Grade A
denotes a complete injury; grades B to D
describe incomplete injuries, and grade E is
used only in follow-up assessments to indicate
restored spinal function (Table 2.1). The zones
of partial preservation are used only with com-
plete injuries, and refer to those dermatomes
and myotomes caudal to the sensory and motor
levels that remain partly innervated.

The ISNCSCI has been an actively developed
standard for more than 40 years, currently in
its seventh revision, which is available in an
updated booklet (http://www.asia-spinalinjury
.org/asia_store/asia_store.php). The booklet con-
tains several clarifications and a revised work-
sheet (Fig. 2.1).

The psychometric properties of ISNCSCI are
well investigated.!* Adequate reliability was

found in several studies for the total motor
score and the sensory scores. Individual myo-
tomes and dermatomes show a more divergent
reliability. Substantial to almost perfect Cohen’s
kappa coefficients (0.649-0.993) are reported
for myotomes, and fair to almost perfect coeffi-
cients for dermatomes (0.38-1). Children under
4 years of age cannot be reliably assessed with
ISNCSCI. Convergent and divergent construct
validity was consistently found in numerous
previous studies.!?

Besides measurement error introduced dur-
ing the examination, classification error also
contributes to the overall error. Classification
accuracy has been assessed in the framework
of formal training sessions, where the attend-
ees rated several ISNCSCI cases before (pretest)
and after (posttest) the training.'# After train-
ing, the overall classification accuracy is ~ 90%.
The highest misclassifications rates are encoun-
tered for motor levels (81.9%) and AIS (88.1%).
This error source can be eliminated by com-
putational ISNCSCI classification. Accordingly,
several ISNCSCI calculators were developed in

Table 2.1 American Spinal Injury Association (ASIA) Impairment Scale (AIS)

AIS Grade Definition
A Complete. No sensory or motor function is preserved in the sacral segments S4-S5.
B Sensory incomplete. Sensory but not motor function is preserved below the

neurologic level and includes the sacral segments S4-S5 (light touch or pinprick
at S4-S5 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 at the most caudal sacral segments
for voluntary anal contraction (VAC) OR the patient meets the criteria for sensory
incomplete status (sensory function preserved at the most caudal sacral
segments (S4-S5) by LT, PP or DAP), and has some sparing of motor function
more than three levels below the ipsilateral motor level on either side of the body.

(This includes key or non-key muscle functions to determine motor incomplete
status.) For AIS C, less than half of key muscle functions below the single NLI have

a muscle grade > 3.

D Motor incomplete. Motor incomplete status as defined above, with at least half (half
or more) of key muscle functions below the single NLI having a muscle grade = 3.
E Normal. If 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.

Not determinable
(ND)

To document the sensory, motor, and NLI levels, use the ASIA Impairment Scale
grade or the zone of partial preservation (ZPP) when the levels are unable to be

determined based on the examination results.

Abbreviations: DAP, deep anal pressure; ISNCSCI, International Standards for Neurological Classification of Spinal Cord
Injury; LT, light touch; NLI, neurological level of injury; PP, pin prick; SCI, spinal cord injury.
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recent years that generate consistent classi-
fications. Two of them have become widely
available online: the EMSCI ISNCSCI calculator
(http://ais.emsci.org) and the Rick Hanson Insti-
tute ISNCSCI algorithms (http://www.isncscial
gorithm.com). Both calculators have been vali-
dated on large data sets and produce consis-
tent results for not testable (NT) or missing
dermatomes and myotomes using sophisticated
logical inference techniques.

Several authors strongly recommend train-
ing clinicians in how to conduct a high-quality
ISNCSCI examination and classification. Train-
ing programs are available online (International
Standards Training e-Learning Program [InSTeP];
http://www.ASIAlearningcenter.com) and have
been integrated into research networks such
as the European Multicenter Study on Human
Spinal Cord Injury (EMSCI)'# and several clini-
cal trials. ISNCSCI is considered a mandatory
assessment for scientific journals publishing
SCI-related research in which patient charac-
teristics, subgrouping, and neurologic recovery
are reported.

Neurologic Function

Many neurologic outcome measures, such as
neuroimaging, quantitative sensory testing
(QST), and the battery of electrophysiological
assessments (e.g., motor evoked potentials
[MEPs] and somatosensory evoked potentials
[SSEPs]) are constrained in respect to their rou-
tine usability in clinical trials. Neuroimaging-
based methods, such as magnetic resonance
imaging (MRI) and its advanced sequences
(e.g., diffusion tensor imaging), require expen-
sive equipment and trained experts to analyze
the findings. Moreover, the quality of MRI-
based data acquisition may vary considerably
due to patient-dependent (e.g., artifacts fol-
lowing osteosynthetic spinal stabilization) and
-independent (variability of MRI quality across
multicentric sites) factors.

Accordingly, at this point these imaging
methods are powerful tools in basic research,
but they are not yet applicable to routine clini-
cal trial use. QST represents a sensitive assess-

ment to determine the proprioceptive (dorsal
columns) and protopathic (spinothalamic tract)
sensory function, but it also requires expensive
equipment and training, so that this instru-
ment is more often used in specialized pain
or sensory function studies than in general-
purpose clinical trials. The same holds true for
MEP and SSEP, which provide objective meth-
ods to evaluate ascending and descending spi-
nal pathways, but are challenging to establish
at multiple clinical sites.

Autonomic Function

Blood pressure and heart rate variability as well
as the response to orthostatic challenge (e.g.,
sit-up and tilt-table maneuvers) are reported
to have content validity and reliability, whereas
the sympathetic skin response shows only min-
imal valditiy.®

The International Standards to document
remaining Autonomic Function after Spinal
Cord Injury (ISAFSCI)'> were developed by an
international collaboration between ASIA and
the International Spinal Cord Society (ISCoS).
ISAFSCI includes two parts: general autonomic
function; and lower urinary tract, bowel, and
sexual function. The general autonomic func-
tion is composed of five items: heart rate,
blood pressure, sweating, temperature regula-
tion, and respiratory control. ISAFSCI has been
developed as an adjunct to ISNCSCI, and like-
wise it is accompanied by a web-based training
course, the Autonomic Standards Training E
Program (ASTeP): http://[www.ASIAlearning
center.com.

General Functional Status

The Barthel Index (BI), which was developed
for stroke, neuromuscular and musculoskeletal
disorders, assesses activities of daily living
(ADL). The BI consists of 10 items (feeding,
bathing, grooming, dressing, bowels, bladder,
toilet use, transfers, mobility, and stairs) and
has been revised several times, including the
development of the Modified Barthel Index
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(MBI). In the SCI population, the BI and MBI
show floor and ceiling effects as well as incon-
clusive results in terms of reliability and valid-
ity.16 Therefore, the BI cannot be recommended
as an SCI outcome measure. As a consequence
the Quadriplegia Index of Function (QIF) was
developed for individuals with tetraplegia and
introduced in 1980.17 It is composed of 10
weighted ADL variables (transfers, grooming,
bathing, feeding, dressing, wheelchair mobil-
ity, bed activities, bladder program, bowel
program, and understanding of personal care).
The time needed to conduct a full QIF assess-
ment is reported to be less than half an hour.
The reliability and validity were reported to be
adequate in several studies.!6

The Functional Independence Measure (FIM)
is one of the most frequently used measures to
assess basic quality of ADLs in persons with a
disability. The FIM is available in several lan-
guages, and consists of 18 items on an eight-
point scale to assess the amount of assistance
the patient needs to perform basic life activi-
ties such as self-care, sphincter control, trans-
fers, locomotion, communication, and social
cognition. The FIM demonstrated acceptable
reliability across a wide range of settings, rat-
ers, and patients.!® For the SCI population,
excellent reliabilities and excellent validities
have been reported. However, the FIM shows
ceiling effects, because the vast majority of
individuals with SCI have maximum scores on
FIM cognitive items.!!

The Spinal Cord Independence Measure
(SCIM) is now available in its third revision
since 2007.1° The SCIM is the only comprehen-
sive ability rating scale, which was designed
specifically for SCI. Three related but distinct
domains (self-care, respiration and sphincter
management, and mobility) are assessed in
19 items, resulting in a total score between 0
and 100. In-depth psychometric analyses found
excellent reliability and validity for the third
SCIM version. However, more detailed scoring
instructions were recommended to decrease
the time needed to conduct this assessment.
The time to run the test is estimated to be
between 5 minutes (for sedated patients in
an intensive care unit) and 45 minutes (for
patients with high cervical lesion). The SCIM
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is validated in several languages, including
English, Italian, and Turkish.

Walking, Ambulation, and Balance

Timed tests, for which the only requirements
are a stopwatch and a flat, straight, hard surface
for walking, include the 10-Meter Walk Test
(1IOMWT), the 6-Minute Walk Test (6MWT),
and the Timed Up and Go (TUG) test; these
tests are frequently used in the SCI popula-
tion.20 The 10MWT assesses the time needed
to walk 10 m, in order to calculate the short
distance walking speed. Different protocol vari-
ants have been used. In the recommended
variant, a 14-m walkway is used, but only the
middle 10 m are timed. The additional 4 m are
meant for acceleration and deceleration (to
allow for a flying start and stop).

The 6MWT was originally developed to
assess the functional capacity or endurance of
patients with cardiopulmonary diseases. It mea-
sures the distance a patient is able to walk over
6 minutes. Rests are allowed. An even walking
course of at least 30 m is recommended.

The TUG was originally developed to assess
mobility and balance for elderly individuals.
The patient is instructed to stand up from an
armchair, walk 3 m, turn around, return to the
armchair, and sit down. The time of a full cycle
is measured at the individual’s preferred speed.
Assistive devices are allowed.

These timed measures have excellent intra-
rater (10MWT: 0.983; 6MWT: 0.981; TUG:
0.979) and interrater (10MWT: 0.974; 6MWT:
0.970; TUG: 0.973) reliability.?! Excellent valid-
ity has been reported in several publications.2°

In contrast to the timed measures, which
can be conducted only in ambulatory individu-
als, categorical measures offer the opportunity
to capture the transition from nonambulatory
to ambulatory status.2? Categorical ambulation
measures are provided by the Walking Index
of Spinal Cord Injury version 2 (WISCI II) and
the mobility items of the SCIM and FIM. The
WISCI is a capacity measure of walking func-
tion, which categorizes in 21 levels the extent
and nature of assistance that persons with SCI
require to walk.22 Level 0, the lowest, indicates
the inability to stand or walk with assistance.
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Level 20, the highest, indicates the ability to
walk 10 m with no devices, no braces, and no
physical assistance. Excellent reliability and
validity have been reported in several studies.
As expected, the WISCI II has ceiling effects for
individuals with good walking function who
are not dependent on walking aids.

The Spinal Cord Injury Functional Ambula-
tion Inventory (SCI-FAI)?3 has components of
a timed test and categorical measures. It has
three domains. A gait score indicates the qual-
ity of gait, an assistive-device score indicates
the use of assistive devices, and a temporal/
distance score is the result of a timed 2-minute
walk test and a self-reported ambulation clas-
sification score. The SCI-FAI is a reliable and
valid observational gait score for patients who
are already walking, and it takes only a few
minutes to administer.

The Spinal Cord Injury Functional Ambula-
tion Profile (SCI-FAP) is another valid and reli-
able measure of walking skills for individuals
with SCL.%* It includes the timed performance
of seven tasks, such as walking and negotiating
obstacles, doors, and stairs. By including a daily
walking task, it covers the environmental fac-
tors of the ICF better than any other validated
ambulation assessment in SCI.

The Berg Balance Scale (BBS) is a perfor-
mance-based measure of balance. Originally
developed for use in the elderly, the BBS has
been used for various pathologies including
SCI. It takes 15 to 20 minutes to conduct a BBS
assessment. The BBS is available in several
languages, including English, German, Italian,
Turkish, Dutch, Korean, and Portuguese. Ade-
quate reliability and excellent validity was
reported for the SCI population.2> However,
ceiling effects have been reported for the AIS D
subgroup. Moreover the BBS was not able to
discriminate between people who fell and peo-
ple who did not fall.25

The motor subscale of the FIM consists of two
locomotor-relevant items: walking or wheel-
chair propulsion (seven-point scale), and stair
climbing (seven-point scale). Assistive devices,
braces, and walking aids are not considered. To
overcome this disadvantage, the SCIM was spe-
cifically developed for SCI. The SCIM mobility
(indoors and outdoors on an even surface) sub-

score consists of six items: mobility indoors
(nine-point scale), mobility for moderate dis-
tances (nine-point scale), mobility outdoors
(nine-point scale), stair management (four-
point scale), transfers wheelchair-car (three-
point scale), and transfers ground-wheelchair
(three-point scale). The resulting subscale total
score (0-30) has been shown to have excellent
interrater reliability and construct validity.1?

The combination of WISCI Il and 10MWT is
recommended as the best-validated measures
of walking capacity.220 However, these quick-
to-conduct assessments do not cover gait qual-
ity, which can be tested with the SCI-FAIL The
SCI-FAP is recommended if ADLs need to be
addressed.

Upper Extremity Function

There is a general consensus that generic hand
function tests are too limited for individuals
with tetraplegia and therefore are not appro-
priate.26 Accordingly, several SCI-specific assess-
ments for the upper extremities have been
developed.

The Capabilities of Upper Extremity (CUE)
has two variants. A questionnaire (CUE-Q) and
a performance test (CUE-T). The CUE-Q is a
measure of functional limitation in tetraplegia,
which can be administered by clinicians in
interview format. It takes about 30 minutes
to complete. The CUE-T is an objective stan-
dardized assessment of upper-limb capabilities
specifically developed for persons with tetra-
plegia.2’ The 16 unilateral and two bilateral
items were derived from the CUE-Q. It takes 45
to 60 minutes to administer this reliable and
valid test.

The Grasp and Release Test (GRT)28 was spe-
cifically developed to assess hand opening and
closing and to be used as a functional test with
neuroprostheses. GRT assesses the ability to
pick up, move, and release six different objects
using a palmar or lateral grasp. It takes about
20 minutes to administer. Two studies reported
that GRT has excellent reliability and adequate-
to-excellent validity.

The Van Lieshout Test-Short Version (VLT-SV)
assesses in 10 items the positioning and sta-
bilizing of the arm, hand opening and closing
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using the tenodesis effect, grasping and releas-
ing of objects, and manipulation of objects
using thumb and fingers.?® It takes 25 to 35
minutes to administer.

The Graded Redefined Assessment of
Strength, Sensibility, and Prehension (GRASSP)
was specifically developed as an impairment
measure for the upper limbs in tetraplegia.3°
It takes 60 to 90 minutes to administer. The
GRASSP consists of three subcategories: strength,
sensation, and prehension. Strength is assessed
by a manual muscle test that extends the five
ISNCSCI key muscles test by another five mus-
cles important for hand function. Semmes
Weinstein monofilaments are used for testing
three palmar and three dorsal key sensory
points. Prehension is divided into ability (cylin-
drical, lateral key, and tip-to-tip pinch grasp)
and six performance tasks (pour water from a
bottle, open jars, pick up and turn a key, trans-
fer pegs, pick up four coins and place in slot,
and screw four nuts onto bolts). A full GRASSP
was found to demonstrate reliability and con-
struct and concurrent validity for individuals
with tetraplegia.

Pain

Categorizing pain as nociceptive or neuro-
pathic is a prerequisite for providing adequate

treatment, and therefore appropriate pain
assessment is important. Accordingly, the Inter-
national Spinal Cord Injury Pain (ISCIP) classifi-
cation system was developed specifically for
SCI by an international group of SCI and pain
experts.3! It consists of three tiers (Table 2.2):
Tier 1 categorizes the pain type (nociceptive,
neuropathic, other, and unknown). Tier 2 doc-
uments the pain subtype (nociceptive: mus-
culoskeletal, visceral, other; neuropathic: at
level, below level, other). Tier 3 documents
the primary pain source or pathology.

The Numerical Rating Scale (NRS) is recom-
mended as a valid outcome measure to assess
pain intensity and pain unpleasantness, with
fixed anchor labels (intensity: 0 indicates no
pain and 10 indicates pain as bad as you can
imagine; unpleasantness: 0 indicates no un-
pleasantness and 10 indicates worst possible
unpleasantness). The Leeds Assessment of
Neuropathic Symptoms and Signs (LANSS) pain
scale discriminates between neuropathic and
nociceptive pain. Recently, the Spinal Cord
Injury Pain Instrument (SCIPI)3? has been vali-
dated in the SCI population as a new screening
tool for neuropathic pain; it takes only a few
minutes to administer. Changes in neuropathic
pain can be assessed with the Neuropathic Pain
Scale (NPS). The International Spinal Cord Injury
Basic Pain Dataset (ISCIPDS:B) is designed to

Table 2.2 International Spinal Cord Injury Pain (ISCIP) Classification

Pain Type Pain Subtype Example

Nociceptive Musculoskeletal

Glenohumeral arthritis, lateral epicondylitis, comminuted femur

fracture, quadratus lumborum muscle spasm

Visceral
cholecystitis
Other
incision
Neuropathic At level of SCI

Below level of SCI
Other

Myocardial infarction, abdominal pain due to bowel impaction,
Autonomic dysreflexia headache, migraine headache, surgical skin

Spinal cord compression, nerve root compression, cauda equine
compression

Spinal cord ischemia, spinal cord compression
Carpal tunnel syndrome, trigeminal neuralgia, diabetic

polyneuropathy

Other

Fibromyalgia, complex regional pain syndrome type I, interstitial

cystitis, irritable bowel syndrome

Unknown
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contain a minimal amount of the most critical
clinically relevant information concerning pain
that can be collected in the daily practice of
health care professionals with expertise in SCI.33
The extended version of the International Spi-
nal Cord Injury Basic Pain Dataset (ISCIPDS:E)
was primarily developed for research pur-
poses.33 ISCIPDS contains the aforementioned
pain classification system (ISCIP) as well as the
NRS for the assessment of pain intensity and
pain unpleasantness.

Depression

The 1-year prevalence of depression is three
times higher for individuals with SCI (22.2%)
than for the general U.S. population.34 Despite
this high prevalence, only a few studies have
investigated psychometric properties of depres-
sion screening and severity tools in the SCI
population. The need for future validity studies
cannot be emphasized enough, because most
of the depression assessments include both
somatic (i.e., neurovegetative) and cognitive-
affective symptoms. Somatic symptoms over-
lap the effects of SCI and will most likely lead
to a systematical bias in these tools.3*

For screening, only the Patient Health Ques-
tionnaire-9 (PHQ-9)35 uses the most current
diagnostic criteria for major depressive disor-
der and has demonstrated adequate accuracy
in SCI. PHQ-9 is available in several languages,
including English, German, and Spanish, and
it takes about 5 minutes to administer in either
an interview or self-reported form.

For measuring depression severity, there is
even less evidence available for the SCI popula-
tion, and from the available evidence, it seems
that the different measures perform equally
well.6 Therefore, the selection of a particular
depression measure cannot be made based on
psychometric superiority, but rather on feasi-
bility, acceptability to patients, ease of adminis-
tration, and the purpose of the evaluation.b The
Center for Epidemiologic Studies Depression
Scale (CES-D) and Beck Depression Inventory
(BDI) are the most frequently used measures
to assess depression severity, and CES-D has
been found to be well suited for epidemiologi-
cal research.

Quality of Life (QOL)

A recent review found several subjective (indi-
vidual QOL expectations and achievements)
and objective (fulfilling the cultural and socie-
tal QOL definitions) QOL outcome measures
that have been validated for SCI.36 The Satisfac-
tion with Life Scale (SWLS) is the most often
used subjective QOL measure. It is composed of
five items using a seven-point scale, and it
takes less than 5 minutes to administer. Sev-
eral languages are available. The Quality of Life
Index-SCI Version (SQL-SCI), which was specif-
ically developed for SCI, has four domains and
37 items scored on a six-point scale and takes
about 10 minutes to administer. Construct
validity has been established in two publica-
tions, but reliability remains uninvestigated.
The Life Satisfaction Questionnaires (LISAT-9,
LISAT-11) contains nine and 11 items, respec-
tively. Each item is scored on a six-point scale.
LISAT takes not more than 5 minutes to admin-
ister. Adequate reliability and adequate to excel-
lent construct validity have been reported.3”

The Short Form 36 (SF-36) health survey
represents the most widely used objective QOL
measure. It is a generic 36-item, patient-reported
survey of patient health. It is composed of eight
domains: vitality, physical functioning, bodily
pain, general health perceptions, physical role
functioning, emotional role functioning, social
role functioning, and mental health. SF-36 has
been translated into over 50 languages. Inter-
nal consistency and reliability are reported to
be adequate to excellent in the SCI population,
whereas inconclusive results are reported for
validity. As SF-36 is not adapted to SCI, some
questions may be seen as insensitive to indi-
viduals with complete SCI, especially in the
acute phase. More research has been recom-
mended to study this instrument in the SCI
population.

The Craig Handicap Assessment and Report-
ing Technique (CHART) has 32 items within
six domains. The administration is patient-
reported and takes up to 30 minutes. Several
studies reported adequate to excellent reliabil-
ity and validity. Several languages are avail-
able, including English, Spanish, and Chinese. A
short form (19 items) has been developed, but
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its psychometric properties have not yet been
investigated.

No conclusive clinical guidelines to use a
specific QOL assessment are available. There-
fore, the choice of appropriate QOL measure
should be based on the study objectives and
design, as well as on the psychometric proper-
ties of the particular measure within the con-
text of SCI.36

Assistive Technology

The Quebec User Evaluation of Satisfaction with
Assistive Technology (version 2.0) (QUEST 2.0),
consisting of an 8-item device domain and a
4-item service domain, is a standardized instru-
ment designed to measure user satisfaction
with a broad range of assistive technology
devices.38 QUEST 2.0 must be purchased, and it
takes 10 to 15 minutes to administer as either
interview based or self-reported. Originally
developed in French, several languages are now
available, including English, German, Chinese,
and Japanese. Reliability and validity studies
are available for the Chinese version, reporting
excellent internal consistency but only poor to
average construct validity.

The Assistive Technology Device Predisposi-
tion Assessment (ATD PA) assesses the patient’s
subjective satisfaction with current achieve-
ments in a variety of functional areas. The
patient characterizes aspects of his or her func-
tioning, temperament, lifestyle, and views of
a particular assistive device.3® ATD PA has 63
items in two domains and is translated into
Italian and French. Excellent reliability and
validity have been reported.3®

Spasticity

The Wartenberg Pendulum Test was introduced
in 1950 as a diagnostic tool of spasticity. The
clinician drops the patient’s foot from a knee
fully extended position. The motion and the
number of oscillations are measured with a
computer. The resulting relaxation index is com-
pared with normative values. This test is not
validated in the SCI population. The Spinal Cord
Assessment Tool for Spastic reflexes (SCATS) is
a validated clinical tool intended to rate spastic
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motor behavior of the lower extremities after
SCL.40 It consists of three items: clonus, flexor
spasms, and extensor spasms. Each item is
scored on a four-point scale, rating the reac-
tion to a stimulus as none, mild, moderate, or
severe. The combination of SCATS with a self-
reported score was recommended. The Penn
Spasm Frequency Scale (PSFS) is such a self-re-
ported score covering two items: the frequency
(five-point scale) and the severity (three-point
scale). No validation studies have been per-
formed for the SCI population.*!

Singe-joint resistance to passive muscle
stretching is rated with the Modified Ashworth
Scale (MAS), a widely used six-category ordi-
nal scale. The MAS represents a straightforward
bedside assessment. Although the MAS is con-
sidered the gold standard of spasticity assess-
ments, only poor reliability has been reported
in the SCI population.#? This is attributable to
the fact that it mirrors the tonic rather than the
clonic component of spasticity, which is more
prevalent in SCI. Here the SCATS might be
more sensitive. The MAS shows more reliabil-
ity in rating spasticity in upper extremities.
Employing the MAS in clinical trials should be
accompanied by standardization (base position,
movement range of motion and velocity) of the
examination and training of the examiner.*?

Due to the multidimensional nature of
spasticity, a battery of tests structured along
multiple ICF domains was suggested.® At the
moment a combination of at least two of the
aforementioned assessments seems advisable.

Other Assessments

For assessment tools related to other relevant
domains that are not covered by this chapter,
such as wheeled mobility, sexual function, skin
health, community reintegration, colon and
rectal function, and other psychological and
mental health aspects, the reader should do
an online search of ICCP-, SCIRE-, and SCOPE-
based resources for further information.

International SCI Data Sets

The ISCoS started a joint initiative together
with ASIA to develop the International SCI Data
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Sets.** As a result of this workshop, guidelines
were developed for the recommended minimal
number of data elements acting as a lowest
common denominator for a common language
among SCI centers worldwide. The guidelines
should assist centers in developing new SCI
databases, and may enable researchers to be
more consistent and effective in the design and
publication of clinical research studies through
the use of standard data elements that enable
comparison among SCI populations worldwide.
Twenty datasets are available as of August
2015. Some are freely available online (http://
www.iscos.org.uk and http://www.asia-spinal
injury.org) without any restrictions. ISNCSCI,
ISAFSCI, and ISCIP are among the most advo-
cated International SCI Data Sets and are rec-
ommended to be used as outcome measures.

Traumatic Versus Nontraumatic Injuries

Spinal canal stenosis, transverse myelitis, spi-
nal ischemia, disk herniations, tumorous com-
pression, and congenital diseases such as spina
bifida can cause nontraumatic SCI. Patients with
clinically stable nontraumatic lesions such as
one-time spinal cord ischemia have an outcome
comparable to that for patients with traumatic
SCI.%> Accordingly, the same outcome measures
as described for traumatic SCI can be applied
to nontraumatic spinal cord disease. Future
studies regarding valid outcome measures for
less stable SCIs (e.g., cord compressions) are
needed.

Chapter Summary

Valid and reliable outcome measures play an
important role in research as well as for clinical
purposes. Many resources have been invested
in psychometric studies and clinical initiatives,
resulting in several well-investigated outcome
measures and guidelines that can be recom-
mended. Among the outcomes measures,
ISNCSCI is probably the most often used and
investigated SCI-specific outcome measure and

clinical communication tool to describe the
neurologic SCI level and severity.

This chapter provided a broad overview
of available assessments. For the planning of
future clinical studies, an in-depth literature
search is recommended. The chosen outcome
measures not only should be reliable and valid
in the SCI population, but also should be suit-
able for the individual design of the planned
study. In particular, the effort required for each
assessment should be carefully weighed against
the gain of valid informational content.

Recently, more sophisticated psychometric
parameters, such as the smallest real difference
(SRD), the minimal detectable change (MDC),
and the minimal clinically import difference
(MCID), have been investigated for outcomes
in SCI. In the context of these parameters the
clinical relevance of respective assessments can
be better determined. For example, the SRD in
interventional trials can be clinically inter-
preted as the threshold that must be exceeded
to consider the changed score as “real™® (and
not due to statistical variance). Ideally, these
parameters would be available both for the
acute phase after SCI and for the chronic phase,
because in the acute phase the high dynamic
of natural recovery will lead to other results
than in the more stable chronic rehabilitation
period. Further studies regarding such clinical
interpretable parameters are strongly encour-
aged. Moreover, clinical trials would greatly
benefit from more sensitive outcome measures,
which would help to limit sample sizes.

¢ Many international initiatives provide guidelines,
evidence, and novel tools regarding outcome
measures in spinal cord medicine.

# ISNCSCI defines a standardized terminology to
clinically describe the neurologic level and sever-
ity of SCI.

# Several well-investigated outcomes measures
have been established in last decades:

* General function status: SCIM Il
* Upper extremity: GRASSP
* Ambulation: TOMWT + WISCI I
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¢ Randomized controlled trials (RCTs), by defini-
tion, have only one primary and multiple second-
ary outcome measures. The primary outcome
measure should be chosen with great care.

¢ Outcome measures not validated in the SCl pop-
ulation should not be used.
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Serum and CSF Biomarkers to
Predict Functional Recovery After

Spinal Cord Injury

Seth S. Tigchelaar and Brian K. Kwon

Introduction

In the last four decades, improvements in the
medical, surgical, and rehabilitative care have
extended the life span and increased the qual-
ity of life for individuals with spinal cord injury
(SCI), which was once considered an immi-
nently fatal condition. Numerous therapeutic
interventions have shown promise in animal
models of SCI, and a handful of these have
emerged from the laboratory to be tested in
the clinical setting in human SCI. Unfortunately,
none has succeeded in demonstrating convinc-
ing neurologic benefit in large-scale clinical
trials. With limited treatment options for acute
SCI patients, there is clearly an urgent need for
not only the preclinical scientific development
of novel therapeutic interventions but also the
subsequent clinical validation of these treat-
ments in human clinical trials.

A major impediment to the clinical testing
and validation of novel SCI treatments is our
reliance upon the manual functional neuro-
logic assessment, performed according to the
International Standards for Neurological Clas-
sification of Spinal Cord Injury (ISNCSCI). In
short, the ISNCSCI examination requires
injured patients to demonstrate motor strength
in the upper and lower extremities as well as
voluntary anal contraction, and to report their
perception of pinprick and light touch through-
out the body, including perianal sensation and
deep anal pressure. The ISNCSCI is an excellent,
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widely used clinical tool, which standardizes
the methodology with which neurologic im-
pairment after SCI can be measured. However,
experienced clinicians recognize that in the
acute SCI setting (when patients are consid-
ered for recruitment into clinical trials of neu-
rorestorative treatments), it is often impossible
to conduct this assessment in a valid manner,
particularly in patients who have multiple
injuries or brain trauma, or who are intoxi-
cated or sedated pharmacologically. In a review
of over 400 acute SCI patients admitted to Van-
couver General Hospital, Vancouver, BC, over a
4-year span, Lee and colleagues’ reported that
concomitant injuries and comorbidities would
have made obtaining a valid INSCSCI examina-
tion impossible in at least 30% of the patients,
thus automatically excluding them from recruit-
ment into an acute clinical trial. This inability
to accurately establish a functional baseline
injury severity prohibitively limits the pool of
“recruitable” patients for such studies and is a
major impediment to the execution of clinical
trials in acute SCI.

An additional challenge for clinical trials is
that even when an ISNCSCI examination can be
performed and a “baseline” American Spinal
Injury Association (ASIA) Impairment Scale
(AIS) grade assigned to acute SCI patients, there
is considerable variability in their subsequent
spontaneous neurologic recovery. This makes it
necessary to recruit large numbers of patients
to have sufficient statistical power to detect

Al use subject to https://ww.ebsco.conlterns-of-use



26

EBSCChost -

printed on 2/11/2023 3:05 AMvia .

Chapter 3

a modest (yet meaningful) improvement in
neurologic function.2 The imprecision with
which the functional ASIA grading predicts
eventual neurologic outcome forces investiga-
tors to spend years enrolling large numbers of
patients to achieve adequate statistical power.
The challenge this imposes is illustrated by the
clinical evaluation of the drug Sygen (a GM-1
ganglioside), for which a 760-patient phase 3
randomized clinical trial took 28 neuro-
trauma institutions about 5 years to complete
recruitment.?

Biological Markers for
Spinal Cord Injury

A biomarker is defined by the National Insti-
tutes of Health Biomarkers Definitions Work-
ing Group as “a characteristic that is objectively
measured and evaluated as an indicator of nor-
mal biological processes, pathogenic processes,
or pharmacologic responses to a therapeutic
intervention.”® Biomarkers may have several
uses in spinal cord injury. First, biomarkers
may reflect the biological extent of damage to
the spinal cord, and thus be useful as objective
measures of injury severity. A biomarker of
injury severity could supplement or, in theory,
even be used in place of the ISNCSCI assess-
ment of injury severity for the stratification
of patients in an acute SCI trial. Second, bio-
markers may be able to more precisely predict
spontaneous neurologic recovery over time.
Having a better ability to predict recovery
would reduce the numbers of patients that
would be needed to sufficiently power clini-
cal trials. An objectively measured biomarker
could also be useful as a surrogate biological
outcome measure for a novel therapeutic inter-
vention. Although the ultimate goal for neuro-
protective treatments is to promote functional
recovery, the ability to demonstrate that a
treatment is even having the intended biologi-
cal effect is far from trivial. Due to the high
variability in spontaneous recovery, it may
be nearly impossible to determine in a small
phase 2 study whether the intervention is
actually having any functional effect. Decisions

about whether to proceed to large phase 3 tri-
als would be greatly facilitated if there were
some objective biological measure of whether
the intervention, at the specific dose and tim-
ing of administration, was having the expected
response in the cord. Biomarkers that provide a
measure of such a therapeutic response could
be extremely valuable in deciding whether to
pursue further clinical evaluation of a drug,
and if so, in determining important parame-
ters, such as dose, time window of interven-
tion, and monitoring schedule for a more
definitive clinical trial. Additionally, biological
surrogate outcome measures that cross species
could be used in both the preclinical develop-
ment and subsequent clinical evaluation of
novel therapeutics.

To establish biomarkers that are represen-
tative of acute injury within the spinal cord, it
would be ideal to obtain samples of injured
spinal cord tissue for analysis, but of course
this is not possible in human patients. The “tis-
sue,” then, that is in closest proximity to the
injured cord is the cerebrospinal fluid (CSF).
Damage to the spinal cord releases proteins,
metabolites, and genetic information into the
environment, with the closest “environment”
being the CSF that surrounds the spinal cord. It
is this process that enables the study of neuro-
chemical biomarkers in the CSF.2

Various investigators have evaluated the rela-
tionship between biological responses in the
spinal cord parenchyma after SCI and the pres-
ence of neurochemical markers in the CSF. In a
rodent model of acute contusive SCI, Wang et al
demonstrated that increases in interleukin-1
(IL-1B) concentrations within the spinal cord
tissue over the first 72 hours postinjury were
paralleled by increased IL-1B concentrations
within the CSF. As reviewed in reference 2, it
was shown that this relationship between the
cord and surrounding CSF was quite specific,
and that systemic (serum) concentrations of
IL-1P did not correlate with the concentrations
in the injured spinal cord.

Unfortunately, little research has been con-
ducted on CSF biomarkers for acute, traumatic
SCI as compared with acute traumatic brain
injury (TBI). This is related to the availability of
CSF in acute SCI patients and the relative ease
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with which CSF is obtained in TBI patients
through extraventricular drains for intracranial
pressure monitoring. Such monitoring is pos-
sible, but not typically performed in patients
with traumatic SCI, making it more challenging
to obtain CSF samples at either single or serial
time points. Several CSF biomarkers have been
identified with the potential ability of diagnos-
ing acute traumatic SCI, including proteins that
indicate structural damage or neuroinflamma-
tion. This chapter focuses on markers that have
been described in the CSF and blood after acute
SCI, and provides a summary of the correspond-
ing studies (Table 3.1).

Structural Biomarkers of Spinal
Cord Injury in CSF and Serum

Structural proteins that reflect injury to neu-
ral tissue are likely choices for biomarkers of
injury severity in SCI. Trauma to the spinal cord
causes an acute disruption of the spinal cord
parenchyma and results in the release of pro-
teins from the nervous tissue into the CSFE.
Although structural proteins have been stud-
ied extensively in TBI and stroke, only a hand-
ful of structural protein biomarkers have been
investigated as biomarkers in acute SCI.

Glial Fibrillary Acidic Protein

Glial fibrillary acidic protein (GFAP) is an inter-
mediate filament (IF) protein that is expressed
in the astroglial skeleton. It is found exclusively
in the central nervous system (CNS) and is
released from injured glial cells. Evidence sug-
gests it may be a useful marker for various
types of brain damage, neurodegenerative dis-
orders, stroke, and severe TBI.5

Glial fibrillary acidic protein has been eval-
uated as a biomarker in a study of traumatic
SCI conducted by Kwon et al,® in which CSF sam-
ples were collected from 27 human patients
with complete or incomplete SCI (AIS grade A,
B, or C).° Intrathecal catheters were inserted
for CSF drainage and samples were collected
over 72 hours. Kwon et al found that CSF GFAP
levels at 24 hours postinjury were dependent
on injury severity and were varied significantly
in AIS A, B, and C patients. Pouw and colleagues?®
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investigated the CSF-GFAP concentrations within
24 hours of injury in 16 patients with trau-
matic SCI, and found that the concentration of
GFAP in AIS A patients who remained AIS A at
follow-up 6 months later was 9.6-fold higher
than in AIS A patients who neurologically “con-
verted” to AIS B. More recently, Ahadi et al®
investigated serum GFAP levels in 35 patients
with SCI. Increased concentrations of GFAP
were found in SCI patients compared with con-
trol patients at 24, 48, and 72 hours postinjury.
GFAP levels at 24 hours postinjury were signifi-
cantly higher in the patients classified as AIS A
or B compared with those classified as AIS C or
D. Additionally, the 24-hour postinjury levels
of GFAP were significantly higher in nonsurvival
patients compared with those who survived.

Aside from traumatic SCI, GFAP has been
evaluated as a biomarker in ischemic SCI and in
TBI. In a study of 39 patients undergoing elec-
tive thoracoabdominal aortic aneurysm (TAAA)
surgery, GFAP levels in the CSF of patients with
and without ischemic complications were
compared (reviewed by Yokobori et al’). The
patients with spinal cord ischemia had signifi-
cantly higher concentrations of GFAP (571-fold),
and the authors concluded that GFAP is a very
promising marker for identifying patients at
risk for postoperative delayed paraplegia after
aortic aneurysm surgery. GFAP has been inves-
tigated in many different acute neurologic con-
ditions in both human and animal settings, and
appears to be a promising biomarker of injury
severity.

Microtubule Associated Protein-2

Microtubule-associated protein-2 (MAP-2) is
primarily expressed in the nervous system and
is one of the most abundant proteins in the
brain.’ It is important for microtubule stability
and neural plasticity, and a potentially useful
marker of dendritic injury. MAP-2 has yet to be
reported as a biomarker of human SCI, either in
the CSF or serum. However, in a rat model of
SCI, the extent and time window of MAP-2 loss
were evaluated within the spinal cord tissue,
and it was found that within 1 to 6 hours after
SCI, there is a rapid loss of MAP-2 at the injury
site (reviewed by Yokobori et al®). Papa et al!°
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found significant increases in MAP-2 within
the CSF of patients with severe TBI. In this
study of 152 patients with severe TBI, peak
MAP-2 levels within the CSF were higher in
patients who did not survive, compared with
those who did survive. Thus, it would appear
that MAP-2 has potential as a structural bio-
marker for acute neurotrauma, although stud-
ies specifically in acute SCI are lacking.

Neurofilaments

Neurofilaments (Nfs) are a major cytoskeletal
component of axons, neuronal soma, and den-
drites. The Nf heteropolymer consists of a light
chain (NfL), a medium chain (NfM), a heavy
chain (NfH), and a-internexin polypeptides. The
structure of NfM and NfH includes sidearm
domains of differing lengths, and, following
trauma, proteolysis of these domains induces
compaction of Nfs, resulting in impaired trans-
port and accumulation in disconnected axons.>

As a biomarker of traumatic SCI, neurofila-
ments have been studied in both the CSF and
serum. Pouw and colleagues® investigated the
CSF-NfH concentrations in patients with trau-
matic SCI, and found elevated levels in patients
with motor-complete SCI compared with those
with motor-incomplete SCI. Additionally, they
found that NfH levels differed significantly
between AIS B and AIS C patients. Ahadi et al®
investigated the phosphorylated form of NfH
(p-NfH) in the serum of patients with SCI.®
Increased concentrations of serum p-NfH were
found in SCI patients compared with control
patients at 24 and 48 hours postinjury, and lev-
els were higher in patients classified as AIS A,
B, or C, compared with those classified as AIS D.
Kuhle et al'? measured serum NfL concentra-
tions in acute SCI patients, who they defined as
having either motor-complete paralysis, motor-
incomplete paralysis, or central cord syndrome
(CCS). Early serum NfL levels were higher in
complete and incomplete SCI patients than in
healthy controls or CCS patients. Furthermore,
the NfL levels increased over time and remained
higher in complete SCI patients compared with
incomplete and CCS patients. In 2003, Guez
et al evaluated NfL concentrations in the CSF
of a small series of six patients with SCI and

printed on 2/11/2023 3:05 AMvia .

reported that increased concentrations of NfL
correlated with severity of paralysis (reviewed
by Yokobori et al®). In 2012, Hayakawa et al
reported in 14 acute cervical SCI patients that
serum NfH levels were elevated as early as 12
hours postinjury, and remained elevated at 21
days postinjury (reviewed by Yokobori et al°).
The NfH levels in this study were also statisti-
cally different in motor-complete patients com-
pared with motor-incomplete patients.

Neurofilaments have also been studied as
potential biomarkers in animal models of neu-
rotrauma. Experiments in a rodent model of
SCI have reported an upregulation of NfM
within spinal cord tissue between 6 and 24
hours postinjury (reviewed by Yokobori et al°).
In a separate rodent model of SCI, serum NfH
levels increased following injury, showing an
initial peak at 16 hours postinjury and a sec-
ond, usually larger peak at 3 days postinjury,
returning to baseline levels by 7 days (reviewed
by Yokobori et al®).

Finally, neurofilaments have been reported
as biomarkers in TBI. Recently, a study using
a pig model of blast-induced traumatic brain
injury identified significantly increased CSF
NfH concentrations at 6 hours postinjury com-
pared with preinjury levels.! In a rodent model
of TBI, serum NfL levels were increased in a
severity-dependent fashion, with levels peak-
ing at 24 to 48 hours postinjury (reviewed by
Yokobori et al®).

Neuron-Specific Enolase

Neuron-specific enolase (NSE) is one of the five
isozymes of the glycolytic enzyme enolase. It is
localized to the cytoplasm of neurons and is not
normally excreted into its environment from
intact neurons. Structural damage of neuronal
cells causes leakage of NSE into the extracellular
compartment, the CSF, and the bloodstream.’
Neuron-specific enolase has been evaluated
as a biomarker of traumatic and ischemic SCI
in human and animal systems. Pouw and col-
leagues® measured CSF NSE concentrations in
16 human patients with traumatic SCI. NSE
concentrations were significantly correlated
with injury severity (motor complete vs motor
incomplete). Ahadi et al® investigated serum
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NSE levels in 35 patients with SCI. NSE concen-
trations in the serum were significantly higher
at 24 and 48 hours postinjury, compared with
control patients.

Several studies were reviewed by Yokobori
et al’: In a behind-armor blunt trauma model
of SCI using pigs, NSE levels were increased in
the CSF and serum 3 hours after injury with
CSF levels of NSE reaching ~ 3 times that of
the serum levels. In a weight-drop contusion
rodent model of SCI, serum NSE was signifi-
cantly higher at 6 hours postinjury, compared
with control animals. And in another rodent
SCI study of CSF and serum NSE, levels were
significantly higher at 2 hours postinjury com-
pared with control, reached peak levels at 6
hours postinjury, and correlated with injury
severity. Interestingly, the concentrations of
serum NSE were very similar to those that
were reported in the CSF.

S1008

The S100 proteins are a family of calcium-bind-
ing proteins that help to regulate intracellular
calcium. The S100 proteins are found in astrog-
lial and Schwann cells, in addition to adipocytes,
chondrocytes, and melanocytes.

Among all neurochemical markers, S100
has been relatively frequently studied as a
potential biomarker of traumatic and ischemic
SCI in human and animal systems. Kwon et al®
measured CSF levels of S1008 in acute SCI
patients and found that 24-hour postinjury
concentrations were elevated in an injury
severity—dependent fashion. In a separate study
of 16 patients with either motor-complete
injury (AIS A, B) or motor-incomplete injury
(AIS C, D), the mean CSF S100f concentration
in motor-complete patients was significantly
higher that in motor-incomplete patients.?

Two studies were reviewed by Yokobori et
al®: In a rodent compression model of SCI, Ma
et al reported that serum S1008 levels rapidly
increased following injury, such that by 72
hours postinjury, they had reached concentra-
tions that were nearly five times that of the
control animals. And Zhang et al documented
an increase in both serum and CSF levels of
S100p in a behind-armor blunt trauma model

of SCI using pigs; concentrations of S1008 in
the CSF were reported to be ~10 times higher
than the S1008 concentrations in the serum.

Aside from traumatic SCI, S100B has been
evaluated in TBI and ischemia-induced SCI. In
patients with severe TBI, CSF levels of S1008
were significantly higher in patients with unfa-
vorable outcomes, and correlated with elevated
intracranial pressure.!*> Winnerkvist et al eval-
uated S100B concentrations in the CSF of 39
patients undergoing TAAA surgery, and found
elevated S100f concentrations in five patients
who suffered an ischemic SCI, as compared
with the S100pB levels in those who did not
(reviewed by Yokobori et al®).

Spectrin Breakdown Products

Spectrin breakdown products (SBDPs) are gen-
erated by the calpain-mediated degradation
of submembrane cytoskeletal proteins, namely
spectrins. The generation of calpain-cleaved
degradation products of spectrins has repeat-
edly been used as a biomarker of various brain
pathologies, including those induced by trauma.
Recently, Yokobori et al® reported increased
levels of SBDP in the CSF and serum of one
patient with traumatic SCI, compared with
control patients with either hydrocephaly or
unruptured aneurysmes. In a weight-drop model
of rodent SCI, Yokobori et al reported increases
in SBDP120 in the spinal cord tissue 6 hours
after injury, and SBDP150 in the CSF 4 hours
after injury. Yokobori et al reviewed two other
studies: In another rodent SCI study, Schu-
macher et al reported increased levels of SBDP
in spinal cord tissue as early as 15 minutes post-
injury, with levels peaking at 2 hours postinjury.
And in a study of human TBI patients, SBDP
levels were measured in serially collected CSF
samples taken every 6 hours for 7 days postin-
jury; SBDP concentrations were increased in pa-
tients with TBI compared with control patients
at every time point examined, and poor sur-
vival was associated with higher SBDP levels.

Tau

Tau is an intracellular protein that is highly
enriched in neurons. It is a soluble microtubule
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binding phosphoprotein and assembles into
stable axonal microtubule bundles. Upon injury,
activated calpain depolymerizes microtubules.
Hyperphosphorylated tau aggregates into fila-
mentous inclusions, termed neurofibrillary
tangles that are a strong indication of axonal
injury.> Tau from damaged microtubules is then
released into the CSF and, to some extent, into
systemic circulation.

Tau within the CSF has been evaluated as a
biomarker of traumatic and ischemic SCI. In a
study of traumatic SCI conducted by Kwon et
al,? tau concentrations in the CSF at 24 hours
post-injury were found to be dependent upon
injury severity. In fact, in a more recent study
by Pouw et al?® tau concentrations within
24 hours postinjury were found to be 2.5-fold
higher in AIS A patients who remained AIS A at
follow-up 6 months later, compared with AIS A
patients who neurologically “converted” to an
AIS B. In an investigation of 51 dogs with trau-
matic SCI caused by thoracolumbar or cervical
intervertebral disk herniation, CSF tau levels
were found to be significantly higher in dogs
with lower extremity paralysis as compared
with healthy dogs.'* Furthermore, dogs that
improved by one neurologic grade within 1
week had significantly lower tau compared
with dogs that needed more time to recover or
did not recover.

Tau has also been investigated as a biomarker
for traumatic brain injury. The presence of tau
in the CSF is a highly sensitive indicator of axo-
nal injury in patients with diffuse axonal brain
injury where its levels were shown to increase
from 500- to 1000-fold at 1 hour postinjury, to
40,000-fold at 24 hours postinjury and return
to normal over the course of a few days.!>

In summary, tau within CSF has shown
promise as a biomarker of injury severity in
human and animal traumatic SCI, ischemic SCI,
and in TBL

UCH-L1

Ubiquitin carboxy-terminal hydrolase-L1 (UCH-
L1) is highly abundant in the neuronal soma
and is involved in the addition or removal of
ubiquitin from proteins that are destined for
metabolism.>
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Using a weight-drop model of SCI in rats,
Yokobori et al® measured an increase in CSF
UCH-L1 as early as 4 hours postinjury. Further,
in a single human patient with traumatic SCI,
Yokobori et al measured increases in both CSF
and serum UCH-L1 at 2 days postinjury, with
CSF concentrations reaching 50 times the serum
UCH-L1 levels. Currently, these preliminary
studies are the only existing studies that have
investigated the potential of UCH-L1 as a bio-
marker for acute SCI.

Mondello et al investigated the temporal pro-
file over 7 days of UCH-L1 within the CSF and
serum of 95 patients with severe TBI (reviewed
by Yokobori et al®). They found serum and CSF
levels of UCH-L1 to be increased in patients with
severe TBI, with CSF levels reaching ~30 times
that of the serum levels. The CSF and serum
concentrations of UCH-L1 distinguished severe
TBI survivors from nonsurvivors, with non-
survivors having significantly higher and more
persistent levels of serum and CSF UCH-L1.

Neuroinflammatory Markers of SCI
in CSF and Serum

Inflammation is thought to play a central role
in the pathophysiology of secondary injury
following acute SCI, and inflammatory media-
tors such as interleukins and other cytokines
may be useful as biomarkers. Cytokines are the
central mediators of cell activation and recruit-
ment, and are upregulated at the sites of trau-
matic injury by resident tissue cells, activated
resident and recruited leukocytes, cytokine-
activated endothelial cells, and some neurons.

Interleukins

The interleukins are a group of cytokines that
are involved in the inflammatory response and
can be either pro- or anti-inflammatory, or
both, depending on the temporal pattern of
expression. Kwon et al® found a severity depen-
dent expression of IL-6 and IL-8 in the CSF of
human patients with complete or incomplete
SCL9 In a Taiwanese study of seven patients with
acute SCI, an increased concentration of IL-6
and IL-8 was observed in the CSF of patients
with complete SCI (reviewed by Kwon et al2).
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Using a rodent thoracic, weight-drop, con-
tusive model of mild and severe SCI, Yang and
colleagues reported that concentrations of the
inflammatory proteins, IL-1pB, IL-6, and TNF-a
mRNA and protein were significantly increased
in the spinal cord after a severe, but not mild,
injury (reviewed by Kwon et al?).

In addition to traumatic SCI, the study of
nontraumatic SCI is relevant to the discussion
of inflammatory biomarkers. In the CSF of
patients with spinal cord injury secondary to
transverse myelitis, Kaplin et al demonstrated
a 262-fold increase in CSF IL-6 concentrations
when compared with control patients (reviewed
by Kwon et al2). They also found a strong cor-
relation between IL-6 concentrations and the
clinical severity of paralysis. In a study of
patients undergoing TAAA repair, Kunihara et
al found that the occurrence of ischemic paral-
ysis was associated with increased concentra-
tions of IL-8 in the CSF (reviewed by Kwon et
al?). In patients with severe TBI, CSF levels of
IL-1B were significantly higher in patients with
unfavorable outcomes,'? and Kushi et al'® have
found increases in CSF and blood concentra-
tions of IL-6 and IL-8 following severe head
injury.

Monocyte Chemoattractant Protein-1

The monocyte chemoattractant protein-1
(MCP-1), also known as the chemokine (C-C
motif) ligand 2 (CCL2), is a proinflammatory
cytokine that appears to be associated with a
poor outcome in studies of brain injury. Over-
expression of MCP-1 increases brain infarct vol-
ume and exacerbates secondary damage after
brain injury, and mouse mutants deficient in
genes for MCP-1 show decreased inflammatory
infiltration and infarct size.

Kwon et al® reported a marked increase in
MCP-1 concentrations in the CSF collected from
human patients with complete or incomplete
SCI, and upregulation was positively correlated
with injury severity.? In a Taiwanese study
of seven patients, an increased concentration
MCP-1 was observed in the CSF of patients
with complete SCI (reviewed by Kwon et al2).

In a rodent model of SCI in which the cord
was subjected to impactor forces of 100, 150,
or 200 kdyne, there was an increased expres-
sion of MCP-1 in the 150-kdyne and 200-kdyne
injuries as compared with the mild 100-kdyne
injury, and MCP-1 levels correlated with sub-
sequent neuropathic pain (reviewed by Kwon
et al?).

In addition to SCI, MCP-1 levels in the blood
of patients with moderate or severe TBI were
increased at admission as well as at 12 hours
after admission in patients with unfavorable
neurologic outcome, as well as in those patients
who died.”

Tumor Necrosis Factor

Tumor necrosis factor (TNF) is a proinflamma-
tory cytokine, mainly expressed by microglia,
that plays an important role in the control of
cell proliferation, differentiation, and apopto-
sis. TNF recruits macrophages following nerve
injury and modulates the expression of cell
adhesion molecules, which are required for the
migration of leukocytes to sites of injury.

Despite likely playing an important role in
secondary injury, TNF has not yet been reported
in the CSF or serum of traumatic SCI patients as
a potential biomarker. Yang et al reported ele-
vated TNF mRNA and protein in the spinal cord
after severe, but not mild injury (reviewed by
Kwon et al?).

Following human TBI, increases in TNF lev-
els have been reported in both the CSF and
serum. Hayakata et al'® examined CSF from 23
patients with severe TBI and found an increase
in CSF TNF concentrations at 24 hours post-
injury. The serum concentrations of TNF were
over 10-fold lower than in CSF and did not sig-
nificantly change over time.

Other Potential Biomarker
Candidates

Micro RNA

Micro RNAs (miRNAs) are small (18-25 nucleo-
tide), noncoding RNAs that are negative regula-
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tors of gene expression at the posttranscriptional
level. Microarray analysis has revealed that the
expression of over 300 miRNAs is altered fol-
lowing SCI in the adult rat spinal cord.!” This
study suggested that several miRNA (miR-181a,
miR-411, miR-99a, miR-34a, miR-30c, miR-
384-5p, and miR-30b-5p) target the mRNAs
of inflammatory mediators such as intercellu-
lar adhesion molecule-1 (ICAM-1), IL-1p, and
TNF-a.

Redell et al'8 have investigated the plasma
miRNA changes in patients with TBI. Of 108
miRNAs identified in the serum of healthy
patients, 52 were altered after severe TBI. An
additional eight miRNAs were detected only in
the patients with TBI. Further work is needed
to determine the utility of these miRNAs as SCI
biomarkers.

Classification of Injury Severity
and Prediction of Functional
Recovery with Biomarkers

Currently, the validation of biomarkers is tied
closely to the evaluation of neurologic function
using the ISNCSCI standards; however, in time,
it is conceivable that biomarkers, by them-
selves, could provide accurate information about
the extent of neurologic injury in patients who
cannot be examined reliably. It is well estab-
lished that the baseline severity of neurologic
impairment after SCI is one of the most import-
ant predictors of eventual neurologic recovery.
Therefore, it would be expected that biomark-
ers of injury severity would also be able to
predict neurologic recovery. After identifying
injury-severity-dependent expression of IL-6,
IL-8, MCP-1, tau, GFAP, and S1008 in the CSF of
acute SCI patients, Kwon et al® generated a pre-
diction model that used a combination of these
markers at a 24-hour postinjury time point to
correctly classify baseline AIS grade. Further-
more, these biomarkers were slightly better at
predicting segmental motor recovery in cervi-
cal SCI than the AIS classification.

Kuhle et al'2 investigated the ability of serum
NfL levels to predict neurologic outcome as
defined by the mean of the motor and sensory
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scores at 3, 6 and 12 months postinjury. NfL
levels over the first 7 days postinjury were
higher in patients with a poor outcome com-
pared with those with a better outcome, with
an increasingly stronger correlation over time
for NfL measurements after 24 hours.

In addition to the value of having a biological
measure of injury severity and objective pre-
dictor of outcome, it would be extremely valu-
able to have biomarkers that could be used as
biological surrogate outcome measures in acute
SCIL They could then be used to monitor outcome
and the effect of interventions. For example,
Kwon et al® measured CSF NfH concentrations
as an indicator of minocycline treatment. Early
NfH concentrations (days 1-3) were reduced,
suggesting a biological effect on secondary
injury mechanisms. In animal models of SCI,
it was found that NfH, IL-1B, MMP-9, and NOx
were reduced after minocycline treatment, and,
in theory, such markers could be evaluated in
the CSF or serum of acute SCI patients to docu-
ment the biological effects of minocycline.?

Finally, although the measurement of bio-
logical markers within the CSF enjoys the
advantage of its proximity to the injured spinal
cord, it would obviously be of great utility to
establish blood-borne biomarkers of injury. The
challenge, of course, is in establishing a serum
marker that is specific to the injured process
within the CNS and has a sufficient signal-
to-noise ratio. For studies that have reported
both CSF and blood levels of a given marker, the
CSF concentrations are typically much higher,
although there are certainly candidates that
appear promising in serum (Table 3.2). In TBI,
several blood-based biomarkers have been
investigated; however, examination of only a
single molecule associated with damage may
lack specificity due to external sources of S100p.
Furthermore, systemic inflammatory markers
are involved in a vast number of processes, and
thus are difficult to individually link to TBI. In
the future, a multi-marker approach in charac-
terizing the outcome of acute SCI would be help-
ful, because the evaluation of multiple markers
to establish a “biological signature” could
increase diagnostic and prognostic accuracy.

Al use subject to https://ww.ebsco.conlterns-of-use

35



Chapter 3

36

*17-9sej04pAY [eulwRl-Axoqued ulinbign ‘L 1-HON ‘Ainfur ulelq
Jiewnes) ‘g 3onpoud umopyealq uildads ‘4ags ‘Ainfui p1od jeuids ‘s asejoua dydads-uoinau IsN ‘Ainfunsod sinoy ‘idy ‘Ainfupsod sAep ‘idp ‘piny |euidsoiqaiad 4D :suoipinaIqqy

dools
winJss Jo 1ey3 xS 4 Aj1eau buiyoeas oo Ls 45D

auids ay3 jo ewnen

yum ‘idy € 3e 4SO pue WinJas ay} ul pasealdul Juw 1/bu €00° L jun|q Jowile-puiyaq <[ 39 100X 0A
Apuedyiubis a1am goQ LS Jo suonzenyuaduo)  [bu g0 F 1/bu 9650 F1/buggsz doolLs A3p0]9A-ybIH AQ pamainay
3ISN
winJas Jo 3ey3 x€ buiydeal IsN 45D yum ‘idy € auids ay3 jo ewnesy
1 4SO puUe WnJas 3y ul pasealoul Apuediiubis w/bu Jw/bu 960°€ jun|q Jowe-puiysq o[ 19 110qOXOA
9J9M 3Se|OUD D1129dS-U0IN3U JO SUOIRIIUIIUOD) 9/t°0 ¥ 1w/bu p6E Y Flw/buplgzL 3SN A3d0PA-ybiH Aq pamainay
1dp 7 3B pasea.dul 21am S|PA3| 0G LdAgS WnJas
pUe 4SD ‘DS Y3iM Juaiied uewiny auo uj [013U0d
WINJ3s [BLWIOU pUB [013U0D 4SD) Ym paledwiod Jw/bu g ~ Jw/bu o 05 ~ 051dags [DS dl3eWwnely uewny < |B 39 110QOOA
idp z
B PaseaIdU] IIM S[9AI] | T-HDN WNISS pue 45
430q ‘DS Y3im Juaiied uewiny auo uj [013U0d
WINJ3S [BWIOU PUE |0J3U0d 45D Yim pasedwo) qw/bu oz'0 ~ qw/bu ol ~ L7-HDN |DS d1lewnes} uewny <|B 19 1I0qO>0A
9JB|2.102 JOU PIp PUB 19MO| x()| I9M SIN|BA
WwInNJas :9wod3no J0od yim paje|aliod pue (21nby wouy
1dy Z| 3B pa.11n220 4S) Ul SUOIFRIIUIDUOD Jedd  pajew3sa) Jw/bd o | ~ Jw/bd /'L ¥6'6 dr-11 |g.L 949A3S UBWINH ¢1|B 39 e1ByERARH
A31an3s Ainfur yum pajeja1iod JSTIEVER
91am pue 3|qesedwiod a19m SpINY y10q Ui suol} Ainlur jo saa1b9p €
-B13udu0d goQ LS Ul sabueypd ‘idy g e pasnio Y3m DS dlzewnelsy ¢[B 39 10O 0A
WwINJI3s pue 457 Yy3oq Ul SUOIIBIIUIIUOD 3edd Jw/buzi0oF 160 1w/bu/00F 80 dools JO [9pou JuU3poy AQ pamainay
A3113A9s Ainful yum paiejs.110d JSTIEVEL
919M pue 3|qe.sedwiod 919M SpIN Y10q Ul Suol} Ainlur jo saa1b9p €
-BJ3UdU0D SN Ul sabueyp 1dy g 3e palinddo Y3IM DS dlzewinelsy <[ 39 100X 0A
WwINJI3s pue 457 Yy3oq Ul SUOIIBIIUIIUOD Yedd Jw/bu /¥ F6°CC Jw/bu g€ 6652 3ISN JO [9poLu JUapoy AQ pamainay
SJURIWIO) SuOoIIeIIUIDUOD SuUOIJRIIUDUO0Y  IIewolg uonedipu| Apms
wnias jead, 45D Jeed.

SUOIIRIIUIDUO)) IDEWOolg WNIAS pue (45)) pinj4 [euidsoiqala) aqLdsaq Jey) salpnis '€ djqel

use subject to https://ww.ebsco. conlterns-of-use

A

printed on 2/11/2023 3:05 AMvia .

EBSCChost -



EBSCChost -

Predicting Functional Recovery

Future Directions

The challenge of conducting clinical trials in
acute SCI that depend on the baseline ISNCSCI
examination represents a serious bottleneck in
the clinical validation of the ever-growing list
of promising therapies. It is in this context that
biological markers of injury severity and neu-
rologic recovery may play an important role
in the translation of novel therapies. The diag-
nostic capabilities for the currently available
biomarkers cannot exceed that of the initial
neurologic assessments, so long as they are
compared with these neurologic assessments
as the comparative gold standards.? However,
there is a promising set of biomarkers that may
have the ability to stratify injury severity and
act as biological indicators of the effects of
novel therapeutics for SCI. Future studies are
needed to determine whether structural and
inflammatory biomarkers could be used as
diagnostic markers in those SCI patients where
a valid baseline neurologic assessment cannot
be obtained, or if they could better predict
long-term outcome than this initial neurologic
evaluation.

Chapter Summary

The evaluation of biomarkers within the serum
and cerebrospinal fluid provides the opportu-
nity to characterize biological mechanisms of
injury, monitor injury progression, and poten-
tially predict functional recovery in patients
with traumatic spinal cord injury. Currently,
clinicians rely on the manual functional neuro-
logic assessment, performed according to the
ISNCS(I, to identify injury severity in patients.
However, in the acute SCI setting it is fre-
quently impossible to conduct this assessment
in a valid manner in patients with multiple
injuries or brain trauma, or who are intoxi-
cated or sedated pharmacologically. Addition-
ally, even within each ASIA Impairment Scale
grade, there is considerable variability in the
subsequent spontaneous neurologic recovery
of patients with acute SCI. The inability to
accurately evaluate injury severity in the acute
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setting eliminates patients from clinical trials,
whereas the pronounced heterogeneity in recov-
ery necessitates the recruitment of large num-
bers of patients for acute trials. An objectively
measured biomarker of injury severity could
increase the number of “recruitable” patients
who are eligible for clinical trials and reduce the
number of patients required for any one trial.
Many efforts have been made to develop poten-
tial markers for the diagnosis of CNS disorders.
Here, the structural markers glial fibrillary
acidic protein (GFAP), microtubule-associated
protein-2 (MAP-2), neurofilaments, neuron
specific enolase, S100b, spectrin breakdown
products, tau, and ubiquitin carboxy-terminal
hydrolase L1 (UCH-L1), as well as the inflam-
matory markers IL-1b, IL-6, IL-8, monocyte che-
moattractant protein-1 (MCP-1), and tumor
necrosis factor were reviewed for their poten-
tial utility in identifying injury severity, and
predicting outcome in the preclinical and clin-
ical settings.

¢ Although the baseline AIS grade of neurologic
impairment is used to stratify injury severity after
traumatic SCI, its ability to predict outcome is
limited, particularly when based on an evaluation
early after injury.

# The cerebrospinal fluid (CSF), due to its proximity
to the injured spinal cord parenchyma, can pro-
vide insights into pathophysiological responses
occurring within the spinal cord.

¢ Numerous neurochemical markers have been
identified that correlate with injury severity,
including inflammatory cytokines, and proteins
such as tau, NSE, S100pB, and GFAP.

¢ The biomarker panel used by Kwon et al® was
slightly better at predicting the extent of seg-
mental motor recovery in cervical SCI than was
the AIS classification.

¢ Although biomarkers within the CSF may provide
an objective assessment of the biological extent
of injury, they have yet to be validated; at this
stage, they certainly cannot be considered a sub-
stitute for a thorough clinical examination of
neurologic function after acute SCI.

¢ There may be a functional “ceiling effect” with
the AIS grading system. Conceptually, if the spi-
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nal cord is traumatically injured to a degree that
produces a functionally complete AIS A injury,
doubling the mechanical severity of injury may
increase the biological extent of injury, but would
still result in the identical injury grading accord-
ing to the AIS. This may be better represented
biologically.

# As biomarker expression is time dependent, sig-
nificant variability may be observed when com-
paring CSF samples obtained from different time
points after injury (Pouw et al®).
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Introduction

Magnetic resonance imaging (MRI) made its
debut in the mid-1980s and quickly revolu-
tionized the field of spinal cord imaging, pro-
viding unprecedented details of the spinal cord
and soft tissue structures, such as disks, liga-
ments, and paravertebral tissues. Various MRI
sequences, such as spin echo, gradient echo, and
inversion recovery, have continued to mature
over three decades and have achieved reliable,
high-resolution imaging that has established
MRI as the gold-standard imaging modality for
most disorders affecting the spinal cord, includ-
ing traumatic spinal cord injury (SCI).
However, adoption of MRI into the acute
trauma setting has been limited, primarily due
to lengthy scan times, challenges with main-
taining ventilation and hemodynamic stability
in critically ill patients, and concerns about
putting obtunded patients in the magnet with-
out performing safety screening. These issues
have limited the use of spinal MRI in trauma
to a secondary investigation that is often used
after initial computed tomography (CT) imag-
ing.! In most cases where a neurologic deficit
has been identified consistent with a SCI, MRI
is indicated to confirm the neurologic level and
provide information about the degree of spinal
cord compression and structural injury to the
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ligaments and soft tissues. Most spine surgeons
feel this information is essential for surgical
decision making, although there is some debate
in the community, as some have suggested that
the risks of obtaining a preoperative MRI may
outweigh the benefits.

Several reports have also suggested that
MRI can provide additional prognostic infor-
mation in acute SCI, by identifying features
such as hemorrhage and edema that relate to
the amount of tissue damage, and ultimately
correlate with neurologic and functional out-
comes better than clinical examination alone.
However, conventional MRI sequences provide
only a macroscopic view of the spinal cord tis-
sue, and signal changes frequently do not cor-
respond with specific pathological processes
occurring at the microstructural level, limiting
their utility in predicting outcomes. Several
new spinal cord MRI techniques are emerging
that appear to have the ability to fill this gap,
providing quantitative metrics that represent
features of the spinal cord microstructure and
function.2 These powerful new MRI techniques
have shown tremendous potential in early clin-
ical studies, but it remains to be seen if they
can be successfully adopted for clinical use. For
now, conventional MRI techniques that pro-
vide high-resolution anatomic imaging remain
the imaging method of choice for acute SCI.
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Chapter 4

Conventional Magnetic
Resonance Imaging in
Acute Spinal Cord Injury

The Role of MRI in Trauma
Protocols

The efficient management of the acute trauma
patient is a complex task that requires a well-
organized team to simultaneously stabilize the
patient while identifying and prioritizing all
severe and potentially life-threatening inju-
ries. These patients are managed according
to detailed trauma protocols, evolving over
decades of use, to distinguish between patients
who require immediate surgical intervention
and those who are stable enough to undergo
imaging investigations to further characterize
injuries in different systems. The choice of
imaging modality involves a trade-off between
speed and quality of the imaging, and may
include a combination of X-rays, CT, and MRI
scans. Older trauma protocols relied heavily on
X-rays, but modern versions suggest perform-
ing only a chest X-ray in the trauma room, fol-
lowed by complete head-to-tail CT imaging
(head, cervical/thoracic/lumbar spine, thorax,
abdomen, and pelvis). Cervical spine X-rays,
with anteroposterior (AP), lateral, and open
mouth views, can also be obtained quickly to
identify most cervical fractures, but they have
largely been supplanted by CT because they
miss 6% of cervical fractures.3 CT is a highly effi-
cient modality, enabling whole-body scanning
in only a few minutes, and has become a cor-
nerstone of trauma care. CT demonstrates the
vast majority of spinal injuries, identifies more
than 99% of fractures, and demonstrates signs
of ligamentous injury (e.g., facet widening) in a
majority of cases. CT also provides a degree of
visualization of pre- or paravertebral swelling
and, to a lesser extent, soft tissues inside the
spinal canal suggestive of cord compression.
However, to perform CT on a critically ill trauma
patient entails ensuring that the patient is
hemodynamically stable, setting up portable
monitoring equipment, moving the patient,
and keeping the patient flat (supine) while in
the scanner. All of these steps entail risks to the

patient, including the risk of iatrogenic SCI
when moving a patient with severe ligamen-
tous injury. Therefore, careful transportation
and hemodynamic support are essential to
mitigate risk.

Magnetic resonance imaging provides addi-
tional information that is complementary to
CT, and may have a profound impact on the ini-
tial clinical management of SCI patients. This
includes the immediate decision making of
when (and if) to operate, which approach to
take (anterior versus posterior), how many
levels require decompression, and what kind
of reconstruction is needed. MRI clearly visu-
alizes the spinal cord and surrounding cere-
brospinal fluid (CSF), and can demonstrate the
degree of spinal cord compression resulting
from a fracture, dislocation, disk herniation,
intramedullary contusion, or epidural hema-
toma, any of which could prompt the surgeon to
perform decompression with greater urgency.
Ligamentous injury can also be identified using
MRI, appearing as high signal intensity on cer-
tain sequences, which in many cases indicates
mechanical instability requiring stabilization
with surgical instrumentation (anterior, poste-
rior, or both) and/or external bracing. MRI can
also help identify vertebral artery injury (VAI)
using MR angiography (MRA), usually per-
formed with injection of gadolinium contrast.
Finally, MRI may also be useful for clearance of
spine precautions, as it can rule out most spi-
nal injuries, enabling the removal of a hard cer-
vical collar and earlier discharge of the patient.
Each of these specific areas in which MRI may
affect decision making is discussed in detail
below.

Unfortunately, spine MRI protocols typically
require a much longer scan time (~ 30 minutes
for a standard cervical trauma protocol) than
CT—a dramatic increase that may not be accept-
able in certain acute trauma patients. All of the
risks entailed in performing CT on a critically
ill patient, as specified above, are even greater
for MRI, due to the increased scan time. If the
patient has a concomitant head injury or chest
injury, lying supine for this length of time dra-
matically increases the risk of increased intra-
cranial pressure (ICP) or ventilation problems,
respectively. Furthermore, MRI involves a strong
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magnetic field that requires specialized equip-
ment, which usually means transferring a
patient from portable to MRI-compatible
monitoring equipment. The magnetic field also
poses a serious risk to patients who have surgi-
cal implants (pacemakers, aneurysm clips) or
metallic fragments (shrapnel, metal shards in
eye), and screening for these risks may be
impossible if the patient is obtunded or if fam-
ily is unavailable to provide consent. Thus, the
potential benefits of obtaining an MRI must be
weighed carefully against the risks.

Both the decision to undertake MRI scan-
ning in acute trauma and the interpretation of
the results should be performed by an experi-
enced spinal surgeon, in consultation with the
critical care team. It must be remembered that
imaging information is simply an adjunct to,
and not a replacement for, the clinical infor-
mation gathered from the history and physical
examination. Ideally, a spine surgeon should
participate in the initial assessment of the
trauma patient to help determine the mecha-
nism of injury and perform a detailed physical
examination that includes assessment of neu-
rologic deficits and signs of spinal injury. An
examination based on International Standards
for Neurological Classification of SCI (ISNCSCI)
protocols should be performed once the patient
is fully resuscitated and stable. The motor exam
may reveal flaccid paralysis below a specific
spinal level, a sign of spinal shock associated
with severe SCI [American Spinal Injury Asso-
ciation (ASIA) Impairment Scale (AIS) grade A
or B]. The patient should be carefully log-rolled
to remove the backboard, which can quickly
cause pressure ulcers in denervated skin, and
the spine should be inspected and palpated at
every level from C1 to the sacrum to identify
bruising, tenderness, bogginess, and step/gap
deformities, which can indicate fractures or lig-
amentous injuries. Rectal examination for tone,
bulbocavernous reflex, sensation (light touch
and pinprick at the mucocutaneous junction
and deep pressure sensation), and voluntary
contraction is an important element of the
assessment. The clinical information helps to
gauge the likelihood of an injury to the spinal
column, and enables an initial CT scan to be
interpreted in its appropriate context. The need
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to perform an MRI can then be adequately
assessed by the spine surgeon, and the scan
can be tailored to include only the suspected
level(s) of injury and certain sequences, in an
effort to minimize scan time.

Specific MRI Sequences for Spine
Trauma

Several types of MRI sequences have proven
themselves useful for the assessment of trau-
matic spinal injuries (Table 4.1).

T2-Weighted Imaging

In a systematic review of MRI in acute SCI, Bozzo
et al! found that sagittal T2-weighted (T2W)
imaging was used in 100% of studies. This
technique provides excellent contrast between
the spinal cord and CSF and is the best method
to identify the level and specific cause of cord
compression, in addition to showing cord
edema and intramedullary hemorrhage. T2W
is achieved using long repetition time (TR) and
long echo time (TE), and is often performed in
the spine based on a fast spin echo (FSE) pulse
sequence. Sagittal T2W visualizes a lengthy
segment of the spinal cord (~ 24 cm) in a small
number of slices due to the orientation, and
can thus be obtained with a relatively short
scan time. Axial T2W is also a useful technique,
as it can better identify a lateral disk herniation
and visualize asymmetric compression, edema,
or hemorrhage affecting the spinal cord. Axial
and sagittal T2W can also visualize injury to
the facet capsules, seen as high signal, which
is particularly sensitive in the lumbar region in
the axial plane. However, axial T2W requires a
greater number of slices to cover a length of
the spinal cord, and thus the scan time can be
excessively long. This can be reduced by per-
forming a 3D acquisition or by limiting the cov-
erage to focus only on disk spaces or specifically
at the area of injury.

T1-Weighted Imaging

T1-weighted (T1W) imaging is acquired with
short TR and TE, and is also commonly per-
formed in trauma protocols.! It is useful to
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Table 4.1 Conventional and Advanced Spinal Cord Magnetic Resonance Imaging (MRI) Sequences

MRI Sequence

(Orientation) Structures Visualized Suggested Use

T2W (sagittal) Cord compression, intramedullary hemorrhage, Recommended
epidural hemorrhage, edema

T2W (axial) Lateral cord/nerve root compression, hemorrhage, Recommended
edema

T1W (sagittal, axial) Ligaments, hemorrhage, cysts Optional

STIR (sagittal, axial) Ligaments, fractures Recommended

GRE (sagittal, axial) Microhemorrhage Optional

MRA Vertebral artery injury Based on Denver criteria

DTI White matter (axonal integrity, myelination) Research

MT White matter (myelination) Research

MRS Specific molecules of interest: N-acetyl acetate, Research
creatine, myo-inositol, choline, lactate

MWF White matter (myelination) Research

fMRI Gray matter functional activity, connectivity Research

Abbreviations: DTI, diffusion tensor imaging; fMRI, functional MRI; GRE, gradient recalled echo; MRA, magnetic resonance
angiography; MRS, magnetic resonance spectroscopy; MT, magnetization transfer; MWF, myelin water fraction; STIR,
short-tau inversion recovery; T1W, T1-weighted; T2W, T2-weighted.

visualize the spinal ligaments, although this
has largely been replaced by the more sensitive
short-tau inversion recovery (STIR) sequence.
T1W is also complementary to T2W, as the
combined knowledge of signal intensity can
help identify if a fluid collection is a cyst, hema-
toma, or fat.

Short-Tau Inversion Recovery

The STIR sequence achieves fat suppression
by matching the inversion time (TI) to the T1
parameter of fat, although the suppression is
nonspecific and causes signal dropout of other
tissues with short T1. The thin spinal ligaments
are encased in fat that causes high signal on
T1W and T2W, and are best visualized with fat
suppression. STIR is highly sensitive for liga-
mentous injury, appearing as signal hyper-
intensity, but it should be kept in mind that
this technique has limited specificity, tending
to overestimate the degree of injury compared
with intraoperative findings.!

Gradient Echo and Susceptibility
Weighted Imaging

Gradient echo (classically termed gradient
recalled echo, GRE) and susceptibility weighted
imaging (SWI) are techniques that have high
sensitivity for identifying hemorrhage, which
appears as areas of signal dropout due to the
presence of iron in the form of hemoglobin
(acute hemorrhage) or hemosiderin (chronic
hemorrhage). GRE or SWI may be useful in
identifying microhemorrhage within the spinal
cord, which has been suggested for the purpose
of prognostication, although no studies have
reported results to this end.

Assessment of Spinal Cord
Compression

In traumatic SCI, the damage to the spinal tis-
sues may or may not result in ongoing spinal
cord compression following the initial event.
If cord compression is absent following SCI, the
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urgency to perform surgical decompression
and stabilization is substantially decreased.
However, ongoing compression is frequently
observed due to several causes, which may
prompt the surgeon to perform surgical decom-
pression or a closed reduction with greater
urgency. In burst fractures, bony fragments
are displaced into the spinal canal, decreasing
space for the spinal cord and nerve roots.
In dislocations such as unilateral or bilateral
jumped/perched facets, the canal is narrowed
by anterior displacement of the lamina above
relative to the vertebral body below. Further-
more, in these cases many surgeons prefer to
perform an MRI to rule out a substantial disk
herniation prior to performing closed reduction
maneuvers, to ensure that the reduction would
not cause an increase in cord compression.
Herniation or disruption of the intervertebral
disk appears in 36% of SCI cases, potentially
causing significant cord compression on its own
or in conjunction with other factors.# The iden-
tification of a large disk herniation may also
prompt the surgeon to perform an anterior
decompressive surgery, such as an anterior cer-
vical diskectomy and fusion (ACDF) prior to,
or instead of, a posterior approach. Intramed-
ullary contusions, cord swelling, and epidural
hematomas can also reduce space in the canal
for viable spinal cord tissue, leading to com-
pressive ischemia. In the context of ongoing
spinal cord compression, the notion that “time
is spine” is borne out of the same concept as
in ischemic stroke, where increased urgency
to administer thrombolytic treatments and
restore normal perfusion has led to improved
outcomes.

Two studies have attempted to directly
address this issue in acute SCI. In 1999, Selden
et al> reported that ongoing cord compression
was found in 27 of 55 prospectively enrolled
patients (49%), leading to the decision to per-
form emergency surgery. In a superset of the
Selden et al cohort, Papadopoulos et al® stud-
ied emergency surgical decompression based
directly on the results of an immediate MRI
scan, and found that the 66 patients undergo-

printed on 2/11/2023 3:05 AMvia .

ing an MRI had improved outcomes compared
with the 25 patients who did not undergo
an MRI due to contraindications, the need for
another emergency surgery, or surgeon prefer-
ence. In the treatment protocol group, 33 of 66
patients (50%) had an improvement in neuro-
logic status based on the Frankel grade, com-
pared with six of 25 (24%) of the non-protocol
cohort. Furthermore, eight of 50 patients (16%)
in the protocol group with motor-complete
injuries recovered to independent ambula-
tion, whereas none of the 20 patients in the
non-protocol group did so. However, these sur-
prising results are subject to several potential
sources of bias, as the groups were not ran-
domly assigned and the treatments that each
group received were considerably different,
partly due to surgeon’s discretion. These results
suggest that immediate MRI might be highly
beneficial to identify ongoing spinal cord com-
pression causing ischemia, supporting an algo-
rithm that many surgeons currently employ in
clinical practice.

Identification of Ligamentous
Injury

The sensitivity of MRI to detect ligamentous
injury is reasonably high: 89% for the supraspi-
nous ligament (SSL), 36 to 100% for the inter-
spinous ligament (ISL), 67% for the ligamentum
flavum (LF), 43 to 93% for the posterior longi-
tudinal ligament (PLL), 93% for the disk, and 46
to 71% for the anterior longitudinal ligament
(ALL), which adheres to the anterior vertebral
bodies.! Injuries to the spinal ligaments rarely
occur in isolation, and MRI may be useful in
localizing and visualizing exactly which liga-
ments are injured, possibly influencing surgical
decisions regarding the need for instrumented
reconstruction.

However, MRI tends to overestimate the
severity of ligamentous injury, as in the case of
a mild ligament sprain that generates edema but
not serious damage to the structural integrity,
which will show hyperintensity on STIR and
T2W. This may lead to excessively conservative
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management, and many surgeons prefer to
rule out clinically meaningful instability with
flexion/extension lateral X-rays instead of
using MRI.

The Role of MRI in Clearance of the
Cervical Spine

In the context of an awake trauma patient with-
out neurologic deficit and a normal cervical
spine CT scan (or X-rays), the likelihood of a
serious injury is < 1%.! In this scenario, clinical
spine clearance is appropriate if the patient has
no pain, tenderness, and a normal range of
motion. If clinical spine clearance fails, then
flexion-extension X-rays are likely more useful
than MRI, due to their superior specificity for
identifying injury; MRI used for this purpose
leads to a greater number of patients being dis-
charged with cervical collars.! However, in the
obtunded patient, an MRI should be obtained
within 48 hours to rule out cervical injury
and allow collar removal, as per the current
guidelines from the American Association of
Neurological Surgeons/ Congress of Neurologi-
cal Surgeons (AANS/CNS). Furthermore, patients
with unexplained neurologic deficits should
also have an MRI study performed urgently,
because CT is inadequate to assess the pres-
ence of ongoing cord compression, and timely
surgical decompression improves outcomes.

The Role of MRA in Vertebral
Artery Injury

Vertebral artery injury (VAI) is an important
clinical entity that may cause ischemic or
embolic stroke (often including brainstem
territory), due to artery occlusion or a throm-
bogenic dissection, respectively. MRA with
gadolinium injection can easily be performed
during a trauma MRI protocol, to assess for
VAL MRA may have slightly improved sensitiv-
ity and specificity for VAI compared with CT
angiography (CTA), due to issues with bony
streak artifact that are present in the foramen
transversarium and the posterior arch of C1,
although no direct comparisons are available
using modern 64-detector CT scanners. The

decision to perform imaging studies to rule
out VAI should be based on the modified Den-
ver screening criteria for blunt cerebrovascular
injury, which include fractures at C1 to C3
through foramen transversarium, or injuries
with a subluxation or rotational component.
When VAl is identified, the immediate admin-
istration of antiplatelet or anticoagulant medi-
cation should be strongly considered, while
balancing the risk of hemorrhage related to the
various injuries that the patient has sustained.

The Value of MRI in Predicting
Neurologic and Functional
Outcomes

Acute SCl is a devastating condition for patients
and their families, and the period following
the initial injury is filled with tremendous
uncertainty regarding the chances of meaning-
ful recovery. Baseline neurologic status has
been established as the most important prog-
nostic factor for final neurologic and functional
outcomes, but several groups have attempted
to identify features on a baseline MRI that can
be used as additional prognostic factors to help
improve prediction of outcomes, in an effort to
identify the small fraction of patients that make
a better-than-expected recovery (Table 4.2).
For the purpose of prognostication, most
research has focused on the following MRI
features: the presence of intramedullary hem-
orrhage, edema, and cord swelling, and the
quantitative measurement of length of hemor-
rhage, length of edema, maximum canal com-
promise (MCC), and maximum spinal cord
compression (MSCC) (Figs. 4.1 and 4.2). Flan-
ders et al” investigated cervical SCI patients
and found that poor functional recovery was
predicted by the presence of intramedullary
hemorrhage and the length of edema. The same
group reported similar results in a smaller
cohort with additional clinical data, confirm-
ing these findings, and identified the rostral
limit of edema as an additional predictive fac-
tor.8 Selden et al° prospectively studied patients
with cervical injuries, finding that the presence
of intramedullary hematoma, length of hema-
toma, length of edema, and compression by
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Table 4.2 Studies Investigating Independent Prognostic Factors Based on Conventional MRI
(Accounting for Baseline Neurologic Status)

Authors (Year)

Study Design;
Number of SCI
Subjects; Spinal
Level

Significant
Prognostic MRI
Factors Identified

Nonsignificant

MRI Features Comments

Flanders et al
(1996)7

Flanders et al
(1999)8

Selden et al
(1999)°

Shepard and
Bracken
(1999)1

Boldin et al
(2006)°

Miyaniji et al
(2007)"

Aarabi et al
(2011)13

Wilson et al
(2012)12

Talbott et al
(2015)14

Retrospective
cohort; N =
104; cervical

Retrospective
cohort; N =
49; cervical

Retrospective
cohort; N =
55; cervical

Prospective
cohort; N =
191; all levels

Prospective
cohort; N =
29; cervical

Prospective
cohort; N =
100; cervical

Retrospective
cohort; N =
42; cervical

Prospective
cohort; N =
376; all levels

Retrospective
cohort; N =
60; cervical

Intramedullary
hemorrhage, length
of edema

Intramedullary
hemorrhage, length
of edema, rostral
limit of edema

Intramedullary
hemorrhage, length
of hemorrhage,
length of edema,
extra-axial
hemorrhage

Edema

Length of
hemorrhage

Intramedullary
hemorrhage, cord
swelling

Length of lesion,
MCC, midsagittal
diameter

Extent of T2W signal
change on axial
section through
epicenter

Cohort overlaps
with Flanders et

al, 19967
Length of swell-
ing, maximum
diameter of
swollen cord,
compression
due to bone or
disk
Hemorrhage,
contusion
Edema, soft tissue
injury, preinjury
stenosis, disk
herniation,
MCC, MSCC,
lesion length
MSCC Only included
central cord
syndrome with
preexisting
stenosis
Edema, MRI signal change
hemorrhage used in predic-
tion models
with edema =1
point, hemor-
rhage = 2 points
A five-point

scoring system
(ranging from
normal = 0 to
most severe =
4); only short-
term follow-up
(range 4-128
days, mean 23
days)

Abbreviations: MCC, maximum canal compromise; MSCC, maximum spinal cord compression; T2W, T2-weighted.
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Fig. 4.1 Conventional magnetic resonance imag-
ing (MRI) scans demonstrating maximum canal
compromise (MCC) ratio (a), maximum spinal cord
compression (MSCC) ratio (b), and length of lesion
(LOL) measurements (c). MCCis 2 x D,/(D, + D,),
where D, is the A-P canal diameter at compressed
site, D, is the canal diameter at a normal level above
the compression, and D, is the canal diameter at a
normal level below the compression. MSCC is 2 x
d/(d, +d,), where d, is the A-P spinal cord diameter
at compressed site, da is the spinal cord diameter at

extra-axial hematoma were all significant inde-
pendent negative prognostic factors. Similarly,
Boldin et al®° found that a smaller length of
hemorrhage (< 4 mm) showed improved prog-
nosis compared with longer hemorrhage, in
cervical SCIL.

a normal level above the compression, and d, is the
spinal cord diameter at a normal level below the
compression. The length of lesion (LOL) is measured
on sagittal imaging from a to b. (Reproduced with
permission from Miyaniji F, Furlan |C, Aarabi B,
Arnold PM, Fehlings MG. Acute cervical traumatic
spinal cord injury: MR imaging findings correlated
with neurologic outcome—prospective study with
100 consecutive patients. Radiology 2007;243:
820-827.)

Miyanji et al'® reported data in 100 patients
with cervical SCI, finding that after controlling
for baseline neurologic status, the presence of
hemorrhage and cord swelling were both sig-
nificant independent prognostic factors. In
contrast, Shepard and Bracken!! found that

Fig. 4.2 Four patterns of intramedullary signal
characteristics (white arrows) on sagittal
T2-weighted MRI. (a) Burst fracture of C6 and
retrolisthesis of C6 on C7 by 4 mm with normal
cord. (b) Single-level hyperintensity indicating
edema at the site of severe stenosis (C5-C6) and C5
fracture. (c) Multilevel hyperintensity from C1 to C5
indicating edema related to C3-C4 disk herniation.

(d) Hemorrhage and surrounding edema centered
at C6 related to bilateral C5 lamina and inferior facet
fractures and anterolisthesis of C5 on C6. (Repro-
duced with permission from Bozzo A, Marcoux |,
Radhakrishna M, Pelletier |, Goulet B. The role of
magnetic resonance imaging in the management of
acute spinal cord injury. | Neurotrauma 2011;28:
1401-1411.)
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Clinical Prediction Rule for Functional Recovery

Following Acute SCI

FIM motor 1-year = 50.28 - 0.33 (Age) + 9.17 (AIS
grade) - 4.83 (MRI signal)

Probability of functional independence at 1 year =
exp[-2.93 - 0.03(Age) + 1.35(AMS) +
1.36(AIS grade) - 0.29(MRI signal)]

(1 +exp[2.93 - 0.03(Age) + 1.35(AMS) +
1.36(AIS grade) - 0.29(MRI signal)]

Where:

FIM is the Functional Independence Measure.

Age: continuous variable > 16.

AMS: ASIA motor score < 50; ASIA motor score > 50
=1;<50=0.

AlS grade: AlS grade A= 1; AIS grade B = 2; AlS grade
C=3;AlSgrade D =4.

MRI Signal: No signal change = 0; Sign. cons. w/
edema = 1, Signal consistent with hemorrhage =
2; EXP: Natural logarithm.

Source: From Wilson |R, Grossman RG, Frankowski RF, et
al. A clinical prediction model for long-term functional
outcome after traumatic spinal cord injury based on
acute clinical and imaging factors. | Neurotrauma
2012;29:2263-2271. Reprinted by permission.

hemorrhage did not correlate with severity of
injury or offer useful prognostic information,
after correcting for baseline neurologic status;
they analyzed retrospective data in cervical and
thoracic SCI patients among the National Acute
Spinal Cord Injury Study-3 (NASCIS 3) cohort
who had an elective MRI within 72 hours of
injury. Furthermore, Wilson et al'?> reported
that the presence of T2W signal change (edema
or hemorrhage) was not a statistically signifi-
cant independent predictor of functional out-
come in two clinical prediction models that
were based on prospective registry data from
376 patients (p = 0.19 and p = 0.54, respec-
tively) (see text box).

The first model used linear regression to
predict the functional independence measure
(FIM) score at 1 year, including baseline neuro-
logic status, age, and MRI signal characteristics
(1 point for edema or 2 points for hemor-
rhage), and showed moderately strong predic-
tive results (R2=0.52). A second logistic model
was also created to predict the probability
of logistic independence at 1-year, based on
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the same independent variables. Aarabi et al'3
focused specifically on patients with a motor-
incomplete lesion consistent with central cord
syndrome, finding that none of these patients
had macroscopic hemorrhage on MRI. In this
group, the length of lesion, MCC, and midsagit-
tal diameter of the spinal cord at the level of
MCC were all independently predictive of out-
come, whereas the measure of MSCC was not.
Most recently, a novel approach was employed
by Talbott et al,'# assessing T2 signal change in
an axial cross section of the spinal cord through
the injury epicenter. The method uses a four-
point scale ranging from 0 for a normal axial
image to 4 for whole-cord edema with signs
of hemorrhage (Fig. 4.3), and results in 60
patients with cervical injury show a strong
correlation (R = -0.88) with the AIS grade at
hospital discharge (mean 23 days postinjury).
However, these results need to be validated
with long-term follow-up data and a complete
analysis that calculates the independent pre-
dictive power of this scoring system.
Considering the overall body of evidence,
it appears that the MRI features of edema and
hemorrhage likely have weak to moderate util-
ity in helping to predict outcomes, as adjuncts
to the primary predictor of baseline neurologic
status. However, further research is needed to
clarify the value of these prognostic measures,
as the current literature contains substantial
heterogeneity in terms of methodology and
results. The mixed results regarding the prog-
nostic value of MRI in acute SCI highlight the
fact that conventional MRI provides little infor-
mation regarding the health and integrity of
the spinal cord tissue itself. MRI features, such
as intramedullary hemorrhage and edema, are
poor surrogates for the amount of damage to
the white matter (WM), gray matter (GM), and
myelin. If these characteristics of injury could
be accurately determined via imaging, MRI could
possibly surpass baseline neurologic status as
the most important predictor of outcomes.
Furthermore, signal intensity changes labeled
as “edema” are in fact nonspecific, and more
accurately reflect a multitude of pathophysio-
logical processes that are occurring related to
secondary injury mechanisms. Thus, features
based on conventional MRI are ultimately of
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Fig. 4.3 Description of a rating scale using a single
axial T2-weighted image through the injury
epicenter for prognosis, ranging from 0 (normal) to
4 (most severe). (a) Schematics for each rating level.
(b) Representative axial T2-weighted MRI images.
(c) Three-dimensional color surface plots based on
T2-weighted signal. (d) Definitions of each rating

somewhat limited value in prognostication, and
it is unlikely that future research focusing on
hemorrhage, edema, and cord compression
would add substantially to this field. Better
imaging tools are needed that more accurately
reflect the integrity of the WM and GM within
the spinal cord.

The Future of Spinal Cord
Imaging

Advanced MRI Techniques

A 2013 meeting of international leaders in the
spinal cord imaging community, invited by the
International Spinal Research Trust (ISRT) and
the Wings for Life (WfL) Spinal Cord Research
Foundation, outlined five advanced MRI tech-
niques that have the potential to revolutionize
the field by elucidating details of the micro-
structure and functional organization within

Basic 0: No appreciable intramedullary
cord signal abnormality

Basic 1: Intramedullary T2 hyperintensity is
Y approximately confined to central gray matter

Basic 2: Intramedullary T2 hyperintensity
extends beyond expected gray matter margins to
involve spinal white matter, but does not involve
entire transverse extent of the spinal cord

| Basic 3: Intramedullary T2 hyperintensity
involves entire transverse extent of spinal cord

! Basic 4: Grade 3 injury plus discrete T2
4 hypointense foci, consistent with
. macrohemorrhage

d

level. (Reproduced with permission from Talbott JF,
Whetstone WD, Readdy W], et al. The Brain and
Spinal Injury Center score: a novel, simple, and
reproducible method for assessing the severity

of acute cervical spinal cord injury with axial
T2-weighted MRI findings. ] Neurosurg Spine
2015;23:495-504.)

the spinal cord (the last five entries in Table
4.1).2 This group highlighted the following
techniques due to their ability to characterize
microstructural features of the spinal cord:
diffusion tensor imaging (DTI), magnetization
transfer (MT), myelin water fraction (MWEF),
and magnetic resonance spectroscopy (MRS).
DTI measures the directional diffusivity of
water, and several of the metrics that it pro-
duces correlate with axonal integrity. MT
involves an off-resonance saturating pre-
pulse that takes advantage of the relationship
between lipid macromolecules, such as myelin,
and nearby water protons, and provides a sur-
rogate measure of myelin quantity. This is most
often expressed in a ratio, usually between
scans with and without the pre-pulse (MTR),
or between the spinal cord and cerebrospinal
fluid (MTCSF). MWF measures the quantity of
myelin more directly, based on T2 relaxation
that uses a multiecho sequence to estimate the
T2 parameter in each compartment (myelin,
tissue, and CSF). MRS quantifies either the abso-
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lute or relative concentrations of specific mole-
cules of interest within a single large voxel,
most commonly including N-acetylaspartate
(NAA), myo-inositol (Ins), choline (Cho), cre-
atine (Cre), and lactate (Lac). In addition, the
expert panel highlighted functional MRI (fMRI)
of the spinal cord, due to its potential to char-
acterize changes in neurologic function, based
on the blood-oxygen level dependent (BOLD)
signal change, which relies on the concept of
neurovascular coupling in which changes in
neurologic function produce corresponding
changes in local blood flow. fMRI studies can
involve a variety of designs, including motor
tasks or sensory stimuli in block or event-
related designs, and can visualize and provide
indirect measures reflecting neuronal activity
and connectivity directly in the spinal cord.
All five of these emerging MRI techniques
are highly amenable to quantitative analysis,
setting them apart from conventional MRI and
offering the opportunity to develop quantita-
tive MRI biomarkers that correlate with neuro-
logic and functional impairment and reflect
specific aberrant processes within the cord
tissue. Furthermore, quantitative biomarkers
could act as surrogate outcome measures in
clinical trials, which could provide short-term
end points and reduce the time and costs asso-
ciated with novel drug development. These
techniques could also potentially discriminate
reversible and irreversible components of dam-
age (demyelination, axonal loss, gray matter
loss) early after injury, and thus provide a more
accurate prognosis to help guide therapeutic
strategies and focus rehabilitation resources.
Unfortunately, the application of these ad-
vanced MRI techniques to imaging the spinal
cord is far from trivial. These techniques were
initially developed and validated in brain imag-
ing, but the spinal cord is a far more challeng-
ing structure in which to obtain accurate data.
In fact, the spine is among the most hostile
environments in the body for MRI, due to mag-
netic field inhomogeneity at the interfaces
among bone, intervertebral disk, and CSF, and
due to the relatively large motion of the cord
during cardiac and respiratory cycles.2 High-
quality spinal cord imaging using these meth-
ods has only recently been achieved, often
requiring specialized acquisition sequences,
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complex shimming, custom receive coils, long
acquisition times, and substantial postprocess-
ing to correct for motion, aliasing, and other
artifacts.

Current Body of Evidence

To date, only a small number of studies have
employed these new techniques in the context
of spinal cord injury, and none has reported
the prediction of neurologic or functional out-
comes in a longitudinal study design (Table
4.3).In 2004, Stroman et al'> demonstrated the
feasibility of fMRI of the lumbosacral spinal
cord below the level of injury in 27 chronic SCI
(cSCI) patients, finding that spinal cord acti-
vation in response to thermal stimulation was
less focused in the ipsilateral dorsal horn com-
pared with healthy subjects. Cadotte et al!®
employed similar techniques in the cervical
cord, finding that 18 cSCI subjects had an
increase in the number of active voxels with
stimulation above the level of injury, and this
number correlated with the degree of sensory
impairment in abnormal dermatomes.

In contrast, several other groups have em-
ployed DTI to image the integrity of the WM, in
both the acute SCI (aSCI)'7-1° and ¢SCI popu-
lations.2-23 Shanmuganathan et al'8 found that
in 20 patients in the acute phase of SCI, mean
diffusivity (MD) and the primary eigenvector
are both decreased in magnitude at the site of
injury and rostral to the injury. Cheran et al'’
confirmed these findings in 25 patients, show-
ing that MD, fractional anisotropy (FA), and
axial diffusivity (AD) were all decreased. This
study also found that in the nonhemorrhagic
subgroup, strong correlations were present
between DTI metrics and baseline ASIA motor
score, suggesting that DTI can accurately assess
the degree of tissue injury. More recently, Vedan-
tam et al’® studied 12 aSCI patients and found
that FA at C1-C2, rostral to the site of injury, was
significantly decreased compared with healthy
controls. These authors also extracted the FA
value in the lateral corticospinal tracts (LCSTs),
finding moderate to strong correlations with
AIS (Spearman r = 0.71) and upper limb motor
score (r=0.67). In the ¢SCI population (N = 18),
Kamble et al?! also found decreased FA above
and below the lesion, compared with healthy
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Table 4.3 State-of-the-Art MRI Techniques in Spinal Cord Injury (SCl)

Advanced Anatomic
MRI Study Region; Slice
Authors (Year) Technique Population Prescription  MRI Acquisition Details
Stroman et al fMRI cSCI (N =27) Lumbar cord; ¢ Single-shot FSE, PD-weighted,
(2004)'> and healthy 5 axial SEEP contrast
subjects slices e FOV =120 x 120 mm?; matrix =
(N=15) (mid-disk 128 x 128; resolution = 0.9 x
or mid-VB) 0.9 x 2 mm?3; TR/TE = 8,250/34

» Temporal resolution = 8.25 s/
volume

* Block design, thermal stimulus
(10°C, 32°C) to leg dermatomes

Shanmuganathan  DTI aSCI (N=20)  Cervical cord;  « Single-shot EPI, partial Fourier
et al (2008)'® and healthy 67 axial readout, GRAPPA parallel factor
subjects slices, =2
(N=8) contiguous ¢ 6 directions, b = 1,000 second
mm?

e FOV =200 x 200 mm?; matrix =
128 x 128; resolution = 1.6 x
1.6 x 3 mm3; TR/TE = 8,000/76

Cheran et al DTI asCl (N =25) Cervical cord;  » Same as Shanmuganathan et al
(2011)"7 and healthy 67 axial (2008)'8
subjects slices,
(N=11) contiguous
Cohen-Adadetal  DTI, MT ¢SCI (N =14) Cervical cord;  DTI:
(2011)%0 and healthy DTI: 8 axial ~ * Single-shot EPI, GRAPPA parallel
subjects slices, factor=2
(N=14) mid-VB, * 64 directions, b = 1,000 second
MT: 52 mm?2
axial slices, ¢ FOV =128 x 128 mm?; matrix =
0.4-mm 128 x 128; resolution =1 x 1 x
gap 5 mm?3; TR/TE = 1 heartbeat/76
(cardiac gated)

* Acquisition repeated x 4
(averaged offline)

MT:

* 3D gradient echo =+ MT
pre-pulse (gaussian shape,
1.2kHz offset, 10-ms duration)

* FOV =230 x 230 mm?; matrix =
256 x 256; resolution = 0.9 x
0.9 x 2 mm?3; TR/TE = 28/3.2

Kamble et al DTI cSCI (N =18) Cervical or e EPI
(2011)2 and healthy lumbar * 25 directions, b = 1,000 second
subjects cord; axial mm?
(N=11) slices, e FOV =260 x 260 mm?; matrix =
contiguous 128 x 128; resolution = 2 x 2 x
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Clinical Data
Analysis Methods Reported Major Results
Activation maps created for L1-S1 e AIS grade ¢ Active voxels found in lumbar cord in all
spinal cord, individuals co-regis- ¢SCl subjects
tered with anatomic template, e Complete SCI subjects showed
group activations include voxels decreased ipsilateral dorsal activation
active in = 3 subjects and increased bilateral ventral activa-
tion (statistical significance not
calculated)
DTI metrics calculated: FA, MD, RA, ¢ None ¢ Decreased MD versus HCs in all 3 ROIs:
VR, A, A, Ay; 3 manual ROIs drawn p<0.01
to include GM and WM at upper, * Decreased A, versus HCs in all 3 ROls:
middle, and lower cervical levels p <0.002
DTl metrics calculated: FA, MD, AD, ¢ ASIA motor ¢ FA reduced at C3-C5, C6-T1 (NHC: p <
RD; 3 manual ROIs drawn on score 0.001, HC: p <0.05) and at injury site

midsagittal reconstructed slice at
upper, middle, and lower cervical
levels (avoiding hemorrhage)

DTI metrics calculated: FA, MD, AD,
RD, GFA; MT metrics calculated:
MTR; 4 manual ROIs drawn in each

axial slice, in the ACs, DCs, and left/

right LCSTs (levels with T2W lesion
were skipped)

DTI metrics calculated: FA; 3 manual
ROIs positioned randomly

e FUdatain 12
subjects (at
1-29 months)

* ASIA motor
and sensory
scores

* None

(p<0.001)

¢ MD, AD reduced in all regions
(p<0.001)

« All metrics correlated with motor score
in NHC (R = 0.78-0.92)

¢ Decreased FA,GFA (p <0.0001) and AD,
RD (p=0.01)

¢ FA, GFA, RD correlate with total ASIA
(abs r=0.66-0.74, p<0.01)

* Tract-specific metrics: weak specificity
with motor versus sensory scores

¢ Decreased MTR: 26 versus 32,
p <0.0001

¢ MTR correlates with total ASIA score:
r=0.59,p=0.04

¢ MTR of ACs/LCs more specifically
predicts motor score (p = 0.03), dorsal
region predicts sensory score (p = 0.03)

e FAin areas above/below lesion
decreased versus HCs: 0.37 versus
0.55, p=0.001

(continued)
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Table 4.3 (continued)

Advanced Anatomic
MRI Study Region; Slice
Authors (Year) Technique Population Prescription MRI Acquisition Details
Cadotte et al fMRI cSCI (N=18) Cervical cord;  * Single-shot FSE, partial Fourier
(2012)6 and healthy 9 sagittal (HASTE), multi-echo,
subjects slices, PD-weighted, SEEP contrast
(N=20) contiguous  * FOV =280 x 210 mm?2; matrix =
192 x 144; resolution = 1.5 x
1.5 x 2 mm3; TR/TE = 9,000/38
e Temporal resolution =9 s/
volume
e Thermal (44°C) stimulus, left
and right sides in cervical
dermatomes above and below
injury
Peterson et al DTI cSCl (N=19) Regions at * Reduced FOV, single-shot EPI,
(2012)% and healthy C3-C4,T5, partial Fourier, NEX = 12
subjects andT12;6 e Number of directions NR,
(N=28) axial slices b =750 second mm?
per region, « FOV =120 x 30 mm?; matrix =
contiguous 176 x 44; resolution = 0.7 x 0.7
x 5 mm?; TR/TE = 4,000/49;
acquisition time =30 m for 3
regions
Koskinen et al DTI c¢SCI(N=28)  Cervical cord; « EPI,NEX=4
(2013)22 and healthy axial slices,  * 20 directions, b = 1,000 second
subjects 1.2-mm mm?
(N = 40) gap e FOV =152 x 152 mm?; matrix =
128 x 128; resolution = 1.2 x
1.2 x4 mm?3; TR/TE = 4,000/103
Vedantam et al DTI asCl(N=12) Cervical cord * Pulse sequence NR
(2015)1° and healthy * 15 or 25 directions, b = 500 or
subjects 600 second mm?
(N=12) * FOV =190 x 190 mm?; matrix =

128 x 128; resolution = 1.5 x
1.5 x2 mm?3; TR/TE = 5,000/98

Abbreviations: AD, axial diffusivity; AIS, American Spinal Injury Association Impairment Scale; aSCl, acute spinal cord injury;
ASIA, American Spinal Injury Association; cSClI, chronic spinal cord injury; DC, dorsal column; DTI, diffusion tensor imaging;
EPI, echo planar imaging; FA, fractional anisotropy; FIM, functional independence measure; fMRI, functional MRI; FOV, field
of view; FSE, fast spin echo; FU, follow-up; GFA, generalized fractional anisotropy; GLM, general linear model; GM, gray
matter; GRAPPA, generalized autocalibrating partial parallel acquisition; HASTE, half fourier acquisition single-shot turbo
spin echo; HC, healthy control; LC, lateral column; LCST, lateral corticospinal tract; MD, mean diffusivity; MEP, motor
evoked potential; MT, magnetization transfer; MTR, magnetization transfer ratio; NEX, number of excitations; NHC, non-
hemorrhagic contusions; NR, not reported; PD, proton density; RA, relative anisotropy; RD, radial diffusivity; ROI, region
of interest; SEEP, signal enhancement by extravascular protons; SNR, signal-to-noise ratio; SSEP, somatosensory evoked
potential; T2W, T2-weighted; VB, vertebral body; VC, ventral column; VR, volume ratio; WM, white matter.
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Analysis Methods

Clinical Data
Reported

Major Results

Data analyzed with GLM, normalized
and averaged for group activations;
clusters of > 5 active voxels (positive
or negative) analyzed; number of
active voxels recorded in each cord
quadrant; connectivity analysis
performed using coactivations

DTI metrics calculated: FA, MD;
5 manual ROIs drawn on each slice
(slices with SNR < 20 excluded):
whole-cord, left/right LCSTs and
left/right DCs

DTI metrics calculated: FA, MD, AD,
RD; 2 manual ROIs drawn in,
whole-cord at C2-C3 and the rostral
edge of lesion

DTI metrics calculated: FA; 2 manual
ROIs drawn for whole-cord and
bilateral LCSTs at C1-C2

¢ ASIA sensory
score

e AIS
* SSEPs
* MEPs

e ASIA

¢ ASIA motor,
sensory
scores

e AlS

Increased number of active voxels in
incomplete ¢SCl in dermatome of
normal sensation

Number of active voxels correlates
with degree of sensory impairment:
R?=0.93, p<0.001

Increased number of intraspinal
connections in cSCI versus HCs

FA (C2) decreased in whole-cord, LCSTs,
and DCs (p < 0.005)

FA (C2) correlates with AlS in each ROI:
whole-cord (r=0.64, p =0.001), LCSTs
(r=0.50, p=0.002), and DCs (r = 0.41,
p=0.01)

Mean FA of DCs correlates with tibial
SSEP amplitude (r = 0.46, p < 0.001)

Decreased FA at C2-C3: 0.58 versus
0.69, p<0.001

Increased MD and RD at C2-C3:
p<0.001

FA, MD significantly altered at lesion
level (p <0.001)

FA at lesion correlates with ASIA motor:
r=0.67,p<0.01

FA decreased at C1-C2 in whole-cord
(0.61 versus 0.67, p<0.01) and LCSTs
(0.66 versus 0.70, p = 0.04)

FA of LCSTs correlates with AlS (r=0.71,
p=0.01), and upper limb motor score
(r=0.67,p=0.01)

DTI metrics did not correlate with
Sensory scores
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controls. Petersen et al23 confirmed the finding
of decreased FA rostral to the injury site in 19
¢SCI patients, and found correlations between
whole-cord FA and AIS (r = 0.64) and between
FA of the dorsal columns (DCs) and tibial nerve
somatosensory evoked potentials (SSEPs) (r =
0.46). Koskinen et al?2 also found decreased FA
above the level of injury in 28 cSCI patients, in
addition to increased MD and radial diffusivity
(RD). This group also found significant changes
in FA and MD at the lesion level, and FA at the
lesion correlated well with ASIA motor score
(r=0.67). Cohen-Adad et al? utilized the tech-
nique of MT in combination with DTI to study
14 ¢SCI patients, finding highly significant
changes in terms of decreased FA and AD, and
increased RD compared with healthy subjects.
Tract-specific metrics also correlated well
with overall ASIA motor and sensory scores,
although there was poor specificity of these
changes relating FA in the LCSTs and DCs to
corresponding motor and sensory subscores,
respectively.

Future Directions

Looking ahead, longitudinal studies are needed
that apply these powerful new techniques to
the aSCI population to determine if they can
provide useful prognostic information. Unfor-
tunately, it is difficult and costly to implement
such studies, as strong technical expertise is
needed and patient recruitment in the acute
stage of SCI remains extremely challenging.
Furthermore, these acquisition techniques con-
tinue to evolve as new discoveries and refine-
ments are made, creating the problem that a
specific imaging protocol could be rendered
obsolete by the time a longitudinal study is
completed. However, the potential benefits to
SCI patients of improved diagnostics and prog-
nostication are profound, providing a strong
impetus for researchers to take on the chal-

lenge of clinical translation of these advanced
techniques.

Chapter Summary

Magnetic resonance imaging is a powerful
tool for imaging the spinal cord, and can pro-
vide important information that may influence
immediate decision making and improve prog-
nostication in acute SCI. If ongoing spinal cord
compression is identified by MRI, immediate
decompression through closed reduction or
surgical decompression is indicated to improve
outcomes. Ligamentous injury can be detected
on MRI that may influence the decision to per-
form surgical reconstruction. In addition, MRA
can identify VAI, which usually prompts anti-
platelet or anticoagulant administration. A
baseline MRI can also provide information that
may improve prognostication, such as the pres-
ence and length of intramedullary hemor-
rhage, the presence and length of edema, the
rostral limit of edema, cord swelling, and the
degree of cord compression. Unfortunately, all
of these MRI features appear to offer only weak
prognostic factors, and should be used in con-
junction with baseline neurologic status. There
are substantial risks associated with obtaining
an MRI in a critically ill trauma patient, which
the spine surgeon and critical care team must
weigh carefully against the potential benefits.
Future studies are needed to clarify the opti-
mal role of conventional MRI for immediate
decision making and better define the value of
conventional and advanced MRI techniques for
prognostication. Several emerging spinal cord
imaging techniques are likely to dramatically
expand our ability to quantify injury, which
has important implications for clinical manage-
ment and research into all pathologies affect-
ing the spinal cord.
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Introduction

Spinal cord injury (SCI) often results in per-
manent morbidity due to compromised ambu-
lation and sensation, as well as bowel, bladder,
and sexual dysfunction. The monetary costs of
traumatic SCI in the United States are in excess
of $20 billion annually.! Neurologic outcomes
following SCI are improving for a variety of
reasons: improved resuscitation, faster arrival
times to emergency rooms, more aggressive
and advanced medical management, improved
monitoring, and safer vehicles.? This chapter
describes the current best practices in sup-
portive care of acute SCI.

Spinal Cord Injury
Pathophysiology

Spinal cord injury occurs in two stages: primary
and secondary (Fig. 5.1). The primary injury
occurs as an immediate result of the initial
injury forces, which can include distraction,
flexion, extension, axial load, and rotation.? It
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is now known that the spinal cord is further
injured by secondary injury mechanisms that
follow the initial injury. Processes involved in
secondary damage cause ongoing delayed dam-
age to the spinal cord and include vascular
abnormalities, free radical and lipid peroxida-
tion, mitochondrial dysfunction, glial scar-
ring, excitotoxicity and electrolyte imbalances,
necrotic and apoptotic cell death, and the
inflammatory response. Vascular dysfunction
is thought to be the most important mecha-
nism in the morbidity caused by secondary
injury, and is mainly due to microvascular dis-
ruption and constriction of vessels, which leads
to inadequate blood supply to the spinal cord.
This results in the death of neurons and glia.3

Initial Management of
Traumatic Spinal Cord
Injury

Initial management of an acute traumatic SCI

involves strict adherence to the Advanced
Trauma Life Support (ATLS) protocol, in which
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Fig. 5.1 Primary and secondary injury.

achieving or preserving a secure airway is of
highest priority along with protection of the
cervical spine.*® If intubation is needed, an
effort should be made to protect the cervical
spine. In some cases an emergency surgical
airway may be required.* The publication
“Updated Guidelines for the Management of
Acute Cervical Spine and Spinal Cord Injury”
(2013)°> recommends that any patient with an
SCI or suffering from a mechanism that may
cause SCI should have spinal immobilization,
and that trained emergency medical services
(EMS) personnel triage such patients (level II
evidence). Both the head and body must be
stabilized to prevent cervical spine movement.
However, the SCI guidelines recommend not
immobilizing any patient who has not been
given a diagnosis or potential diagnosis of acute
SCI (level IT) or who has a penetrating injury
(level III). Patients with acute SCI need to be
transferred from a backboard to a firm, padded
surface promptly in the emergency department.

After an open airway has been verified and
the cervical spine secured, examination of

Primary Injury:
Shearing, tearing, and stretching of neuronal axons,
glia, and blood vessels from mechanical force

Secondary Injury:

Vascular abnormalities, free radical and lipid peroxidation,
mitochondrial dysfunction, glial scarring, cyst formation,
excitotoxicity and electrolyte imbalances, necrotic and
apoptotic cell death caused by hypotension, hypoxia,

and inflammation

breathing is performed. The clinician must pay
special attention to high cervical injuries affect-
ing the phrenic nerve. Phrenic nerve injury
causes diaphragmatic paralysis and entails a
high risk of respiratory failure. The clinician
should determine the presence of Hoover’s sign:
when diaphragmatic innervation is lost, para-
doxical inward movement of the abdomen
occurs during inspiration.® Hypoxia needs to be
avoided,; arterial blood gases, continuous O, sat-
uration, and pulmonary mechanics should be
monitored.” The clinician must assume a low
threshold for intubation in a patient with acute
injuries of the high spinal cord; altered mental
status or increased work of breathing should
prompt strong consideration of intubation.
Pulmonary mechanics typically improve when
spasticity of the intercostal muscles sets in.
Circulatory issues in patients with SCI are
abundant. Lesions above T6 can impair sym-
pathetic outflow and this can have numerous
undesirable consequences. Sympathetics inner-
vating the heart arise in the thoracic spinal
cord at and above T6.” An injury in this region
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results in unbalanced parasympathetic supply
associated with vasodilation, bradycardia, and
hypotension. This phenomenon is known as
neurogenic shock. Note that neurogenic shock
is distinct from spinal shock, which also accom-
panies an acute SCI and reflects loss of reflexes
below the level injured. Neurogenic shock is
best managed with initial fluid resuscitation,
but caution is needed as these patients are eas-
ily fluid overloaded. Early consideration should
be given to vasopressors with both a- and
B-adrenergic activity such as epinephrine and
norepinephrine, which increase vascular tone
and provide chronotropic stimulation to the
heart.® Vasopressor treatment should not be
taken lightly, as recent research has found an

increased risk of complications associated with
SCI and vasopressor administration, particularly
dopamine and phenylephrine.® The evidence
supports improved neurologic outcomes when
mean arterial pressure (MAP) values greater
than 85 mm Hg can be maintained in the first
week following SCI.7-10

Concurrent with efforts to stabilize acute SCI
patients, they should be transferred to special-
ized centers that can provide advanced trauma
and spine care whenever possible. This is a
level Il recommendation in the 2013 Acute SCI
Guidelines (Table 5.1).° It is increasingly rec-
ognized that medical outcomes are best when
treatment occurs at specialized, high-volume
centers.

Table 5.1 Abbreviated Guidelines for the Management of Acute Cervical Spine and Spinal Cord

Injuries: 2013 update

Level of
Topic Recommendation Evidence
Immobilization Spinal immobilization of all trauma patients with a cervical spine I
or spinal cord injury or with a mechanism of injury having the
potential to cause cervical spinal injury is recommended.
Immobilization Triage of patients with potential spinal injury at the scene by I
trained and experienced EMS personnel to determine the need
for immobilization during transport is recommended.
Immobilization Immobilization of trauma patients who are awake, alert, and are I
not intoxicated, who are without neck pain or tenderness, who
do not have an abnormal motor or sensory examination and
who do not have any significant associated injury that might
detract from their general evaluation is not recommended.
Immobilization Spinal immobilization in patients with penetrating trauma is not M
recommended due to increased mortality from delayed
resuscitation.
Transportation Whenever possible, the transport of patients with acute cervical 11l
spine or spinal cord injuries to specialized acute spinal cord
injury treatment centers is recommended.
Clinical assessment: The ASIA international standards are recommended as the I
neurological status preferred neurologic examination tool.
Clinical assessment: The Spinal Cord Independence Measure (SCIM IlI) is recom- |
functional status mended as the preferred functional outcome assessment tool
for clinicians involved in the assessment, care, and follow-up of
patients with spinal cord injuries.
(continued)
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Table 5.1 (continued)

Level of
Topic Recommendation Evidence
Clinical assessment: The International Spinal Cord Injury Basic Pain Data Set (ISCIB- I
pain PDS) is recommended as the preferred means to assess pain

including pain severity, physical functioning, and emotional
functioning among SCI patients.

Radiographic assess- In the awake, asymptomatic patient who is without neck pain or
ment: asymptomatic tenderness, who has a normal neurologic examination, is
patient without an injury detracting from an accurate evaluation, and

who is able to complete a functional range of motion examina-
tion; radiographic evaluation of the cervical spine is not

recommended.
Radiographic assess- Discontinuance of cervical immobilization for these patients is
ment: asymptomatic recommended without cervical spinal imaging.
patient
Radiographic assess- In the awake patient with neck pain or tenderness and normal M
ment: asymptomatic high-quality CT imaging or normal three-view cervical spine
patient series (with supplemental CT if indicated), the following
recommendations should be considered: (1) continue cervical
immobilization until asymptomatic; (2) discontinue cervical
immobilization following normal and adequate dynamic
flexion/extension radiographs; (3) discontinue cervical
immobilization following a normal MRI obtained within 48
hours of injury (limited and conflicting class Il and class IlI
medical evidence); or (4) discontinue cervical immobilization
at the discretion of the treating physician.
Radiographic assess- In the awake, symptomatic patient, high-quality CT imaging of |
ment: symptomatic the cervical spine is recommended.
patient
Radiographic assess- If high-quality CT imaging is available, routine three-view cervical |
ment: symptomatic spine radiographs are not recommended.
patient
Radiographic assess- If high-quality CT imaging is not available, a three-view cervical |
ment: symptomatic spine series (AP, lateral, and odontoid views) is recommended.
patient This should be supplemented with CT (when it becomes
available) if necessary to further define areas that are suspi-
cious or not well visualized on the plain cervical X-rays.
Radiographic evalua- In the obtunded or unevaluable patient, high-quality CT imaging |
tion in obtunded is recommended as the initial imaging modality of choice. If
(or unevaluable) CT imaging is available, routine three-view cervical spine
patients radiographs are not recommended.
Radiographic evalua- If high-quality CT imaging is not available, a three-view cervical |
tion in obtunded spine series (AP, lateral, and odontoid views) is recommended.
(or unevaluable) This should be supplemented with CT (when it becomes
patients available) if necessary to further define areas that are suspi-
cious or not well visualized on the plain cervical X-rays.
Closed reduction Early closed reduction is recommended. 11l
Cardiopulmonary Management of patients with acute SCI in a monitored setting is 1]
management recommended.
Cardiopulmonary Maintain mean arterial BP 85 to 90 mm Hg after SCl is I
Management recommended
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Table 5.1 (continued)

Topic

Level of
Recommendation Evidence

Pharmacology
management:
corticosteroids*

Pharmacology
management:
GM;-ganglioside

Classification of
subaxial injuries

Classification of
subaxial cervical
injuries

Subaxial cervical spinal
injuries

Subaxial cervical spinal
injuries

Central cord syndrome

Pediatric injuries:
diagnostic

Pediatric injuries:
diagnostic
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Administration of methylprednisolone (MP) for the treatment of I
acute SCl is not recommended. Clinicians considering MP
therapy should bear in mind that the drug is not FDA approved
for this application. There is no class | or class Il medical
evidence supporting the clinical benefit of MP in the treatment
of acute SCI. Scattered reports of class Ill evidence claim
inconsistent effects likely related to random chance or
selection bias. However, class |, II, and Ill evidence exists that
high-dose steroids are associated with harmful side effects
including death.

Administration of GM,-ganglioside (Sygen) for the treatment of
acute SCl is not recommended.
SLIC and CSISS |

Harris and Allen 1

The routine use of CT and MRI of trauma victims with ankylosing I
spondylitis is recommended, even after minor trauma.

For patients with ankylosing spondylitis who require surgical M
stabilization, posterior long segment instrumentation and
fusion, or a combined dorsal and anterior procedure, is
recommended. Anterior stand-alone instrumentation and
fusion procedures are associated with a failure rate of up to
50% in these patients.

Aggressive multimodality management of patients with ATCCSis Il
recommended.

CT imaging to determine the condyle-C1 interval for pediatric I
patients with potential AOD is recommended.

Cervical spine imaging is not recommended in children who are Il
older than 3 years of age and who have experienced trauma
and who
(1) are alert,

)
3) have no midline cervical tenderness,
4) have no painful distracting injury,
5) do not have unexplained hypotension,
(6) and are not intoxicated.

Cervical spine imaging is not recommended in children who are

younger than 3 years of age and who have experienced trauma
and who:
(1) have a GCS>13,

)

) have no midline cervical tenderness,

) have no painful distracting injury,

) are not intoxicated,

) do not have unexplained hypotension,

) were not in a motor vehicle collision (MVC),

) suffered a fall from a height greater than 10 feet,

) or suffered a nonaccidental trauma (NAT) as a known or
suspected mechanism of injury.

(continued)
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Table 5.1 (continued)

Level of
Topic Recommendation Evidence
Pediatric injuries: Cervical spine radiographs or high-resolution CT is recom- I
diagnostic mended for children who have experienced trauma and who
do not meet either set of criteria above.
Pediatric injuries: Three-position CT with C1-C2 motion analysis to confirm and I
diagnostic classify the diagnosis is recommended for children suspected
of having atlanto-axial rotatory fixation (AARF).
Pediatric injuries: AP and lateral cervical spine radiography or high-resolution CT is 11}
diagnostic recommended to assess the cervical spine in children younger
than 9 years of age.
Pediatric injuries: AP, lateral, and open-mouth cervical spine radiography or n
diagnostic high-resolution CT is recommended to assess the cervical
spine in children 9 years of age and older.
Pediatric injuries: High-resolution CT scan with attention to the suspected level of 1]
diagnostic neurologic injury is recommended to exclude occult fractures
or to evaluate regions not adequately visualized on plain
radiographs.
Pediatric injuries: Flexion and extension cervical radiographs or fluoroscopy are I
diagnostic recommended to exclude gross ligamentous instability when

there remains a suspicion of cervical spinal instability following
static radiographs or CT scan.

Pediatric injuries: MRI of the cervical spine is recommended to exclude spinal cord 1]
diagnostic or nerve root compression, evaluate ligamentous integrity, or
provide information regarding neurologic prognosis.
Pediatric injuries: Reduction with manipulation or halter traction is recommended 1l
treatment for patients with acute AARF (less than 4 weeks’ duration) that

does not reduce spontaneously. Reduction with halter or tong/
halo traction is recommended for patients with chronic AARF
(greater than 4 weeks’ duration).

Pediatric injuries: Internal fixation and fusion are recommended in patients with 1]
treatment recurrent and/or irreducible AARF.
Pediatric injuries: Operative therapy is recommended for cervical spine injuries that 1l
treatment fail nonoperative management.
SCIWORA: diagnosis MRI of the region of suspected neurologic injury is recom- 1]
mended in a patient with SCIWORA.
SCIWORA: diagnosis Radiographic screening of the entire spinal column is 11
recommended.

SCIWORA: diagnosis Assessment of spinal stability in a SCIWORA patient is recom- [
mended, using flexion-extension radiographs in the acute
setting and at late follow-up, even in the presence of a MRI
negative for extraneural injury.

SCIWORA: treatment External immobilization of the spinal segment of injury is 11
recommended for up to 12 weeks.
SCIWORA: treatment Early discontinuation of external immobilization is recommended I

for patients who become asymptomatic and in whom spinal
stability is confirmed with flexion and extension radiographs.
SCIWORA: treatment Avoidance of high-risk activities for up to 6 months following M
SCIWORA is recommended.
Vertebral artery injury: ~ CTA is recommended as a screening tool in selected patients I
diagnostic after blunt cervical trauma who meet the modified Denver
Screening Criteria for suspected VAI.

EBSCChost - printed on 2/11/2023 3:05 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Acute Nonoperative Management of Traumatic Spinal Cord Injury

Table 5.1 (continued)

Topic Recommendation

Level of
Evidence

Vertebral artery injury:
diagnostic

Conventional catheter angiography is recommended for the 11}
diagnosis of VAl in selected patients after blunt cervical

trauma, particularly if concurrent endovascular therapy is a
potential consideration, and can be undertaken in circum-
stances in which CTA is not available.

Vertebral artery injury:
diagnostic

MRI is recommended for the diagnosis of VAl after blunt cervical I}
trauma in patients with a complete spinal cord injury or

vertebral subluxation injuries.

Vertebral artery injury:
treatment

It is recommended that the choice of therapy for patients with 1}
VA, anticoagulation therapy vs antiplatelet therapy vs no

treatment, be individualized based on the patient’s vertebral
artery injury, associated injuries, and risk of bleeding.

Vertebral artery injury:
treatment

The role of endovascular therapy in VAI has yet to be defined; n
therefore, no recommendation regarding its use in the

treatment of VAI can be offered.

Vertebral artery injury:
treatment

Venous thromboembo-
lism: prophylaxis

Venous thromboembo-
lism: prophylaxis

recommended.

Observation in patients with VAl and no evidence of posterior 1]
circulation ischemia is recommended.

Early administration of VTE prophylaxis (within 72 hours) is I

Vena cava filters are not recommended as a routine prophylactic 11l
measure, but are recommended for select patients who fail

anticoagulation or who are not candidates for anticoagulation

or mechanical devices.
Indirect calorimetry as the best means to determine the caloric Il

Nutritional support

needs of spinal cord injury patients is recommended.

Nutritional support

Nutritional support of SCI patients is recommended as soon as 1]

feasible. It appears that early enteral nutrition (initiated within
72 hours) is safe, but has not been shown to affect neurologic
outcome, the length of stay, or the incidence of complications
in patients with acute SCI.

Abbreviations: AOD, atlanto-occipital dissociation; AP, anteroposterior; ASIA, American Spinal Injury Association;

ATCCS, acute traumatic central cord syndrome; CSISS, Cervical Spine Injury Severity Score; CT, computed tomography;
CTA, computed tomographic angiography; EMS, emergency medical services; FDA, Food and Drug Administration; GCS,
Glasgow Coma Scale; MPSS, methylprednisolone sodium succinate; MRI, magnetic resonance imaging; SCI, spinal cord
injury; SCIWORA, spinal cord injury without radiographic abnormality; SLIC, Subaxial Cervical Spine Injury Classification;

VA, vertebral artery injury; VTE, venous thromboembolism.

* This guideline is controversial. New AOSpine guidelines recommend MPSS infusion for 24 hours as a treatment option if

administered within 8 hours of injury.

Physical Examination and
Clinical Assessment

Once the patient is stabilized and fully resusci-
tated, a detailed neurologic exam is performed.
The American Spinal Injury Association (ASIA)
classification, also known as the International
Standard for Neurological Classification of Spinal
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Cord Injury (abbreviated as ISNCSCI), is the pre-
ferred tool for neurologic examination following
an acute SCI (level I1).> The classification cate-
gorizes patients into five grades (A to E) based
on sensory and motor function and on whether
the injury is complete or incomplete (Table
5.2).11-14 Sacral sparing is critical to identify in
these assessments, as it connotes an incom-
plete injury and portends a better prognosis.
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Table 5.2 The 2011 Revised International Standard for Neurological Classification of Spinal Cord Injury

ASIA Impairment Scale (AIS)

A = Complete
B = Sensory incomplete

No sensory or motor function is preserved in the sacral segments S4-S5.
Sensory but not motor function is preserved below the neurologic level and

includes the sacral segments S4-S5, 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 muscle functions below the single neurologic level of injury have a
muscle grade less than 3 (grades 0-2).

D = Motor incomplete

Motor function is preserved below the neurologic level, and at least half (half

or more) of key muscle functions below the neurologic level of injury have

a muscle grade > 3.
E = Normal

If 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 a SCI does not receive an AlS grade.

Abbreviations: AlS, American Spinal Injury Association Impairment Scale; ISNCSCI, International Standards for Neurological

Classification of Spinal Cord Injury; SCI, spinal cord injury.

Imaging

In patients with traumatic neurologic deficits,
imaging is required to define the anatomy of
the injury. According to SCI guidelines, only
patients with a possible diagnosis of SCI or
those with altered mental status who are unable
to comply with the neurologic exam require
imaging (level 1).5 Initial imaging in any patient
with an acute SCI should be a high-quality
computed tomography (CT) scan (level I). If a
CT scan is unavailable, X-rays are recommended
and a CT scan should be performed when it
becomes available (level I). A patient with
cervical pain or tenderness despite normal
imaging should have cervical immobilization
continued until the patient is symptom free.
Dynamic flexion/extension radiographs may
then be used to exclude instability indicative of
ligamentous injury. Magnetic resonance imag-
ing (MRI) within 48 hours of injury may also
provide reassurance that cervical immobiliza-
tion can be discontinued (level III). Although
CT scan is the preferred initial imaging modal-
ity, MRI is the most useful modality for identi-
fying and characterizing spinal cord lesions. The
utility of MRI for outcome prediction in patients
with SCI is being increasingly recognized.!>

Spinal Cord Decompression

The SCI guidelines recommend early closed
reduction of cervical fractures if possible (level
I1).> There are several contraindications to
cervical traction, such as extension-distraction
injury (especially in the context of ankylosing
spondylitis), local infection, comminuted skull
fracture, a hemodynamically unstable patient,
atlanto-occipital dislocations, and depressed
level of consciousness. Reviews have reported
that 80% of patients with acute SCI dislocation
were effectively reduced with closed decom-
pression.> However, it has been reported that
~ 1% of patients with closed reduction suffer
from permanent neurologic deficit, and 2 to 4%
experience transient neurologic deficit.

There has been much controversy about the
timing of decompression in acute SCI patients.
Some studies have reported poor outcomes
in acutely injured patients, and others have
reported no neurologic advantage in early
decompression (defined as less than 72 hour).16
Researchers have also reported improved neu-
rologic outcomes from early decompression of
acute SCI when a more stringent definition of
early is employed (8 to 24 hours).>16 The Surgi-
cal Timing in Acute Spinal Cord Injury Study
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(STASCIS) is an important prospective observa-
tional study that provides the best evidence
regarding the neurologic benefit inherent in
early spinal cord decompression. Of the 313
patients who underwent decompression, 182
had surgery within 24 hours after the injury,
and 20% of these patients improved by two or
more ASIA Impairment Scale (AIS) grades at
6-month follow-up, which was statically greater
than the 9% of patients who improved by two
or more grades in the group undergoing decom-
pression longer than 24 hours after the injury.16
The STASCIS study found no significant differ-
ence in mortality or complications in either
group, demonstrating the safety of early surgery.
Of interest, a greater percentage of patients
diagnosed with AIS grade A injuries improved
in the early decompression groups than in
the greater than 24 hours group (43% vs 37%,
respectively), providing compelling reason to
avoid skepticism regarding the value of early
treatment in these patients. It is also notewor-
thy that a recent study found that patients with
traumatic central cord syndrome may also
benefit from early decompression (less than 24
hours after injury).'” This is important given
that many surgeons have historically preferred
delayed decompression in these patients.

Neurocritical Care
Management

Pharmacological Management

The SCI guidelines have made several changes
to the pharmacological management of acute
SCI patients. The 2002 SCI guidelines included
the use of methylprednisolone sodium succi-
nate (MPSS) as a treatment option.> Despite
little change in the relevant evidence, the 2013
updated SCI guidelines recommend against the
use of MPSS (level I recommendation).”> This
has proven to be a very controversial change.
Glucocorticoids have demonstrated neuro-
protective properties following acute SCI as
they decrease inflammation, protect cell mem-
branes, and increase spinal cord blood flow.2
MPSS was studied in the three large, high-
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quality National Acute Spinal Cord Injury Study
(NASCIS) trials.2> The NASCIS I trial studied two
groups: one group of SCI patients received a
100-mg bolus of methylprednisolone followed
by 10 days of treatment, and the other group
received a 1,000-mg bolus followed by 10 days
of treatment; no comparison was made to a
placebo group.2 The results from trial I showed
no significant difference between the two
groups in neurologic function at 42 days and
180 days post-SCI; however, animal studies con-
ducted subsequent to the initiation of NASCIS
I suggested that the employed doses were too
small to be of benefit.2

The NASCIS 1II trial randomized acute SCI
patients to three different groups: one group
received an increased dose of methylpredniso-
lone (30 mg/kg bolus followed by 5.4 mg/kg/h
for the first day), a second group received nal-
oxone, and a third group received a placebo.?
Importantly, this was the only NASCIS study to
include a placebo group. The study found sig-
nificant neurologic improvement in patients
receiving methylprednisolone within 8 hours
of injury. In patients receiving methylpred-
nisolone after 8 hours of injury, neurologic
improvement was not apparent.

The NASCIS 1II trial was the only NASCIS
trial to include a quality-of-life outcome mea-
sure. It had three experimental groups: the first
group received the NASCIS II dosing of MPSS,
the second group received high-dose MPSS,
and the third group received a bolus of methyl-
prednisolone followed by tirilazad mesylate (a
21-aminosteroid that functions as an antioxi-
dant without glucocorticoid effects).2 When
treatment was initiated within 3 hours, no
difference in neurologic outcomes was noted
between groups; patients treated with high-
dose MPSS demonstrated significantly improved
neurologic function when treatment was begun
between 3 and 8 hours after injury.2 A sub-
stantial increase in complications, however, was
seen with high-dose MPSS, prompting most
practitioners to use NASCIS II dosing instead.
Neurologic benefit was additionally noted in
STASCIS patients who received MPSS, provid-
ing further evidence for its efficacy.’® Many cli-
nicians cite the small effect size and risk of
complications as reasons for not prescribing
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MPSS to those with acute SCI, although many
still feel that its use is justified. Following a
recent systematic review, the new guidelines
generated by AOSpine will recognize the 24-
hour infusion of MPSS as a treatment option,
especially in patients with cervical SCI. How-
ever, the guidelines will recommend against
48-hour infusion of MPSS.

Of the numerous pharmacological agents
studied in human SCI, the only other with sug-
gested efficacy is GM,-ganglioside. In the 2002
SCI guidelines, GM,-ganglioside was recom-
mended as a treatment option, although it was
never made available for administration.’> In
the 2013 update, GM,-ganglioside treatment is
no longer recommended in acute SCI patients.
GM,-ganglioside in animal models has been
shown to decrease neuronal cell death.

Complications
Respiratory Complications

Physicians must watch cervical SCI patients
closely for respiratory insufficiency even when
diaphragmatic function is intact. Hypoxia exac-
erbates neurologic damage following SCI and
must be avoided. It has been found that 33% of
cervical SCI patients require intubation within
the first day and up to 90% require mechanical
ventilation within the first 72 hours.? Patients
must be observed for the use of accessory mus-
cles of respiration including the intercostals,
sternocleidomastoids, scalenes, and pectoralis
major. These accessory muscles can also be
denervated following a SCI. Paralysis of inter-
costal musculature is associated with a ~ 70%
decrease in forced vital capacity and maximal
inspiratory force because inspiration causes
chest wall collapse until the onset of spastic-
ity. Lung contusions, adult respiratory distress
syndrome, pneumonia, and other pathologies
can additionally compromise the respiratory
function of SCI patients, so vigilance is critical.
Initially when inhalation and exhalation are
compromised in an SCI, the patient will com-
pensate by increasing the rate of breathing
(albeit with low tidal volumes). Patients who
compensate initially may fatigue rapidly, becom-
ing unable to maintain tachypnea sufficient
to meet respiratory demands, thus becoming

hypercarbic. When possible intubation should
be performed in a nonemergent setting. It is
thus useful to monitor vital capacity in cervical
SCI patients; intubation should be considered
in patients whose vital capacity is less than 1 L,
particularly if there is evidence of fatigue. Intu-
bation should also be considered in the context
of respiratory distress, especially if the partial
pressure of carbon dioxide in the arterial blood
is high.

Typically, cervical SCI patients who require
intubation experience improved respiratory
function over the next 2 weeks.? Patients with
lower cervical injury who initially need intu-
bation frequently begin to gain rigidity in their
intercostal muscles, enabling the chest wall to
be supported. Published studies have correlated
the number of days cervical SCI patients require
mechanical ventilation with the level of injury
and the degree to which the injury is incom-
plete. A complete injury requires mechanical
ventilation for a longer duration than incom-
plete injuries. Mechanical ventilation was
needed for an average of 65 days for high spinal
cord injuries compared with 12 days for tho-
racic injuries. Tracheostomy should be strongly
considered if mechanical ventilation is needed
for longer than 14 days. Tracheostomy can assist
ventilator weaning and lead to earlier discharge
from the critical care unit.

Cardiovascular Complications

Spinal cord injury patients are vulnerable to a
long list of possible cardiovascular abnormali-
ties. Loss of sympathetic tone is a major con-
cern in SCI above T6.2 This lack of sympathetic
outflow causes dominant parasympathetic tone
leading to bradycardia and hypotension. Neu-
rogenic shock thus results from a lack of tone
in blood vessels, and pooling of blood in the
periphery with a lack of return to the heart for
distribution to tissues. As in all hypotensive
patients, the first step in management is intra-
venous fluid administration. However, if after 1
to 2 L of IV fluids the blood pressure remains
low, a vasopressor agent must be given, as these
patients are susceptible to fluid overload.
Current SCI guidelines recommend main-
taining MAP values above 85 to 90 mm Hg for
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7 days following an acute SCI (level III).> To
achieve this goal, patients almost universally
require administration of pressors and man-
agement in a critical care unit. Although these
recommendations are widely practiced, most
of the research is from uncontrolled studies, and
the 85 to 90 mm Hg threshold appears to have
been selected arbitrarily.2 A recent study by
Hawryluk and colleagues!? validated this rec-
ommendation with a data set of high-frequency
physiological data. A strong inverse correlation
was found between the amount of time MAP
is below 85 mm Hg and neurologic improve-
ment. The effect persisted for 5 to 7 days and
decreased over time.

Another manifestation of the loss of sympa-
thetic tone can be cardiac dysrhythmia.2 In some
studies severe cardiac dysrhythmias including
arrest are seen in as many as 15% of cervical SCI
patients.2 The most common time for these
dysthymias to occur is ~ 72 hours from the
time of injury, but can be seen for up to 14
days. The bradycardia that typifies cervical SCI
can be treated with a variety of medications
including atropine and inotropes. When refrac-
tory to medications, a pacemaker may be
needed. In a recent series, 17% of cervical SCI
patients received a cardiac pacemaker.

Autonomic dysreflexia can also occur fol-
lowing SCI.2 Typically, bladder or bowel disten-
tion causes a marked increase in sympathetic
tone, which in turn causes hypertension and
tachycardia. Autonomic dysreflexia may occur
in up to 90% of quadriplegic patients. Although
typically seen in the chronic stages of SCI,
autonomic dysreflexia may occur in up to 3% of
patients in the acute setting. Autonomic dys-
reflexia can have severe consequences, such as
intracranial hemorrhage and even death. Treat-
ment of this sympathetic overflow primarily
involves removing the offending stimulus either
by urinary catheter insertion for bladder dis-
tention or by enema for bowel distention. Symp-
tomatic treatment may be needed, including
rapidly acting antihypertensives.

Other Complications

Acute traumatic SCI patients are at risk for
many complications due to their unique defi-
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cits and because of their other injuries. Physi-
cians should always consider the possibility
of occult injuries that may go unnoticed due
to sensory deficits. Intra-abdominal pathology
such as hemorrhage, ruptured viscus, and sep-
sis are classically overlooked in these patients.
A high index of suspicion is thus required.
Also, SCI patients are at very high risk for
venous thrombosis secondary to tissue injury
and venous stasis due to paralysis. This risk is
even greater in the presence of additional inju-
ries such as long bone fractures. The current
literature reports an 81% risk of thrombo-
embolism in SCI patients.2 Most deep venous
thromboses (DVTs) occurs between 3 days and
2 weeks after injury. The most recent SCI guide-
lines recommend low molecular weight hepa-
rin, rotating beds, pneumatic compressions
stockings, and electrical compression devices
for prophylaxis.2!® Inferior vena cava filters
are recommended for patients who cannot be
safely treated with prophylaxis or who have an
existing deep venous thrombus and cannot
start therapeutic anticoagulation. In total, 3
months of prophylaxis are recommended in
SCI patients, with regular screening of extrem-
ities for DVT using clinical and laboratory
assessments.218 All patients with SCI need care-
ful observation for signs of pulmonary embo-
lism (PE) including chest pain, tachycardia, and
increased oxygen demand. Spiral CT is the
diagnostic test of choice in most facilities and
has a sensitivity of 94% and specificity of 96%.2
Once a patient is diagnosed with a PE antico-
agulation needs to be administered.? A typical
regimen is low molecular weight heparin for
5 days and warfarin until an international
normalized ratio (INR) of between 2 to 3 is
achieved and stable. Warfarin treatment is rec-
ommended for 6 months following a PE.
Pressure ulcers are a common complication
in SCI patients, and constant surveillance and
preventative measures are needed.'® Preven-
tion is strongly preferred due to the challenges
inherent in the treatment of pressure ulcers.
Prevention begins with pressure relief includ-
ing frequent turning, special mattresses, heel
protectors, and removal of any source of pres-
sure. Once a pressure ulcer is formed, imme-
diate treatment is recommended, which may
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entail surgical debridement. Proper nutrition
is vital to healing of ulcers, and a dietician
should be consulted.

Psychosocial issues often develop early in
SCI patients, including delirium and depres-
sion. Psychosocial factors impact the recovery
of SCI patients and need to be treated aggres-
sively. Referral to mental health professionals
and social workers may be needed. Initial
interventions should focus on the acute care
environment and aspects of life after injury.20

Future Directions

Numerous promising preclinical and clinical
studies aiming to improve outcome from
acute SCI are ongoing. Hypothermia has long
been explored for its putative neuroprotective
effects.? Rigorous scientific methodology has
been lacking in the studies conducted to date.
A large multicenter study is currently being
conducted to investigate the role of hypother-
mia in acute SCI (Clinicaltrials.gov identifier
NCT01739010). Myelin components have been
shown to inhibit neurite regeneration fol-
lowing injury. Antagonists of these inhibitors
include VA-210 (formerly Cethrin) as well as
Nogo antagonist ATI-355. Riluzole is a neuro-
protective drug approved for use in amyo-

trophic lateral sclerosis that is currently being
studied in a human SCI clinical trial. The anti-
inflammatory antibiotic minocycline has also
shown promise in a phase II human trial. A
combination of magnesium and polyethylene
glycol is also being studied in a phase II trial. A
fibroblast growth factor analogue and granulo-
cyte colony-stimulating factor are also under
study. Cellular transplantation performed for
human SCI has employed various cell types,
and the studies have varying goals and varying
levels of scientific rigor. Transplanted cell types
have included activated autologous macro-
phages, Schwann cells, olfactory ensheathing
cells, bone marrow stromal cells, and human
embryonic stem cells (Table 5.3).2! There is
also interest in cerebrospinal fluid drainage
and monitoring, and treating spinal cord per-
fusion pressure.

Conclusion

Acute SCI continues to be a devastating disease
that leaves many patients with permanent
disability. It is increasingly evident that the
quality of the supportive care received by SCI
patients has a significant impact on their neu-
rologic recovery. Indeed, improved critical care
has markedly improved the outcomes from SCI

Table 5.3 Experimental Translational Treatments Currently Being Investigated for SCI

Clinicaltrials.gov

Translational Treatment Phase Registration Information
Transplantation of autologous olfactory ensheathing cells | Not registered
Activated autologous macrophage implantation | Not registered
Bone marrow stromal cell transplantation I/ Not registered
Systemic hypothermia I NCT01739010
Minocycline treatment Il Not registered
Riluzole treatment (sodium channel blockade and I Not registered
antiglutamatergic)

ATI-355 (Nogo blockade) | NCT00406016
VA-210 (Cethrin) Treatment (Rho inhibition) I NCT00500812
Cerebrospinal fluid drainage for 72 hours I NCT00135278
Magnesium/polyethylene glycol combination I Not registered
Fibroblast growth factor analogue Ifn NCT02490501
Granulocyte colony-stimulating factor ?

Not registered
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in recent decades. Best care continues to evolve,
and several promising therapeutics and thera-
peutic strategies hold promise for benefiting
acute SCI patients in the near future. There is
good reason for both patients and physicians to
be optimistic.

Chapter Summary

Acute traumatic spinal cord injuries are life
threatening and often cause permanent, severe
neurologic deficits. The acute nonoperative
management of traumatic spinal cord injuries
is aimed at minimizing further damage and
optimizing nutrient delivery to injured tissue.
The management of such injuries begins on
arrival of emergency medical services, with a
focus on the Advanced Trauma Life Support
protocol and transfer of patients to appropriate
facilities with appropriate immobilization. In
the trauma bay, resuscitation is performed and
the primary survey is initiated in the following
order of injury assessment: airway, breathing,
circulation, disability, and exposure. Imaging
must be performed on all possibly spinal cord
injured patients. Many acute traumatic SCI
patients require intubation and mechanical
ventilation. Maintaining a MAP greater than 85
mm Hg for the first week improves neurologic
recovery. Other complications such as DVT and
PE are inherently common in acute traumatic
SCI patients, but the risk of such complications
can be reduced. Due to sensory loss, an SCI
patient may have other occult injuries, and a
high level of suspicion is essential. The recent
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Should We Do?

Christopher D. Witiw and Michael G. Fehlings

Introduction

Acute traumatic spinal cord injury (SCI) is an
all too common occurrence with potentially
devastating personal loss and societal costs
resulting. The traumatic insult to the spinal
column disrupts the normal osteoligamentous
anatomy, leading to biomechanical instability
and often sustained compressive forces on the
spinal cord. Surgical intervention is undertaken
to eliminate the compressive forces, restore nor-
mal alignment and reestablish stability of the
spinal column, thereby mitigating the potential
for ongoing dynamic injury to the spinal cord
and maximizing the potential for neurologic
recovery.

Thanks to exceptional research efforts in
the basic science and clinical realms, a sub-
stantial body of evidence has been amassed
regarding the role of surgical intervention in
the acute setting. Despite this evidence, how-
ever, controversy still remains, most notably
surrounding the timing of intervention. Recent
high-quality clinical evidence has addressed
many of the controversies but others still
persist.

This chapter reviews the current evidence
for surgical intervention after acute traumatic
SCI and discusses the impact this evidence has
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on clinical decision making. The underlying
pathophysiological processes of the injury
frame the discussion of the role and timing of
surgical decompression and stabilization. The
current state of the literature on cervical, tho-
racic, and thoracolumbar SCI is reviewed, and
particular attention is paid to three unique
clinical scenarios that require special consider-
ation: traumatic central cord syndrome, cervi-
cal facet dislocation, and SCI in the polytrauma
patient.

Pathophysiology of Spinal
Cord Injury

An understanding of the role of surgical inter-
vention in acute SCI, and in particular the timing
of the intervention, hinges upon an apprecia-
tion of the underlying pathophysiological pro-
cesses. This section focuses on the mechanisms
of the initial traumatic primary injury and the
subsequent cascade of cellular destruction that
constitutes the secondary phase of SCI. The
subsequent discussion of the role and timing of
surgery as a means to mitigate injury and
improve neurologic recovery is based on these
important cellular biological concepts.
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Primary Injury

The primary injury phase of acute SCI occurs at
the time of traumatic insult to the spinal cord.
Mechanical forces lead to disruption of cell
membranes, neuronal axons, and blood ves-
sels.! Most commonly, contusive and compres-
sive forces result from the loss of structural
integrity of the spinal column, whereas other
mechanisms of injury include shear and stretch
forces from rapid acceleration-deceleration.?

Secondary Injury

Experimental evidence suggests that the final
neurologic deficit results from a combination
of the primary injury and a time-dependent
cascade of pathophysiological processes follow-
ing immediately after the initial impact, which
constitute the secondary injury phase. The
early stages of the secondary injury phase are
temporally classified into immediate (the first
2 hours after the injury), early acute (after the
first 2 hours and up to 48 hours after the
injury), and subacute (from day 3 up to 2
weeks).! These processes include disruption of
the microvasculature and the resultant pete-
chial white matter hemorrhage, cell death from

Traumatic
mechanism

membrane disruption, glutamate excitotoxic-
ity, and ionic dysregulation from Na* and CaZ*
influx. Ischemia from local vasospasm and
thrombosis, which may be compounded by
systemic autonomic dysregulation, lead to
cellular hypoxia and further cell death.*

Role and Timing of Surgery

Persistent compression and dynamic effects
from spinal column instability are thought to
be key contributors to secondary injury. Inter-
vening during the immediate or early acute
phases holds promise to improve neurologic
outcomes by removing the compressive forces
and mitigating the potential for further injury
by stabilizing the spinal column (Fig. 6.1). This
notion has spurred considerable preclinical
research efforts to elucidate the association
between neurologic outcomes and the role and
timing of decompression. These efforts have
now been translated into the clinical realm,
and high-quality evidence is available to guide
clinical decision making. This section briefly
reviews the preclinical evidence and discusses
the evidence available from clinical studies.

Final neurologic
outcome

Impact on neurologic outcome potentially modifiable
through early surgical intervention

Fig. 6.1 A conceptual model of the impact of
primary and secondary phases of spinal cord injury
on neurologic recovery. Early surgical intervention
holds promise to mitigate the deleterious effects

of the secondary injury phase by eliminating the
compressive forces on the spinal cord and providing
stabilization to prevent ongoing dynamic traumatic
forces.
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There is more, and higher quality, clinical evi-
dence relating to cervical SCI than is available
for thoracic and thoracolumbar SCI, and so
these areas will be treated separately.

Preclinical Evidence

Findings from numerous preclinical investiga-
tions support a time-dependent effect of spi-
nal cord compression. Dimar et al®> used a rat
model with timed compression up to 72 hours
and found better neurologic outcomes with
shorter compression times. Carlson and col-
leagues,® using a dog model, compared com-
pression times of 30 minutes and 3 hours, and
found that subjects with 3 hours of compres-
sion had both worse neurologic outcome and
greater lesion volumes. A recent meta-analysis
of the preclinical literature suggests that out-
come following acute SCI appears to be closely
associated with the compressive pressure and
duration, and that early decompression is an
effective therapeutic strategy.” Overall the body
of preclinical evidence supports a biological
rationale for early spinal cord decompression
through mitigation of the pathophysiological
secondary injury processes.®

Clinical Evidence
Cervical Spine

Despite the preclinical support for early decom-
pression, the association between timing of
decompression and improved neurologic out-
comes was not found to hold in early clinical
studies of cervical SCI.>10 These studies had
notable methodological limitations; for exam-
ple, they used a time frame of 72 hours postin-
jury to distinguish early from late surgery,
whereas evidence compiled from the literature
as well as consensus expert opinion suggests
that 24 hours postinjury is a more appropriate
definition of early surgery.811

To provide high-quality evidence pertaining
to the role of surgery within this 24-hour cut-
off, the Surgical Timing in Acute Spinal Cord
Injury Study (STASCIS) was initiated.'? This
international, multicenter, prospective cohort
study included 313 patients with acute cervi-
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cal SCI from six centers. Groups were compared
through multivariate analysis, controlling for
baseline differences. The analysis found that
the odds of at least a two-grade improvement in
the American Spinal Injury Association (ASIA)
Impairment Scale (AIS) was 2.8 times higher at
6-month follow-up in the group that had early
surgical decompression (Fig. 6.2). Moreover,
the analysis of the outcomes data suggests that
there may be a synergistic neuroprotective
effect from the administration of methylpred-
nisolone sodium succinate and early surgical
decompression.'? One of the primary criticisms
of this trial is that there was a larger propor-
tion of patients with AIS grade A or B injuries
in the early surgery group, which favors the
potential for an improvement of two or more
grades.!3 Despite this limitation, the data pro-
vided by STASCIS represent the largest prospec-
tive investigation to date on the role of timing
for surgical decompression in cervical SCI.
Based on the encouraging results of this trial,
we believe that all patients with cervical SCI
should have expedited imaging upon arrival at
the hospital. Decompression should be under-
taken in a manner appropriate for the nature
of the patient’s injury immediately following
imaging, as long as the patient is stable from a
hemodynamic and respiratory perspective.

Thoracic and Thoracolumbar Spine

The timing of surgical intervention for acute
SCI secondary to injury of the thoracic or tho-
racolumbar spinal column has not received the
same attention as that for the cervical spine.
The evidence that is available suggests that
early (< 72 hours) surgical stabilization of tho-
racic fractures may reduce the number of days
on respiratory support, the length of stay in
the critical care unit, the length of the overall
hospital stay, and the mortality rate, when
compared with late stabilization.’*1> A small,
single-center study of patients undergoing tho-
racolumbar stabilization with neurologic defi-
cits for an acute thoracolumbar spinal injury
found that patients having surgical decompres-
sion within 8 hours had significantly better
postoperative AIS motor scores compared with
those with late decompression.!6
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Fig. 6.2 Comparison of American Spinal Injury
Association (ASIA) Impairment Scale (AIS) grade
improvement at 6-month follow-up between
patients undergoing early surgical decompression
(< 24 hours) and those undergoing late decompres-
sion. It was found that 19.8% of patients in the early
surgical group showed an improvement of two or
more grades compared with only 8.8% in the late

Overall, the data available on the impact
of early surgical intervention on this patient
population suggest an improvement in several
outcome measures. Although the strength and
quality of evidence is not on a par with that for
cervical SCI, we recommend a similar approach,
favoring surgical intervention before 24 hours.

Focused Clinical Considerations

We support that overall tenet that patients
with acute traumatic SCI should have surgical
intervention as early as possible; however, three
subgroups of patients present unique chal-
lenges that are addressed in this section.

Central Cord Syndrome

Surgical decision making for patients with cen-
tral cord syndrome (CCS) is challenging because
these patients often do not present evidence of
overt spinal column instability, and spontaneous
neurologic improvement may be observed. In
cases of CCS associated with unstable injury to
the spinal column or intervertebral disk herni-

decompression group (odds ratio [OR], 2.57; 95%
confidence interval, 1.11-5.97). (Reproduced from
Fehlings MG, Vaccaro A, Wilson |R, 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;
7:32037.)

ation, it is generally agreed that surgical inter-
vention should be undertaken, but in cases
where CCS results from the classic mechanism
of hyperextension in the setting of cervical
spondylosis without evidence of instability,
many surgeons question if surgical interven-
tion is warranted. A 2013 systematic review of
the literature found four small, single-center,
retrospective studies that compared surgical
management with conservative management
in patients with traumatic CCS.!” Three of the
studies demonstrated the superiority of sur-
gery over conservative management in terms
of neurologic recovery, but the study popula-
tions were quite heterogeneous and included
unstable traumatic injuries as well as stable
hyperextension-type injuries.

In those patients for whom surgical inter-
vention is undertaken, controversy also exists
regarding the timing of surgical intervention.
The four studies cited above used varying tim-
ings to qualify as early surgery, ranging from
less than 24 hours to less than 2 weeks.!” Only
one of the studies found a significant associa-
tion between the timing of surgical interven-
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tion and neurologic outcome, and that study
used the 2-week definition of early surgical
intervention. Overall, there is a need for high-
quality prospective studies to address the
important relation between early surgery and
neurologic outcomes. The Conservative or Early
Surgical Management of Incomplete Cervical
Cord Syndrome Without Spinal Instability
(COSMIC) trial holds promise for providing
higher quality evidence regarding the role of
early surgical decompression (ClinicalTrials.gov
identifier NCT01367405) for traumatic CCS.
This multicenter randomized controlled trial,
initiated in 2013, is designed to compare the
clinical outcome of early (< 24 hours) surgery
with that of conservative management.

Until higher quality evidence is available to
guide clinical decision making, we believe that
patients with traumatic CCS who have severe
neurologic deficits (AIS grade C or worse)
should have decompression within 24 hours if
there is any magnetic resonance imaging (MRI)
evidence of ongoing spinal cord compression
or unstable osteoligamentous injury. The evi-
dence for surgical intervention within 24 hours
for patients with less severe neurologic injury
is not as compelling. These patients should
undergo decompressive surgery, but our time
frame for intervention in such cases is within a
week from the injury.

Cervical Facet Dislocation

Unilateral or bilateral cervical facet dislocations
frequently present with injury to the spinal
cord. Patients with facet dislocation have been
found to have longer hospital stays and poorer
recovery of motor function at 1 year following
injury when compared with those with SCI
without facet dislocation, even though decom-
pression is generally performed sooner (25.1
hours versus 41.3 hours, respectively).!8 Despite
this, ultra-early decompression potentially may
hold promise for meaningful recovery. In an
interesting case series, reported by Newton et
al,'? of rugby players with cervical facet dislo-
cation, five of eight players with complete SCI
who were reduced within 4 hours made a full
neurologic recovery, whereas none of the 24
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who were reduced after 4 hours achieved a
similar recovery.

Fortunately, this injury pattern is gener-
ally amenable to decompression by reduction
through closed means using Gardner-Wells tongs
or a halo ring and incremental application of
weight-based traction with serial monitoring
by lateral radiographs and clinical examina-
tion (Fig. 6.3). In patients who are awake and
cooperative, without distracting injuries, skull
fractures, or evidence of atlanto-occipital dis-
location, this treatment can typically be per-
formed in an expedited manner. Once reduced,
the spinal column should be stabilized with
either halo vest application or continued trac-
tion of 20 lb until open surgical stabilization
can be performed.

The need for MRI prior to closed reduction
is still debated.2° Concern exists that attempted
closed reduction in the setting of traumatic
intervertebral disk herniation could lead to
progressive neurologic decline. Others believe
that waiting for an MRI is a source of delay, and
that transferring the patient to the MRI suite
risks further injury. It is estimated that one
third to one half of patients with cervical facet
subluxation injuries demonstrate a disrupted
or herniated intervertebral disk, but such a find-
ing does not clearly influence neurologic out-
come in closed reduction.?!

We believe that MRI should be obtained
prior to closed reduction in the setting of cer-
vical facet dislocation with SCI, as long as it can
be accessed in an expedited and safe manner.
The patient should be monitored closely through-
out the reduction procedure, and if there is any
change in neurologic status, the procedure
should be immediately halted, the spine immo-
bilized, and emergent MRI performed, if not yet
done, prior to taking the patient to the operat-
ing room for open reduction.

Polytrauma Patients with Spinal Cord
Injury

Managing patients with SCI and other con-
current traumatic injuries presents consider-
able challenges. Often the neurologic exam is
confounded by numerous factors, including
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Fig. 6.3 A patient with a unilateral C4-C5 facet
dislocation secondary to a high-speed motor vehicle
collision. (a) Right parasagittal cuts from the initial
computed tomography (CT) scan of the cervical
spine at the time of presentation demonstrating
C4-C5 facet dislocation (arrow). (b) Midsagittal CT

obtundation from intoxication or concurrent
brain injury, sedation, extremity fractures,
peripheral nerve injury, or a myriad of other
circumstances. Furthermore, these patients may
present in extremis from cardiorespiratory
instability, necessitating immediate lifesaving
intervention.

In the immediate period, a systematic
approach to rapid assessment and institution

cuts demonstrating C4-C5 traumatic anterolisthesis.
(c) Left parasagittal CT cuts. (d) Supine lateral
cross-table radiographs of the cervical spine
demonstrating C4-C5 misalignment prior to closed
reduction. (e) Restoration of alignment following
closed reduction with 25 Ib of traction.

of life-preserving therapy should be initiated
in accordance with the Advanced Trauma Life
Support Guidelines.22 The heterogeneity of this
patient population precludes establishing a sin-
gle recommendation applicable to all patients
regarding the role and timing of surgical inter-
vention. Instead, clinical experience and acu-
men come to the forefront of decision making
in these challenging scenarios. However there
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is some evidence available to help guide clini-
cal decisions.

The STASCIS included patients with concur-
rent injuries, but the focus of the study was not
on polytrauma patients. In addition, patients
with life-threatening injuries that prevented
early decompression of the spinal cord were
excluded from the study.!? Investigations that
focused specifically on polytrauma patients
generally used 72 hours as the dividing line
between early and late surgery, and they used
more general measures of outcome rather than
neurologic recovery. Scaramuzzo et al??> found
that early fixation (< 72 hours) was associated
with shorter length of critical care admission,
shorter hospital stay, fewer days on mechani-
cal ventilation, and less need for blood transfu-
sion. In keeping with these findings, Chipman
et al?* reported a lower frequency of all com-
plications in patients with an Injury Severity
Score greater than 15 and receiving surgery
within 72 hours of injury.

Although the evidence for the impact of early
surgical intervention on neurologic recovery
specifically in polytrauma patients is lacking,
the available literature supports an improve-
ment in overall metrics and decreased com-
plications with early surgery. We suggest that
surgical intervention should be undertaken in
an expedited manner (< 24 hours) when there
is evidence of neurologic deficit from SCI on
clinical exam or compression on MRI. Factors
that should add immediacy to increase the
urgency of surgical decompression are cervical
SCI, incomplete neurologic deficit, and evidence
of progressive decline in neurologic function.
However, a consensus that surgical interven-
tion is safe must be reached among the multi-
disciplinary team tasked with managing the
patient’s current condition.

Chapter Summary

The mechanical forces associated with trauma
to the spinal cord lead to primary injury
through immediate disruption of cell mem-
branes, neuronal axons, and blood vessels. This
is followed by a time-dependent cascade of
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local pathobiological processes that comprise
the secondary phase of SCI. Preclinical studies
suggest that neurologic outcome is an aggre-
gate of the primary injury and the progressive
effects of secondary injury. There is a strong
biological rationale for surgical intervention
during the early acute secondary phase to
remove compression and mitigate the dynamic
traumatic effects of spinal column instability.
This is in keeping with the principle that “time
is spine.”

Multicenter, prospective clinical studies in
patients with cervical SCI support the findings
of these preclinical studies. Surgical decom-
pression within 24 hours of injury is associated
with significant improvements in neurologic
outcome. Although the evidence is not as
strong for early decompression in patients
with thoracic and thoracolumbar SCI, smaller
clinical series have demonstrated a benefit on
multiple measures of outcome. We believe, as a
general principle, that patients with traumatic
SCI should have surgical intervention as early
as possible.

The subgroup of cervical SCI patients pre-
senting with traumatic CCS are uniquely chal-
lenging because they often are without evidence
of overt instability and may improve spon-
taneously. Until high-quality evidence to the
contrary is available, we believe that these
patients should have decompression within 24
hours if they present with severe neurologic
injury (AIS grade C or worse). The evidence for
decompression within the first 24 hours for
patients with less severe neurologic injury is
less compelling, and in these cases we gener-
ally do surgery within the first week from the
time of injury. Two other subgroups of patients
present unique challenges: cervical facet dislo-
cation patients and SCI in polytrauma patients.
Cervical facet dislocation should be managed
rapidly with closed reduction, but there is con-
troversy as to whether MRI should be obtained
prior to reduction. We suggest obtaining imag-
ing if it will not significantly delay treatment.
The assessment of polytrauma patients neces-
sitates a high degree of suspicion for SCI because
the clinical exam may be confounded. Patients
with polytrauma are challenging because con-
current injuries may preclude spinal surgery. If
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SCI is identified, surgical intervention should
be performed as early as possible, ideally within
24 hours, but only after ensuring safety through
a consensus of the multidisciplinary trauma
team.

¢ High-quality evidence is lacking for the role and
timing of surgical intervention in patients with
traumatic central cord syndrome. We suggest that
surgery be performed within 24 hours for any
patient with severe neurologic injury (AIS grade C
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# Substantial preclinical evidence supports the bio-
logical rationale for early surgical decompression
to mitigate the deleterious effects of the second-
ary injury phase of acute SCI.

# Prospective clinical studies in patients with cer-
vical SCI suggest that surgical decompression
performed within 24 hours results in improved
neurologic outcomes. We support surgical inter-
vention as soon as possible for these patients.

# There is some evidence that urgent decompres-
sion of the cervical spinal cord may synergistically
enhance the impact of neuroprotective medica-
tions including methylprednisolone in cervical
spinal cord injury.

¢ Although high-quality clinical evidence is not
available to address the impact of early surgery
for patients with thoracic or thoracolumbar SCl,
early decompression is associated with improve-
ments in multiple outcome measures, and we
suggest that surgery be performed as soon as
possible and at least within 24 hours.
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Methylprednisolone As a Valid
Option for Acute Spinal Cord Injury:
A Reassessment of the Literature

Michael G. Fehlings and Newton Cho

Introduction

Acute spinal cord injury (SCI) is a devastating
disease that still remains a treatment chal-
lenge. In the United States, the incidence of SCI
was reported as 54 cases per 1 million individ-
uals in 2012.1 Although previously thought to
be predominantly a disease of the young, the
incidence in younger individuals has declined
while the incidence in older individuals has
risen.! Unfortunately, the cervical cord, the
injury of which results in significant impair-
ment, is the most common site of injury.23 SCI
patients also suffer from several secondary com-
plications, including respiratory complications
such as atelectasis, pneumonia, and ventilator
failure. They also are subject to chronic pain
that affects daily activities of living, participa-
tion in rehabilitation, and work, as well as uri-
nary incontinence and voiding dysfunction and
pressure ulceration, which can lead to rehospi-
talization and poor quality of life. With an
aging population, the treatment of SCI remains
a challenge not only in terms of the immediate
injury but its associated complications.

In this regard, it is imperative that ongoing
development and assessment of treatments for
SCI continue to combat this disease process. At
present, there is no cure for SCI, but there are
several interventions that have been investi-
gated over the years. These include early surgi-
cal decompression postinjury, which had been
supported by preclinical studies that were

confirmed by human data in the recent Surgi-
cal Timing in Acute Spinal Cord Injury Study
(STASCIS). This study demonstrated better neu-
rologic recovery at 6 months when surgery
was performed less than 24 hours postinjury.
Other medical interventions have also been
investigated including therapeutic hypother-
mia, naloxone, nimodipine, GM,-ganglioside,
riluzole, minocycline, and cell transplantation
therapies.> However, these interventions have
demonstrated mixed results.

One of the most controversial and historical
agents investigated in the treatment of SCI is
methylprednisolone sodium succinate (MPSS).
Several randomized controlled trials since the
1980s have attempted to determine the role of
MPSS in treating SCI patients, which has been
a subject of debate to this day. For example,
the joint American Association of Neurological
Surgeons (AANS) and Congress of Neurological
Surgeons (CNS) guidelines previously recom-
mended MPSS as a treatment option, but now
the AANS/CNS recommends against its use
(level I recommendation). However, the evi-
dence that has arisen since the first practice
guideline recommendations were made in 2002
do not necessarily support a recommendation
against the use of MPSS. This is further illus-
trated by a lack of clarity surrounding the poten-
tial interaction between surgery and MPSS.
The recent STASCIS trial looking at the effect
of early surgical decompression in cervical SCI
demonstrated a reduced rate of complications
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associated with the use of MPSS and a possible
synergistic interaction between surgery and
MPSS. A recent Cochrane review also reem-
phasized the potential efficacy of MPSS in SCI,
which was not addressed in the recent guide-
lines. Finally, SCI still remains a heterogeneous
disease, and the effects of MPSS in the context
of thoracic or lumbar SCI have not been fully
elucidated, so that a recommendation against
its use in these contexts is not fully warranted.
In this regard, although not the standard of care,
we argue that MPSS should remain a treatment
option to be used at the physician’s discretion
on a case-by-case basis.

Evidence for
Methylprednisolone in
Spinal Cord Injury

Preclinical Studies

Methylprednisolone has been assessed in sev-
eral preclinical studies, with varying mecha-
nisms of action proposed. The administration of
MPSS has been shown to decrease the injury-
induced loss of spinal cord neurofilaments,
possibly secondary to its effect on reversing
intracellular calcium flux and the resultant
activation of proteases.5 MPSS has also been
shown to maintain spinal cord blood flow in
cats after SCI and to prevent ischemia when
given early, possibly by stabilizing biological
membranes and preventing formation of vaso-
constrictive prostaglandins via arachidonic
acid.”® MPSS has also been shown to reduce
lipid peroxidation, and thus maintain activity
of key neuronal membrane enzymes including
the Na*/K*-adenosine triphosphatase (ATPase).?
A recent study with in vivo two-photon imag-
ing also demonstrated a reduction in inflam-
matory cells, reduced calcium influx, and
attenuated axonal damage with the use of
methylprednisolone.'® Certainly, there is evi-
dence in the preclinical setting for the use of
methylprednisolone, and MPSS has advanced
to testing in clinical trials, culminating in
the National Acute Spinal Cord Injury Study
(NASCIS) I, 11, and III trials.
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NASCIS |

The NASCIS I was a double-blind randomized
controlled trial that examined the effects of
high and low doses of MPSS on neurologic
recovery 6 weeks and 6 months after acute
SCI.1T Nine hospitals participated in the study.
Patients were included if they were diagnosed
as having acute spinal cord trauma. Loss of
sensation (pinprick or light touch) or motor
function below the lesion was considered as
SCI, but patients with only nerve root involve-
ment or cauda equina were excluded. A total of
330 patients were randomized to two steroid
treatments, but 24 patients were excluded from
the final analysis. After randomization, either
100 or 1000 mg of MPSS was initially given,
followed by either 25 or 250 mg of MPSS every
6 hours for 10 days intravenously were admin-
istered. Neurologic examinations at 6 weeks
(days 30 to 96), 6 months (days 170 to 240), and
1 year (days 365 to 425) after injury were per-
formed and scored by the authors for motor
function, pinprick, and light touch. There were
no significant differences in the changes in motor
dysfunction, pinprick, and light touch between
the two steroid protocols at 6 weeks and at 6
months based on multivariate analysis. Wound
infection was 3.6 times more frequent in the
high-dose group (p = 0.01), but there were no
significant differences in survival, although 5.9%
of the high-dose steroid patients died in the
first 14 days compared with 1.9% in the low-
dose group. Overall, the study demonstrated
no treatment benefit of a higher MPSS dose,
with an increased risk of wound infection and
potentially death. The drawback of this study
is the absence of a placebo group, which makes
it difficult to draw direct conclusions regarding
the efficacy of MPSS from this study alone.

NASCIS 1l

The NASCIS 1II trial attempted to build on the
first trial by using a higher dose of MPSS, add-
ing a placebo arm, and adding a third treat-
ment arm with naloxone.'? The higher dose of
MPSS was based on data suggesting that the
MPSS dose in NASCIS I was subtherapeutic.
Patients were divided into groups as follows:
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(1) active MPSS and naloxone placebo, (2) MPSS
placebo and active naloxone, and (3) MPSS pla-
cebo and naloxone placebo. MPSS was given in
a bolus dose of 30 mg/kg over 15 minutes with
a 45-minute pause followed by a maintenance
dose of 5.4 mg/kg/h for 23 hours. Neurologic
function was assessed at admission and after
6 weeks (42 to 49 days) and 6 months (180 to
210 days) using the same scoring system as in
NASCIS I, but only for the right side of the body.
At 6 weeks, there were statistically significant
improvements in pinprick score (6.7 vs 4.8;
p = 0.079) and light-touch score (6.1 vs 3.9;
p = 0.066) in the MPSS group compared with
placebo, but there were no significant differ-
ences in motor score between the two groups.
However, patients treated within 8 hours of
injury had significant improvement in motor
score (10.6 vs 7.2; p = 0.048). At 6 months, sig-
nificant improvements in pinprick (10.0 vs 6.6;
p = 0.012) and touch sensation (8.7 vs 5.9; p =
0.042) were again found with MPSS adminis-
tration, with significant motor recovery again
occurring in the group of patients treated within
8 hours compared with placebo (16.0vs 11.2; p
= 0.033). Unlike NASCIS I, there were no sig-
nificant differences between the MPSS and
placebo groups for wound infection, gastroin-
testinal bleeding, and mortality. Overall, this
study did not demonstrate the efficacy of MPSS
in its primary analysis, although the subgroup
of patients receiving MPSS within 8 hours
postinjury did demonstrate significant motor
recovery.

NASCIS 1l

The NASCIS III randomized controlled trial
aimed to determine whether a longer 48-hour
maintenance dose of MPSS would result in
greater recovery than the 24-hour MPSS proto-
col.13 Tirilazad mesylate, an inhibitor of lipid
peroxidation, was examined as well. A total of
499 patients were randomized in the study. For
patients receiving MPSS for 48 hours, it was
infused continuously at 5.4 mg/kg/h. Prior to
randomization, all patients received an initial
bolus of MPSS (20 to 40 mg/kg). Motor func-
tion, pinprick, and light touch were examined
immediately after injury and at 6 weeks (42 to

49 days) and 6 months (180 to 210 days) after
injury as in NASCIS II, with analysis focusing
on the right side of the body. The Functional
Independence Measure (FIM), which addresses
self-care, sphincter control, mobility, locomo-
tion, communication, and social cognition, was
also assessed at 6 weeks and 6 months postin-
jury. Improved motor recovery was found to
be greater for the 48-hour treatment group of
MPSS if administered between 3 and 8 hours
postinjury compared with the 24-hour treat-
ment group at 6 weeks (12.5 vs 7.6; p = 0.04)
and 6 months (17.6 vs 11.2; p = 0.01). No sig-
nificant differences were found for sensation.
Compared with the 24-hour MPSS group, there
were improvements in the 48-hour group in
total FIM score (p = 0.08), self-care (p = 0.03),
and sphincter control (p = 0.01). Survival was
similar overall between the two groups. How-
ever, there were greater rates of sepsis (2.6% in
48-hour MPSS group vs 0% in 48-hour tirilazad
group vs 0.6% in 24-hour MPSS group; p = 0.07)
and severe pneumonia (5.8% in 48-hour MPSS
group vs 0.6% in 48-hour tirilazad group vs
2.6% in 24-hour MPSS group; p = 0.02) in the
48-hour group.

Trials Reexamining the Results of
NASCIS I

Several trials readdressed the questions posed
by the previous NASCIS trials. In 1994, a multi-
center study was published in the Japanese lit-
erature that randomized 158 patients to either
the NASCIS II steroid regimen or to no steroid
administration (no placebo).'* All patients
received steroids within 8 hours of SCI. At
6-month follow-up, patients treated with meth-
ylprednisolone demonstrated greater motor
recovery by 3.9 points (using the same scale as
in NASCIS II) compared with control patients,
although this difference was not statistically
significant (95% confidence interval [CI], -1.73
to 9.53). Unfortunately, this study did not have
a placebo group, was not blinded, and had a
significant number of patients lost to follow-up
(74% follow-up at final 6 months assessment).
A single-center randomized controlled trial
by a group in France aimed to investigate the
neurologic recovery 1 year after administration
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of MPSS, nimodipine, or both versus no phar-
macological treatment, when administered
within 8 hours of injury.’> The trial enlisted
106 patients in a randomized fashion. Neuro-
logic examinations at admission and 1 year
later were performed using the American Spi-
nal Injury Association (ASIA). Patients who were
administered MPSS received it at a dose of 30
mg/kg over 1 hour followed by 5.4 mg/kg/h for
23 hours. At 1 year postinjury, there was no
significant difference in ASIA scores between
the treatment groups; 46% treated with MPSS
experienced hyperglycemia compared with
3% of those who did not receive it, which was
a significant difference. Overall, the lack of
significant effect of MPSS administration on
neurologic recovery as compared with no
pharmacological treatment goes against the
findings of the NASCIS II trial, which used the
same dose of MPSS and protocol as this study.
However, one could argue that the number of
patients in this study was relatively small and
potentially underpowered.

Another study by Matsumoto et al'® aimed
to perform a randomized controlled trial assess-
ing the complications of high-dose therapy with
MPSS compared with placebo in patients with
acute SCI. Patients with cervical SCI were either
administered MPSS according to the NASCIS II
protocol or given placebo. There were 23
patients in both groups. Significant differences
were observed in terms of pulmonary compli-
cations (eight cases in the MPSS group vs one
case in the placebo group; p = 0.009) and gas-
trointestinal complications (four cases in the
MPSS group vs 0 cases in the placebo group;
p =0.036) between the two groups. The authors
concluded that patients with cervical SCI may
experience pulmonary and gastrointestinal
complications, but they do concede that the
number of patients studied was small. Further-
more, there were a greater number of patients
with less severe SCI in the placebo group com-
pared with the treatment group, which could
have also played a role in reducing complica-
tions observed in the placebo group. Overall,
confirmatory trials performed after NASCIS II
demonstrate conflicting results that may indi-
cate decreased benefit for the use of methyl-
prednisolone, but unfortunately, these studies
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suffer from various issues that make a robust
recommendation against methylprednisolone
difficult.

Cochrane Review

A Cochrane Review for the use of steroids in
acute SCI was published in 2012.17 Eight trials
were found that address steroid therapy in acute
SCI, and seven of them addressed MPSS. Over-
all, there was no effect found when comparing
MPSS versus placebo or no treatment using the
NASCIS II protocol. When only patients treated
within 8 hours were included, high-dose MPSS
treatment demonstrated greater motor func-
tion recovery at final outcome (6 months or
1 year, depending on the study) with a mean
weighted difference of 4.06 (95% CI, 0.58-7.55)
compared with placebo/no treatment (Fig. 7.1).
With respect to the beneficial effect of extend-
ing MPSS therapy from 24 hours to 48 hours,
the NASCIS III trial was the only study to
address this issue in the Cochrane Review, so
there were no other findings other than those
demonstrated in the original trial. There was
no difference in all-cause mortality between
the MPSS and placebo/no treatment groups
in the Cochrane Review. The pooled risk ratio
of death from all causes at less than 180 days
postinjury actually favored MPSS treatment at
0.54 (95% CI, 0.24-1.25). There were also no
significant differences found in terms of wound
infection and gastrointestinal hemorrhage
between patients treated with MPSS and
patients not treated. Overall, the conclusion
of the review was that high-dose MPSS is the
only pharmacological therapy with efficacy in
a phase 3 randomized trial if started within
8 hours of injury, with additional benefit to
extending the maintenance dose to 48 hours
postinjury if it is started between 3 and 8 hours
postinjury.

STASCIS

Wilson et al'8 assessed the complications asso-
ciated with acute cervical SCI using the data-
base for the Surgical Timing in Acute Spinal
Cord Injury Study (STASCIS). STASCIS provided
evidence that there may be neurologic benefit
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Table 7.1 Data from the Surgical Timing in Acute Spinal Cord Injury Study (STASCIS)

Predictor Variable Odds Ratio 95% Confidence Interval p Value
Patient age 1.02 1.00-1.03 0.047
Admission AlS grade <0.01
A 9.44 4.90-18.16
B 4.76 2.22-10.18
C 2.00 0.95-4.19
D* 1.00
Steroid administration 0.56 0.35-0.90 0.02
Comorbid illness 0.02
No 0.46 0.24-0.91
Yes* 1.00
High- vs low-energy injury mechanism 1.57 0.96-2.56 0.07

Abbreviation: AlS, American Spinal Injury Association Impairment Scale.

Source: From Wilson JR, Arnold PM, Singh A, Kalsi-Ryan S, Fehlings MG. Clinical prediction model for acute inpatient
complications after traumatic cervical spinal cord injury: a subanalysis from the Surgical Timing in Acute Spinal Cord Injury
Study. | Neurosurg Spine 2012;17(1, Suppl):46-51. Reprinted by permission.

Note: The data suggest that there may be potential synergy between early decompressive surgery and steroid administra-
tion after spinal cord injury. Results from multivariate logistic regression model predicting complication development.

Predictors with a p value <.10 were retained.
*Reference category.

with early surgical decompression (within 24
hours) after SCI.# In the assessment of com-
plications, 411 patients were analyzed for car-
diopulmonary, surgical, thrombotic, infectious,
and decubitus ulcer development. It was found
that there were five predictors of complication
development (p < 0.10), including the absence
of steroid administration (odds ratio [OR], 0.56;
95% (I, 0.35-0.90; p = 0.02; Table 7.1). Given
that many of the patients underwent early
surgical decompression, it was postulated that
there may be a synergy between surgery and
steroid administration in reducing complica-
tions after SCI. The multivariate regression
model developed in the original STASCIS report
also demonstrated that surgical timing, complete
versus incomplete status of SCI, and steroid
administration predicted neurologic recovery
at 6-month follow-up.* Although there may be
certain caveats including the fact that STASCIS
only looked at cervical SCI patients, for whom
wound infection rates may be lower than in
thoracic or lumbar surgical patients, in addi-
tion to the fact that the study’s primary analy-
sis was not focused on comparing patients
treated with steroids versus not treated with
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steroids, it does shed light on the possibility of
synergy between surgery and steroid adminis-
tration that is not addressed in the most recent
guidelines.

Overall, the evidence regarding the use of
methylprednisolone in SCI is mixed. However,
there is some evidence in the form of random-
ized controlled trials and the recent Cochrane
meta-analysis, which was not included in the
recent guidelines, that demonstrate that meth-
ylprednisolone results in significant improve-
ments in motor function when given within
8 hours postinjury for 24 hours postinjury,
and that this effect is improved when given for
48 hours starting between 3 and 8 hours post-
injury. The use of methylprednisolone has also
not been shown to be definitively associated
with greater mortality or complications.

Examination of the Current
Guidelines

Two iterations of practice guidelines produced
jointly by the AANS/CNS Spine Section for the
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management of SCI have provided contrasting
recommendations for the use of methylpred-
nisolone. In 2002, the guidelines suggested that
methylprednisolone be used as an option in
SCI but only with the knowledge that the evi-
dence for harmful effects is more consistent
than the suggestion of clinical benefit.’® In
2013, the guidelines changed, making a level I
recommendation against the administration of
methylprednisolone in acute SCL.2° However,
looking at the evidence that has developed
since 2002, we argue that it does not necessar-
ily justify a change in recommendations.

Nine new studies on methylprednisolone
were included in the 2013 guidelines that were
published since the last iteration. These stud-
ies were a mixture of level II and level III evi-
dence.?9Three of the new studies demonstrated
that patients treated with MPSS had better
neurologic improvement. Lee et al?! performed
aretrospective review of 111 patients with SCI,
and reported that subanalysis of patients with
complete SCI who underwent surgery demon-
strated that 11 of 16 patients treated with MPSS
improved, whereas none of the seven patients
who did not receive MPSS improved. Tsutsumi
et al?2 demonstrated in their retrospective
review of 70 cervical SCI patients treated over
5 years that there was recovery of 18 more ASIA
scale motor points in patients who received
MPSS compared with controls at 6 months (p =
0.005). Aito et al®* demonstrated in a retro-
spective review of 65 patients over 24 years that
the presence of neurologic improvement was
more likely in patients treated with MPSS ver-
sus those not treated (p = 0.005). Similarly, three
studies demonstrated more complications with
MPSS. There was a significantly higher inci-
dence of infection (p = 0.028) reported by Ito
et al?4; respiratory infection, total infection and
early hyperglycemia reported by Suberviola et
al®; and acute corticosteroid myopathy2® in a
prospective case-control cohort study of five SCI
patients treated with MPSS and three patients
not receiving MPSS, with no increased mortal-
ity reported with MPSS administration.

Again, the results regarding MPSS adminis-
tration since 2002 have been mixed. Regardless,
the presence of nonrandomized comparative
studies, one can argue, does not provide enough

evidence for a level I recommendation against
the use of steroids. Only the study by Leypold
et al?’ was properly adjusted for baseline neu-
rologic status, which has been shown to be a
strong predictor of future neurologic and com-
plication-related outcomes. In contrast, there
has been evidence from the NASCIS trials and
Cochrane Review, which arguably represent
the highest levels of evidence, of the possible
benefit of the use of MPSS in SCI.

The heterogeneity of SCI also remains an
issue that has not been fully addressed in the
recent guidelines. More specifically, it is unclear
if different levels of SCI respond differently to
MPSS therapy. A recent study by Evaniew et
al?® attempted to address this question. They
looked at patients in the Rick Hansen Spinal
Cord Injury Registry who received MPSS accord-
ing to the NASCIS II protocol, using propensity
score matching to account for, among other
things, the neurologic level of injury. They
found that MPSS did not result in improvement
in motor score recovery in either the cervical
or thoracic spine when anatomic level and
severity of injury were included in the analysis.
Ultimately, the study suffers from low num-
bers of patients, with only 46 patients analyzed
who received MPSS, so robust conclusions in
this regard are difficult to make. The heteroge-
neity of SCI still remains an issue that has not
been fully addressed in the context of MPSS
administration. Furthermore, this issue has not
been clearly outlined in the recent guidelines
against MPSS administration.

Chapter Summary

Based on the available data, we argue that
MPSS should continue to be recommended as a
treatment option, particularly for cervical SCI
patients undergoing surgical decompression.
Since 2002, the new evidence that has emerged
involves nonrandomized comparative studies
with inherent risks of bias, lack of control for
baseline neurologic status, and demonstrated
benefits of MPSS without increased mortality—
all of which do not necessarily support a strict
recommendation against the use of steroids in
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SCI. The existing randomized controlled trials
and meta-analysis do provide some evidence
for improved neurologic recovery when given
within 8 hours of injury using the NASCIS II
protocol. Furthermore, the recent STASCIS data
set demonstrates a benefit of early surgical
decompression, with the administration of
steroids potentially having a synergistic effect
in reducing complications after cervical SCL
Issues surrounding the heterogeneity of SCI
and MPSS administration have also not been
fully delineated and resolved. At this stage, we
argue that decisions about the use of MPSS
should be at the discretion of the treating phy-
sician and with consideration of the new guide-
lines. The new guidelines also place physicians
in a potential awkward medicolegal position,
especially when they are dealing with intraop-
erative or iatrogenic SCI. According to the guide-
lines, there is level I evidence to suggest that
the use of MPSS in these situations would be
wrong. However, based on our analysis, we do
not necessarily believe this to be true. Although
MPSS administration in SCI is not necessarily
a standard of care, we argue that MPSS should
remain a treatment option and be administered
on a case-by-case basis at the discretion of the
treating physician.

¢ Recent guidelines published in 2013 jointly by
the AANS and the CNS make a level | recom-
mendation against the use of methylpredniso-
lone in SCI.

¢ The key landmark trials for methylprednisolone
in SCI include NASCIS I, I, and Ill. NASCIS II
demonstrated neurologic benefit to the admin-
istration of methylprednisolone if administered
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Introduction

Central to neuroprotective strategies for spinal
cord injury (SCI) are the concepts of primary
and secondary injury. The primary injury con-
stitutes the inciting mechanical force on the
cord, nerve roots, and vasculature. Secondary
injury encompasses the cascade of subse-
quent inflammatory, excitotoxic, apoptotic, and
ischemic-hypoxic events (Fig. 8.1). Neuropro-
tective therapies in preclinical and translational
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trials have targeted these secondary insults
in an attempt to improve cell survival in this
harsh postinjury milieu and ultimately to max-
imize functional outcomes (Fig. 8.2).

The first section of the chapter summarizes
the literature of ongoing and completed clini-
cal trials, with emphasis on their pathophysi-
ological basis (Table 8.1). The second section
discusses promising preclinical studies with the
potential for translational application within
the next decade.
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Fig. 8.1 (opposite) Longitudinal and cross-sectional
representation of the spinal cord at various stages
following spinal cord injury. (a) Normal cord.

(b) Immediate/acute injury. This phase is charac-
terized by severing of axons at the epicenter and
demyelination due to the primary injury. Gray
matter hemorrhaging and small white matter
hemorrhages are common. Necrosis of gray matter
glia and sensory (red), autonomic (green), and motor
neurons (blue) occurs, along with axonal swelling
and accumulation of A-B protein (indicative of
axonal transport failure). Microglia become
activated due to necrotic by-products, and they
secrete inflammatory cytokines and nitric oxide,
further damaging tissue and recruiting systemic
inflammatory cells. Necrosis of sympathetic
preganglionic neurons (green) causes autonomic
dysfunction. (c) Subacute injury. Hemorrhaging
and edema continue, resulting in a spread of the
hypoperfused/ischemic zone (red area). This
continues the necrosis and begins apoptotic cell
death. Macrophages (green) infiltrate, contributing
to the local damage. At the epicenter, acute necrosis
of lower motor neuronal cell bodies results in
degradation of the leftover axons (blue dashed line).
Severing of first-order sensory axons causes dieback
toward the cell body (dorsal root ganglion, DRG).
Severing of upper motor neuronal axons at the
epicenter results in degradation of the distal end
(blue dashed line in caudal cross section). Severing
of sensory fibers at the epicenter causes axonal
dieback caudal to the injury site (red dashed line

in caudal section). As the injury progresses over
several weeks, hemorrhaging and edema come to
an end and microglia/macrophages phagocytose
the cell and hemorrhagic debris. Oligodendrocytes
undergo apoptotic cell death due to inflammation
and white matter excitotoxicity, contributing to
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demyelination. Depending on the extent of damage
to the meninges, fibroblasts (orange) proliferate and
infiltrate the spinal cord, contributing to extracellu-
lar matrix (ECM) remodeling. Astrocytes proliferate,
acting to seal off the injury, forming a glial scar
(black outline of cavity). Macrophages continue to
infiltrate and phagocytose debris. At the level of
injury, the majority of sensory and motor neurons
are gone. Severed motor, sensory, and autonomic
axons moving above and below the injury site have
their distal ends (relative to the cell body) degraded,
and the proximal ends retract. Angiogenesis also
occurs (not shown). (d) Intermediate/chronic. The
remaining debris is cleared from the lesion and
microglia/macrophages remain active, contributing
to neuropathic pain. Growth cones of regenerating
sensory and motor neurons (dashed lines) meet
either a physical barrier in the glial scar or an
inhibitory chemical signal in the fibrous scar (due

to chondroitin sulfate proteoglycans and myelin-
associated proteins). Note that a subpial rim of
surviving tissue exists in varying states of demyelin-
ation, representing a possible therapeutic target.

In the lesion, macrophages, vascular-glial bundles,
and astrocytes and collagenous fibers can be found.
Remyelination is possible via either Schwann cells or
oligodendrocyte precursor cells (OPCs). The time
windows are largely based on preclinical studies

in rodent models. It has been estimated that in
humans the acute injury lasts up to 2 weeks, the
subacute injury extends from 2 weeks to 6 months,
and the chronic injury extends beyond the period

of 6 months. (Reproduced from Austin |, Rowland |,
Fehlings M. Pathophysiology of spinal cord injury.

In: Fehlings M, Vaccaro A, Boakye M, Rossignol S,
Ditunno ], Burns A, eds. Essentials of Spinal Cord
Injury. New York: Thieme; 2013:44-45.)
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Fig. 8.2 Mechanisms of secondary injury after
acute traumatic spinal cord injury. Potential neuro-
protective strategies in clinical or preclinical trials
are included with indication of their purported
mechanisms of action. Interventions in blue have
seen clinical trial, interventions in green are
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promising preclinical strategies. For illustrative
purposes the complex interplay of these processes
and their cascade of mediators have been omitted.
ATP, adenosine triphosphate; CSF, cerebrospinal;
IVIG, intravenous immunoglobulin G.
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Ongoing and Completed
Clinical Trials

Surgical Decompression

Cord edema, vertebral column deformity, and
mechanical instability lead to ongoing cord
compression and repeated insults after the pri-
mary injury. As a result, surgical intervention
to decompress and stabilize the spine is critical
in the acute setting. Multiple preclinical stud-
ies have demonstrated greater cell survival and
improved behavioral outcomes with early ver-
sus late decompression. In 2012, the Surgical
Treatment of Acute Spinal Cord Injury Study
(STASCIS), a prospective, multicenter, cohort
study of 313 patients, was published. It assessed
outcome differences between early surgery
(within 24 hours of injury; n = 182) and late
surgery (> 24 hours; n = 131); a total of 222
patients were available for 6-month follow-up.
Of the early decompression group, 19.8% dem-
onstrated an improvement of two or more
grades in the American Spinal Injury Associa-
tion (ASIA) Impairment Scale (AIS) compared
with 8.8% in the late decompression group.!
A prospective cohort study of patients under-
going early (< 24 hours; n = 35) versus late
(> 24 hours; n = 49) surgery for acute SCI was
also published in 2012. At discharge from the
rehabilitation facility, 27% of the early surgery
group versus 3% of the late surgery group had
improved by at least two AIS grades.? Fur-
thermore, a 2015 observational cohort study
involving 450 patients found that AIS grade
B/C/D patients who had surgery within 24
hours recovered by 6.3 ASIA motor points more
than those with surgery after 24 hours.? These
studies together have provided evidence in favor
of early surgical decompression.

Further clinical trials are underway to
determine the ideal timing of surgery and to
confirm results in other populations. AOSpine
Europe is conducting a multicenter, prospec-
tive, observational study of early (< 12 hours)
versus late (> 12 hours and < 14 days) decom-
pression estimated to end in March 2017. The
Optimal Treatment for Spinal Cord Injury Asso-
ciated with Cervical Canal Stenosis (OSCIS)
study is a randomized trial at Tokyo University
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exploring early (< 24 hours) versus delayed
(> 14 days) surgery for acute cervical cord injury
without bony injury. This study is restricted
to ASIA grade C patients and is expected to
conclude in December 2018.# See Chapter 6
for a more detailed discussion of surgical
intervention.

Blood Pressure Augmentation

Acute spinal cord injuries can result in disrup-
tion of autonomic pathways and a loss of sym-
pathetic tone below the level injury. A resultant
decrease in venous return occurs due to redis-
tribution of blood into the dependent atonic
vasculature. The physiological compensatory
mechanisms to maintain systemic perfusion are
cardiac inotropy and chronotropy; however,
these reflexes may be lost in cervical or high-
thoracic injuries. In severe circumstances, life-
threatening neurogenic shock may occur. This
is particularly important in patients with multi-
system trauma, in which vascular injuries and
hypovolemia are common.

Systemic hypotension is associated with
worse outcomes after many types of traumatic
injury. Preclinical data demonstrate that even
short periods of hypotension result in wors-
ened neurologic outcomes after traumatic brain
injury (TBI) and SCI. Although the normal spi-
nal cord maintains perfusion pressure by auto-
regulatory mechanisms in a similar fashion to
the brain, severe injury can induce vasospasm,
intraluminal thrombosis, and microvascular
compression. The result is a cord with compro-
mised autoregulatory mechanisms that is highly
vulnerable to systemic hypotension.>

Multiple prospective and retrospective clin-
ical studies of blood pressure augmentation
have been completed, providing a set of level Il
evidence in favor of elevated mean arterial pres-
sure (MAP) targets as a preventative measure
in SCI. Several studies in the 1990s demon-
strated improved ASIA grades and outcome
scores at follow-up in patients with target
MAP > 85 or 90 mm Hg immediately postin-
jury. The literature also suggests no significant
increase in adverse events association with
blood pressure augmentation. The American
Association of Neurological Surgeons (AANS)
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and Congress of Neurological Surgeons (CNS)
currently provide level Il recommendations
to correct hypotension (systolic blood pressure
<90 mm Hg) as soon as possible and maintain
MAP at 85 to 90 mm Hg for the first 7 days fol-
lowing injury to improve cord perfusion. This
is commonly employed in clinical practice, but
the optimal target pressure and duration of
treatment continues to be explored.

Steroids

Methylprednisolone sodium succinate (IMPSS)
is a potent synthetic glucocorticoid that can
bind cytoplasmic receptors with high affinity
to interfere with inflammatory cytokines, ara-
chidonic acid metabolites, and adhesion mol-
ecules, and upregulate the transcription of
anti-inflammatory enzymes. In preclinical mod-
els of SCI, MPSS is also protective against oxida-
tive stress and is associated with increased
numbers of surviving oligodendrocytes and
motor neurons. The successful clinical applica-
tion of MPSS to autoimmune and other inflam-
matory conditions has led to a series of clinical
trials for SCI over the last three decades.”
Although previous AANS/CNS guidelines rec-
ommended MPSS as a treatment option for
SCI, the most recent iteration has dramatically
revised this stance and provides level I rec-
ommendations against the administration of
MPSS despite no new randomized controlled
trial (RCT) data.6 Here we summarize the cor-
nerstone trials that have evaluated MPSS for
acute SCI and underscore the importance of
careful interpretation of the results in the con-
text of a heterogeneous SCI population. Mul-
tiple observational studies have also been
completed encompassing several thousand
patients. Their results are varied, likely owing to
a diverse patient population, differences in the
pathophysiological basis of thoracic and cervi-
cal injuries, and the timing of interventions.
The National Acute Spinal Cord Injury Study
(NASCIS), published in 1984, was a multi-
center, prospective, double-blind, randomized
trial (N = 330) of low-dose (100 mg bolus + 25
mg every 6 hours) versus high-dose (1,000 mg
bolus + 250 mg every 6 hours) MPSS for 10
days. No significant differences in neurologic

outcome were found between dosing groups,
but subsequent animal studies found that the
high-dose regimen likely resulted in inadequate
peak serum concentrations to have a neuro-
protective effect.8

NASCIS II, published in 1990, was a random-
ized trial (N = 487) of high-dose MPSS for 1 day
versus naloxone (5.4 mg/kg bolus and then
4.5 mg/kg/h for 23 hours) versus placebo.
Although no difference was observed in motor
scores, a significant improvement in light touch
and pinprick sensation was found in the MPSS
group. A priori, the authors had theorized that
early drug administration would improve effi-
cacy. A post hoc analysis, using the mode
intervention time of 8 hours as a cutoff,
demonstrated a significant improvement in
sensory and motor scores with early initiation
of therapy (within 8 hours of injury).? Although
multiple subsequent RCTs attempted to validate
this finding, they were plagued by method-
ological concerns that resulted in these positive
findings being neither confirmed nor refuted.”

After parallel preclinical work better estab-
lished the temporality of secondary injury,
NASCIS III (published 1997; N = 499) was devel-
oped to explore a longer duration of treatment.
This international, double-blind, randomized
trial divided patients into short duration MPSS
(30 mg/kg bolus and then 5.4 mg/kg/h for 24
hours), longer duration MPSS (30 mg/kg bolus
and then 5.4 mg/kg/h for 48 hours) and tiri-
lazad (2.5 mg/kg q6h for 48 hours) groups. The
48-hour MPSS group showed a trend toward
greater motor improvement but had a higher
rate of severe pneumonia and sepsis. A second-
ary analysis of time-to-treatment again used
the mode intervention time as a cutoff (3 hours).
The subset of 48-hour dosing MPSS patients
who received therapy within 3 to 8 hours had
significant improvements in motor scores over
the 24-hour MPSS group.’® A 2012 Cochrane
review pooled data from multiple previous
RCTs into a meta-analysis representing the
highest quality evidence available on this topic.
The data showed that NASCIS II MPSS dosing
administered within 8 hours was associated
with a four-point greater recovery at > 6-month
follow-up and, interestingly, a trend toward
lower mortality.!! This meta-analysis was not
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included in the 2013 AANS/CNS SCI guidelines
despite its high quality and the clinically rele-
vant conclusions.® For a more detailed discus-
sion of MPSS for acute SCI, see Chapter 7.

Therapeutic Hypothermia

Therapeutic hypothermia has shown clinical
utility as a neuroprotective strategy after car-
diac arrest and other forms of hypoxic-ischemic
encephalopathy. Cooling techniques include
chilled intravenous fluids, surface cooling
(e.g., cold packs, water-circulating blanket, air-
circulating blanket, etc.), and intravascular
catheter cooling. Managing a patient’s response
to cooling, such as shivering, vasoconstriction,
coagulopathy, arrhythmias, and pain, is criti-
cal for safe, rapid, and sustainable cooling. A
trained intensive care unit staff that is famil-
iar with therapeutic hypothermia can provide
appropriate sedation, analgesia, paralytics, and
core temperature monitoring, and can manage
the complications of cooling.

The physiological effect of cooling is a
decrease in the basal metabolic rate of all tis-
sues at a cellular level via slowed passive dif-
fusion of molecules and dramatically reduced
enzyme-catalyzed reaction rates. As a result,
significant reductions are demonstrated in oxy-
gen and glucose consumption, central nervous
system (CNS) blood flow, neuroinflammation,
apoptosis, free radical generation (superoxide,
peroxynitrite, hydrogen peroxide), thrombox-
ane A, levels, and CNS-blood barrier permea-
bility. Clinical trials have shown a decrease in
0, consumption and CO, production of 6 to
10% per degree Celsius (25 to 40% at 33°C in
humans).'213 These promising effects have led
to the launch of numerous clinical trials of
hypothermia for various forms of CNS protec-
tion. Its application to SCI is a logical step, and
it has now been extensively studied in animal
models. A recent meta-analysis of 16 preclini-
cal studies showed improvements in behav-
ioral outcomes by ~ 25% for both systemic and
regional hypothermia, although heterogeneity
between studies was notably high.!3

These promising data led the Miami Project
to Cure Paralysis group in 2009 to complete a
pilot study prospectively assessing systemic
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hypothermia for acute SCI. This study of 14
patients showed a trend toward improved func-
tional outcomes at 1 year without an increase
in adverse events.!# The next generation of this
trial, pending approval, is the Acute Rapid
Cooling Therapy for Injuries of the Spinal Cord
(ARCTIC), which is a phase II/III clinical trial of
200 patients with cooling initiated within 6
hours of injury.# It is hoped that this larger trial
will answer questions regarding short- and
long-term clinical efficacy and the risks of sys-
temic hypothermia in trauma patients.

Therapeutic hypothermia has had success
in CNS protection after cardiac arrest through
careful patient selection and intervention mon-
itoring. If used judiciously, and in the appropri-
ate population, therapeutic hypothermia could
become a valuable neuroprotective adjunct for
SCI in the future.

Riluzole

Riluzole is an oral, U.S. Food and Drug Admin-
istration (FDA)-approved, benzothiazole anti-
epileptic used in amyotrophic lateral sclerosis
(ALS) to delay ventilator-dependence and
increase survival. Riluzole antagonizes tetro-
dotoxin-sensitive sodium channels found on
injured neurons. It may also inhibit presynap-
tic glutamate release and stimulate reuptake to
accelerate clearance. Together, these effects are
thought to be neuroprotective against excito-
toxicity and apoptosis. In preclinical models of
SCI, it has demonstrated improved behavioral
outcomes with larger populations of surviving
neurons.

The North American Clinical Trials Network
(NACTN) conducted a phase I safety study in
2014 of riluzole for SCI. Adverse events were
not higher in the treatment group. The study
found that patients with complete injuries (ASIA
grade A) treated with riluzole were twice as
likely to convert to incomplete injury (ASIA B or
better)—50% versus 24% conversion at 90 days.!>
Based on these exciting results, the NACTN has
now launched a phase II/IIl RCT, the Riluzole in
Spinal Cord Injury Study (RISCIS), which will
include 350 patients assessed by the ASIA scale,
the Spinal Cord Independence Measure (SCIM),
the and Brief Pain Inventory.*
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Minocycline

Minocycline is a highly lipid-soluble tetracy-
cline antibiotic, giving it the greatest CNS
penetration of its class. Minocycline inhibits
microglial activation and transcription of
important proinflammatory proteins such as
cyclooxygenase-2 (COX-2), tumor necrosis
factor-a (TNF-at), and interleukin-1p (IL-1B).
Animal studies have demonstrated that appli-
cation of minocycline results in reduced oligo-
dendrocyte and neuron apoptosis, decreased
lesion size, reduced inflammation, and improved
behavioral outcomes.

These exciting results led to a phase II
single-center, double-blind, randomized trial
being published in 2012. This study compared
7 days of intravenous minocycline (n = 27) ver-
sus placebo (n = 25) in acute SCI, with confir-
mation of both serum and cerebrospinal fluid
(CSF) steady-state drug levels. The trial demon-
strated the safety of IV minocycline administra-
tion for SCI. Although not statistically significant,
a trend toward improved motor scores was
found.’® This has led to the Minocycline in
Acute Spinal Cord Injury (MASC) phase III clin-
ical trial, which is expected to conclude in June
2018. This trial will compare 7 days of mino-
cycline (started within 12 hours of injury) ver-
sus placebo and will compare multiple clinical
outcome measures.*

Cethrin

Rho is a small guanosine triphosphatase
(GTPase) with multiple downstream targets
including Rho kinase (ROCK). Rho is a potent
inhibitor of cytoskeletal growth and cell motil-
ity, it and plays a key role in the post-SCI apop-
tosis cascade. Via ROCK it also induces neuron
retraction and growth cone collapse. Cethrin is
a recombinant variant of C3 transferase, a pro-
tein subunit of botulinum toxin, which locks
Rho in the inactive state. When administered
intraoperatively on the dura in a fibrin sealant
carrier, it has been shown to decrease lesion
size, enhance cellular regeneration, and improve
behavioral outcomes.!?

A phase I/Ila study of Cethrin (N = 48) com-
pleted in 2011 was designed as a dose-finding

study with incremental increases from 0.3 mg
to 9 mg. No serious adverse events attributable
to the drug were reported. Overall, 31% of the
cervical patients and 66% of the 3-mg cervical
cohort converted from ASIA A to ASIA C or D.17
This exciting result led to a phase II/IIl double-
blind, randomized, multicenter trial of Cethrin
that is scheduled to begin this year (2016). The
study design will assign ASIA grade A or B
patients with C4-C6 level injuries to low-dose
Cethrin, high-dose Cethrin, or placebo. Out-
come measures will include the ASIA scale,
the SCIM III, and the Graded Redefined Assess-
ment of Strength, Sensibility and Prehension
(GRASSP).4

Thyrotropin-Releasing Hormone

Thyrotropin-releasing hormone (TRH) is a tri-
peptide hormone produced in the paraventric-
ular nuclei of the hypothalamus. TRH is a key
component of hypothalamic-pituitary homeo-
static mechanisms and possesses potent ana-
leptic properties. Its neuroprotective effects
stem from antagonization of platelet-activating
factor (PAF), excitotoxin, and peptidoleukotriene
effects in the postinjury environment.

In preclinical testing, TRH has demonstrated
improvement of long-term motor outcomes in
TBI and SCI. In 1995, a phase II, double-blind,
randomized clinical trial in SCI (N = 20) was
completed showing significant gains in motor,
sensory, and overall neurologic injury (Sunny-
brook Cord Injury Scale) scores for incomplete
injuries (n = 6).1¥8 However, the results must
be interpreted carefully, as many patients were
lost to follow-up from already small experi-
mental groups. No other trials of TRH for SCI
have been registered or reported. The initial
success in pilot testing suggests a larger trial
may be of benefit.

Cerebrospinal Fluid Drainage

Postinjury spinal cord ischemia can result in sig-
nificantly increased cell death and neurologic
disability. Spinal cord blood flow is a function
of inflow arterial pressure, outflow venous pres-
sure, and intrathecal pressure. Elevation of MAP
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generates greater inflow forces, whereas CSF
drainage decreases intrathecal pressure (ITP)
and compression of the vasculature. Both of
these measures attempt to prevent tissue hypo-
perfusion in the critical postinjury period.

The CSF drainage for reduction of ITP has
a clinical precedent in aortic aneurysm sur-
gery, where prophylactic drainage can help to
decrease the risk of cord ischemia and post-
operative neurologic deficits. Completed in
2009, a phase I/II RCT of 22 patients with acute
SCI found that CSF drainage alone was not
associated with any improvement in outcomes
or adverse effects.! This study, however, was
underpowered and thus was unable to demon-
strate efficacy.

A recent experiment in a porcine SCI model
demonstrated a 24% increase in cord flow when
using a combination of CSF drainage with MAP
elevation.2 Based on these promising results,
a phase IIB randomized trial of CSF drainage
in combination with MAP elevation after acute
SCI was planned to start in August 2015. In this
protocol, treatments begin during surgical
decompression and continue for 5 days post-
injury. The target intrathecal pressure is 10 mm
Hg, and the target MAP is 100 to 110 mm Hg.
Results are expected by December 2017.4

Fibroblast Growth Factor

The fibroblast growth factor (FGF) family con-
sists of heparin-binding proteins that play a
key role in mitogenesis, angiogenesis, embry-
onic development, wound healing, and tissue
proliferation. Basic FGF has been used in pre-
clinical models of Alzheimer’s disease and Par-
kinson’s disease to interrupt the excitotoxic
neurodegenerative cascade by stabilizing intra-
cellular calcium levels and suppressing oxyrad-
ical production. In multiple animal SCI models,
basic FGF administration by intrathecal osmotic
minipump has been shown to improve locomo-
tion and respiratory function, and to enhance
endogenous cell survival.2! Based on these
exciting results, a phase I/Il multicenter, ran-
domized, double-blind trial (N = 164) of an FGF
analogue, SUN13837 (Asubio Pharmaceuticals
Inc., Edison, NJ), has been initiated to assess
safety and efficacy in ASIA A/B/C patients within
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12 hours of injury. The study has completed,
with results expected in 2016.4

Hepatocyte Growth Factor

Hepatocyte growth factor (HGF) is a ligand for
the c-Met receptor that promotes mature hepa-
tocyte mitogenesis and hepatic angiogenesis
and increases cell motility. Human HGF plas-
mid DNA therapy is being trialed in completed
myocardial infarction and the ongoing ischemia
of coronary artery disease to improve angio-
genesis and protect cardiomyocytes. Recent
evidence demonstrates that HGF may also have
utility in CNS protection. HGF applied to mod-
els of stroke has been shown to enhance micro-
circulation through angiogenesis and to prevent
degradation of the blood-brain barrier, leading
to protection from secondary injury after an
ischemic event.2223

This finding has been adapted to SCI mod-
els, showing that exogenous administration of
HGF promotes survival of neurons and oligo-
dendrocytes and improves behavioral outcomes.
Moreover, in animals receiving intrathecal HGF,
the gross cavitation area at the injury site was
reduced, the number of motor neurons in the
ventral horns was increased, and caspase-3
(apoptosis-mediator) activation was inhibited.?
Recombinant human HGF has been shown to
promote angiogenesis and improve upper limb
function in nonhuman primate cervical cord
injury models, which is an important proof-of-
concept step in preclinical trials.22

A phase I clinical trial of intrathecal recom-
binant human HGF for SCI has now begun, with
completion scheduled for 2017.4

Hyperbaric Oxygen Therapy

Systemic hypoperfusion, microvascular com-
pression, and loss of autoregulatory mecha-
nisms are important factors leading to ischemic
secondary injury. Tissue hypoxia triggers inef-
ficient anaerobic respiration and leads to
increased superoxide, hydrogen peroxide, and
nitric oxide levels. These molecules cause oxi-
dative damage to lipids, proteins, and DNA,
further contributing to the secondary injury.
Nitric oxide also plays a key role in vascular
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tone, neuronal communication, and thrombo-
cyte function.

Hyperbaric oxygen (HBO) therapy has pa-
tients breathe 100% oxygen in a hyperbaric
chamber pressurized to 2 to 3 atmospheres. It
results in a shift of the alveolar-capillary oxy-
gen absorption equation and increased partial
pressures of oxygen in all body tissues. Theo-
retically, this improved oxygen delivery in the
microcirculation can reduce ischemia and help
to maintain aerobic metabolism. Additionally,
nitric oxide can be cleared by oxidization with
oxygen to nitrite (NO-2) and nitrate (NO-3).
Furthermore, HBO therapy has been shown to
increase levels of antioxidant enzymes super-
oxide dismutase (SOD) and catalase, which
scavenge free radicals.2*

Preclinical studies have shown improved
motor scores and a greater numbers of surviv-
ing neurons in the cords of animals treated
with HBO therapy either very early (< 4 hours)
or early (4 hours to < 24 hours). On histopatho-
logical examination, decreased necrotic tissue
volume, hemorrhage, and markers of inflam-
mation were found with HBO treatment. Few
clinical trials of HBO for SCI have been reported
owing to the logistical difficulties in applying
HBO therapy to critically ill multisystem trauma
patients and the costs of treatment. Several
small studies were published in the 1980s sug-
gesting a possible benefit to HBO therapy. In
2000, a retrospective study of 34 patients with
hyperextension cervical spinal cord injuries
found that those who received HBO therapy
have marginally better outcomes, but this may
have been a function of patient selection for
each group (i.e., patients with a lower severity
of injury were candidates for HBO therapy). No
further studies of HBO for SCI have been regis-
tered or reported.?>

Granulocyte Colony-Stimulating
Factor

Granulocyte colony-stimulating factor (G-CSF)
is a glycoprotein that functions as a cytokine
and hormone to stimulate the bone marrow
production of granulocytes. It also stimulates
the proliferation, differentiation, and survival
of mature neutrophils and their precursors.

Recent evidence shows that G-CSF can enhance
survival of ischemic cells in the myocardium
and CNS. Moreover, G-CSF receptors have been
found in the brain and spinal cord, where it acts
as a neurotrophic factor promoting neurogene-
sis and protecting against glutamate-induced
apoptosis. These properties have resulted in
successful preclinical and early-phase clinical
trials of G-CSF for CNS insults such as stroke.
This work has been further extended to pre-
clinical trials in rodent models of SCI.
Experiments in vivo have demonstrated sig-
nificantly increased numbers of surviving neu-
rons in the injured spinal cords of mice treated
with exogenous G-CSF. Immunohistochemistry
analyses have revealed diminished neuronal
apoptotic events in treated mice and reduced
expression of inflammatory cytokines IL-1f3 and
TNF-a. Furthermore, the myelinated white mat-
ter tracts of injured cords were larger and con-
tained greater numbers of oligodendrocytes
expressing antiapoptotic Bcl-X1 protein. Most
importantly, these changes resulted in improved
motor scores and qualitative function.
Translational application of G-CSF to SCI tri-
als may be more readily performed than with
other drugs. It has already been shown to be
safe in active clinical use for hematopoietic stim-
ulation during chemotherapy, and is actively
being trialed in ischemic stroke. A phase I/Ila
trial completed in 2012 compared low-dose
G-CSF (5 pg/kg/d for 5 days) with high-dose
G-CSF (10 pg/kg/d for 5 days) for safety and
efficacy. AIS scores improved after both low-
and high-dose G-CSF administration and to a
greater extent in the high-dose group. No seri-
ous adverse events were encountered in the
study. It is important to note, however, that this
study lacked an appropriate control and had
inherent selection biases.2® In 2015, another
phase I/Ila trial of 10 pg/kg/d x 5 days G-CSF
(n = 28) was compared with high-dose NASCIS
I protocol MPSS (n = 34). Of the G-CSF group
patients with AIS grade B or C (incomplete inju-
ries), 17.9% improved by two or more grades
compared with no patients in the MPSS group.2”
It will be important for future trials to address
efficacy in a prospective, randomized, placebo-
controlled fashion. The appropriate therapeutic
window also requires further exploration.
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Magnesium

N-methyl-D-aspartic acid (NMDA) and non-
NMDA receptors play a key role by binding to
excitatory amino acids in the excitotoxic-apop-
totic cascade. Neutrophil infiltration has also
been implicated in the secondary destruction
of surviving cells and the neural architecture.
Magnesium (Mg) is an extensively studied
NMDA receptor antagonist that has demon-
strated antiapoptotic properties in experimen-
tal models of TBI, myocardial infarction, and
organ transplant. In rodent models of SCI it has
shown neuroprotective properties leading to
decreased neutrophil infiltration, increased oli-
godendrocyte survival, and improved behav-
ioral outcomes. This is particularly true when
administered within 4 hours of injury, result-
inginreduced lesion sizes and further improve-
ments in motor function at several months.28
Although intravenous Mg chloride and Mg
sulfate preparations are commonly used in the
clinical setting as Mg2* replacements, CNS con-
centrations are not affected significantly enough
to be neuroprotective. Combining magnesium
chloride with an excipient, polyethylene glycol
(PEG 3350) has been shown to increase CNS Mg
concentrations more effectively in rat models.
A phase II, double-blind, randomized, placebo-
controlled trial (N = 16) of pegylated magne-
sium (q6h x 6 doses) versus placebo in ASIA
A/B/C patients treated within 12 hours has
completed, with results expected in 2016.

Naloxone

Naloxone is a competitive opioid receptor
antagonist commonly used to reverse CNS
depression by opioid overdose. In preclinical
experiments it has been shown to suppress
microglial activation and the subsequent release
of proinflammatory TNF-a, IL-1B, and neuro-
toxic superoxide free radicals. A phase I clinical
trial published in 1985 found some improve-
ment in neurologic function and somatosensory
evoked potentials after naloxone administra-
tion.2® In 1990, NASCIS II completed a ran-
domized, double-blind, multicenter trial of
methylprednisolone (n = 162) versus naloxone
(n = 154) versus placebo (n = 171). Naloxone

printed on 2/11/2023 3:05 AMvia .

was not associated with any improvement in
neurologic outcomes after acute SCL° No fur-
ther trials of naloxone have been registered or
reported.

Gacyclidine

Glutamate-mediated excitotoxicity is an import-
ant cause of neuronal loss following traumatic
cord injuries. Gacyclidine is a noncompetitive
NMDA receptor antagonist that blocks receptor
activation sites to reduce the excitotoxic influx
of calcium that occurs with excess extracellu-
lar glutamate.

A phase II clinical trial was completed in
1999 that compared three doses of gacyclidine
with a placebo (N = 280).3% No significant differ-
ences in outcome were found between groups,
and further clinical trials of gacyclidine in SCI
have not been registered or reported.

Nimodipine

Nimodipine is a dihydropyridine calcium chan-
nel blocker commonly used to prevent vaso-
spasm in subarachnoid hemorrhage. Calcium
channel blockade could potentially reduce the
influx of cations in the excitotoxic cascade.
A phase III RCT (N = 100), completed in 1998,
failed to demonstrate any significant difference
in outcomes with nimodipine alone or in com-
bination with methylprednisolone.3® No fur-
ther clinical trials of nimodipine for SCI have
been published.

GM.-Ganglioside

Monosialotetrahexosylganglioside (GM,)-gan-
glioside is a glycosphingolipid present in the
cell membranes of CNS cells. GM, has import-
ant effects on neural plasticity, survival, and
repair by activating neurotrophic factor recep-
tor tyrosine kinases. This effect is synergistic in
the presence of neural growth factors and has
been exploited successfully in multiple pre-
clinical trials for Parkinson’s disease, stroke,
and Huntington’s disease. A 1991 phase II ran-
domized trial of GM, for SCI (N = 37) demon-
strated enhanced ASIA motor scores at 1 year
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in patients treated with GM, sodium salt daily
for 18 to 32 days.3! This prompted the 2001
Sygen Multicenter Acute Spinal Cord Injury
Study, a phase IIl randomized, double-blind,
multicenter trial (N = 797) that showed a non-
significant trend toward improved motor and
sensory scores with GM, administration.?? No
further studies of GM, for SCI have been under-
taken. The AANS/CNS currently provide level I
recommendations against GM,-ganglioside use
in the treatment of acute SCI.

Preclinical Studies

Antibody-Based Immunomodulation

The inflammatory cascade following SCI is a
complex interplay of inflammatory cells, cyto-
kine signaling, and cellular debris. Of particu-
lar interest are the divergent populations of
activated (M1) and alternatively activated (M2)
macrophages that can be beneficial to cell sur-
vival by phagocytosing debris and cellular
remnants, and detrimental to cell survival by
promoting excessive inflammatory response
and axonal dieback. M2 macrophages, in par-
ticular, have efficient lysosomes and increased
phagocytic activity to remove glial scar and
cellular debris. IL-6 is an important trigger of
the inflammatory response after SCI, upregu-
lating the expression of inflammatory cyto-
kines. Temporally controlled anti-IL-6 receptor
antibody treatment has been shown to improve
locomotor recovery in rats following contusive
SCI. The pathophysiological basis of this recov-
ery in part may be attributable to dispropor-
tionate differentiation of macrophages into M1
(decreased) and M2 (increased) populations
at the lesion site. Other important effects of
anti-IL-6 receptor antibody treatment include
decreased TNF-a expression and diminished
migration of neutrophils to the injured cord.?3
Antibody-based immunomodulation of inter-
leukins, or other signaling molecules, forms an
important field for future research. Addition-
ally, given the vast number of targets available,
this therapeutic strategy holds the potential
for exciting discoveries over the next decade.

Intravenous Immunoglobulin G

Intravenous immunoglobulin G (IVIG) is a
pooled blood product of extracted immuno-
globulin G (IgG) antibodies acquired from
thousands of donors. IVIG has been used to
successfully and safely attenuate the inflam-
matory cascade in multiple neurologic auto-
immune conditions such as Guillain-Barré
syndrome and chronic inflammatory demye-
linating polyneuropathy. It also has been
applied to rodent cervical models of SCI, where
it was associated with reduced neutrophil infil-
tration at the injury site and decreased levels of
proinflammatory cytokines IL-1B, IL-6, and
chemokine monocyte chemoattractant pro-
tein-1 (MCP-1). Rats treated with IVIG also
displayed improved locomotion, hind-limb
function, and electrophysiological recordings
of axonal conduction.3*

Although the mechanisms of action in SCI
continue to be elucidated, recent work sug-
gests IVIG may attenuate neutrophil infiltra-
tion by interfering with adhesion and inducing
neutrophil apoptosis. Other mechanisms may
include modulation of Fcy receptors, which
are important for phagocytosis, and scaveng-
ing of activated complement system fragments.
These multiple mechanisms of immunomod-
ulation, the successful early SCI studies, and
decades of clinical experience make IVIG an
attractive neuroprotective agent for future
translation. First, however, the dose range and
therapeutic window must be established in
preclinical models. Second, a more detailed
understanding of the mechanisms of action
in SCI are needed before moving toward
translation.3>

Nanoparticles

Nanoparticles are uniform particles of any
material between 1 and 100 nanometers in size.
They can be reactants themselves or can be
bound to various drugs, enzymes, antibodies,
and fluorescent dyes. Although multiple mole-
cules discussed in this chapter have been suc-
cessfully delivered using nanoparticle vehicles
(e.g., MPSS, minocycline, DNA plasmids, neuro-
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trophic factors, etc.), this discussion focuses on
utilizing nanoparticles as redox reagents, in par-
ticular the antioxidant properties of rare earth
oxide nanoparticles (e.g., cerium), gold parti-
cles, carbon nanotubes, and carbon fullerenes/
spheres.

In vitro and in vivo studies have demon-
strated the neuroprotective ability of these
nanoparticles to mitigate oxidative stress
through free radical scavenging. Buckminster-
fullerene (“Bucky-ball”) C60 particles are par-
ticularly capable of reducing lipid peroxidation
by scavenging hydrogen peroxide and superox-
ide molecules. Studies have also suggested that
cerium may have an anti-inflammatory role by
reducing the activation of microglia and the
release of NO and IL-1B.36 Further preclinical
studies of nanoparticles are expected over the
coming decade to explore the neuroprotective
effects on the injured spinal cord.

Lecithinized Superoxide
Dismutase

As the secondary injury cascade develops, acti-
vation of arachidonic acid metabolites and xan-
thine oxidase occurs. These molecules produce
free radicals, adding to the oxidative stress in
the postinjury environment. Lipid peroxidation,
protein deformation, and membrane break-
down occur resulting in further cell dysfunc-
tion and death. Superoxide dismutase (SOD) is
a well-known superoxide anion scavenger that
was applied effectively to preclinical ischemic
SCI models, but it found limited use due to its
short half-life and low tissue affinity. Leci-
thinization is the process of covalently bonding
lecithin molecules to a substance; lecithinized
SOD (PC-SOD) has a longer half-life and greater
tissue affinity. Intravenous bolus of PC-SOD in
an animal model of SCI demonstrated decreased
lipid peroxidation, decreased inflammatory
IL-1B, and improved motor behavioral scores.?”

Although SOD is showing promise in mod-
els of stroke, TBI, and inflammatory bowel dis-
ease, further study of the exact mechanism of
action and systemic effects of SOD injection is
required in preclinical models before transla-
tion can be considered for SCI.
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Curcumin

Curcumin is a diarylheptanoid polyphenol
found in turmeric, which has been historically
used in anti-inflammatory salves and oral med-
ications in Southern Asia. Curcumin has dem-
onstrated antioxidant and anti-inflammatory
effects in ischemic-reperfusion models of myo-
cardial, liver, and brain injury. One possible
mechanism is induction of Nrf2, a transcrip-
tion factor with regulatory control of several
cytoprotective proteins, including antioxidant
protein glutathione-S-transferase. Curcumin
itself also acts as a potent hydroxyl radical
scavenger.38

Rodent studies have demonstrated that intra-
peritoneal administration of curcumin after SCI
can improve locomotion, lessen cord edema,
reduce the number of activated astrocytes, and
decrease rates of apoptosis. Moreover, curcumin
administration is associated with increased
activity of Nrf2, SOD, catalase, and glutathi-
one.3® These promising results confirm cur-
cumin’s role as a potent antioxidant and
highlight the need for further studies elucidat-
ing its mechanism of action, pharmacokinetics,
and systemic effects.

Genetic Modification

Retrograde gene delivery via recombinant viral
vectors is an evolving field that has enabled
more in-depth study of molecular processes
in animal models and could one day see care-
fully controlled translational application. Recent
experiments have shown that retrograde gene
delivery by an adenoviral vector (AdV) can
induce effective brain-derived neurotrophic
factor (BDNF) production in rat spinal cords.
The AdV-BDNF was injected into the sterno-
cleidomastoid muscle of rats and found to be
transmitted via retrograde axonoplasmic flow
through peripheral nerves to the cord. An elo-
quent series of experiments found no gene
expression in peripheral organs, which sug-
gests that the vector did not enter the systemic
circulation. Successful gene delivery and expres-
sion of BDNF was found in both normal and
injured cord cells. The number of apoptotic
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cells was significantly decreased throughout the
cords of rats transfected with the AdV-BDNF
gene.3d

Although these studies have been successful
in showing the feasibility and efficacy of retro-
grade gene delivery to the injured spinal cord,
many avenues of further research remain to be
explored. In particular, the long-term control
of transfected gene expression has not been
shown, the safety of viral vectors in more clin-
ically relevant models is unknown, and the
epigenetic alterations associated with gene
transfection have yet to be fully understood.

Chapter Summary

Neuroprotective interventions for the trau-
matically injured spinal cord are based on the
pathophysiological mechanisms of secondary
injury. Immediately postinjury, microhemor-
rhages, edema, and systemic hypotension can
lead to dramatic hypoperfusion of the injured
cord. Ischemic cells switch to inefficient anaer-
obic metabolism and quickly deplete stored
energy supplies. Ischemic and necrotic cells gen-
erate damaging oxygen free radicals and release
excitotoxic neurotransmitters. This harsh post-
injury milieu further contributes to apoptotic
cell death. Concurrently, microglia proliferate
at the site of injury and release proinflamma-
tory cytokines that recruit systemic inflamma-
tory cells such as neutrophils and macrophages.
This propagates the inflammatory response and
produces further glial and neuronal loss.
Multiple promising clinical and preclinical
strategies have targeted these key steps of sec-
ondary injury. Surgical decompression and
CSF drainage attempt to mechanically relieve
ongoing pressure on the cord and vasculature.
Augmentation of systemic blood pressure and
avoidance of hypotension help to maintain
parenchymal perfusion. Nanoparticles and lec-
ithinized SOD work effectively as free radical

scavengers. Anti-inflammatory agents MPSS,
IVIG, and minocycline control the cascade of
immunocellular infiltration and cytokine release.
The antiapoptotic Cethrin, G-CSF, and other
growth factors attempt to enhance cell survival
directly.

This first section of the chapter summarized
the literature related to ongoing and completed
clinical trials in SCI neuroprotection, with an
emphasis on the pathophysiological basis for
these treatments. The second section discussed
the future of neuroprotection by reviewing
novel preclinical strategies that are likely to see
translation within the next decade.

¢ Understanding the pathophysiological mecha-
nisms of the secondary injury cascade is critical
to the development of neuroprotective strate-
gies. Further work is required to define the effects
of genetic background, injury mechanism, and the
impact of the cervical versus thoracic niche on
pathobiology.

+ Maintenance of mean arterial pressure above 85
mm Hg and early surgical decompression are the
only clinically proven neuroprotective strategies
for SCI.

¢ Promising upcoming neuroprotection clinical trials
include riluzole (RISCIS), therapeutic hypothermia
(ARCTIC), Cethrin, and minocycline (MASC).

+ Do not interpret SCl as a single homogeneous
entity. Traumatic SCI encompasses a heteroge-
neous group of patients, injuries, and underlying
pathophysiological mechanisms. The most effec-
tive treatment of SCI will undoubtedly be combi-
natorial in nature.

+ Do not disregard negative neuroprotective trials;
they provide important lessons in research meth-
odology and common discussion points with well-
informed patients.

¢ Medical strategies are adjuncts and should not be
considered substitutes for appropriate and timely
surgical intervention.
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Introduction

Due to the limited regeneration of the adult
mammalian spinal cord, injuries lead to mostly
irreversible damage and functional deteriora-
tion. Effective means to promote repair of the
damaged spinal cord do not exist, although con-
siderable progress has been made in the past
three decades. The loss of neurons and glia
and the disruption of the descending, ascend-
ing, and intraspinal tracts contribute to motor,
sensory, and autonomic deficits. Approaches to
promote recovery after spinal cord injury (SCI)
include the stimulation of the intrinsic regen-
erative capacity of injured neurons, neutraliza-
tion of growth inhibitory factors, degradation
of inhibitory extracellular matrix (ECM), mod-
ulation of inflammatory responses, and provi-
sion of axon growth-promoting molecules and
substrates at the lesion site. The latter was ini-
tially focused on cell transplantation to provide
a substrate for axons to extend across a lesion
site, and substantial advances in identifying
cells suitable to replace tissue lost at the lesion
site have been made. However, several obstacles,
including poor cell survival, a lack of rostro-
caudally directed axon growth and guidance,
potential immune responses to cell transplants,
the risk of tumor formation, and regulatory
hurdles for cell products, complicate the clini-
cal translation of cell therapies. Therefore, an
off-the-shelf product, such as biomaterials that
can mimic at least some of the roles of trans-
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planted cells or improve the physiological
influences of cells on axon regeneration, would
be of high value. Transplantation of different
materials that emulate cellular and extracellu-
lar properties to physically support endogenous
cells and regenerating axons in a three-
dimensional (3D) matrix has become an area
of intense investigation. In addition, biomate-
rials can also be used as drug delivery devices
to complement and enhance cell transplanta-
tion strategies (Table 9.1).

To successfully implement biomaterials in
the injured spinal cord, several characteristics
are particularly relevant. Materials should be
biocompatible without toxicity or immunologic
reaction to implants or degradation products
that might induce fibroglial scarring and impede
spinal cord regeneration. The implanted mate-
rial should be able to fill cystic cavities, inte-
grate into the surrounding host spinal cord,
provide a permissive substrate for cells, and
guide the growth of injured axons in a rostro-
caudal direction to bridge a lesion gap. Support
of host-derived or transplanted myelinating
cells is another important requirement for the
proper functioning of regenerating axons. The
exchange of nutrients and oxygen with the sur-
rounding parenchyma and, when larger scaf-
folds are used, neovascularization are key for
the successful integration in the injured spinal
cord. The sustained release of growth factors
and neurotrophic factors by implanted materi-
als would also be valuable in further enhancing
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Fig. 9.1 Schematic outline of different characteristics of hydrogel biomaterials suitable for spinal cord

repair.

axon growth and cell survival. Finally, nonin-
vasive means to deliver biomaterials acquiring
the final 3D structure in situ by self-assembly
would be superior to implantation of a struc-
ture with predefined size and appearance, due
to the irregular shape of spinal cord lesions
(Fig. 9.1).

Although no single biomaterial available to
date can fulfill all of these criteria, hydrogels
have some intriguing features making them
particularly well suited for applications in the
nervous system. The wide variety of available
materials to generate hydrogels, the possibility
of modulating physical (e.g., stiffness, elastic-
ity, orientation) and chemical (e.g., degradation,
surface modification) parameters, and their
high water content enable adjustments to be
made to mimic key features of the spinal cord
and its ECM. Indeed, the ECM of soft tissue is
a natural hydrogel composed of a mix of pro-

teins, proteoglycans, and glycosaminoglycan
macromolecules that are cross-linked in a 3D
network with high water content. Thus, hydro-
gels that provide an ECM with chemical and
biological cues that are conducive for cells and
axons might be able to promote axon regener-
ation and functional recovery after SCI.

Advantages and General
Properties of Hydrogels

Hydrogels represent a transition between
liquids and solids and are elastic, coherent,
colloid-dispersal systems consisting of one or
more dispersed components and water. On a
microscopic scale, gels are heterogeneous, but
in most cases isotropic on a macroscopic scale.
Common hydrogels often contain only very
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small amounts of the gelling agents (usually
less than 2%) and consist primarily of water.
The macroscopic structure, including pore size,
and the mechanical properties, such as the elas-
ticity of hydrogels, are determined by the con-
centration and the molecular weight of the
polymer molecules and the number and rigid-
ity of linkages between the polymers. Due to
their hydrophilic nature, hydrogels exhibit low
interfacial tensions and good tissue integration
and enable cell migration, an advantage over
other scaffold materials. In addition to the chem-
ical and structural properties of hydrogels,
modifications of the surface by coating with
proteins and peptides can enhance biocompat-
ibility and cell adhesion, and reduce immune
response and scarring. Hydrogels may also be
useful as a drug-release system from layer-by-
layer coated hydrogels, micro/nanoparticles, or
injectable hydrogels.

Gels derived from biological macromole-
cules commonly display higher biocompatibil-
ity compared with gels from synthetic polymers
because they can have intrinsic bioactivities
that can modulate cellular behavior. However,
insufficient stability due to weak chemical
bonds resulting in rapid biodegradation might
require chemical stabilization of natural bio-
materials. Studies of hydrogels in animal
models of peripheral nervous system (PNS)
regeneration have advanced more rapidly than
applications in central nervous system (CNS)
injuries, and several ongoing and completed
clinical trials have used channels to reconnect
transected nerve fibers.! In the injured spinal
cord, biomaterials that provide only a substrate
for axon growth are unlikely to restore function
without any additional intervention. Unlike the
PNS, the CNS has only a limited intrinsic capac-
ity for regeneration, and the inhibitory envi-
ronment in and around a spinal cord lesion and
the lack of appropriate axon growth stimuli
further restrict regeneration. Biomaterials are
well suited to physically reconnect spinal cord
stumps across cavities and intraparenchymal
cysts. In-situ self-assembling hydrogels that
are injected and gelatinize directly in the lesion
site are ideal to fill irregular-shaped lesion
cavities to serve as an artificial substrate for
axon growth. However, such hydrogels as well
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as many scaffolds that are gelatinized before
implantation lack an anisotropic structure to
guide axonal regeneration.

Based on the chemical background of poly-
mers, hydrogels can be divided into two broad
categories: hydrogels made from synthetic poly-
mers and those made from natural polymers.
Each group can be further subdivided based on
their chemical composition, modifications, or
directional properties.

Hydrogels from Synthetic
Polymers

One of the most important properties of hydro-
gels, especially for materials made from syn-
thetic polymers, is their biocompatibility. The
most common synthetic polymers for the for-
mation of hydrogels that can be safely applied
in vivo are based on poly(ethylene glycol), meth-
acrylates, or aliphatic polyesters derived from
lactide/glycolide.

Polyethylene Glycol

Polyethylene glycol (PEG) is a linear, liquid,
hydrophilic polyether, and its viscosity depends
on the chain length. Chemical alterations and
cross-linking after functionalization of the ter-
minal hydroxyl groups leads to the formation
of a stable hydrogel with tunable properties such
as permeability, molecular diffusivity, water
content, elasticity, and degradation rate. Due to
its hydrophilic nature, PEG is a known fusogen
and can repair mechanically injured cells by
resealing the plasma membrane and protect-
ing mitochondria. In a chronic spinal cord tran-
section, PEG has been shown to improve axon
regeneration, vascularization, and astrocyte and
Schwann cell infiltration, and to enable small
functional improvements.? Despite its positive
effect on mechanically injured cells, liquid PEG
cannot serve as a scaffold for structural support
and has to be chemically modified and cross-
linked to form a stable hydrogel matrix. How-
ever, covalently cross-linked oligo[poly(ethylene
glycol) fumarate] scaffolds with channel struc-
ture fail to promote substantial axonal regen-
eration into a lesion, even when seeded with
Schwann cells.? Functionalized PEG such as
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acrylated polylactic acid (PLA)-b-PEG-b-PLA
macromere and injectable Poly(N-isopropy-
lacrylamide)-g-polyethylene glycol hydrogel
(PNIPAAm-g-PEG) have been used for growth
factor release promoting modest recovery of
locomotor function.* However, neuroprotec-
tion or collateral sprouting rather than axon
regeneration seem to underlie these effects.
Functionalization of PEG with peptides that
enhance cell adhesion and axonal growth in
vitro should be considered in future in vivo
studies.

Poly(2-Hydroxyethyl Methacrylate)
(pHEMA)and Poly(2-Hydroxypropyl
Methacrylamide) (pHPMA)

Both pHEMA and pHPMA are linear hydrophilic
polymers produced by the polymerization of
2-hydroxyethyl methacrylate and 2-hydroxy-
propyl methacrylamide, respectively. Porous
biocompatible hydrogels that are not biode-
gradable can be produced by cross-linking, and
their properties can be fine-tuned by copoly-
merization with other acrylic acid derivatives,
changes in the cross-linking density, or chemi-
cal modification. Porous pHEMA hydrogels with
mechanical properties similar to those of spi-
nal cord tissue support angiogenesis and pos-
sibly reduce astrogliosis. However, unmodified
pHEMA scaffolds have only minor potential as
a substrate for axonal regeneration, even in
combination with growth factors.

By copolymerization with other monomers,
a positively charged pHEMA scaffold with supe-
rior properties can be produced, providing a
matrix for blood vessels and axons. Heparin
complexed basic fibroblast growth factor-2
(FGF-2), which can be electrostatically attached
to the scaffolds, seems to enhance axon growth,
blood vessel extension, and functional recov-
ery without any histological proof for axon
growth across the lesion.> pHEMA scaffolds
have also been modified with different bio-
molecules, such as cholesterol-modified super-
porous pHEMA scaffolds with different elastic
moduli, which demonstrate ingrowth of blood
vessels, axons, and Schwann cells. In addition
to porous sponges, pHEMA as well as poly(2-
hydroxyethyl methacrylate-co-methyl meth-

acrylate) (pHEMA-MMA) channels have been
used to promote tissue reconstruction across
large transections in combination with periph-
eral nerves, fibrin glue, and FGF-1/heparin. Fill-
ing pHEMA-MMA tubes with collagen, fibrin,
matrigel, methylcellulose, or smaller pHEMA-
MMA tubes in combination with growth factors
(FGF-1 or neurotrophin-3 [NT-3]) results in
increased axon density within the channel.®
A cross-linked pHPMA scaffold with a highly
porous structure is commercialized under the
name NeuroGel™ (NeuroGel En Marche Asso-
ciation, Crolles, France) has mechanical prop-
erties similar to neural tissue and is stable in
the injured spinal cord for up to 21 months.”
After complete spinal cord transections in rats
and cats, myelinated axons, blood vessels, and
ECM are found in the grafted gel. However, there
is no evidence of long-distance axon growth
into or through the matrix.

Taken together, pHEMA implants seem to
be insufficient to support seeded cells, angio-
genesis, and axonal regeneration. Changing the
physical characteristics by copolymerization,
chemical modification, or combination with
other materials may enhance its potential for
future applications in SCI research. Porous
pHPMA hydrogels have shown some potential,
but available data indicate a modest increase in
randomly oriented axon growth rather than
axon regeneration across the implant. Signifi-
cantly more data are needed to evaluate the
value of these scaffolds for clinical applications.

Polylactic Acid (PLA) and Polylactic-
Co-Glycolic Acid (PLGA)

Both PLA and PLGA, a copolymer of PLA and
polyglycolic acid (PGA), are linear, aliphatic
polyesters that are biodegradable and bio-
compatible. Highly porous hydrogels with a
tunable pore size, structure, and degradation
rate can be formed with different techniques,
including salt leaching, carbon dioxide foam-
ing, and freeze-drying. PLA hydrogel sponges
have been used as scaffolds for different cell
types in the injured spinal cord, resulting in
rather poor cell survival® and a degradable
PLA-b-PHEMA block copolymer induces lim-
ited axon growth.® In a lateral hemisection
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lesion, PLGA implants, which were copoly-
merized with polylysine and seeded with an
immortalized mouse neural stem cell (NSC)
line, have been reported to promote functional
recovery in rats.!® However, the evidence for
axonal regeneration underlying this effect is
very limited. In a small primate study, similar
PLGA sponges seeded with human NSCs were
virtually completely degraded after 7 weeks,
showing little if any cell survival.!l A phase I
clinical study sponsored by In Vivo Therapeu-
tics (Cambridge, MA) assessing the safety and
feasibility of such hydrogels in acute human
SCI started in 2014. The primary aim of this
study is to demonstrate the safety and feasibil-
ity of PLGA implantation into acute sensorimo-
tor complete SCI (http://clinicaltrials.gov/show/
NCT02138110). No adverse effects have been
reported to date, indicating a good compatibil-
ity of the biomaterial.

Besides hydrogels with a random porous
structure, PLA or PLGA scaffolds containing lon-
gitudinal oriented micropores, aligned fibers,
or channels as guidance matrix for regenerat-
ing axons have been examined, such as PLA
sponges with longitudinally oriented macro-
pores connected to each other by a network of
micropores. Promising in vitro results have
shown that aligned PLA microfibers can pro-
mote linear neurite growth. To create a 3D
scaffold, microfiber sheets can be rolled into
conduits, but the large lumen inside the scaf-
fold necessitates a combination with cell seed-
ing or other biomaterials. Microfiber conduits
filled with a fibrin gel support higher rostro-
caudal axonal growth than do conduits with
randomly oriented fibers or a PLA film after
complete spinal cord transections.!?

Macroporous PLA conduits filled with
Schwann cells can support the formation of a
vascularized tissue bridge containing myelin-
ated axons across the completely transected
rat spinal cord. However, the instability of the
transplanted scaffolds is detrimental to axonal
regeneration.’> PLGA scaffolds containing a
multichannel structure have been used in sev-
eral studies to promote regeneration. Although
they contain a linear channel structure filled
with a tissue bridge over a transection lesion,
most of these hydrogels are still highly porous
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and enable cell infiltration and undirected axon
regeneration outside of the channels.’* NSCs
and Schwann cells are compatible with the scaf-
folds and facilitate axonal regeneration into
the lesion.!>16 Irrespective of cell seeding,
axonal regeneration across the lesion or func-
tional improvement is not observed. However,
in a mouse cervical lateral hemisection model,
green fluorescent protein (GFP)-labeled axons
in transgenic animals seem to regenerate across
a similar PLGA bridge. Whether these axons or
this reduced tissue loss/glial scar formation
contributes to the small functional recovery
remains unclear.!” Porous multichannel scaf-
folds have also been used as a matrix for local
gene delivery of neurotrophins to increase axon
extension into the lesion.!8

Although aliphatic polyesters have been used
extensively in medical applications and have
ideal characteristics for the release of therapeu-
tic agents, their utility in soft tissue engineer-
ing has limitations due to their stiffness and
elastic deformation characteristics, relatively
poor survival of seeded cells, fast degradation,
and potential loss of structural support.

Hydrogels from Natural Polymers

Natural hydrogel forming polymers based
on carbohydrates, glycosaminoglycans, and
proteins/peptides have been extensively exam-
ined in animal models of SCI. Components of
the ECM isolated from mammalian tissue or
produced by mammalian cell lines such as
collagen and hyaluronic acid, polymers from
plants such as agarose and alginate, and chi-
tosan isolated from arthropods belong to this
class. Natural polymers are often chemically
altered during or after their isolation, and dif-
ferent polymers can be combined into one
biomaterial.

Agarose

Agarose is usually extracted from seaweed,
dissolves in near-boiling water, and forms a gel
after cooling. Other methods to prepare aga-
rose hydrogels are critical point drying and
lyophilization to form highly porous hydrogels
with different pore diameters, depending on
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the method and agarose concentration. Gel
stiffness can be manipulated by changing the
agarose concentration in the sol. Agarose scaf-
folds are biocompatible and retain their micro-
structure in the injured spinal cord for at least
several weeks.!?

Agarose hydrogels prepared from hydroxy-
ethylated agarose can be gelled in situ inside
the lesion by cooling below 17°C for 30 seconds
to fill irregular-shaped spinal cord lesions. The
material can serve as a carrier for lipid micro-
tubules releasing neurotrophins,?® for PLGA
nanoparticles for the localized delivery of
methylprednisolone, thermostabilized chon-
droitinase ABC and NT-3, or a combination
thereof.21:22 Qverall, these strategies lead to
reduced inflammation or enhanced axon growth
as expected. However, axons fail to extend
throughout the entire lesion or cross into the
distal spinal cord.

To provide physical guidance for regener-
ating axons, agarose hydrogels with a parallel
channel structure can be generated by direc-
tional freeze-drying or as templated scaffolds
with uniform channels. Filling the channel
lumen with a collagen matrix containing brain-
derived neurotrophic factor (BDNF) signifi-
cantly enhances the number of regenerating
axons inside the channels.!® Similarly, seeding
bone marrow stromal cells (BMSCs) secreting
BDNF into the channel enhances the growth
of axons (including descending axons) into
the scaffold channels.?> However, axons do not
bridge across the lesion site. Even in a model of
dorsal column sensory axon injury, combining
scaffolds with (1) cells secreting NT-3, (2) acti-
vation of the intrinsic growth capacity of sen-
sory axons by a peripheral lesion, and (3) a
distal gradient of NT-3 by lentivirus transduc-
tion does not enable axon bridging into the spi-
nal parenchyma to make new connections.2*
Thus, an anisotropic channel structure pro-
motes strong linear axon regeneration into
the scaffold channels, but a reactive cell matrix
forming at the interface of the implant and the
spinal parenchyma limits regeneration beyond
the lesion site. This problem is not unique to
agarose scaffolds, but rather is an overall obsta-
cle encountered with all biomaterials that aim
to promote axon bridging across the lesion site.

Alginate

Alginate is a heteromeric polysaccharide isolated
from several brown algae species.?> Alginate
salts with monovalent cations like sodium (Na*)
are soluble in water. By exchange of these cat-
ions with multivalent cations (e.g., Ca2* or Sr2*),
hydrogels are formed by ionotropic cross-linking.
A similar effect can be obtained by chemical
cross-linking of the polysaccharide chains. The
stiffness of the gel depends on the overall molec-
ular weight and concentration of alginate and
the distribution of the different monomer blocks.
Guluronic acid-rich alginate forms stronger and
more ductile hydrogels by ionotropic cross-
linking compared with mannuronic acid-rich
alginates. The type of cross-linking agent and the
cross-linking density also influence the mechan-
ical properties of the hydrogel. Due to the car-
boxylic acid groups, alginate is negatively
charged under physiological conditions, which
adversely affects cells and leads to a reduced
neurite outgrowth. However, alginate hydro-
gels can be coated with positively charged
molecules such as poly-L-ornithine or chemi-
cally modified to mask their negative surface
charge.?6 Alginate is basically not biodegrad-
able, but ionically (not chemically) cross-linked
alginate hydrogels dissolve into single polymer
strands by exchanging the cross-linking multi-
valent cations for monovalent cations.

In several experiments, alginate hydrogels
have been used to encapsulate BDNF-secreting
fibroblasts to isolate cells from the host immune
system and thereby enhance their survival. The
continued secretion of BDNF can promote
axonal regeneration in the surrounding host
parenchyma and some functional recovery.?’
Injectable alginate hydrogels have also been
used as a matrix for the sustained release of
growth factors in combination with PLGA-
based microparticles or chitosan-dextran sul-
fate nanoparticles to promote neurite growth
or infiltration of endothelial cells. A downside
of injectable alginate hydrogels is the high
concentration of divalent cations like calcium
needed to gel the alginate solution, which can
have cytotoxic effects.

Alginate scaffolds with a channel structure
produced by directed diffusion of divalent cat-
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ions and subsequent stabilization with an inter-
penetrating polyurea network formed by the
polymerization of hexamethylene diisocyanate
can promote linear axonal regeneration in rat
spinal cord transections. In an entorhinal-
hippocampal slice culture model as well as in
a dorsal column lesion in adult rats, alginate
scaffolds with capillaries of 27-um diameter
promote longitudinally oriented axonal regen-
eration.28 Similar to studies with agarose-based
hydrogel channels, alginates with channel struc-
ture can guide axons parallel to the channel
walls in rostrocaudal direction. In combination
with BMSCs expressing BDNF, axons extend
over longer distances within the channels com-
pared with lesions that are filled only with
cells, where axons have a random growth ori-
entation.?? As described above, axon bridging
into the distal spinal cord is not observed, and
chemically stabilized alginate scaffolds are not
biodegradable after 6 weeks in vivo.

Results of these experiments suggest that
alginate hydrogels can provide a permissive
microenvironment for regeneration of spinal
cord axons. The beneficial effect of alginate
scaffolds can be enhanced by masking the neg-
ative charge of the hydrogel by protein coating.
In combination with cell seeding and growth
factor release, and by using hydrogels with par-
allel channel structure, oriented axonal regen-
eration can be further enhanced. However,
the formation of a reactive cell layer around
the hydrogels is one hurdle that remains to be
overcome.

Chitosan

Chitosan, a linear polysaccharide produced by
deacetylation of chitin from the exoskeleton
of crustaceans and insects, is water soluble
depending on the degree of deacetylation.3°
Chitosan and its degradation products have
displayed neuroprotective and antioxidative ac-
tivity.39 The mechanical properties of chitosan-
based hydrogels can be altered by chemical
cross-linking or incorporation of a second poly-
mer network penetrating the chitosan matrix.

Chitosan hydrogels with a channel structure
have been used as a scaffold in the injured spi-
nal cord to guide the growth of axons. They
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do not elicit a chronic immune response and
remain stable in the spinal cord for at least 12
months.3! Chitosan channels with peripheral
nerve grafts implanted 1 or 4 weeks after a
compression injury contain a tissue bridge with
a large amount of myelinated axons after 14
weeks in vivo.32 Similarly, neural progenitor
cells (NPCs) seeded in laminin-coated scaffolds
survive, differentiate into glia, and host axons
and blood vessels extend into the scaffold.33
Several combinatory strategies using chitosan
channels have been examined to enhance the
survival of NPCs, including dibutyryl cyclic ade-
nosine monophosphate (cAMP) encapsulated
within PLGA microspheres.34 Despite providing
a tissue bridge across the lesion site, growth of
axons beyond the scaffolds or recovery of loco-
motor function was not observed. Although
stable chitosan scaffolds provide long-lasting
structural support, the missing biodegrad-
ability also raises some concern. Taken together,
only combined with (stem) cell or peripheral
nerve grafts, chitosan hydrogels are able to
provide a scaffold for the formation of a tissue
bridge over a lesion site.

Collagen

Collagen is one of the most abundant proteins
in mammals and an important structural ECM
protein supporting cells with a physical scaf-
fold and biochemical cues. The protein mainly
occurs as triple helix fibrils (type 1 collagen)
that can form a self-assembling hydrogel, which
is biodegradable and therefore frequently cross-
linked to stabilize its structure and physical
properties. The stiffness of the scaffold and its
degradation rate depend on the chemical prop-
erties and concentration of the molecules used
for cross-linking. Collagen is one of the best-
characterized biomaterials in medical appli-
cations. Collagen matrices have been used as
scaffolds and vehicles for the transplantation
of various cell types and for growth factor
release enhancing the survival of Schwann
cells and increasing the number of axons grow-
ing into the scaffold.3>

Collagen-based biomaterials have also been
used to graft fibroblasts genetically modified
to express neurotrophic factors (reviewed in

Al use subject to https://ww.ebsco.conlterns-of-use

115



116

EBSCChost -

printed on 2/11/2023 3:05 AMvia .

Chapter 9

McCall et al®6). Although some studies trans-
planted cross-linked collagen scaffolds in com-
bination with different axon growth-promoting
strategies (Nogo receptor, chondroitinase ABC
[ChABC], stem cells) to the spinal cord, the
amount of axon sprouting into the lesion is
rather limited. Collagen scaffolds composed of
aligned collagen filaments might be an inter-
esting alternative to promote rostrocaudally
oriented axonal regeneration.3’ Incorporation
of BDNF with a collagen binding domain into
a scaffold of aligned collagen fibers increases
axon growth, and supposedly some functional
recovery after a complete transection in a
canine model.3® Other means to obtain direc-
tional axon growth might be collagen hydro-
gels with a honeycomb3? or channel structure,*°
or conduits with larger channels and aligned
fibers.4! Although these approaches in com-
bination with BMSC or plasmid-based NT-3
delivery increase axon sprouting or enhance
some recovery of forepaw function compared
with lesion-only controls, axons do not regen-
erate across the scaffold, and the orientation of
axons has not been examined.

Fibrin

Fibrin, an important factor in blood coagula-
tion, is generated by thrombin-mediated cleav-
age of soluble fibrinogen into fibrin monomers,
which spontaneously form fibers that give rise
to a fibrin hydrogel. This enzymatic reaction can
be used for a biological two-component glue,
and the fast biodegradability can be reduced
by inclusion of protease inhibitors.*

Fibrin hydrogels grafted to a spinal cord
lesion induces some neurite sprouting and
seems to reduce astrogliosis around the lesion
site.#3 In combination with fibronectin, axon
sprouting into the hydrogel slightly increases.4
There are some hints that salmon fibrin instead
of mammalian fibrin has the potential for
higher axonal sparing.*> In combination with
the knockdown of PTEN (phosphatase and
tensin homologue deleted on chromosome 10)
in the cortex to improve the neuron-intrinsic
growth capacity, the injection of salmon fibrin
into a dorsal hemisection enhances growth
of corticospinal axons and to some extent the

recovery of voluntary motor function.*¢ Fibrin
hydrogels placed epidurally on a lesion have
also been used for the delivery of chondroiti-
nase ABC, reducing the level of inhibitory chon-
droitin sulfate proteoglycans (CSPGs) more than
a single intraparenchymal injection.*’

Fibrin glues have also been used as a sub-
strate for cell transplantation. Mixing cells
suspended in a solution of fibrinogen and
thrombin to form a gel enhances cell survival.
NSCs embedded into such a matrix with a
growth factor cocktail have shown excellent
survival and extensive long-distance axonal
outgrowth after grafting to a full transection
site.*8 The fast degradability of fibrin is not
ideal for a sustained release of therapeutic
agents. Therefore, a chemically modified fibrin
has been developed, with immobilized heparin
to temporarily bind heparin-binding growth
factors. The release of neurotrophins from such
modified hydrogels leads to a minor, dose-
dependent increase in axon sprouting.*® In
addition, the survival and proliferation of NPCs
and embryonic stem (ES) cell-derived pro-
genitor motor neurons is enhanced in a fibrin
matrix releasing NT-3 and platelet-derived
growth factor (PDGF).>0->2

Fibrin glues have been extensively utilized
in studies transplanting peripheral nerve
grafts. Based on preclinical results that showed
a functional improvement after acidic FGF-1
administration from fibrin glue in the com-
pletely transected rat spinal cord that received
peripheral nerve implants,>3 a phase I clinical
trial was initiated. A fibrin glue containing
FGF-1 was implanted in chronic SCI patients
after laminectomy, and an adjuvant booster
of combined FGF-1 and fibrin glue was given
intrathecally at 3 and 6 months postsurgery.
Although the feasibility and safety of this
administration technique has been estab-
lished, the efficacy of the therapy remains to
be determined.>*

Thus, fibrin hydrogels have been shown to
be highly biocompatible and biodegradable.
Although fibrin is not able to support substan-
tial axonal regeneration on its own, in combi-
nation with sustained growth factor release
and cell therapy, it can be a useful tool to pro-
mote tissue regeneration.
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Hyaluronic Acid

The glycosaminoglycan hyaluronic acid is a
main structural component of the ECM in the
CNS. Hyaluronic acid is a linear disaccharide
polymer that can absorb large amounts of
water. A reduction of its high water solubility
and fast biodegradation, and an adjustment of
its stiffness, is possible by esterification of the
carboxylic acid groups of the D-glucuronic acid
subunit,? cross-linking of the hyaluronic acid
chains,”® or combination with other materials
such as methylcellulose.”” In terms of axonal
regeneration, there is no evidence that chemi-
cally cross-linked hyaluronic acid hydrogels
implanted into the injured spinal cord can
provide, independent of their degradability, a
structural scaffold for axon regeneration. How-
ever, hyaluronic acid and especially the blend of
hyaluronic acid and methylcellulose have some
potential for reducing scarring and subarach-
noid inflammation, leading to a modest increase
in locomotor function,>” or as a matrix for the
sustained release of therapeutic agents such as
growth factors.>® In vitro and in vivo experi-
ments have also shown the potential of inject-
able hyaluronic acid-methylcellulose hydrogels
as a cell delivery system. NPCs incorporated
into a hydrogel blend can reduce cavitation
and promote higher neuronal sparing com-
pared with cell injection without the hydrogel
matrix.”® Several different covalently cross-
linked hyaluronic acid hydrogels have been
produced to enhance the mechanical charac-
teristics but do not seem to permit axonal
growth. However, injected into the intrathecal
space, covalently cross-linked hydrogels are
biocompatible and a potential matrix for the
release of growth factors.60

Matrigel

Matrigel™ (Corning Life Sciences, Durham, NC)
is a soluble extract of basement membrane
proteins from a mouse sarcoma cell line. It is
a poorly defined mixture of more than 1,800
proteins including ECM components and a
variety of growth factors and proteins related
to the binding and signaling of growth fac-
tors.%! This is a major shortcoming, as the exact
composition varies between batches, making it
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more difficult to replicate findings and limiting
clinical applications. As Matrigel is soluble at
4°C and forms a 3D gel at 37°C, it is ideal for
covering the surface of cell culture plastic ware
and for injecting into spinal cord lesion cavi-
ties. Matrigel alone has only limited potential
to promote axonal regeneration in the injured
spinal cord, but it has proven its utility as a
matrix for cell transplantation, enhancing the
survival of transplanted cells. Studies with
Schwann cells also indicate that in vivo gela-
tion is superior to the implantation of pre-
gelled Matrigel.52 Matrigel has been used to fill
the lumen of a semipermeable polyacrylonitrile/
polyvinylchloride (PAN/PVC) copolymer chan-
nels, and, in combination with Schwann cells,
unmyelinated and myelinated axons and blood
vessels extend into the grafts. There is also
some evidence suggesting that axons are able
to grow across the graft and reenter the intact
host tissue when growth factors are provided
in the distal host spinal cord.36

Self-Assembling Peptides

Peptide amphiphiles (PAs) represent a class of
peptide-based biomolecules that spontaneously
self-assemble into well-defined nanostruc-
tures such as fibrils, nanofibers, and spherical
micelles or vesicles. In physiological media or
aqueous solution, self-assembly is driven by an
intermolecular interplay of ionic or hydrophobic
interactions between complementary amphi-
philic peptide structures under certain condi-
tions (e.g., pH, temperature, ionic strength).63
For tissue engineering and biomedical applica-
tions, bioactive peptide epitopes can be incor-
porated into self-assembling peptides (SAPs) to
be displayed on the surface affecting cell sur-
vival, cellular behavior, and differentiation.646>
Embedding cells in SAPs has shown some prom-
ise in restoring function after SCI; PA display-
ing the laminin epitope IKVAV promoted axon
regeneration, suppressed glial scar formation,
increased oligodendroglial differentiation, and
partially restored motor function.5¢ Recently, a
combination of bioactive SAPs and NSCs also
improved forelimb motor recovery by decreas-
ing cystic cavitation and motor neurons death
after cervical SCI.57
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Chapter 9

Conclusion

A large variety of biomaterials derived from
natural and synthetic polymers have been
investigated for their efficacy in spinal cord
regeneration. Although fully synthetic mate-
rials have well-defined chemical and physical
properties, they often have to be modified to
better match the biological characteristics of
the spinal cord. More studies have investigated
materials derived from natural polymers in the
injured spinal cord. Independent of their ori-
gin, hydrogels can serve as scaffolds to provide
structural or directional support in a lesion
site, as matrices for transplanted cells, and as
vehicles for the release of growth factors, gene
vectors, and other therapeutic agents, with
the goal of promoting axon regeneration and
replacing tissue lost after SCI. Several studies
using biomaterials have reported functional
recovery, but many of these studies are difficult
to interpret, lack thorough data, and therefore
fail to convincingly describe any mechanism
underlying the observed behavioral effect.
Indeed, no conclusive publication has clearly
demonstrated functional improvement using
biomaterials without any additional combina-
tory treatment. Of the publications combining
biomaterials with other treatments, recovery
is often minimal, only a very small number of
animals are investigated, or histological data are
not interpretable and do not provide a proper
explanation for the observed effects. Therefore,
it is not surprising that only a few materials
have moved toward larger animals models or
clinical studies despite huge advancements in
the field. However, it is conceivable that more
detailed studies in lesion models that better
reproduce neuropathological mechanisms of
human injuries, such as spinal cord contusions
or compressions, will be initiated in the near
future as knowledge about biomaterials and
the combination with other treatments is rap-
idly increasing.

Chapter Summary

Considerable progress has been made in the
last decade in the development of biomaterials
suitable for grafting to the injured spinal cord.
Hydrogel-based materials are particularly ver-
satile as many biochemical and physical prop-
erties can be adjusted to match the stiffness
and elasticity of the spinal cord, and surfaces
can be modified for better biocompatibility.
Natural and/or synthetic polymers such as
self-assembling peptides can support survival
of graft- and host-derived cells. Materials with
anisotropic structures such as alginates and aga-
rose can promote directed axon regeneration,
and several biomaterials have shown promise
for localized drug delivery. Thus, hydrogels can
serve as a platform for parallel, combinatory
treatment approaches that are likely required
for significant functional improvements, par-
ticularly after severe SCI. This chapter summa-
rized recent advances in hydrogel polymers in
combination with cell and drug delivery in the
injured spinal cord and discussed some of the
current challenges.

¢ A wide variety of biomaterials with very good
biocompatibility are now available.

# The physical guidance of axons through hydrogel
channels is possible.

¢ Combinatorial approaches of cellular therapies
with biomaterials in many cases are superior to
cell therapy alone.

# Substantial progress is being made in chemical
and biochemical modifications of hydrogels for
cell and drug delivery in the injured spinal cord.

¢ Numerous claims for functional recovery in ani-
mal models are made without an understanding
of the mechanisms.

¢ Biomaterials alone seem insufficient for axon
regeneration across a lesion in the spinal cord.

# There has been only limited clinical translation of
biomaterials in SCI.
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Neural Stem Cell Transplantation
for Spinal Cord Repair

Ina K. Simeonova, Beatrice Sandner, and Norbert Weidner

Introduction

Every few months, breaking news of innovative
therapies suggest another imminent cure for
a variety of neurologic disorders, including
spinal cord injury (SCI). Careful analyses of
the reported findings indicate that proof-of-
principle results have been achieved. Unfortu-
nately, these results are by no means sufficient
to expect a clinically relevant therapeutic
approach in the near future. Nevertheless, in
recent years significant progress has been made,
which helped dramatically to move the field for-
ward step by step toward a clinical application.
This chapter summarizes the current status of
neural stem cell (NSC)-based transplantation
strategies on the preclinical and clinical level.

Traumatic injury to the spine with consecu-
tive compression/contusion of the spinal cord
and cauda equina represents the most common
cause of spinal cord disease. As a result, long
descending and ascending axon pathways tra-
versing the injury site get transected or demy-
elinated, and neurons at the level of injury
undergo cell death. Depending on the injury
level and severity, profound sensorimotor (para/
tetraparesis) and autonomous dysfunction
(bladder, bowel, sexual, cardiovascular, respi-
ratory dysfunction) is the consequence.

In contrast to the peripheral nervous sys-
tem, transected axons in the central nervous
system (CNS) do not spontaneously regenerate,

and degenerated neurons will not be replaced
(Fig. 10.1a). Remyelination occurs only to a
limited degree. Furthermore, key factors such
as degeneration of injured spinal cord tissue
with consecutive fibroglial scar and cystic cav-
ity formation, upregulation of growth inhibi-
tory factors, and a lack of sufficient intrinsic
axon regrowth capacity prevent intrinsic tissue
repair.!

In incomplete SCI, functional recovery can be
achieved by neurorehabilitative interventions
aiming for restoration of body functions. Their
success depends on the degree of incomplete-
ness. In patients with complete SCI, the lost
sensorimotor and autonomous function cannot
be restored. Specialized SCI centers can provide
comprehensive rehabilitative care, which enables
respective patients to gain independence by
means of compensatory strategies (e.g., wheel-
chair mobility to substitute for lost walking
function, intermittent self-catheterization to
empty the bladder). In these cases only pow-
erful regenerative therapies will be able to
recreate the structural basis for functional
recovery. Cystic lesion defects need to be
bridged with appropriate substrates to enable
axon regrowth across the lesion site, inhibitory
molecules need to be blocked, the intrinsic axo-
nal growth capacity needs to be enhanced, and
regenerating axons need to be (re)myelinated.2

It is widely agreed that these different mech-
anisms need to be addressed in combination
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Fig. 10.1 Traumatic lesion of the spinal cord (gray)
exemplified by the descending motor pathways
(corticospinal tract). (a) Descending axons derived
from the upper motoneurons located in the motor
cortex become transected by the traumatic spinal
cord lesion (cystic lesion defect shown in white),
which interrupts the connectivity to the lower
motoneurons located caudal to the injury site with
the functional consequence of para- or tetraparesis
depending on the level of injury. (b) Suitable neural
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motorneuron, “relay” interneuron

stem/progenitor cells, for example astroglial cells
(green), can help to bridge the cystic lesion defect.
Transected motor axon start to regrow across the
lesion, and ideally reconnect to previous target
neurons with consecutive functional recovery.

(c) Alternatively, regrowing descending axons
connect to neuronally differentiated stem cell grafts,
which act as relays and send projections down the
caudal spinal cord connecting to lower
motoneurons.
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to achieve relevant structural and functional
recovery after SCI. A combinatorial strategy,
which includes factors neutralizing inhibitory
factors, promoting axon growth intrinsic capac-
ity, and scaffolds/cells replacing the lost spinal
cord tissue, might be feasible in principle. How-
ever, considering just the regulatory aspects on
the way toward a clinical translation, such com-
binatorial approaches will become difficult to
implement. Ideally, a combinatorial treatment
can be integrated into stem cell transplanta-
tion alone without having to administer mul-
tiple factors, cells, or substrates.

Rationales for Neural Stem
Cell-Based Therapies

A stem cell-based therapy following SCI needs
to address the following aspects: stem cells
need to remyelinate axons in the injured spinal
cord; and either spared axons need to be remy-
elinated or regenerating axons need to be
myelinated to restore proper nerve conduc-
tion. Recent and ongoing stem cell transplanta-
tion strategies, employing embryonic or fetal
spinal cord-derived NSC, target this mecha-
nism? and have been applied in a phase I/II
clinical trial that was first performed by Geron
Corp. (Menlo Park, CA) and thereafter taken
over by Asterias Biotherapeutics (Fremont, CA).*
However, a strategy solely focusing on remye-
lination of spared axons is unlikely to yield
substantial functional recovery. The most obvi-
ous means to restore function is by enhancing
long-distance regeneration (Fig. 10.1b). How-
ever, this strategy is also the most difficult one.
A typically cystic (fluid-filled) lesion defect has
to be filled by an appropriate cellular bridge,
which facilitates axon regrowth across the
lesion defect and directs these regrowing axons
toward their previous target neurons. In the
end, these axons have to be myelinated appro-
priately. As mentioned above, just providing a
cellular bridge for axon regrowth will most
likely not be sufficient to elicit substantial axon
regeneration. Extracellular matrix- and myelin-
associated axon growth inhibitory molecules
need to be blocked, and the intrinsic neuronal

regrowth capacity needs to be enhanced.
Another concept remains to be proven in
respect to its functionality. As a prerequisite,
neural stem or progenitor cells transplanted
into the injury site should become neurons.
Subsequently, host axons need to regenerate
toward and connect to graft-derived neurons,
which grow into the host spinal cord and
reconnect to denervated target neurons, thus
acting as “relay” neurons (Fig. 10.1c). Studies
investigating both stem cell grafting and spon-
taneous recovery in incomplete SCI propose
such a relay mechanism to yield recovery of
locomotor function.5-7 However, whether such
a relay mechanism is really functionally rele-
vant has yet to be determined.

Mechanisms Underlying
Neural Stem Cell-Based
Therapeutic Effects

Thus far, there is very limited evidence clearly
and unequivocally demonstrating axon regen-
eration over longer distances, with target rein-
nervation or remyelination of demyelinated
axons leading to functional improvement. Proof-
of-principle studies have shown that ascend-
ing sensory axons can regrow through a growth
factor overexpressing stem cell graft back into
the host cord and reinnervate target neurons in
the brainstem.? In respect to long descending
motor pathways such as the corticospinal tract,
some regrowth supported by glial differentiated
neural stem/progenitor cells can be achieved,
but substantial long-distance regrowth with
reconnection of target neurons has yet to be
demonstrated.’-11

Robustness of Therapeutic
Effects

Besides confirming a relevant structural mech-
anism for functional repair, another challenge
is to induce a robust regenerative response in
the injured adult mammalian CNS. A recent
study demonstrated for the first time that mas-
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sive axon outgrowth across long distances can
be achieved in the completely transected adult
rat spinal cord after grafting E14 rat spinal cord
or fetal human spinal cord-derived stem cells
in combination with a growth factor cocktail
and a fibrinogen/thrombin matrix for better
graft survival.> As mentioned above, in this
study a relay mechanism has been proposed
to account for the observed improved hind-
limb motor function evaluated according to the
Basso, Beattie, and Bresnahan (BBB) open field
locomotor rating scale.

The Neuronal Relay
Concept

The classic structural repair mechanism in the
injured spinal cord requires that transected
long descending motor or ascending sensory
pathways regrow all the way across the lesion
site back into the adjacent host spinal cord and
beyond to reinnervate their previous target
neurons. Currently, very few studies can dem-
onstrate substantial regrowth of injured axons
into, and for long distances beyond, the injury
site. In some cases, few axons have been identi-
fied to reenter the intact spinal cord but only for
a very short distance. An alternative strategy—
neuronal “relay” formation—uses grafts capa-
ble of generating neurons within the injury site
to function as interneurons between the tran-
sected axons and target neurons. In this sce-
nario, transected axons do not need to regrow
for long distances, whereas graft-derived neu-
rons can be selected/manipulated to promote
long-distance axonal outgrowth. Such a relay
mechanism has been demonstrated in the con-
text of spontaneous structural rearrangement
along the corticospinal tract.” Task-specific
training is most likely required in order to
functionally integrate such relays into the cir-
cuit.b Proof of concept for a functional relay has
been shown in a C1 dorsal column transection
model, where host sensory axons formed syn-
apses with neurons from rat E14.5 neuronal pre-
cursor cell grafts.!? Grafted neuron-restricted
precursor cells differentiated and formed syn-
apses in nearby dorsal column nuclei in the
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caudal brainstem. Electrophysiological record-
ings confirmed the functional relevance of this
newly formed network. As mentioned, a revis-
ited NSC grafting approach—dissociated E14
rat spinal cord in combination with a variety of
growth factors—resulted in robust axonal out-
growth of graft-derived neurons, synapse for-
mation with host spinal cord (inter)neurons,
and termination of transected host axons along
grafted neurons.? Partial recovery of hindlimb
motor function was reported, which was abol-
ished after selective ablation of graft-derived
neurons, suggesting a relay mechanism under-
lying functional recovery. However, animals
were not specifically trained; therefore, it is
conceivable that the observed gain in hindlimb
motor function was a correlate of spasticity
rather than the recovery of voluntary motor
function. In addition, the loss of movement
after re-transection could be attributed to the
spinal shock, with transient loss of spasticity
rather than relay destruction with consecutive
loss of voluntary hindlimb function. In sum-
mary, the relay concept is confirmed as a prin-
ciple, but remains to be confirmed in a clinically
relevant SCI animal model.

A replication study performed by an in-
dependent laboratory was able to confirm
neuronal differentiation of grafted fetal spinal
cord-derived NSC and robust axon outgrowth
into the host tissue.!> However, functional
recovery was not observed. In the complete
transection model, fibrous rifts within the fetal
cell graft were detected, which may have
hampered rostrocaudal reconnection, explain-
ing the lack of functional recovery. Moreover,
in this replication study clusters of grafted cells
were found along the meninges remote from
the grafting site, raising the concern that grafted
cells bear the risk of uncontrolled migration
and even tumor formation.

Taken together, NSC grafts derived from a
defined developmental stage can regrow and
reconnect in the injured adult mammalian spi-
nal cord despite the vast expression of myelin
and extracellular matrix-associated inhibitory
molecules in a worst-case SCI model. These
relatively recent findings are highly promis-
ing. However, numerous questions have to be
addressed in future studies. Do the grafted cells
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indeed reconnect CNS regions located rostrally
and caudally to the lesion site? Even if there
is a structural reconnection, does this lead to
functionally relevant reconnections? Will NSC
transplantation, especially when using induced
pluripotent stem cell (iPSC) sources, be safe in
the long term?

Cellular Source for Neural
Stem Cell Transplantation

Stem cell sources such as bone marrow-
derived mesenchymal stem or stromal cells
have been widely investigated, but lack the
capacity to generate neural cells (neurons, glia)
and result in moderate therapeutic effects at
best.4 In principle, NSC can be harvested from
the adult CNS!15 to allow autologous trans-
plantation. However, adult NSC can only be
obtained from CNS biopsies, and they poorly
differentiate into neurons after grafting into
the injured spinal cord. The most promising
sources of NSC are the following:

1. Primary NSC are taken from the fetal spinal
cord at a defined developmental stage (e.g.,
E14 in rats, corresponding to 6 to 10 weeks
of gestation in humans); spinal cord frag-
ments are dissected from the fetal spinal
cord, and then dissociated, and primary cells
are immediately transplanted.

2. Fetal spinal cord-derived cell lines: frag-
ments of fetal spinal cord are dissociated,
immortalized, and propagated in culture
over many passages to yield nearly unlim-
ited quantities of NSC for transplantation.

3. NSC derived from undifferentiated embry-
onic cell masses or iPSC: undifferentiated
embryonic cells or adult somatic cells (e.g.,
skin fibroblasts) reprogrammed to be pluri-
potent will be propagated and differentiated
in vitro to become NSC.

Fetal Spinal Cord-Derived Primary
Neural Stem Cells

The major advantage of grafting dissociated
fetal spinal cord-derived primary NSC with-

out modification/propagation in vitro is that
cells of a defined, “naturally” determined devel-
opmental stage—not patterned and differenti-
ated through in vitro simulated steps—can be
transplanted. It has been shown in rats that
only NSC of a defined developmental stage
(E14) are capable of growing extensively in the
injured adult spinal cord.> Without in vitro
manipulation, the risk of uncontrolled cell pro-
liferation and tumor formation is much lower.
A major drawback is that fetal spinal cord-
derived cells have to be obtained from respec-
tive donors (abortions) and transported to
the transplantation site.!® Depending on the
varying condition of the source material, the
quality of the obtained NSC varies. Moreover,
for ethical reasons not every country allows
exploiting fetal or embryonic NSC sources. Allo-
genic fetal graft recipients require immuno-
suppressant treatment to avoid graft rejection.
Substantial experience in respect to this stem
cell source has been gathered in Parkinson’s
disease.'® Currently, a European Union-funded
consortium is investigating the feasibility and
efficacy of using fetal midbrain-derived cell
transplantation to replace dopaminergic neu-
rons in Parkinson disease patients (http://
www.transeuro.org.uk).

Fetal Brain or Spinal Cord-Derived
Cell Lines

Cell lines derived from fetal brain or spinal cord
are also obtained from abortions. However,
material from few abortions is sufficient to gen-
erate innumerous NSC in a central laboratory,
maintaining an identical high standard of qual-
ity. Of course, in vitro manipulation required
for propagation and differentiation of cells bears
the risk of uncontrolled cell growth. Moreover,
propagated cells have to be differentiated to
yield a certain NSC type at the appropriate
developmental stage. Ethical concerns and the
necessity of immunosuppressing the graft
recipient also apply to fetal NSC lines. Regen-
erative effects similar to primary fetal spinal
cord-derived NSC can be achieved.!” This
approach is currently investigated in a phase
I clinical trial (ClinicalTrials.gov identifier
NCT01772810), in which four chronic (between
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1 and 2 years after injury) thoracic sensorimo-
tor complete [American Spinal Injury Associa-
tion (ASIA) Impairment Scale (AIS) grade A] SCI
patients are to be enrolled.

Induced Pluripotent Stem Cell-
Derived Neural Stem Cells

The iPSC are obtained by reprogramming ter-
minally differentiated somatic cells via intro-
duction of four transcription factors (Oct3/4,
Sox2, c-Myc, and Klf4; or Oct3/4, Sox2, Nanog,
and Lin28) to a pluripotent, embryonic stem
cell (ESC)-like cell.’®-21 Like ESC, iPSC give rise
to progeny of all three germ layers.!® As men-
tioned above, the isolation of iPSC from the

Transplantation e
Into injured spinal cord

Neurons Glia

iy

Neural stem cells

patient’s somatic cells (e.g., skin-derived fibro-
blasts) enables autologous transplantation, thus
avoiding ethical concerns and immunosup-
pression medication2? (Fig. 10.2). However,
potential epigenetic alterations, inappropriate
reprogramming, and the possibility of chro-
mosomal aberrations represent hurdles that
have to be properly addressed.23-2> Each iPSC-
derived cell line needs to be assessed in respect
to potential tumor formation before such cells
can be considered for clinical applications.26
Major obstacles lie in the complex and time-
consuming cell-isolation, reprogramming, pat-
terning, and differentiation steps to yield the
desired NSC, which challenge the concept of
transplantation early after injury. For example,
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Fig. 10.2 Cell transplantation strategy using in-
duced pluripotent stem cells (iPSC). Somatic cells
are isolated from a spinal cord injury (SCI) patient
(e.g., through a skin biopsy). Using one of the indi-
cated delivery methods (gene or protein delivery),
the four transcription factors Sox2, Oct3/4, Klf4, and
c-Myc are introduced into the harvested somatic
cells to induce de-differentiation, that is, repro-
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Induced pluripotent stem cells

gramming into iPSC. The latter method bears the
potential to give origin to all cell types and tissues
of the body. Via incubation with specific factors,
iPSC differentiate into neural stem cells (NSC), from
which neurons and glial cells can be generated.
Ultimately, patient-derived NSC or their differenti-
ated progeny can be transplanted to promote spinal
cord regeneration.
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protocols for the generation of human glial cells
can take up to 6 months.?’ Along this line, repro-
grammed iPSC have to undergo a whole range
of tests (pluripotency markers, karyotyping,
germ layer differentiation, teratoma formation)
to prove their suitability for transplantation.
The resulting NSC have to be tested for bio-
safety prior to transplantation. It is currently
not possible to fully confirm that the generated
cell population is as authentic as the corre-
sponding host cell population (e.g., fetal spinal
cord-derived primary NSC; see above). As these
concerns arose early in the reprogramming
research field, several alternative techniques for
the generation of iPSC were designed and estab-
lished, which ensure only transient expression
and fast depletion of the reprogramming fac-
tors.2028-30 The de-differentiation step might
be bypassed by direct trans-differentiation of
adult somatic cells into appropriate neural
phenotypes.31-34 Whether this route can be
exploited to obtain sufficient quantities of
appropriately differentiated and phenotypi-
cally stable NSC still has to be investigated.

Thus far, several preclinical studies have
investigated the behavior of iPSC-derived NSC
following transplantation into the rodent spi-
nal cord. Mouse iPSC-derived neurospheres,
which have been determined to be nontumor-
igenic in vitro, have been transplanted into a
mouse contusion injury model. Good survival
without tumor formation and differentiation
into all three neural lineages was observed.
The cells differentiated into mature oligoden-
drocytes, potentially contributing to remyelin-
ation. Furthermore, partial functional recovery
was reported, which was likely mediated by
regrowth of serotonergic axons.26

Human iPSC-derived NSC, grafted 7 to 9
days postinjury into the contused spinal cord
of immunodeficient nonobese diabetic (NOD)/
severe combined immunodeficiency disease
(SCID) mice, showed moderate survival, inte-
grated into the host tissue and differentiated
into the three major neural lineages (neurons,
astrocytes, and oligodendrocytes) without signs
of tumor formation. The majority of these
cells differentiated into neurons (50-75%), and
fewer into glia.>35 Another study reported that
only 23% of the grafted cells differentiated into

mature neurons, which predominantly displayed
a y-aminobutyric acid (GABA)ergic phenotype.
Grafted cells formed synaptic connections with
host neurons, suggesting a potential relay func-
tion. Functional recovery was observed with-
out a clear underlying structural mechanism.>3>

As a continuation of the previous work
with fetal spinal cord-derived cells, NSC were
obtained from human skin-derived iPSC and
grafted again in the completely transected
rat spinal cord in combination with a variety
of growth factors and a fibrinogen/thrombin
matrix.34 Respective cell grafts filled the lesion
site just like fetal spinal cord-derived NSC, dif-
ferentiated into neurons, and massively grew
into the rostral and caudal spinal cord forming
synapses with host neurons. However, func-
tional improvement was not observed.

To summarize, primary fetal spinal cord-
derived NSC raise ethical concerns and have
issues related to accessibility, but have fewer
safety-related issues and can be harvested at
the appropriate differentiation state. There-
fore, the development toward clinical transla-
tion most likely will be less time-consuming
in comparison to the development of human
iPSC. The problems related to accessibility could
be solved with cell lines propagated from fetal
spinal cord. However, safety aspects (tumor
formation) and requirements for directed cell
differentiation need to be considered in grafts
propagated both from fetal sources and from
embryonic or iPSC-derived NSC.

Neural Stem Cell-Based
Clinical Trials

Within the last 10 to 15 years, several stem
cell-based therapeutic strategies were investi-
gated in clinical trials in traumatic SCI patients
(reviewed in Keirstead et al3®). Respective trials
were phase I single arm and open label studies,
with relatively small numbers of patients treated
in each study. Here we describe only the two
most prominent studies in this context.

The first United States-based study, which
was initiated in 2010, investigated embryonic
cell-derived oligodendroglial progenitor cell
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transplantation in acutely injured paraplegic
patients within 14 days after SCI. The clinical
study was based on a relatively wide body of
preclinical evidence suggesting that respective
NSC remyelinate still-intact long-distance axon
pathways and thus promote functional recov-
ery.3”7 Unfortunately, the study was terminated
prematurely by the sponsoring company due
to financial constraints after inclusion of a
total of five patients. Preliminary results indi-
cated that the treatment did not yield relevant
adverse events related to the transplanted cells
(http://asteriasbiotherapeutics.com/wp-con
tent/uploads/2014/05/Lebkowski-ASGCT-5-22
-14.pdf). Overall, the transplantation approach
was determined to be safe. Currently, a subse-
quent clinical trial investigates the safety and
efficacy of this transplantation approach in
acutely injured (between 14 and 30 days post-
injury) sensorimotor complete (AIS grade A)
tetraplegic patients (ClinicalTrials.gov identifier
NCT02302157).

Fetal brain tissue was the source for an
NSC line, which was used for transplantation
in another clinical study. Preclinical evidence
indicated that respective cells promoted func-
tional improvement in SCI rats, predominantly
through remyelination of spared axons.3® In
the clinical trial, which was performed in SCI
centers in Switzerland and Canada, 12 patients
with subacute/chronic sensorimotor complete
(AIS grade A) and motor complete (AIS grade B)
thoracic SCI were included. Overall, no adverse
events related to the cell transplantation were
reported. Adverse events were mostly related
to the surgical procedure or considered typi-
cal sequels of SCI-related complications. In a
subset of patients, in particular AIS grade B
patients, changes in sensory scores as assessed
according to the International Standards for
Neurological Classification of Spinal Cord Injury
(ISNCSCI) and electrophysiological exam were
reported (Armin Curt, personal communica-
tion). Based on this study a single-blinded,
randomized, parallel arm, phase II proof-of-
concept study investigating the safety and effi-
cacy in patients with cervical SCI (AIS grades A
through C) was recently initiated in several
North American clinical sites (ClinicalTrials.gov
identifier NCT02163876).
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Conclusion

Thus far, intense research efforts have yet to
generate an effective cell-based regenerative
therapy in acute and chronic SCI. Clinical trials
provide evidence that NSC transplantation into
the injured human spinal cord is safe and fea-
sible. Moreover, preclinical evidence indicates
that robust axon outgrowth can be achieved by
fetal spinal cord-derived NSC grafts of a de-
fined developmental stage even in the severely
injured spinal cord. Human iPSC represent a
highly promising source for NSC, which can be
obtained from the individual patients without
ethical concerns. However, the process of iPSC
isolation and appropriate differentiation as
well as control of relevant safety aspects will
take years, until translation into a feasible and
clinically meaningful therapy can be envi-
sioned. The substantial financial investments
required to develop such cell-based therapies
toward a clinical application with a rather
uncertain return of investment do not make
cell-based therapies an attractive target for
respective companies. Public and private fund-
ing agencies have to specifically support such
endeavors to make substantial and timely prog-
ress toward clinical translation.

Chapter Summary

Neural stem cell-based therapeutic strategies
represent the most promising concept to pro-
mote spinal cord repair, especially in the most
severe cases of sensorimotor complete SCIL
Without appropriate bridging of a degenerated
cystic lesion defect, reconnection of supra- and
infralesional regions of the brain and spinal
cord will not occur. Respective cell transplants
have been shown to promote axon regenera-
tion, remyelination, and potentially reconnec-
tion through grafted neuronal cells acting as a
relay. Space limitations precluded a compre-
hensive discussion of all preclinical and clinical
evidence available for the use of neural stem
cell transplantation, so this discussion focused
on the most promising strategies to repair the
injured spinal cord. The most relevant sources
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Chapter 10

for neural stem cell grafting, especially induced
pluripotent stem cells, were discussed.

¢ Stem cell grafting can promote substantial struc-
tural repair in animal models of SCI.

¢ Clinical trials have demonstrated the feasibility
of stem cell transplantation in human SCI
patients.

¢ The patient’s own cells can be reprogrammed to
replace neural tissue lost after SCI.

¢ Substantial research efforts need to be under-
taken before stem cell transplantation can be
translated into an effective and clinically relevant
therapy.

¢ Fetal spinal cord-derived stem cell grafting can
be easily translated into a regenerative therapy,
but ethical issues and the requirement for immu-
nosuppression represent relevant obstacles.

¢ Induced pluripotent stem cells are not associated
with ethical concerns, but require extensive re-
search and development for clinical translation.
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Strategies to Overcome the
Inhibitory Environment of the

Spinal Cord

Elizabeth ]. Bradbury and Emily R. Burnside

Introduction: The Tissue
Environment of the Injured
Spinal Cord is Inhibitory to
Repair

The developing and immature mammalian
central nervous system (CNS) is capable of
significant repair and remodeling after injury.
However, this ability is lost in adulthood.
Despite some initial attempts by injured adult
CNS axons to mount a regenerative response,
axonal sprouting is abortive, long-distance
regeneration does not occur, new connections
are not made, and function is lost. An injury
to the spinal cord is a particularly powerful
example of the debilitating effects of CNS
injury, where disruption of long ascending and
descending sensory and motor spinal projec-
tions can lead to devastating and permanent
loss of sensory, motor and autonomic function
(Fig. 11.1). The poor capacity for repair follow-
ing CNS injury is in contrast to the adult mam-
malian peripheral nervous system (PNS), where
significant regeneration and functional repair
can occur. This raises two questions: What is
the difference between the pro-reparative PNS
and the unsuccessful CNS? Can we use what
we understand about this difference to develop
therapeutic concepts to promote repair?
These questions are historic in their origin.
In the early 20th century a student of Santiago

Ramén y Cajal performed a cerebral cortex
lesion on a rabbit, into which he transplanted
a strip of peripheral nerve. Ramén y Cajal
described the peripheral nerve transplant to
have become occupied by “thick bundles of
fibres ... in continuity with the axons of the
white and gray matter,” detailing the conflu-
ence of “newly formed fibres from various
points of the cortex, as though they were
attracted by an irresistible force.”! Because
these CNS fibers were shown otherwise to
have little intrinsic growth potential, the phe-
nomenon inspired the hypothesis that the
disparity between PNS and CNS reparative
ability could depend on extrinsic environmen-
tal factors. Seminal experiments from the lab-
oratories of Aguayo and Richardson explored
this concept further, where CNS axons were
observed to grow into autologous peripheral
(sciatic) nerve graft “bridges” between end-
stumps of transected spinal cord,? and to pos-
sess the ability to elongate long-range through
subcutaneously placed grafts between the
medulla and spinal cord. Importantly, this un-
locked growth-potential was lost when CNS
axons were faced with exit from the graft and
reentry into the host CNS tissue. Interestingly,
if the opposite experiment is performed, in
which the sciatic nerve is lesioned and an optic
nerve graft inserted, the CNS tissue does not act
as a bridge, and regenerating sciatic nerve fibers
fail to elongate within the CNS environment.
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Spared demyelinated axon
Thinly remyelinated axon

Sprouting

Spared myelinated axon

Cystic cavity

Reactive astrocytes
(glial scar)

Fig. 11.1 A schematic of the injured spinal cord and
its pathological hallmarks. Primary axonal and
vascular damage, cell death, increased blood-brain
barrier permeability, and the action of proinflam-
matory cytokines and chemokines lead to glial
activation. Reactive astrocytes surround the lesion
border and act to seal the blood-brain barrier and
spatially isolate spared from damaged tissue. This
culminates in glial scar formation around a flu-
id-filled cystic cavity. Spared axons in the injury
penumbra become demyelinated. Injured axons that

- printed on 2/11/2023 3:05 AMvia .

survive and attempt to regenerate are only thinly
myelinated. Retraction bulbs are a feature of failed
regenerative responses of axons. Some axons may
undergo spontaneous sprouting. However, potent
inhibitors present within the spine-injured tissue
environment restrict regrowth and repair. Inset:
Two important examples of growth inhibitors are
those associated with myelin (e.g., Nogo-A) and
those associated with glial scar extracellular matrix
(e.g., chondroitin sulfate proteoglycans [CSPGs]).
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Chapter 11

Initially, the studies that followed focused on
determining what is so permissive about the
environment of the PNS. What does the CNS
lack that the PNS has? The phenomenon, not
dissimilar to that of attractive target-derived
growth factors in the developing nervous sys-
tem, provoked hypotheses centered around
specific PNS-derived trophic factors; perhaps
the PNS, unlike the CNS, harbored the required
growth factors to support repair. However,
attempts to mimic the PNS milieu, including
exogenous application of growth factors, failed
to promote significant ingrowth of sensory
fibers into CNS tissue. Indeed, it was the alter-
native question, What is so nonpermissive
about the environment of the CNS? that led to
the identification of several inhibitory mole-
cules present in the CNS that actively and
potently inhibit neurite outgrowth. These inhib-
itory molecules have become a major focus of
repair strategies, opening a new field of pro-
moting repair by targeting, inhibiting, or neu-
tralizing molecules present in the injured CNS
that restrict the potential for growth and neu-
roplasticity. So, what does the CNS environ-
ment have that the PNS environment does not?
Here we focus on two major classes of identi-
fied growth inhibitors (depicted in Fig. 11.1):
those associated with CNS myelin and those
associated with the extracellular matrix.

Myelin-Associated
Inhibitory Molecules

Present in the PNS are myelinating Schwann
cells, which are rich in basement membrane,
constituents of which are known to be appro-
priately adhesive and to provide supportive
substratum to neurons (such as collagen type
IV, fibronectin, and most markedly laminin).
Conversely, early in vitro experiments indi-
cated that the myelin from CNS oligodendro-
cytes contained inhibitory molecules. Plating
neurons onto frozen CNS sections revealed max-
imally myelinated regions to be the poorest
substrates for adhesion, survival, and growth;
furthermore, white matter extracts from spi-
nal cord, but not sciatic nerve, were inhibitory

to neurite extension. Two membrane protein
fractions of 35 and 250 kd purified from spinal
cord myelin extracts led to the isolation of
what was later identified as Nogo-A, a member
of the Reticulon family of proteins (Rtn-4).34
The Nogo/Rtn4 gene encodes three isoforms
(Nogo-A, -B, -C) of which Nogo-A is the largest
and the most widely studied, with a wealth of
evidence indicating that Nogo-A is a potent
growth inhibitor in the injured CNS. Moreover,
it has dual inhibitory action on neurons, caus-
ing local arrest and collapse of growth cones
in addition to retrograde downregulation of
neuronal growth programs.’

In addition to Nogo-A, myelin-associated gly-
coprotein (MAG), a single-transmembrane pro-
tein expressed both by Schwann cells in the
PNS and oligodendrocytes in the CNS, has also
been identified as an inhibitor of adult neu-
rons in vitro. Similarly, another protein fraction
from CNS myelin, oligodendrocyte myelin gly-
coprotein (OMgp), inhibits neurite outgrowth
in vitro. Nogo-A, MAG, and OMgp all signal via
multi-subunit receptor complexes and down-
stream activation of the canonical RhoA/Rho
kinase (ROCK) signaling pathway, which results
in destabilization of the actin cytoskeleton and
growth cone collapse. However, in vivo evidence
for the presence of MAG and OMgp, accounting
for the inhibitory properties of the extracel-
lular environment, is lacking. Single, double,
or triple knockout mouse studies for Nogo-A,
MAG, and OMgp reveal that MAG and OMgp
apparently do not limit axonal growth indi-
vidually, but their deletion may augment the
effect of Nogo-A deletion. Other myelin-associ-
ated inhibitory molecules include semaphorins,
repulsive guidance molecules, and netrins,
which, in addition to their axon guidance
function in development, are likely to be of
some importance in “tuning” plasticity in some
regions or specific connections. However, they
are not discussed further in this chapter
because their overall contribution to inhibition
in vivo after injury, relative to other inhibitory
components of the environment, is less clear.
Fig. 11.2 depicts the major myelin-associated
growth inhibitors and their receptors and sig-
naling pathways. Strategies to intervene at the
various protein, receptor, and downstream sig-
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naling levels (also depicted in the figure) are
discussed later in this chapter.

Extracellular Matrix-
Associated Inhibitory
Molecules

The extracellular matrix (ECM) provides both
a structural framework and an active signaling
environment to CNS tissue, the latter occurring
both directly via receptor or co-receptor medi-
ated signaling and indirectly via the temporal
and spatial localization of other molecules.
Moreover, the ECM in the CNS is specialized. It
is uniquely rich in glycoproteins and proteogly-
cans, which may be arranged diffusely in inter-
stitial space or in clustered assemblies around
the cell soma of particular neuronal subtypes
(perineuronal nets) and also surrounding some
synaptic boutons and nodes of Ranvier in the
spinal cord. The composition of the adult ECM,
including the formation of perineuronal nets,
is thought to confer stability following nervous
system development-to-purpose, containing
molecules that restrict plasticity such as chon-
droitin sulfate proteoglycans (CSPGs).5 With
regard to an inhibitory CNS environment, the
CSPG subtypes most studied include lecticans
(aggrecan, versican, neurocan and brevican), the
transmembrane protein neural/glial antigen 2
(NG2), phosphacan (transmembrane or solu-
ble), and the small leucine-rich proteoglycans
decorin and biglycan. Lecticans are the most
abundant and also feature globular domains,
the G1 N-terminal domain and G3 C-terminal
domains being particularly important in their
interaction via link-protein with hyaluronan
(the backbone glycoprotein of the CNS matrix)
and also tenascin; thus, they are involved in
matrix cross-linking and perineuronal net sta-
bilization. All CSPGs are composed of a core
protein with at least one covalently attached
chondroitin sulfate glycosaminoglycan (CS-GAG)
sugar chain.b The structure and composition of
CSPGs and CS-GAGs are depicted in Fig. 11.2.
The CSPGs are upregulated in the extrinsic
environment following spinal cord injury (SCI).
Injury-induced primary axonal and vascular
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damage initiates cascading secondary pathol-
ogy. Increased blood-brain barrier permeability
and the action of proinflammatory cytokines
and chemokines leads to glial activation. Most
markedly this includes reactive astrocytes,
which proliferate and surround the lesion
border and change morphology, acting to seal
the blood-brain barrier and spatially isolate
healthy from damaged tissue (Fig. 11.1). Both
glia and fibroblast-type cells contribute to the
formation of a scar. Though initially protective
against secondary damage, substantial and per-
sistent scar-derived matrix is thought to restrict
neuroplasticity and repair, largely due to being
enriched in CSPGs. Early evidence from in vitro
experiments with scar explants and astrocyte
cell lines demonstrated that astrocyte-derived
CSPGs were neuronal inhibitors, in which neu-
rons were unable to grow on CSPG-rich sub-
strates,” an effect mirrored in vivo in situations
where CSPG-rich borders were associated with
abortive regenerative attempts in the injured
spinal cord.? Although some core CSPG proteins
have been shown to possess inhibitory proper-
ties, it is the sulfated CS-GAG chain component
that is thought to mediate the largest propor-
tion of inhibition. Because early studies demon-
strated that enzymatic removal of CS-GAG using
the enzyme chondroitinase ABC (ChABC) in
vitro could reverse neurite growth arrest,” this
has become a major strategy to modify the
ECM in experimental SCI studies (discussed
below). Furthermore, there is increasing exper-
imental evidence in favor of specific GAG sulfa-
tion motifs playing a crucial role in imparting
this inhibition, whereby use of pure synthetic
GAG structures provides a strong indication
that CChondroitin-sulfate E (CS-E) in particular
conveys inhibition following CNS injury.® Sev-
eral membrane-bound receptors for CSPGs are
now reported to impart neuronal inhibition,
all of which are either shared, or share con-
verging downstream signaling pathways, with
myelin-associated inhibitors; they are shown in
Fig. 11.2, along with various experimental strat-
egies to block matrix-associated inhibitors.
This chapter discusses experimental ap-
proaches that have attempted to overcome
inhibitory factors present in the injured adult
mammalian CNS as a strategy to promote
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Fig. 11.2 (opposite) Identified growth inhibitors
associated with central nervous system (CNS) myelin
and glial scar extracellular matrix associated in the
injured spinal cord environment. The schematic
depicts both the interaction of environmental
inhibitors with their respective effectors, and four
categories of experimental strategies designed to
overcome this interaction: strategies that block
binding of inhibitors to their functional receptor,
strategies that prevent downstream signaling,
strategies that remove inhibitors from the environ-
ment, and strategies that prevent their biosynthesis
(depicted in yellow, blue, orange, and green, respec-
tively). For simplicity only the most relevant
interactions are depicted schematically, but others
are cited in this legend. Myelin-associated inhibitors:
two Nogo domains are implicated in imparting
inhibition: Nogo-66 and Nogo-A-A20. Nogo-66 is a
66-amino-acid residue extracellular loop between
two transmembrane portions of the protein, a
component of the Reticulon (Rtn) homology
domain, which is present in the C-terminus of all
Nogo isoforms. Receptors include Nogo Receptor 1
(NgRT1), forming a transmembrane complex with

a leucine rich repeat and immunoglobin-like
domain-containing protein (LINGO) or one member
of the tumor necrosis factor receptor superfamily
(TROY), and it can also signal via the paired
immunoglobulin-like receptor B (PirB) in some cell
types.Nogo-A-A20 inhibition occurs via its func-
tional receptor sphingosine 1-phosphate receptor 2
(STPR2) and modulatory co-receptor four-
transmembrane-spanning protein tetraspanin-3

(TSPAN3), which is additionally thought to mediate
retrograde downregulation of nuclear growth
programs. Its activity is also partially mediated by
integrin inhibition. Signaling of both functional
receptors converges on the canonical RhoA/Rho
kinase (ROCK) signaling pathway, resulting in
destabilization of the actin cytoskeleton. Oligoden-
drocyte myelin glycoprotein (OMgp) also binds
NgR1, and there are multiple functional receptors
for myelin-associated glycoprotein (MAG): NgR1,
NgR2, and PirB, and also gangliosides GD1a and
GT1b, B1-integrin, and pancreatic lipase-related
protein 1 (LIPRT) (not shown). Extracellular matrix-
associated inhibitors (CSPGs): membrane-bound
receptors reported to impart CSPG-mediated
neuronal inhibition include receptor protein tyrosine
phosphatase-o (RPTPa), leukocyte common antigen-
related phosphatase (LAR), and NgR1 and NgR3.
Signaling pathways implicated again include the
Rho/ROCK pathway, activation of which is also
partly via protein kinase C (PKC) and epidermal
growth factor receptor (EGFR) and coupled to Akt/
Glycogen synthase kinase 3 (GSK-3) activation (not
depicted). Like Nogo, CSPGs are also thought to
inactivate neural integrins. Chondroitin sulfate
glycosaminoglycans (CS-GAGs) are repeating
disaccharide units attached to the core protein via
a tetrasaccharide link to form a long linear polysac-
charide chain. Sulfation motifs are additionally
thought to confer particular interactive properties.
DPY-DCA, 2,2'dipyridine-5,5'-dicarboxylic acid;
NG2, neural/glial antigen 2.

repair and restore function after SCI. Most of
these approaches target either myelin-associated
or ECM-associated inhibitors. Here we consider
these strategies in terms of the therapeutic
approach. We discuss the following: (1) ap-
proaches that have attempted to mask or block
functional receptor binding of inhibitory
molecules (e.g., with the use of neutralizing
antibodies); (2) strategies to prevent their
downstream signaling (e.g., by inhibiting effec-
tor molecules); (3) approaches to remove CNS
inhibitors altogether from the environment (e.g.,
with enzymatic degradation); and (4) strategies
to prevent the initial accumulation of these
inhibitors by blocking them at the stage of syn-
thesis (e.g., by inhibiting biosynthetic enzymes).
These strategies are summarized in Fig. 11.2,
with the four approaches depicted in yellow,
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blue, orange, and green, respectively. Finally,
we touch on the importance of consolidating
these approaches, whereby regeneration or
neuroplasticity-promoting treatments can be
combined with targeted rehabilitation to direct
and consolidate appropriate connections and
promote useful recovery of function.

Masking or Blocking
Inhibitory Molecules

Antibodies to Mask Inhibitory
Factors

Blocking interactive or functional domains of
known inhibitory molecules with antibodies is
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one experimental strategy to overcome their
presence in the extracellular environment
(highlighted in yellow in Fig. 11.2). Neutraliz-
ing Nogo-A represents a leading translational
endeavor in blocking myelin-associated inhibi-
tion following SCI.> In studies dating back to
the 1990s, application of IN-1, an immuno-
globulin M (IgM) recognizing the Nogo-A spe-
cific domain (Nogo-A-A20), increased neural
regeneration in the injured adult rat spinal cord,
leading to functional sensorimotor improve-
ment. Similar effects were observed with two
immunoglobulin G (IgG) antibodies also raised
against Nogo-A-A20, and these were also found
to internalize bound Nogo-A, acting to down-
regulate endogenous levels of the inhibitory
protein.? Numerous studies have since demon-
strated functional regeneration and rewiring of
spinal and supraspinal systems following exper-
imental SCI and intrathecally delivered anti-
Nogo in both rodent and nonhuman primates.>
Moving toward clinical trial, a humanized
version of anti-Nogo (ATI355) was synthe-
sized in collaboration with Novartis. In adult
macaque monkeys, intrathecal administration
of ATI355 mediated regeneration of corticospi-
nal axons and recovery of precision grip follow-
ing cervical spinal injury.!® A phase I/Il open
label, no controls, study of ATI355 involved 52
acutely injured American Spinal Injury Associ-
ation (ASIA) grade A paraplegic and tetraplegic
patients, with treatment starting 5 to 21 days
following injury. Initially, anti-Nogo was deliv-
ered via intrathecal pump; however, to avoid
potential risks related to invasive catheter place-
ment, subsequent dosing used six repeated
intrathecal injections over 30 days, based on
pharmacokinetic data obtained during initial
stages of the trial. Exposure and dose escala-
tion data demonstrated the safety of ATI355,
with no reported side effects.>!! A phase II trial
is now in preparation, sponsored by the Hori-
zon 2020 EU Program. It is expected to recruit
patients beginning in 2016, using an unbiased
recursive partitioning strategy to stratify 158
patients in a manner that overcomes the prob-
lems heterogeneous injury populations impose
on statistically powerful trial design. Alongside
clinical monitoring and pharmacovigilance,
the trial is expected to provide additional valu-

able data collection that, for example, could
inform biomarker studies. It is hoped that this
sophisticated design could serve as a template
for future translation of other promising thera-
peutic strategies.

Antibodies have also been used to target
inhibitory CSPGs. A function-blocking anti-
body to NG2, for example, had moderate effects
on neural sprouting in several studies but more
robust benefits in improving axonal conduction
and function following intraspinal injection
after hemisection injury.!? Furthermore, in an
advancement in understanding the role of par-
ticular CS-GAG sulfation patterns, antibodies
have also been generated to specific CS-GAG
sulfation motifs, where an anti-CS-E was shown
to reverse CSPG inhibition in vitro and pro-
mote regeneration in vivo following optic nerve
crush.® If CS-E does indeed represent the major
inhibitory determinant of CSPGs, this refined
strategy to target CSPGs may benefit approaches
to overcome inhibition of plasticity. More
research is needed as to whether this would
outweigh the multiple beneficial effects that
have been observed with a more global method
of removing all forms of sulfated GAGs with
the enzyme ChABC (discussed in more detail
below), but one can envisage temporal and
spatial considerations that could render both
strategies complementary in overcoming the
negative aspects of CSPGs following injury.

Manipulating Functional Receptors
of Inhibitory Factors

In addition to antibody-mediated approaches to
target the inhibitory ligand, preventing action
of the ligand by antagonizing its binding to its
functional receptor represents another method
of blocking environmental inhibition (high-
lighted in yellow in Fig. 11.2). For example, a
Nogo-66 receptor antagonist NEP1-40 was de-
veloped as a strategy to block inhibitory myelin
receptor binding to this functional receptor and
showed some promise in experimental ani-
mals with spinal hemisection injuries, although
these effects were not always fully replicated.
A more recent approach to block Nogo Recep-
tor 1 (NgR1) has shown impressive effects in
preclinical studies. A soluble NgR1 decoy pro-
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tein consisting of the ectodomain of NgR1 fused
to an IgG incapable of signal transduction
(NgR1(310)-Fc, Axerion Therapeutics, Branford,
CT) has shown efficacy in clinically relevant
rodent contusion injuries, with both acute and
chronic administration resulting in functional
improvements.!> Moreover, pharmacokinetic
studies in rats and nonhuman primates suggest
bolus lumbar infusion via lumbar puncture to be
as effective as constant infusion via indwelling
catheter, and a clinical trial using NgR1(310)-Fc
is being planned for the near future.

This approach complements the antibody
strategy to target Nogo-A, as although both
Nogo-66 and Nogo-A-A20 are thought to con-
verge on the same signaling and cytoskeletal
effectors, they have non-overlapping receptor
binding profiles. Anti-Nogo targets Nogo-
A-A20, whereas NgR1(310)-Fc prevents action
of Nogo-66. Furthermore, NgR1(310)-Fc also
binds OMgp and MAG. Of relevance, although
CSPGs bind to NgR1, CSPG inhibition is not
overcome alone by NgR1 knockout, as it acts
via multiple receptors, but this approach may
also have some effect on CSPG signaling.

Preventing Downstream
Signaling of Inhibitory
Factors

Preventing communication between the func-
tional receptor of an inhibitory ligand and its
downstream effectors represents another strat-
egy to manipulate extrinsic environmental
inhibitors (highlighted in blue in Fig. 11.2). Tar-
geted modulation of CSPG receptor signaling
has proved successful via manipulation of the
receptor protein tyrosine phosphatase-c (PTPc).
The activity of the intracellular phosphatase
domains of PTPc are regulated via a conserved
“wedge” structure that can occlude the cata-
lytic domain, thus reducing phosphorylatory
activity and ability to signal downstream. Use
of a membrane-permeable peptide mimetic of
this wedge reduces PTPc signaling following
activation by ligands such as CSPGs, and sys-
temic delivery of this peptide has been shown
to promote functional recovery of locomotor
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and urinary systems in rats with spinal con-
tusion injuries'* and represents a promising
therapeutic approach.

Effectors of CSPG inhibition are also thought
to be influenced by epidermal growth factor
(EGF) signaling pathways, and there is evidence
that inhibiting downstream mitogen-activated
protein kinase (MAPK) or blocking the kinase
activity of the EGF receptor (EGFR) can signifi-
cantly reduce CSPG-mediated inhibition. Com-
petitive or nonreversible inhibition of EGFR
signaling with well-characterized small mole-
cule inhibitors was shown to promote repair
in an optic nerve crush model and to improve
sensorimotor and bladder functions following
weight-drop contusion injury.!’> Although this
effect has not yet been replicated, the approach
of repurposing drugs already in clinical use for
other indications, to target signaling pathways
known to inhibit growth and repair, represents
an important route to discovering new thera-
peutics for SCI.

The convergence of known extrinsic inhib-
itor signaling on the Rho/ROCK pathway is
attractive to therapeutic manipulation. In addi-
tion to roles in other cell types, the pathway is
canonical to neural inhibition. The Rho family
of guanosine triphosphatases (GTPases) regu-
lates cytoskeletal dynamics downstream of
almost every axon guidance signaling pathway
and known extrinsic inhibitory molecule fol-
lowing injury. Regulated by guanine nucleotide-
exchange factors (GEFs) and GTPase activating
proteins (GAPs), the pathway enables spatial
control of actin dynamics and coordination of
microtubule cross-linking, physical processes
underlying neural attraction or inhibition. Inhi-
bition of the Rho/ROCK pathway has resulted
in promising in vivo effects in two well-studied
experimental paradigms: injections of C3 trans-
ferase to inactivate Rho, and small catalytic
site inhibitors of ROCK (depicted in blue in
Fig. 11.2).

C3 transferase is an enzyme from Clostrid-
ium botulinum that catalyses adenosine diphos-
phate (ADP)-ribosylation of Rho, a modification
that maintains it in an inactive state. Following
robust in vitro effects on neurite outgrowth
and optic nerve regeneration models with this
enzyme, a membrane-permeable recombinant
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protein form of this rho inhibitor, Cethrin (BA-
210), was synthesized, which permeates the
entire rodent spinal cord. This had promising
effects on functional locomotor recovery fol-
lowing experimental thoracic contusion and
partial transection of the spinal cord.!6 Follow-
ing this positive preclinical data, Cethrin has
been utilized in an open label phase I/Ila multi-
center trial in 48 thoracic and cervical spine
injured ASIA patients, in which a single dose of
Cethrin was topically applied in fibrin sealant
extradurally during acute surgical intervention
following injury. Cethrin was found to be safe,
and clinical trials are ongoing toward assess-
ment of efficacy with placebo control. Published
comparative assessments to historical natural
expected recovery data (retrospective longi-
tudinal information derived from the Sygen
Multicenter Acute Spinal Cord Injury Study
and the European Multicenter Study of Spinal
Cord Injury [EMSCI]) suggest some trends to
improvement,!” and a phase II/IIl randomized
controlled trial of Cethrin in patients with
severe cervical SCI has recently been initiated,
sponsored by Vertex Pharmaceuticals (Boston,
MA). ROCK is a serine threonine kinase down-
stream effector of RhoA. Following promising
in vitro and optic nerve regeneration data,
inhibition of ROCK has been achieved in SCI
studies by intrathecal delivery of the inhibitor
Y-27632, which promoted corticospinal tract
regeneration and accelerated early stages of
recovery.!® Fasudil, another potent ROCK
inhibitor (and vasodilator), and KDO025, a
ROCKII subtype-specific inhibitor, have also
been utilized with positive experimental find-
ings, although the number of reported studies
remains low. A meta-analysis of all preclinical
Rho/ROCK manipulation strategies concludes
that publication bias is significant in this area
of experimental study, but that after account-
ing for this bias, a 15% effect size in functional
improvement would still be expected.!® There-
fore, although small trends to improvement in
the Cethrin phase I/Ila trial in only 48 patients
must be interpreted with caution, and this
presents a challenge to ongoing trials to achieve
statistical power, a 15% improvement in out-
come would be of significant clinical relevance.

Removing Inhibitory
Molecules

On a surgical scale, resection of scar tissue rep-
resents a gross-level approach to eliminate inhib-
itory tissue. Scar resection has been utilized
occasionally in chronic preclinical and clinical
research interventions, usually prior to bridging
or transplantation surgery. However, there are
obvious technical challenges in removing tis-
sue without risking the loss of the remaining
function. Instead, most experimental strategies
are chemically focused for proteolysis of defined
targets (strategies to remove inhibitory mole-
cules are highlighted in orange in Fig. 11.2).

Strategies to Break Down Scar
Tissue

Early proteolytic strategies to break down scar
tissue included trypsin, hyaluronidase, and elas-
tase administration following experimental
spinal transection, but such harsh approaches
can also degrade vascular membranes and
cause hemorrhage. Endogenous extracellular
proteases are present in the CNS. These remod-
eling enzymes include matrix metalloprotein-
ases (MMPs) and the ADAM (a disintegrin and
metalloprotease)/ADAMTS (a disintegrin and
metalloprotease with thrombospondin motifs)
families, which collectively have the potential
to degrade most protein components within
the ECM, including inhibitory molecules and
receptors for inhibitory cues. They are involved
in injury and in both beneficial and detrimen-
tal repair mechanisms. Studies have attempted
to harness some enzymes in this tightly regu-
lated network. In particular, intrathecal delivery
of ADAMTS-4 was shown to attenuate CSPG
inhibition and promote functional recovery
in adult rats with spinal contusions.?? Given
that ADAMTS-4 is an endogenous mammalian
enzyme, this strategy represents a promising
avenue for further investigation.

Chondroitinase ABC

The most common strategy to remove inhibi-
tory molecules from the CNS environment is
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use of the bacterial enzyme chondroitinase
ABC (ChABC). ChABC represents one of the
most promising preclinical treatments for SCI,
having shown robust and replicable beneficial
effects across multiple laboratories, in differ-
ent species and CNS injury models.2! Following
in vitro evidence that ChABC treatment ren-
dered inhibitory substrates growth-permissive’
and in vivo confirmation that ChABC was able
to degrade CNS injury-derived CSPGs and pro-
mote axonal regeneration in the brain,?? it was
shown for the first time in 2002 that ChABC
treatment could result in functional improve-
ments following SCI in adult rats.23 Studies that
followed have replicated the beneficial effects
of ChABC, as well as elucidated the mecha-
nisms behind functional improvements and
also considered dose, timing, and method of
delivery.

With the exception of approaches that are
currently in clinical trials, or in preparation for
clinical trial, ChABC has generated the most
significant preclinical body of evidence of effi-
cacy of any potential therapeutic that aims to
overcome the inhibitory environment of the
spinal cord following injury. Alongside increas-
ing plasticity and functional repair following
brain and peripheral nerve injury, ChABC has
conferred benefit in a range of experimental
SCI models. Numerous beneficial effects of
ChABC treatment have been reported in par-
tial injury studies, including regeneration,
neuroplasticity, neuroprotection, and immune
modulation.?* Such immunomodulatory and
neuroprotective effects culminate in the gen-
eration of a less inhibitory environment as well
increasing the number of cells that are viable
and thus amenable to harnessing this less inhib-
itory environment. Ensuing studies have also
established significant functional benefit in
clinically relevant contusive-type injury mod-
els,2>26 3 promising step toward clinical trans-
lation of this approach. Additionally, intrathecal
administration has proved beneficial in larger
animal spinal injury models including rabbits,
pigs, and cats.2! Moreover, ChABC has proved
to be a useful strategy to combine with other
therapeutic interventions, rendering the envi-
ronment permissive to enable cell transplant
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graft integration or reentry of fibers growing
through permissive grafts into the CNS with
significant improvements observed, including
restoration of bladder function.?’

With regard to delivery of ChABC, follow-
ing administration of the unmodified enzyme,
activity is thought to diminish within a week
and CS-GAGs are thought to remodel within 2
to 3 weeks. Thus, single-injection administra-
tion has limited beneficial effect following CNS
trauma. Sustained environmental matrix mod-
ification would therefore necessitate repeated
invasive administrations, which poses a chal-
lenge for clinical translation. Attempts to over-
come this include a trehalose-thermostabilized
modified enzyme, which enables slow-release
activity for up to a month, promoting func-
tional recovery following a partial transection
injury?8 and leading to its use in a canine “clin-
ical trial” study. Alternatively, a gene therapy
approach circumvents the need for repeated
injection or biocarrier, whereby host cells are
transduced to synthesize ChABC themselves fol-
lowing intraparenchymal injection. This strat-
egy, using a modified ChABC gene with optimal
properties for release from mammalian cells,
has enabled extensive long-term matrix mod-
ification, promoting improved axonal conduc-
tion and functional recovery in clinically
relevant thoracic and cervical contusion inju-
ries in adult rats.262° Thus, chondroitinase gene
therapy shows great promise for future clinical
development. To this end, the Chondroitinase
ABC for Spinal Injury Therapy (CHASE-IT) con-
sortium has been established to pursue the
development of a regulatable and safe vector for
future human use (http://www.spinal-research
.org/chondroitinase).

An alternative enzymatic strategy that has
recently been exploited for reducing CSPG
inhibition is the mammalian enzyme arylsul-
fatase B (ARSB, N-acetylgalatosamine-4-sulfa-
tase), which removes C4S moieties specifically
from CS-GAGs. In addition to being utilized
in enzyme-replacement therapy for human
mucopolysaccharidosis VI, ARSB administra-
tion has been shown in one study to promote
increased axonal sprouting and functional loco-
motor recovery following compression SCI in
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the mouse,?? and this promising approach cer-
tainly warrants further investigation.

Targeting Synthesis of
Inhibitory Factors

Targeting the synthesis of inhibitory factors
after SCI can be viewed on two levels. The first
is broadly reducing the synthesis of scar matrix,
which is known to contain multiple inhibitory
molecules. The second is to target upregulation
of specific molecules themselves within the
scar environment. (Strategies to target the
synthesis of inhibitory factors are highlighted
in green in Fig. 11.2.)

Strategies to Reduce Synthesis of
Scar Tissue

On a surgical scale, apposition and suturing
of severed dura and optional patching with
another soft tissue material (duraplasty) is
suggested to limit fibrotic and connective tis-
sue deposition from meningeal-derived fibro-
blasts. Additionally, removal of dura following
experimental spinal contusion injury (which
normally leaves the dura intact) results in
increased scar formation (and lesion volume
and inflammatory response), whereas decom-
pressive durotomy followed by dural allograft
has been shown to reduce scar formation rela-
tive to contusion alone (and improve lesion
volume and inflammatory response).3!

A particular pharmacological approach
designed to suppress formation of the scar fol-
lowing injury is often termed anti-scarring
treatment (AST). The best studied example of
this is injections or slow release of local iron
chelator 2,2'dipyridine-5,5'-dicarboxylic acid
(DPY-DCA) combined with solid 8-bromo-
cyclic adenosine monophosphate (8-Br-cAMP)
application to the lesion core by injection. DPY-
DCA deprives a key enzyme in the synthesis of
all types of collagen (prolyl 4-hydroxylase) of
its cofactor ion, and 8-Br-cAMP inhibits men-
ingeal fibroblast proliferation, with the collec-
tive effect of reducing the formation of fibrotic
scar matrix capable of presenting inhibitory

molecules such as CSPGs.32 Additionally, a
clinically approved ion chelator deferoxamine
mesylate (DFO) can reduce fibrotic scarring
with moderate anatomic and functional bene-
fits, and inhibition of lysyl oxidase, another key
collagen biosynthetic enzyme, can also medi-
ate functional effects, after partial spinal tran-
section. Less well studied is whether it is also
effective in inhibiting fibroblast-derived matrix
synthesis following a contusive-type injury,
where the dura is intact and the composition
of meningeal fibroblastic deposition has been
thought to be of less significance than glial scar
deposition. However, given that type I collagen
has been identified in rat contusion injuries
around blood vessels, and that some human con-
tusive injuries feature a dense fibrotic matrix,33
inhibition of collagen synthesis (whether fibril-
lar type I or basement membrane laminar IV)
could represent a conserved mechanism to
broadly reduce formation of a fibroblast-type
cell-derived scar matrix, following both pene-
trative and contusive spinal injury.

Another experimental method to suppress
scar formation is administration of the small
leucine-rich proteoglycan decorin. Decorin
binds to the cytokine transforming growth
factor- (TGF-B), resulting in inhibition of inju-
ry-induced TGF-B1/2 signaling. Following SCI,
TGF-B1/2 is released from multiple cell types
with multiple effects. Notably initial expres-
sion by extravasated platelets induces reactive
gliosis and accompanied matrix deposition.
This is reduced by decorin core protein admin-
istration following dorsal funicular lesions by
reducing glial activation, inflammation, and
synthesis of known inhibitory scar molecules
such as CSPGs.3435 However, this treatment
alone is of limited functional outcome or bene-
fit. The concept underlying strategies attenuat-
ing glial scar synthesis is that the initial glial
scar is protective. Following injury, reactive
astrocytes actively engage in an orchestrated
wound-healing response. In vivo premature
attenuation or prevention of glial scar forma-
tion can result in delayed blood-brain barrier
closure, exacerbated lesion spread, neuronal
loss, and reduced functional recovery. For this
reason another strategy is to specifically target
the synthesis of inhibitory constituents of the
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glial scar matrix rather than its presence as a
whole.

Targeting Synthesis of Specific
Environment Inhibitors

The CSPGs are upregulated in the glial scar,
whereby GAG chains are thought to mediate a
large proportion of inhibition. A specific bio-
synthetic strategy is to interrupt GAG chain
synthesis, without primary effect on the rest
of the matrix. There are multiple CS-GAG bio-
synthetic enzymes. One approach has been to
inhibit xylotransferase-1, the enzyme that catal-
yses GAG addition to the CSPG core protein, by
deoxyribozyme-mediated knockdown of xylo-
syltransferase-1 messenger RNA (mRNA). This
approach has resulted in significant improve-
ment in axon growth into scarred tissue
around a peripheral nerve graft, axonal sprout-
ing caudal to the injury, and some functional
sensorimotor improvement following spinal
contusion injury.36

Having shown via gain and loss of function
experiments in vitro that xylosyltransferase
enzymes I and II alongside chondroitin-4-
sulfotransferase (C4ST) are part of a group of
genes regulated upstream by sox9, conditional
sox9 ablation in mice has been shown to reduce
CSPG synthesis, increase axonal sprouting, and
improve functional motor scores after spinal
contusion,?’ suggesting that sox9 manipulation
could provide a therapeutic avenue to inter-
rupt GAG synthesis. Furthermore, mice lacking
chondroitin sulfate N-acetylegalactosaminyl-
transferase-1, the enzyme that catalyses the
addition of the first GalNAc residue onto the
tetrasaccharide link between the core proteo-
glycan (PG) and GAG (and thus is rate-limiting
to GAG formation), synthesize less CS-GAGs
into the scar matrix following contusion injury
and show better functional recovery relative to
wild-type controls. Interestingly, knockout of
the enzyme not only reduced CS but increased
heparan sulfate synthesis, which conferred sig-
nificant additional benefit to axonal growth,38
in accordance with the known growth-promot-
ing role of heparan sulfate following injury.
Mechanistic questions remain, but inhibition
of this particular GAG biosynthetic enzyme
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seems to both prevent synthesis of inhibitory
factors into the environment and promote
intrinsic growth.

Toward increasing levels of specificity in
targeting synthesis of CSPGs as a strategy to
overcome CNS growth inhibition, studies have
begun to address inhibiting sulfotransferases
to target synthesis of specific CS-GAG sulfa-
tion epitopes. CSPGs isolated from knockout
mice for the sulfotransferase that synthesizes
CS-E (GalNAc4S-6ST) are less inhibitory, as are
CSPGs synthesized from astrocytes in which
GalNAc4S-6ST or C4ST are knocked-down using
small double-stranded interfering RNA (siRNA).
Given success in inhibition of such sulfotrans-
ferases among other enzymes in vivo,3” and the
increasing evidence that these sulfation pat-
terns play specific roles in the scar matrix,? this
represents an interesting avenue of future work.
The complement DNA (cDNA) of the genes
encoding GAG biosynthetic enzymes are now
cloned (from genetic GAG biosynthetic enzyme
deficiency disorders). Based on this knowledge
and the aforementioned in vitro and in vivo
knockdown/knockout studies, progression from
knockout mice to pharmacological inhibition
of biosynthetic enzymes will be an important
next step for the generation of therapeutically
applicable interventions aimed at overcoming
growth inhibition in the injured spinal cord.

Making the Most of a
Permissive Environment:
Consolidating
Environmental Changes to
Promote Functional Repair

Rendering the extracellular environment per-
missive to neuroplasticity lacks benefit if plas-
ticity cannot be usefully harnessed. Therefore,
strategies to overcome the inhibitory environ-
ment of the CNS also require the generation of
functionally useful connectivity. It is possible
that strategies to overcome the inhibitory
environment of the spinal cord may require a
combination of approaches to boost intrinsic
growth capability, for example, to enable axons
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to take greater advantage of a permissive
environment, but crucially, consolidation of
the correct kind of plasticity is a universal
consideration. Learned non-use is a major
impediment to recovery, and rehabilitation is
an important means to offer input and sen-
sory feedback to the nervous system to pro-
mote, train, and refine connectivity. Indeed, the
inclusion of precisely timed electrophysiologi-
cal stimulation within a rehabilitative strategy
to strengthen connectivity in line with both
appropriate sensory input/feedback and desired
motor output is one approach designed to
facilitate this further. Additionally, anatomic
reorganization does not always equal func-
tional recovery, and the concept of maladap-
tive plasticity is particularly important when
promoting neural rewiring.

Timing of rehabilitation is a critical factor in
promoting functional recovery. Despite limited
plasticity in the adult CNS, there is a phase of
spontaneous regrowth that is thought to be
best targeted by therapeutic strategies that aim
to overcome the inhibitory environment and
act to increase plasticity. Training and rehabili-
tation should be coordinated with, or follow,
this plastic phase to shape novel circuitry to
maximize functional use. Additionally, there
is evidence that rehabilitative strategies that
begin too early may be detrimental. In a
study in which rats with cervical spinal lesions
were treated intrathecally with anti-Nogo and
received daily bipedal step training for 8 weeks
beginning 1 week postinjury, simultaneous
therapy worsened functional outcome relative
to either strategy alone.3® However, the delay of
forced treadmill training until 2 weeks follow-
ing cessation of antibody treatment led to sig-
nificant improvement in functional recovery.%0

In addition, task-specificity is a well-docu-
mented feature of functional recovery in reha-
bilitation regimes. Following intense training,
adult spinalized cats can be trained either to
step on a treadmill or to bear weight bear while
remaining stationary. Cats trained to step do
not recover weight-bearing standing, and those
trained to bear weight bear cannot step on a
treadmill. Thus, in addition to reflecting a high
level of automaticity in some spinal systems
(known to be dependent on correct sensory

feedback), specific activation of spinal circuitry
reinforces specific connectivity. Similarly, fine-
skilled reaching training for 6 weeks in rats
following unilateral cervical lesion improved
success in this task, but came at the detriment
of motor function in the form of ladder walk-
ing relative to untrained rats.#! Importantly,
further work from this group extinguished this
negative transfer effect on performance by
delaying the onset of skilled rehabilitation.
Crucially, this phenomenon also extends to
experimental studies in which the inhibitory
environment of the spinal cord is ameliorated,
and plasticity is therapeutically promoted
alongside rehabilitation. Although a group of
rats receiving ChABC and manual dexterity
training showed functional improvements fol-
lowing cervical dorsal funiculus lesion, general
locomotor training in another experimental
group of animals worsened their dexterity per-
formance.*2 However, with correct task-specific
rehabilitation, this approach is effective even
if ChABC is administered 4 weeks following
injury,®® exemplifying the importance of the
correct rehabilitation strategy.

Following therapeutic promotion of neuro-
plasticity and intensive appropriate training,
consolidation may require the return of a rela-
tively stable nervous system once connectivity
has been established, enabling maintenance
and strengthening of optimal connections
and “pruning” of those less useful. This has
particular relevance to gene therapy-mediated
strategies that sustain the expression of thera-
peutically advantageous proteins. An important
aim of the CHASE-IT consortium is therefore to
develop regulatable systems to allow “switch-
ing-off” of treatment when desired.2*

Chapter Summary

Spinal cord injury results in permanent and
debilitating motor, sensory, and autonomic
deficits. With patients facing a lifetime of dis-
ability and no adequate treatments available,
there is a clear clinical requirement for thera-
peutic developments. The adult CNS has a poor
ability to repair itself following SCI, in contrast
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to the pro-regenerative adult PNS. Such com-
parison inspired experimental investigations
that identified factors other than neuronal
intrinsic determinants to be crucial mediators
of this phenomenon and led to a major focus
on targeting inhibitory factors present in the
injured tissue environment that restrict axo-
nal growth and neuroplasticity and limit the
potential for spinal cord repair. A notable exam-
ple is the presence of potent growth inhibitory
molecules associated with CNS myelin.

The injured spinal cord extracellular scar
matrix is another important mediator of envi-
ronmental inhibition, and matrix modification
to enhance neuroplasticity has also become
a major target for repair. Accordingly, in this
chapter we considered four different levels of
therapeutic strategies that target an inhibitory
environment to promote repair following SCI:
(1) masking or blocking inhibitory molecules,
(2) interrupting their (often converging) down-
stream signaling, (3) removing them from the
environment, and (4) preventing their initial
biosynthesis following injury. Some of these
strategies are relatively novel, and some possess
a wealth of experimental background. Efficacy
of a particular antibody-mediated strategy to
mask the myelin-associated growth inhibitory
molecule Nogo-A has been confirmed in sev-
eral studies in both rodents and primates, with
clear preclinical understanding of its mecha-
nism of action, leading to successful conversion
of experimental findings to ongoing clinical
trials in patients with acute SCI. Proteolytic
breakdown of inhibitory scar matrix by the
enzyme ChABC has a large body of preclinical
evidence as to its efficacy in a range of experi-
mental spinal injury models and species, and
thus represents a leading candidate for transla-
tional advance. Cethrin is another important
example, because it inhibits downstream sig-
naling of multiple environmental inhibitors
(both myelin-associated and scar-associated)
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via canonical RhoA/ROCK pathway inhibition,
and is currently in clinical trials. Furthermore,
the efficacy of all strategies that aim to over-
come inhibition in the spinal cord depends on
the consolidation of therapeutically promoted
neural growth toward functionally useful con-
nectivity. This necessitates avoidance of mal-
adaptive plasticity and a rehabilitative strategy
that takes into consideration both timing and
the concept of task-dependent rehabilitative
recovery.

¢ Growth inhibitors present in spine-injured tissue
represent an important target for regenerative
therapies aimed at promoting neuroplasticity
and functional repair following SCI.

# Strategies to neutralize myelin-associated inhibi-
tors are a promising route to increasing neuro-
plasticity and restoring function following SCI.

# Strategies to modify inhibitory extracellular matrix
molecules are a promising route to increasing
neuroplasticity and restoring function following
Scl.

# Strategies targeting environmental inhibitors
should be combined with rehabilitation therapy
to direct and refine new connections and lead to
meaningful functional recovery.

¢ Advances in preclinical experimental studies of
environmental inhibitors have resulted in several
promising therapies progressing to clinical trials
in spine-injured patients.

¢ If newly growing axons do not make meaningful
connections, function will not be restored.

¢ Undirected or misdirected neuronal growth could
lead to maladaptive plasticity.

# The timing of treatment intervention and reha-
bilitative therapy needs to be carefully consid-
ered to avoid conflicting and adverse effects on
functional recovery.

¢ Statistically powerful trial design is important to
avoid misinterpretation of SCI clinical trial data.
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Functional Electrical Stimulation
and Neuromodulation Approaches
to Enhance Recovery After Spinal

Cord Injury

César Marquez-Chin, Emilie Sagripanti, and Milos R. Popovic

Introduction

Spinal cord injury (SCI) can result in total or
partial loss of the ability to perform voluntary
movements and to experience somatosensory
sensations. The injury disrupts the natural
communication between the brain and the
peripheral nervous system, making it difficult
or impossible for both efferent and afferent
signals to act on their intended targets. The
lost motor and/or sensory function typically
occurs below the level of injury, so that a high
level of lesion in the spinal cord (e.g., at the
level of the cervical vertebrae) may result in
the lower limbs, trunk, and upper limbs being
affected, whereas a lesion at the thoracic level
may result in impaired function of the trunk
and lower limbs only. Some of the functions
that may be affected by SCI include walking,
sitting, grasping, bladder voiding, and blood
pressure regulation. In addition to the level
of injury, the severity of the impairment can
also be influenced by whether the spinal cord
has been severed completely or incompletely,
which results in complete or partial function
loss, respectively.

Improvements in acute and subacute care
of SCI has resulted in an increased number of
patients who are able to recover function to
varying degrees, depending on the nature of

the injury and other health variables. This has
changed the way we view rehabilitation for
this population, and has coincided with emerg-
ing technologies that can be applied to facili-
tate the rehabilitation process.

The limitations resulting from the decreased
motor and sensory function can have cata-
strophic effects on the individuals who have
sustained an SCI and on their families. As a
consequence, great efforts are being applied
to developing knowledge and technology to
mitigate or eliminate the effects of SCI. This
chapter discusses the use of functional electri-
cal stimulation (FES) as a method of restoring
voluntary function after paralysis.

Functional Electrical
Stimulation

Using Electrical Stimulation to
Produce Movement

The production of muscle contractions using
electrical stimulation is possible due to the
excitability nature of nerve cells. A brief change
in the potential of the nerve cell membrane
from -80/-90 mV to -40/-50 mV, in response
to electrical stimulation, is sufficient to gener-
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ate an action potential. Action potentials are
the main mechanism by which information is
transmitted in the nervous system. For exam-
ple, in some cases the rate at which action
potentials are generated is proportional to the
intensity of a stimulus. They are the result of a
sequence of events involving movement of dif-
ferent molecules across the cellular membrane
through specific cell structures, some of which
respond to electrical changes. This makes it
possible to use electrical discharges to gener-
ate action potentials artificially by forcing a
change in the electric potential across a nerve
cell membrane.

The therapeutic use of electrical stimulation
has progressed significantly over the past 50
years. Initially, neuromuscular electrical stim-
ulation (NMES) was applied to weak muscles
to improve strength and endurance, and occa-
sionally, with limited success, to reduce spas-
ticity. It soon became evident that this modality
worked best when the patient was actively
engaged in producing the movements that the
NMES was assisting. NMES later evolved into
FES, in which the technology was applied to
work as an assistive device, often called a
neuroprosthesis, which the patient wears daily
during functional activities or has it implanted
in the body.

Neuroprosthesis

A neuroprosthesis is a device that produces
motor and/or sensory functions by applying
short bursts of electrical impulses to the cen-
tral or peripheral nervous system. The result-
ing action potentials in muscles and nerve
cells can be used clinically to compensate for
abnormal or absent neurologic function. Neu-
roprostheses serve many purposes and there-
fore come in different forms. They can be
used, for example, to stimulate the basal gan-
glia to eliminate tremor in patients with Par-
kinson’s disease, or to aid in the perception of
sound by stimulating the auditory nerve of the
cochlea. In this chapter, we use the term neuro-
prosthesis to refer to technology that restores
voluntary motor function through electrical
stimulation.
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What Is Functional Electrical
Stimulation?

By applying carefully controlled stimulation
sequences to innervated muscles, it is possible
to achieve complex synergistic movements such
as reaching, grasping, and walking. This type
of neuroprosthesis is often referred to as FES,
as it produces functional and coordinated move-
ments. FES systems are envisioned as devices
for patients with upper motor neuron disorders
such as stroke, SCI, or traumatic brain injury. In
these populations, the devices are used to arti-
ficially produce the movement that patients
are unable to carry out independently.
Delivery of FES can be controlled using sim-
ple manual devices such as switches, dials, and
sliders, all of which can be mounted on assis-
tive devices including a cane, a walker, or a
wheelchair. The electrical stimulation can be
delivered using surface (transcutaneous), per-
cutaneous, or implanted electrodes, which
have advantages and disadvantages that make
them more suitable for specific applications, as
described in the following subsections.

Surface Electrodes

Surface electrodes, which are applied to the
skin, are noninvasive, easy to apply, and gen-
erally inexpensive. Typical magnitudes of the
electrical currents used with these electrodes
range between 5 and 120 mA, which is greater
than the intensity required when applying
stimulation using percutaneous or implanted
electrodes. Although highly versatile and suit-
able for temporary use, surface electrodes are
often incapable of stimulating deep muscles
(e.g., hip flexors) without producing unintended
contractions in other neighboring muscles.
This can be partially avoided by using arrays
of electrodes with several electrical contacts to
increase selectivity.

Percutaneous Electrodes

Percutaneous electrodes are thin wires that are
inserted through the skin into muscular tissue.
These remain in place temporarily and are used
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only for short-term FES interventions, although
there are cases in the literature where certain
individuals had the electrodes implanted for
months and even years. The current ampli-
tudes used with percutaneous stimulation
rarely exceed 25 mA. As with implanted elec-
trodes, local infection is possible.

Implanted Electrodes

Implanted electrodes are permanently inserted,
have higher stimulation selectivity, and require
the lowest stimulation intensity, both desir-
able aspects for FES systems. However, their
application requires invasive surgery, which
always carries a risk of infection. The current
amplitudes used with implanted stimulation
also rarely exceed 25 mA.

Applications of Functional
Electrical Stimulation

There are two main applications of FES tech-
nology. First, it can be used as an orthotic/
neuroprosthetic device worn every day (or
implanted in the body) to increase indepen-
dence in activities of daily living by facilitating
movement that would otherwise be impossi-
ble due to paralysis. Second, it can be used
temporarily as a form of short-term therapy to
help the neuromuscular system relearn func-
tions impaired due to an insult to the nervous
system. This latter approach is intended to pro-
mote recovery of voluntary function, and the
use of FES is discontinued after the therapy
is completed. This application was developed
after users of NMES and FES systems reported
improvements in their motor function to the
point that they did not require the neuropros-
thesis any longer.

The next sections provide examples of both
applications in the context of restoration of
movement after SCI.

Functional Electrical Stimulation
Applications as an Orthotic|
Neuroprosthetic Device

Neuroprostheses for Standing

Functional electrical stimulation can be used
to facilitate standing, a function that is often
impaired after SCI. This is achieved by regulat-
ing the movements of the ankle joints using
FES. To assist with trunk control, it is possible to
use additional devices such as standing frames,
full-body orthoses, or electrical stimulation
as well. The FES-assisted standing has been
demonstrated primarily in individuals with
an SCI at the thoracic level, but the complexity
of the required setups (e.g., full body casting
and support frames) used in such experiments
often make this technology unsuitable for clin-
ical use at the present time.

One important example is the Case West-
ern Reserve University/Department of Veterans
Affairs (CWRU-VA) standing neuroprosthesis,
which creates an upright posture by activating
the muscles of the trunk, hips, and thigh bilat-
erally using an 8- to 16-channel implanted
stimulator. With the addition of an orthosis
the CWRU-VA enables the user to achieve
more than 10 minute of uninterrupted upright
stance.! However, this system does not provide
balance control, so the user has to rely on a
walker or a similar device to ensure balance
during standing. In addition, this device uses
an open-loop control scheme, which results in
quicker muscular fatigue.

Neuroprostheses for Walking

Kralj and colleagues? created an FES system for
walking that integrated reflex action in its
design. In this approach, surface electrodes are
placed over the quadriceps muscles and pero-
neal nerves on both legs. The users can activate
the stimulation using external buttons placed
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on the right and left handles of an assistive
device such as a walking frame, a cane, or
crutches. Upon activation, standing is first
achieved by stimulating both quadriceps mus-
cles simultaneously. Swinging of the left leg is
triggered using the left button, and is achieved
by interrupting the stimulation to the left
quadriceps momentarily and quickly, stimu-
lating the peroneal nerve. The sudden stimula-
tion triggers the flexor withdrawal reflex and
results in dorsiflexion along with simultaneous
hip and knee flexion. To complete the stride,
peroneal nerve stimulation is stopped, and the
quadriceps is stimulated while the reflex is still
active. Similarly, the right button controls the
same action for the right leg. Several variations
of this approach, many of which may include
additional stimulation channels besides the
four channels proposed by Kralj et al, are pres-
ently used to achieve walking in patients with
paraplegia.
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Other examples of FES systems to facilitate
gait include Parastep, the Hybrid Assistive
System (HAS), the Reciprocating Gait Ortho-
sis (RGO), the hybrid FES system created by
Andrews et al,? the CWRU-VA neuroprosthesis,
and the Compex Motion FES system for walk-
ing (Fig. 12.1). Of these systems, the Parastep
is most commonly used; it employs a variation
of Kralj et al's? technique. The HAS uses active
braces in addition to FES to provide greater sta-
bility and to conserve energy. The RGO system
tries to accomplish a similar task to that of the
HAS by using passive braces combined with
the FES system for walking. Implanted neuro-
prostheses, such as the CWRU-VA, have higher
stimulation selectivity, making it possible to
stimulate hip flexor muscles in isolation, poten-
tially allowing for a more natural gait.

The main limitation of neuroprostheses for
walking is that the produced gait is slow, awk-
ward, and unnatural in appearance. Specifically,

Fig. 12.1 Compex Motion functional
electrical stimulation (FES) system for
walking. The Compex Motion system
has four stimulation channels that can
be increased by connecting multiple
stimulators in series. (Courtesy of
Rehabilitation Engineering Laboratory
(REL), Toronto Rehabilitation Institute—
University Health Network, Canada.)
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during quadriceps stimulation, the rectus
femoris muscle is also activated, which induces
hip flexion, resulting in poor stance-phase pos-
ture. In addition, the flexor withdrawal reflex,
which is often used to generate a walking like
sequence, besides producing an unnatural
gait sequence, is also highly variable. These
limitations have been addressed with differ-
ent approaches including new stimulation
techniques such as using an eight-channel
neuroprosthesis to apply stimulation in a pat-
tern similar to the activation of these mus-
cles during walking in an uninjured nervous
system.*5

Epidural Stimulation of the Spinal Cord
for Improving Standing and Locomotion

In the late 1990s, Dimitrijevic and his collab-
orators,® while evaluating the optimal stim-
ulation parameters for spasticity control in
individuals with complete SCI, observed that
the epidural stimulation of the spinal cord
could evoke rhythmical, stepping-like lower
limb movements. This happened when stimu-
lation pulses in the range of 25 to 50 Hz were
applied to the lumbar spine. They also observed
that stimulation delivered at frequencies in
the range of 5 to 15 Hz applied to the same
lumbar spine region produced tonic, standing-
like extension of the lower limbs. Since then, a
few groups have been studying this phenome-
non. The latest results, published by Edgerton
and Harkema'’s group,’ suggest that the epidural
stimulation of the lumbar spine, combined
with fairly extensive lower limb rehabilitation
program (170+ hours), could evoke a weight-
supporting standing function in individuals
with chronic complete SCI while the stimula-
tion is active. Also, they have demonstrated that
a few individuals in this population were able
to generate limited voluntary leg movements
while the epidural stimulator was active. These
results were obtained when epidural stimula-
tion was combined with an intensive lower
limb rehabilitation program. In addition to the
improvements in lower limb function, patients
also experienced improved bladder and blood
pressure control. These results are very encour-
aging and suggest that (1) individuals with
complete SCIs may have residual cortical pro-

jections preserved in the spinal cord following
the injury; (2) the epidural stimulator is able
to promote neuroplasticity in the spinal cord,
enabling supra-spinal commands to propagate
through the severely injured spinal cord and
enable voluntary movements, as long as the
epidural stimulator is active; and (3) simple
tasks like standing could be evoked with rea-
sonable reliability using this approach. At the
moment, the ability to generate controlled and
weight-bearing locomotion movements that
would enable individuals with SCI to take a few
short steps and perform transfers using this
technique remains elusive. However, this neu-
romodulation approach is still in its infancy,
and we hope that in the coming years it will
evolve into a clinically viable intervention.

Neuroprostheses for Reaching and
Grasping

Functional electrical stimulation systems have
also been designed to restore or improve upper
limb functions such as reaching and grasping
in individuals with tetraplegia. The most fre-
quently used postures for object manipulation
include palmar grasp as well as lateral pinch
and precision pinch. The palmar grasp is used
for grasping objects of about the size of a cof-
fee mug. This grasp is achieved by combining
a partial finger flexion with full thumb flexion
and slight opposition. The lateral pinch grasp is
used for small and thin objects, such as paper
or a credit card, and is achieved by producing a
full finger flexion followed by thumb flexion.
Finally, precision grip is used for small objects
of about the size of a popcorn kernel, and is
generated by placing the thumb in opposition
with respect to the palm, followed by index
finger and thumb flexion.

Some examples of neuroprostheses for
grasping include the Neuromuscular Electrical
Stimulation Systems (NESS) H200 (Bioness,
Valencia, CA), the Bionic Glove (University of
Alberta, Edmonton), the systems developed
by Rebersek and Vodovnik in the early 1970s
(University of Ljubljana, Ljubljana, Slovenia),
the Freehand system (NeuroControl Co., Cleve-
land), the Belgrade Grasping-Reaching System
(University of Belgrade, Serbia), Compex Motion
(Compex SA, Ecublens & ETH Zurich, Zurich)
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neuroprosthesis for reaching and grasping, and
most recently the MyndMove® (MyndTec Inc.,
Mississauga, Ontario, Canada) (Fig. 12.2). All the
devices use surface FES stimulation, with the
exception of the Freehand system, which uses
implanted electrodes. The Freehand system,
Belgrade Grasping-Reaching System, Compex
Motion, and MyndMove neuroprostheses are
the only systems that achieve both reaching
and grasping; the rest are designed to produce
grasping exclusively.

The Freehand system was the first neuro-
prosthesis for grasping approved by the FDA.°
This implanted system uses eight epimysial
electrodes that produce finger and thumb flex-
ion and extension to achieve lateral and palmar
grasp. The stimulator is placed subcutaneously
on the person’s chest, and subcutaneous cables
are tunneled to each of the simulation elec-
trodes. The stimulation sequence is transmit-
ted using radiofrequency to the implanted unit.
The stimulation can be triggered with move-
ments of the shoulder opposite to the site of
implantation, and a second switch can be used
to select between the two grasping styles. Addi-
tional surgical procedures may be performed
in conjunction with stimulator implantation to
enhance both voluntary and stimulated hand.
Because the Freehand system is an implanted
device, its main advantage is a shorter time
required to put on and take off compared with
most other surface FES systems.

The noninvasive NESS H200 is an orthosis
that allows users to move their forearm and
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Fig. 12.2 The MyndMove® neuropros-
thesis. Recently developed by MyndTec
Inc. and approved by Health Canada,
the device can deliver over 30 stimu-
lation protocols for reaching and
grasping, including fine motor control
of fingers. The device was created
specifically for delivering FES therapy,
in which patients are asked to perform
specific movements with their affected
limb(s), and a therapist triggers the
electrical stimulation after a few
seconds to facilitate the intended
action. (Courtesy of MyndTec.)

hand freely while providing support to the
wrist at a functional angle of extension.!'®© A
common stimulation channel is distributed to
a series of electrodes inside the orthosis placed
strategically to stimulate the extensor pollicis
brevis, flexor digitorum, and flexor pollicis
longus and thenar muscles (i.e., three effective
stimulation channels). Push buttons enable
users to trigger preprogrammed movements.
Users can also control the stimulation inten-
sity and position of the thumb to adjust the
style of grasp to the target object. The NESS
H200 has one of the shortest times for putting
on and removing compared with other neuro-
prostheses for grasping, including the Freehand
system, and is one of the few currently avail-
able on the market.

The Bionic Glove is a neuroprosthesis for
enhancing tenodesis grasp in subjects with vol-
untary control over wrist extension and flex-
ion.!! Tenodesis grasp is produced by voluntary
wrist extension, which results in passive flex-
ion of the fingers due to the movement of the
flexor tendons in the hand. The strength of
the tenodesis grasp is enhanced with electri-
cal stimulation applied to finger flexors and
extensors muscles using four self-adhesive
electrodes.

The Belgrade Grasping-Reaching System
produces reaching and grasping.!2 This surface
neuroprosthesis uses three stimulation chan-
nels to generate palmar and lateral grasping.
A fourth channel facilitates elbow function.
Reaching is produced by stimulating the triceps
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brachii muscle, and it is triggered by the angu-
lar velocity of the shoulder joint.

The Compex Motion was designed specifi-
cally to improve reaching and grasping in indi-
viduals with SCI.13 One of the distinguishing
characteristics of this surface neuroprosthesis
is its programmability. Each of its four stimu-
lation channels can be configured precisely,
giving it the ability to facilitate virtually all
forms of grasping and reaching with little to no
time required to switch between functions. In
addition, the device can be controlled with a
wide variety of strategies, including buttons,
potentiometers, electromyographic (EMG) sig-
nals, and brain-computer interfaces.'* Multi-
ple devices can be combined in series to
achieve complex movements such as reaching
and grasping simultaneously. The high degree
of flexibility is the neuroprosthesis’s greatest
advantage, which can increase the time re-
quired to put on and remove; depending on the
complexity of the stimulation setup, it may
take up to 8 minutes to put on the system.

More recently, the MyndMove neuropros-
thesis was developed with therapeutic applica-
tions in mind, namely FES therapy for improving
both reaching and grasping. The system is
approved by Health Canada and is available
in Canada. It offers software-based prepro-
grammed FES sequences for stroke and SCI
rehabilitation. What distinguishes MyndMove
from other existing FES systems is that it offers
over 30 reaching and grasping protocols, many
of which enable fine motor control of fingers. A
few protocols also enable patients with SCI to
perform bimanual object manipulation tasks
such as grasping and lifting a tray with both
hands.

Functional Electrical Stimulation
Therapy

Functional electrical stimulation therapy (FEST)
is a short-term intervention to help the patient’s
neuromuscular system relearn how to control
the impaired muscles and to generate the
desired body functions. It is the result of ob-
servations dating back four decades, in which
patients using FES on a regular basis experi-
enced a significant carryover on their muscle

function that persisted even after the neuro-
prosthesis was not in use. FEST restores volun-
tary function so that stimulation is only applied
temporarily and its use decreased gradually as
improvement takes place, until it is eventually
discontinued completely once the therapeutic
intervention is finished.

The clinical trials published in the literature
often describe FEST as an intervention that
typically consists of three to five sessions per
week and lasts between 8 and 16 weeks. In
each session, patients repeatedly attempt spe-
cific functional movements with their affected
limb(s) and, after a few moments of trying, a
therapist triggers a neuroprosthesis to facili-
tate the intended movement (Fig. 12.2). Most
of the scientific articles that discuss FEST sug-
gest that 40 to 80 hours of FEST should be
sufficient to generate clinically meaningful
improvements, although some studies suggest
120 hours of FEST or even longer. The typical
duration of the FEST session is 45 to 60 min-
utes, although in some studies the participants
received 120 minutes of daily therapy. FEST is
suitable for individuals with SCI with both
incomplete and complete motor injuries, who
are unable to perform reaching, grasping, or
walking movements.

Results Achieved Using Functional
Electrical Stimulation Therapy in
Spinal Cord Injury Rehabilitation

Functional Electrical Stimulation Therapy
for Improving Walking Function

The first documented evidence of the effects of
FEST on lower limb function after SCI was pro-
vided by Bajd et al,!> who reported improved
strength as well as decreased drop foot and
plantar flexion during walking following train-
ing with an FES system for locomotion. In addi-
tion, other systems showed that a drop foot
stimulator increased walking speed when used
as an orthotic device and when the system was
turned off following many days of walking
with the stimulator (i.e., FEST effect).

Thrasher et al* evaluated the effects of a
gait-patterned multichannel FEST to improve
walking in individuals with chronic, incomplete
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SCI in an intervention lasting 12 to 18 weeks.*
Wialking was produced by stimulating the mus-
cles directly instead of activation of the flexor
withdrawal reflex (as described above?). Partic-
ipants showed improved walking speed, stride
length, and stepping frequency, among other
improvements.

Encouraged by the findings reported by
Thrasher et al,* our team performed the first-
ever phase II randomized controlled trial in
chronic (> 18 months), traumatic, incomplete
[American Spinal Injury Association (ASIA)
Impairment Scale (AIS) grades C and D], C2 to
T12 SClindividuals.’ The FEST protocol and the
stimulator used in this study was identical to
the one used by Thrasher et al. The study
clearly demonstrated that FEST for walking was
able to improve locomotion function in the
selected patient population and to generate
clinically meaningful improvements, with sig-
nificantly better outcomes on the Spinal Cord
Independence Measure Mobility subscore fol-
lowing FEST compared with non-FES exercise
intervention.

Functional Electrical Stimulation Therapy
for Improving Upper Limb Function

Partial or complete loss of grasping and reach-
ing functions may result from SCI at T1 level or
above. Over the years various teams that have
investigated the use of FEST for grasping in the
SCI population have shown that this therapy
has an ability to improve upper limb function.
Popovic et al'2 demonstrated the efficacy of the
Bionic Glove to improve upper limb function
in individuals with C5-C7 SCI, which was the
first concrete evidence that FEST can improve
grasping. In addition, using the ETHZ-Para Care
(ETH Zurich, Zurich) grasping neuroprosthe-
sis, originally used as an orthosis, Mangold et
al'6 demonstrated that a few patients with SCI
experienced a weak carryover effect (i.e., FEST
effect) following intensive training with the
neuroprosthesis for grasping.

Our team has also observed the positive
impact that FEST has on the grasping function
of individuals with SCI at C3-C7 with impaired
motor function (AIS grades A, B, C, and D). We
recently completed a randomized controlled
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trial with 21 participants with incomplete SCI
at the C3-C7 levels during the first 6 months
after their injury (subacute).!” The subjects
received 40 therapy sessions of 1-hour dura-
tion, 5 days a week for 8 weeks, to improve
their upper limb function. They were ran-
domized into an intervention group (FEST) or a
control group. The intervention group received
1 hour of conventional occupational therapy
followed by 1 hour of FEST. The control group
received 2 hours of conventional occupational
therapy. The intervention group showed sig-
nificantly larger improvements in upper limb
function as measured by the Spinal Cord Inde-
pendence Measure Self-Care subscore. In addi-
tion, the participants who received FEST for
grasping increased or maintained these func-
tional gains 6 months after the therapy was
completed.

Our team also performed a pilot randomized
controlled trial to examine if the FEST could be
used to improve voluntary grasping function in
individuals with chronic (> 24 months), incom-
plete (AIS grades B-D), C4 to C7 SCI. Although
only eight individuals participated in the study,
the results clearly suggest that 39 hours of
FEST for grasping in this patient population
is more effective than an equivalent amount of
conventional occupation therapy.

Since its launch on the Canadian market,
therapists have used MyndMove to deliver
FEST in the SCI population, not only for grasp-
ing (the above studies investigated FEST for
grasping only) but also for reaching. The pre-
liminary and unofficial reports suggest that
FEST can be used with individuals with chronic
and subacute SCI to improve both reaching and
grasping functions, and that future studies
are needed to investigate the efficiency of
FEST for both reaching and grasping in the SCI
population.

Potential Mechanisms of Recovery

in Functional Electrical Stimulation
Therapy

The mechanisms by which FEST produces re-

covery of voluntary function are unknown. How-
ever, there are physical and neurologic aspects
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that may explain the effects of this therapeutic
intervention. Three possible peripheral mecha-
nisms can be considered. First, simply by
muscle training and strengthening, FEST may
improve residual muscle function. Second, FEST
may increase the flexibility and range of motion
in the affected limb, improving voluntary func-
tion as well. Third, FEST may reduce muscle
spasticity, resulting in improved motor func-
tion, although there is conflicting evidence on
this effect.

From a neurologic perspective, improve-
ments due to FEST may be explained through
cortical reorganization, which has been found
after injury to the central nervous system (CNS).
One potential mechanism stems from the fact
that FES is likely to activate both motor and
sensory nerve fibers, which, combined with
the forced repetitive movements used in FEST,
may promote neuroplastic changes in the CNS.
Also, task-specific training rehabilitation has
been shown to produce greater cortical reor-
ganization and plasticity compared with tra-
ditional therapy. With these factors in mind,
using repetitive FES movements that provide
sensory stimulation can likely promote neuro-
plasticity in the CNS.!8

Rushton!® suggested that the orthodromic
and antidromic impulses generated when a
nerve fiber is stimulated with FES may result
in reorganization beyond the cerebral cortex,
resulting in the FES carryover effect. During
FES, a voluntary command descending from the
brain to a spinal motor neuron can meet the
antidromic impulse at the motor neuron. These
two impulses at the spinal cord can strengthen
the synaptic connection via Hebb’s rule, lead-
ing to increased efficacy of the voluntary
descending command to activate the impaired
muscle in individuals with SCI.

A final potential explanation that supports
the mechanisms behind FEST, proposed by
Popovic et al,’” includes the incorporation of
sensory feedback. If FEST is used to assist in
performing a motor task while voluntarily
generating the corresponding motor command
(i.e., attempting the movement), FEST provides
afferent feedback confirming that the desired
command was executed successfully. The repet-
itive combination of the corresponding efferent

and afferent signals in the CNS, for prolonged
periods of time, may facilitate functional reor-
ganization and retraining of unaffected and
functionally related areas of the CNS, enabling
the functional parts of the CNS to take control
over the damaged parts to improve outcomes
following FEST. The combination of the motor
task repetition, diverse and meaningful tasks,
and the individual’s full engagement and atten-
tion to the tasks performed (all three being hall-
marks of FEST) plays a critical role in retraining
voluntary motor function.

The carryover effect of FEST needs to be
fully examined and explained, as it is most
likely multifactorial. However, it is certain that
FEST is very effective at restoring voluntary
functions in individuals following SCI. As for
FEST for locomotion, we have indications that
it is able to restore voluntary walking in indi-
viduals after SCI. However, it is our impression
that the FEST for walking may require further
refinement and clinical trials before it will be
able to achieve the same robust outcomes as
FEST for reaching and gasping.

Potential Future Directions for
Functional Electrical Stimulation
Therapy

The FES technology, used either as an assistive
device or as a tool to enhance voluntary func-
tion, continues to evolve. New electrode shapes
and configurations, stimulation sequences, and
techniques are among the things that are shap-
ing the next generation of neuroprosthetic tech-
nology. One of the most exciting developments
in the field of FEST is its intersection with
brain-computer interfacing (BCI) technology.
A B(I translates brain signals into control com-
mands for external devices such as computers,
augmentative and alternative communication
devices, and robotic systems. Operation of BCls
does not require any voluntary movement (e.g.,
to activate a switch), which positions BCI sys-
tems as a potentially enormous opportunity to
assist individuals whose ability to move volun-
tarily is very limited or nonexistent.

A BCI analyzes the activity of the brain to
extract properties reflective of a person’s intent.
These attributes may include evoked poten-
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tials, power of specific frequency bands, and
the frequency of firing of individual neurons.
The features are then transformed into com-
mands specific to the device to be controlled.

Virtually any method to monitor the activ-
ity of the brain can be used to implement
these brain interfaces. Magnetoencephalogra-
phy (MEG), functional magnetic resonance
imaging (fMRI), and near-infrared spectroscopy
(NIRS) have all been used to create BCI tech-
nology. However, most BCls are implemented
using electrical recordings of the brain. These
include intracortical recordings, electrocorti-
cography (ECoG), and electroencephalography
(EEG). To date, most BCI systems have been cre-
ated using EEG techniques, likely due to their
noninvasive nature, relative low cost, wide-
spread availability, speed, and rich information
content that they provide.

One important approach, widely used for
implementing EEG-based BCI systems, consists
of transforming the power changes of senso-
rimotor rhythms into a control signal. This is
due to the fact that it is possible to learn to pro-
duce changes in amplitude within the o (8 to
12 Hz) and B (13 to 30 Hz) frequency ranges
by imagining movements.?® These changes are
present in ECoG signals too, which also display
changes at higher frequencies not typically
associated with EEG. Uses for this technology
have included computer cursor control as well
as wheelchair driving and ambulation in a
virtual reality environment, among others. In
addition, and perhaps due to the fact that acti-
vation of the BCI is achieved through imagina-
tion of movements, applications have also
focused on the control of orthotic and pros-
thetic devices designed to facilitate voluntary
function of paralyzed or missing limbs. More
specifically, individuals with SCI have con-
trolled a hand orthosis,?! a noninvasive'422 and
implanted neuroprosthesis for grasping,23 and,
more recently, a neuroprosthesis for walking.24

Brain—-Computer Interfacing Technology
for Neurorehabilitation

Similar to FES technology, BCI technology has
experienced a shift in its conceived application.
One of the original intended uses of BCI tech-
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nology was to provide a means of communica-
tion for individuals with locked-in syndrome
who are completely unable to communicate due
to a complete loss of the ability to move volun-
tarily. Patients with advanced amyotrophic lat-
eral sclerosis (ALS) and brainstem stroke were
the populations targeted by early BCI systems.
However, in the last decade, there has been
great interest in the use of BCI technology as a
tool to promote recovery of voluntary function
after stroke and SCI.

It is likely that at the core of this interest lies
the fact that the use of BCI technology, and par-
ticularly when its operation requires users to
imagine that they are moving a part of their
bodies (e.g., a hand or a foot), overlaps factors
that have been identified as important to facil-
itate changes in the nervous system that can
lead to motor recovery.?> For example, opera-
tion of a BCI requires full attention for its oper-
ation (e.g., focus on the imagined movement).
Focus on the movement being practiced during
therapy is also important. In FEST, this is
achieved by asking patients to attempt the
practiced movement and by triggering the
stimulation only after a few seconds of effort.
In addition, the use of a BCI engages the CNS
directly, without applying electrical of magnetic
fields to the brain, and without focusing exclu-
sively on peripheral activity (i.e., limb move-
ment). At the moment, the reports describing
the use of a BCI for rehabilitation of voluntary
movement are restricted to patients with stroke
excluding the SCI population. However, the
principles behind using a BCI for rehabilitation
after stroke may be applicable to patients with
SCI as well.

Brain—-Computer Interfacing
Technology as a Short-Term
Rehabilitation Tool

An Addition to Therapy

At the moment, there are two main approaches
to integrate BCI technology into the rehabilita-
tion of individuals with limited mobility. The
first one consists of using the BCI as a tool to
enable patients to learn to produce normal oscil-
latory activity as related to voluntary movement
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(i.e., changes in power in the a and f fre-
quency ranges produced by motor imagery).
This intervention is motivated by the hypothe-
sis that the changes in the nervous system
responsible for producing normal brain activ-
ity will result in increased normal function of
the nervous system, leading to improved motor
control. Interventions using this approach have
included BCI as an addition to regular physical
therapy.

In a recent study, Ramos-Murguialday et
al26 reported increased recovery of voluntary
arm and hand function in 32 chronic stroke
patients who used a motor-imagery-based BCI
immediately before their regular physical ther-
apy sessions. Participants in the experimental
group underwent training sessions to produce
voluntary power decreases in sensorimotor
rhythms to control hand and arm orthoses,
whereas activation of these devices was ran-
dom for the control group. The activity of the
brain was recorded using EEG electrodes placed
over the ipsilesional motor cortex. Both groups
received physiotherapy immediately after using
the BCI. The experimental group showed sig-
nificant increases in upper limb function at
the end of the intervention, which were not
observed for the control group.

Brain—-Computer Interfacing to Control
Movement Facilitation Technologies

The second approach for integrating BCI into
rehabilitation consists of detecting the pa-
tient’s intention to move and trigger an exter-
nal device to facilitate the intended movement.
The motivation behind this intervention is that
the artificially produced movement will gener-

ate sensory feedback that, combined with the
intention to move, will produce changes in the
CNS, resulting in improved motor function.
One of the most widely explored interventions
to date using this approach has been the trig-
gering of robotic rehabilitation systems. For
example, Ang et al?’ conducted a randomized
controlled trial in which patients with stroke
underwent upper limb therapy using a robotic
system to facilitate two-dimensional reaching
movements. Both the experimental and con-
trol groups were instructed to reach to eight
different targets placed radially, and in both
cases the robot provided assistance to com-
plete the movement. Triggering of the robot
was done automatically or using mechanical
cues (control group), or using a BCI operated
by motor imagery (experimental group). Their
results demonstrated a significant and com-
parable increase in arm function after 4 weeks
of treatment for both groups, with the exper-
imental group achieving these results with
much lower intensity therapy (136 repeti-
tions per session and 1,040 repetitions per ses-
sion for the experimental and control groups,
respectively).

Delivery of FEST triggered by a BCI is in its
infancy (Fig. 12.3). Thus, there is little reported
work, with much of it still at a stage of feasibil-
ity testing. Combining FES with a BCI poses sig-
nificant technical problems, as the stimulation
used to produce movement can generate inter-
ference affecting the reliability of measuring
EEG signals. However, the possibility that the
rich proprioceptive and somatosensory feed-
back produced by the electrical stimulation,
coupled with a verified intention to perform a
motor task, makes the integration of FEST and
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Manually
triggered
FES

BCI-
triggered
FES

Fig. 12.3 Functional electrical stimulation (FES)
therapy and brain—computer interface (BCl) inte-
gration. These conceptual illustrations depict
possible configurations for integrating a neuropros-
thesis for motor restoration and a BCl in the context
of FES therapy. (a) Current FES therapy relies on a
therapist to identify the patient’s intention to move
and trigger the stimulation after a few seconds. The
motor command is met with corresponding sensory

BCI technology very promising for restoring
voluntary movement after stroke and SCI (Figs.
12.3 and 124).

In one important study, Daly et al?> explored
the efficacy of BCI-controlled FEST to restore
voluntary finger function 10 months after
stroke in a single subject, a woman who had
lost the ability to move her fingers individually.
She was asked to attempt movements with her
index finger. A BCI detected her intention to
move, reflected as a decrease of power in the
B frequency range, which triggered an FES
system to facilitate the finger movement. After
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information, which may play a role in the restoration
of function observed after FES therapy. (b) A BCI-
triggered FES system would identify the patient’s
intention to move through motor-related changes
in electroencephalography (EEG) activity. This would
ensure that the patient is engaged and focused in
the task, and that the stimulation is delivered
immediately when the movement is attempted.
(Courtesy of REL.)

nine sessions, the participant’s ability to per-
form finger extension increased. Our group also
examined the use of BCI systems combined
with FEST for grasping in able-bodied indi-
viduals. In that work, we were interested in
the neuroplastic changes induced in the motor
cortex by such a system immediately follow-
ing the therapy as compared with FEST
alone.?8 This pilot study demonstrated that a
BCI-driven FEST system for grasping is more
effective in inducing neuroplasticity in able-
bodied individuals as compared with conven-
tional FEST system.
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Fig. 12.4 Brain—-computer interface (BCl)-triggered
neuroprosthesis for grasping for FES therapy. The
images illustrate the operation of a prototype
BCl-controlled neuroprosthesis for its use in FES
therapy to restore upper limb function. The system,
which used a single EEG electrode, was tested with
a 64-year-old man who had a stroke 6 years earlier,
resulting in severe hemiplegia. (a) The patient was
asked to relax and prepare to open his hand. (b) An

experimenter demonstrates the movement to
perform, which also serves as a cue for the patient
to attempt the movement. (c) The BCl detects the
intention to move (the change in color of the
bottom square box on the screen, from white (b)
to green (c) indicates a change in the BCl user
interface). (d) The BCl triggers the stimulation
opening the patient’s hand. The sequence of events
was completed in 4 seconds. (Courtesy of REL.)

Conclusion

Functional electrical stimulation has been suc-
cessful as a method to improve function after
SCI. Whether used as an orthotic system daily to
produce the movement impossible to carry out
voluntarily after SCI, or as a short-term thera-
peutic intervention to promote recovery of vol-
untary function, FES technology can have a
direct positive impact on the quality of life of
individuals with SCI. It is, however, a technology
that continues to evolve in both its engineer-
ing and its applications. As we see important
advances in the field of BCI, it is likely that inte-
gration of these two technologies (FES and BCI)
will become an important addition to the tools
available for restoring motor function.

Chapter Summary

Functional electrical stimulation, which deliv-
ers highly controlled low-energy electrical dis-
charges to produce contractions in paralyzed
muscles, can be used to restore movements,
including standing, walking, reaching, and
grasping. In addition, when used temporarily as
a therapeutic intervention, this technology has
produced some remarkable recoveries of vol-
untary motor function. This chapter described
the technology and its applications to restore
voluntary movement after an SCI. We also de-
scribed the integration of functional electrical
stimulation technology with brain-computer
interfaces as a potential next step in the evolu-
tion of this field.
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¢ Functional electrical stimulation (FES) can produce
functional and complex movements by applying
highly controlled low-voltage electrical impulses
to paralyzed muscles.

¢ FES technology can be used as a permanent
orthotic device or as part of a short-term rehabil-
itation program.

¢ FES therapy uses FES technology as a temporary
therapeutic intervention to promote neuroplasti-
city and produce clinically meaningful and long-
lasting recovery of voluntary movement after
spinal cord injury.

¢ Improvements in voluntary function after FES
therapy apply to both complete and incomplete
SCl, and both subacute and chronic patients ben-
efited from this therapy.

¢ The contemporary FES therapy produces con-
tractions only in innervated muscles, that is,
muscles whose peripheral nerves are intact.

¢ The complexity of some FES systems confines
them to clinical and research environments.

¢ Muscle deconditioning, muscle fatigue, contrac-
tures, inability to selectively activate targeted
muscles, and discomfort during stimulation are
common obstacles in delivering FES therapy.
However, advanced FES systems have been able
to overcome these and other similar challenges.

# It is common to change stimulation protocols
multiple times during a single FES therapy session
to facilitate different movements. This requires
repositioning of the stimulation electrodes, which
reduces the active therapy time.
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Introduction

Traumatic spinal cord injury (SCI) can severely
impact a person’s upper and lower limb motor
function. Consequently, many patients with
SCI list the ability to regain some walking
movement and arm/hand strength as top pri-
orities.! Although emergency care and early
therapeutic programs for persons with SCI
have dramatically improved in recent decades,
enormous physical barriers are still faced by
patients and clinicians in establishing safe
standing and walking therapies, as well as
therapies that help restore upper limb strength
and function. A substantial body of literature
drawn from experiments on animal models
has shown that imposing locomotor move-
ments in animals with incomplete SCI can help
to retrain dormant spinal neural circuits and
enable these circuits to generate relatively
normal oscillatory neural activation patterns
during recovery.? These animal data have been
interpreted as supporting the analogous idea
that retraining human locomotor function
after SCI by externally imposing near-normal
movement patterns on the lower extremities
may have similar beneficial effects. This type of
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therapy entails externally imposing cyclical leg
movements on patients recovering locomotor
function while safely supporting them. These
technologies may also reduce the prevalence of
secondary medical conditions associated with
SCI.3 However, many of these training strate-
gies, such as body weight-supported treadmill
training, are labor-intensive endeavors that
require the time and effort of several physical
therapists to assist with proper loading of the
limbs and weight transfers.

This reality has stimulated a burgeoning
interest in the development of advanced engi-
neering and robotic technologies to assist and
augment therapist actions in patients with
SCI. However, developing safe, low-cost, and
clinically effective devices constitutes a major
physical and engineering challenge. Robotic
devices have also been developed to provide
assistance or therapy for the impaired upper
limb, although the scientific basis for improv-
ing upper limb function through movement
training is more limited. This chapter focuses
on the characteristics and impact of several
robotic devices that are currently available,
reviews the current research findings with
the most prevalent versions, and discusses the
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value of emerging wearable sensor systems
for monitoring training efficacy of advanced
technologies.

Treadmill-Based Robotic
Devices

Rehabilitation strategies for individuals with
SCI focus on those with incomplete SCI, and
use task-specific repetitive training to increase
neural drive to the lower limbs, strengthen leg
muscles, and potentially restore some degree
of useful limb function. It is widely believed
that intensive task-specific practice promotes
the emergence of neural plasticity, which is
mediated by structural and functional changes
in neural circuits. In the past 30 years, several
robotic trainers have been developed that can
augment and sometimes replace the physical
actions of therapists to help restore upper- or
lower-limb function, and improve a patient’s
gait, balance, and posture.

Providing body-weight support through a
harness may enable patients to begin therapy
earlier in recovery, despite weakness or poor
coordination, and remove the risk and fear of
falling. In the following subsections we review
some robotic trainers for the upper and lower
limb.

The Lokomat

The Lokomat (Hocoma Inc., Norwell, MA, and
Volketswil, Switzerland), one of the most stud-
ied robotic gait training systems and the most
widely adopted, was developed as the out-
come of a collaboration between Hocoma and
researchers at Balgrist University Hospital in
Zurich.* An initial prototype was developed
in 1999. There are now two versions of the
machine: the Lokomat®Pro (Fig. 13.1) and the
Lokomat®Nanos. The Nanos was launched in
2010, and offered a smaller version of the
Lokomat®Pro for rooms with a ceiling height of
at least 240 cm (~ 7.9 feet). The Lokomat is an
exoskeleton, mounted above a treadmill, with
extensive body-weight support technologies

included. The device uses linear actuators to
control joint angles at the knee and hip. In older
models, movements were externally imposed
in the form of a predetermined normal gait
pattern, irrespective of movement generated
by the user, and were limited to the sagittal
plane. These constraints limited the opportu-
nity for balance training and did not require
users to generate voluntary movements on
their own. A new optional module, “FreeD,”
supports weight shifts and promotes balance
recovery through lateral and rotational move-
ments of the pelvis. Software provides game-
like exercises that are used to motivate patients.
To induce greater efforts, the movements are
scored to encourage patients to make correct
physical actions. Software provides game-like
exercises that are used to motivate patients
and induce greater effort, and movements are
scored to encourage patients to make correct
movements.

Individuals with incomplete SCI (American
Spinal Injury Association [ASIA] grades C and
D) showed significant improvements in over-
ground gait speed and endurance after 12 weeks
of training on earlier versions of the Lokomat,’
although this did not translate into improved
functional walking ability. Generally, individ-
uals with the most impaired locomotor and
functional abilities showed the greatest im-
provements after training. Therefore, the device
developers recommend its use preferentially
for nonambulatory persons with incomplete
SCI. In a small study, three individuals with
incomplete SCI also demonstrated improved
gait speed, endurance, and ASIA scores after
16 to 20 weeks of training.® A study involving 60
patients with incomplete SCI in which Lokomat
training in addition to traditional over-ground
training was compared with over-ground train-
ing alone found that robot-assisted training may
have increased benefit over conventional train-
ing alone.”

The Aretech ZeroG

The Aretech ZeroG® (Aretech LLC, Ashburn, VA)
is a robotic gait and balance training system
designed to enable patients with a variety of
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Fig. 13.1 The Lokomat was developed in collab-
oration by Hocoma and researchers at Balgrist
University Hospital in Zurich. It is one of the most

neurologic impairments to practice walking,
balancing, and performing other functional
activities while supported by an overhead har-
ness, suspended from a ceiling-mounted track.?
There are three versions of the device: ZeroG,
which provides over-ground bodyweight or
balance/static support; ZeroG Lite, which pro-
vides treadmill-based support; and ZeroG
Passive, which is a fall protection system. This
discussion focuses on the ZeroG for body-
weight support training (referred to simply as
the ZeroG; Fig. 13.2). Developed with United
States Military funding by Joe Hidler, PhD, at
the National Rehabilitation Hospital, Washing-
ton, DC, and a team of engineers and thera-
pists, the ZeroG was first used as a therapeutic
device in 2008. Now in its second iteration, and
registered with the Food and Drug Administra-
tion (FDA) as a class I medical device, it is avail-
able commercially, and the various versions of
the device are used in approximately 70 reha-
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studied robotic gait training systems and the most
widely adopted. (Courtesy of Hocoma, Volketswil,
Switzerland.)

bilitation clinics nationwide and at some inter-
national sites. The system is mounted to an
overhead track, and patients are secured to the
machine with a harness with straps that fasten
around their shoulders, chest, torso, and bot-
tom. The harness is connected to an overhead
spreader bar that is moved along an overhead
track by a motorized robotic trolley, which
can move at up to 6 mph. The ZeroG has two
modes for providing body-weight support: a
static body-weight support mode, in which
patients can perform limited activities but their
position is fixed so they cannot move down-
ward; or dynamic body-weight support mode,
in which patients can move up and down, for
example from kneeling to standing. The device
can support up to 181 kg (~400 Ib) in the static
mode and provide 4.5kg to 91 kg (~10 to 200 1b)
of support in the dynamic mode. Therapists can
select different training sessions on a touch-
screen or using a wireless remote. The ZeroG’s
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software system includes interactive target
matching and balance games. Games can be
set to varying levels of difficulty, together with
feedback on balance and postural control in
real time. Data from each training session is
stored and can be exported in several formats
to enable tracking of the patient’s progress.
The ZeroG has been studied in persons
with stroke, SCI, and cerebral palsy. In a study
with 13 able-bodied subjects, Fenuta and Hicks®
found that electromyogram (EMG) amplitude
decreased as body-weight support increased,
whereas muscle activation patterns were not
significantly altered. Thus, providing body-
weight support decreased the intensity of

Fig. 13.2 The Aretech ZeroG® used
during a therapy session to practice
balance. The ZeroG is designed to
allow patients with a variety of
neurologic impairments to practice
walking, balancing, and performing
other functional activities while
supported by an overhead harness,
suspended from a ceiling-mounted
track. (Courtesy of Aretech; http://
www.aretechllc.com/news-media/
photos.)

muscular effort required during gait, while
allowing generation of normal muscle activa-
tion patterns.

Data from SCI studies using ZeroG are cur-
rently limited. In a study with patients with
incomplete SCI, Fenuta and Hicks'? determined
that the ZeroG did not produce significantly
higher lower limb muscle activity in leg mus-
cles studied (tibialis anterior, rectus femoris,
biceps femoris, and medial gastrocnemius)
compared with using conventional treadmill
training. However, the authors suggested that
the ZeroG might be useful for more intensive
therapy sessions that focus on balance and torso
stability, in addition to walking.
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The Gait Trainer GT |

The Gait Trainer GT I (Reha-Stim, Berlin, Ger-
many) is an electromechanical device that
enables patients to perform task-specific repet-
itive exercise with less intervention from ther-
apists. It was developed by Drs. Stefan Hesse
and Dietmar Uhlenbrock of Klinik Berlin at the
Free University of Berlin in Germany,!" and is
designed to simulate a walking gait with a
stance/swing phase ratio of 60:40. To accurately
simulate gait phases, support for the user’s
body weight is needed, and the device controls
the user’s center of mass in horizontal and ver-
tical directions.

Users are secured into the device with a
harness; their legs are positioned on two foot-
plates that move backward to simulate the
stance phase, and forward to simulate swing
phase. The device also consists of two rockers
and cranks to propel footplates that the user
stands on. Hesse and Uhlenbrock!! discuss the
design specifications. Using the machine, a
person’s step length and cadence can be contin-
uously adjusted; horizontal and vertical move-
ments that typically occur during the gait cycle
are independently controlled by the machine,
and a display shows elapsed time, number of
steps, velocity, and amount of body-weight sup-
port. An optional functional electrical stimula-
tion (FES) system provides four to eight channels
to enable stimulation of up to eight nerves or
muscles.

Most studies with Gait Trainer GT I till date
were either in stroke (subacute or chronic)!?
or in children with Cerebral Palsy.!3 Improved
gait function and increased lower-limb muscle
activity compared to traditional physical ther-
apy was reported in chronic non-ambulatory
stroke subjects.’? In four independent case
studies of persons with incomplete SCI (ASIA
C & D), training in GT I with FES improved gait
symmetry and dynamic gait pattern. In addi-
tion, increases in gait velocity, distance cov-
ered, loading of affected limbs and reduction in
therapist’s effort were reported. It is acknowl-
edged that further controlled clinical studies are
warranted.'® One concern is that the system
utilizes continuous foot contact with the sup-
porting footplates, and does not provide inter-
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mittent sensory input to the plantar skin, as
would happen in stance and swing phases of
normal gait.

The LOwer extremity Powered Exo
Skeleton

The LOwer extremity Powered Exo Skeleton
(LOPES) is an impedance-controlled gait train-
ing and motor assessment tool developed by
researchers at the Department of Biomechani-
cal Engineering of the University of Twente in
the Netherlands. The first prototype, developed
in 2006, combined a two-dimensional actuated
pelvis segment with a leg exoskeleton that had
three actuated rotational joints.!> The device
thus combines an exoskeleton—which moves in
tandem with the user’s legs—with robotic pel-
vic support, which compensates for the weight
of the exoskeleton and enables application of
corrective torques to the pelvis. By enabling
mechanical interaction between the robot and
the patient, this device is designed to provide
assistance only as needed; that is, not to hinder
movement and provide a continuum of support
between two extremes—a “person-in-charge”
and “robot-in-charge” modes—in which the
device either enables free movement or assists
the patient, respectively. Therapists can set the
degree of assistance to leg joints and pelvis as
required for each user. The LOPES provides eight
degrees of freedom (two horizontal degrees for
the pelvis and three rotational degrees for each
leg), which enables forward walking but also
requires some balance control.

Preliminary studies indicated that walking in
the device with no robot assistance resembles
normal walking.’> An error-based learning
algorithm automatically adjusts the amount
of support provided based on the patient’s
performance in various subtasks, such as foot
clearance, which reduces the need for therapist
to adjust support.’® Complementary Limb Mo-
tion Estimation (CLME), in which the required
movement trajectory for the affected leg is
generated based on the normal walking move-
ments of the sound leg, has been incorporated
into the machine, and this option increases
gait stability and ensures that the amount of
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support is automatically adapted to the patient’s
needs.

The device has been studied in stroke survi-
vors since 2008, and there are some data on its
use with SCI patients. In an exploratory clini-
cal trial, Fleerkotte et al'7 trained 10 patients
with chronic incomplete SCI using the LOPES
three times a week for 8 weeks. All participants
showed significant improvement in walking
speed and distance and in the Walking Index
for Spinal Cord Injury, the Six-Minute Walking
Test, the Timed Up-and-Go Test, and Lower
Extremity Motor Scores. In addition, there was
significant improvement in spatiotemporal gait
measures and range of motion of the hip. These
improvements were maintained at an 8-week
follow-up. The authors concluded that the
LOPES may improve users’ walking ability and
quality, in addition to muscle strength. Slow
walkers showed the most relative benefit in
terms of walking distance and speed.!”

The PAM/POGO

The PAM/POGO (Biorobotics Laboratory, Uni-
versity of California-Irvine) is a pneumatic
robotic device designed to help patients with
SCI practice walking on a treadmill, while their
body weight is supported, as necessary, by an
overhead suspension system. This device com-
prises a pneumatically operated gait orthosis
(POGO) attached to a pelvic assist manipulator
(PAM), which assists movement of the pelvis
with six actuated degrees of freedom (DOF),
allowing unrestricted movement of the pelvis
during gait. (Pelvic tilt is unactuated, as this is
largely mediated by the body-weight support
system, and therapists do not normally pro-
vide assistance with this DOF.) POGO, which is
worn by the user, provides assistance during
the swing phase of gait and prevents knee buck-
ling during stance phase, using a combination of
actuated and passive DOF. PAM/POGO enables
a full range of natural motion of the legs and
pelvis during treadmill walking while providing
compliant assistance. Both PAM and POGO are
actuated pneumatically; their inherent com-
pliance enables the generation of large forces
with lightweight components. Because the
PAM enables normal pelvic motion, users can

practice shifting their weight and maintain-
ing balance during walking. Use of compliant
assistance means that the user’s effort directly
impacts the resulting gait, as is the case for
unimpaired walking, providing realistic walk-
ing practice.’® Although clinical efficacy has
not been determined, this device has shown
promising results in preliminary studies to
both reduce the demands on therapists during
body-weight-supported gait training and to
provide realistic stepping practice for individ-
uals with SCI.18

Limitations

Robotic gait-training devices hold much prom-
ise for providing consistent, quantifiable ther-
apy while reducing the need for multiple
therapists and reducing the physical burden
on those therapists. However, rational training
strategies to optimize locomotor recovery in
individuals with incomplete SCI using such
devices have yet to be established. Further
barriers to clinical acceptance of these tools
include potential high cost and large size, tech-
nical complexity, and safety concerns, all of
which limit robot implementation in clinical
settings and preclude their use at home. Fur-
thermore, their size and cost mean that rigor-
ous randomized controlled trials are difficult to
implement, so that full-scale validation of their
therapeutic value remains difficult to achieve,
and has not been fully accomplished to date.

Wearable Robotic Devices

More recently, wearable robotic or exoskeleton
devices have been used to compensate for
impaired lower limb function in patients with
both complete and incomplete SCI. Unlike
treadmill-based therapies, these devices offer
the possibility of providing over-ground mo-
bility in addition to therapeutic applications.
Many of these devices have been designed for
therapeutic purposes, although some are now
offering mobility assistance for home and com-
munity use. Currently, there are four devices
commercially available for therapeutic use and
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one for personal mobility use. However, 15 to
20 different types of exoskeleton will be ready
to enter the market in the next 2 to 5 years.
These devices differ in some of their structural
framework, but they all provide stability for
walking through lower extremity bracing, sen-
sors that detect a user’s desired movements and
motors or actuators that operate the device.
Research for both therapy and mobility appli-
cations is limited and warrants longer-term
investigation.

The ReWalk

The ReWalk™ (ReWalk Robotics, Inc., Marlboro,
MA, and Yokneam Illit, Israel) is a lower-limb
exoskeleton with bilateral hip and knee joint
actuator motors, powered by rechargeable bat-
teries, to assist individuals with SCI to stand
upright, walk, and ascend and descend ramps,
curbs, and stairs (Fig. 13.3). The stairs function
is not FDA approved and so at present, use of
stairs can be undertaken only in research set-
tings. For all other functionalities, this device
has FDA clearance for personal use for injuries
at levels T7-L5 (although a trained caregiver
must accompany the user at all times due to
the risk of falling). The device is also approved
for therapeutic use in the clinic for levels T4-L5.
This device is currently the only exoskeleton
with FDA clearance for personal use (although
a trained caregiver must accompany the user
at all times due to the risk of falling). Sensors
measure upper-body tilt angle, joint angles, and
ground contact.!® The ReWalk is adjusted to fit
the user, and Velcro straps around the trunk,
waist, thighs, knees, and calves secure the user
into the device; users’ feet are placed over the
footplates. Forearm crutches ensure stability,
provide additional comfort and safety, and
help the user sense the ground.!® Users wear a
backpack that contains the control system and
batteries, and additional padding can be used
to improve comfort and to reduce the risk of
skin injury.

A wireless remote controller worn on the
wrist is used to select different sitting, stand-
ing, or walking modes, and users operate the
ReWalk through minimal movements of the
trunk to change the center of gravity. To initi-
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Fig. 13.3 The ReWalk is a lower-limb exoskeleton
designed to assist individuals with lower extremity
weakness due to spinal cord injury (SCI) to stand
upright, walk, and ascend and descend stairs.
(Courtesy of ReWalk Robotics, Inc.)

ate the first step in walking mode, users must
lean their trunk forward until a tilt sensor
located on the lateral trunk support detects an
8-degree change in sagittal plane position. This
event initiates a preset hip and knee displace-
ment, resulting in leg swing. The user then
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returns the trunk to an upright position to
complete the swing phase and ensure toe
clearance. Joint angle displacements for the
knee and hip can be adjusted using an external
computer to optimize the walking characteris-
tics or implement a training mode. The tilt sen-
sor can be bypassed in a manual mode, which
can be used for sit-to-stand transitions.!?

The ReWalk is produced in two versions:
the ReWalk Rehabilitation is designed for ther-
apeutic purposes, and the ReWalk Personal is
designed for mobility in the home and com-
munity. Patients with lower extremity paraly-
sis or paresis due to SCI level T7 to L5 can use
the device in the home and community setting,
when accompanied by a trained caregiver; those
with lesions at levels T4 to T6 are restricted to
a rehabilitation setting.29 Users must have
adequate bilateral upper limb strength, trunk
control, and lower limb length, and must have
sufficient range of motion in the lower extrem-
ity to allow for ambulation. They must tolerate
upright positioning and walking without expe-
riencing adverse autonomic effects, and have
adequate bone density.

In one study, after training with the ReWalk,
12 nonambulatory patients with thoracic-level
motor-complete SCI were able to walk con-
tinuously using the device without additional
assistance for at least 50 to 100 m, and for peri-
ods of at least 5 to 10 minutes at speeds of 0.03
to 0.45 m/s.'® The device was safe to use, with
no serious adverse effects observed. Addi-
tional beneficial effects in other areas included
improved bowel and bladder function, reduced
spasticity, and improved pain levels.

The Ekso

The Ekso™ (Ekso Bionics, Berkeley, CA) is a
lower-extremity exoskeleton intended for use
as a gait training tool for patients with lower
extremity weakness following SCI (motor com-
plete paralysis C7 or below; incomplete SCI with
functional bilateral upper extremity strength
or functional strength of one upper extremity
and one lower extremity) or other neurologic
injury with similar outcome. The FDA has
approved the use of the Ekso in the clinical

setting for individuals with SCI and stroke. A
unique feature of the Ekso is the variable assist
program, which allows therapists to adjust how
much assistance the device provides at the hip
and knee, based on the user’s ability. The Ekso,
which weighs 50 Ib, comprises two upper and
lower leg segments that can be adjusted to fit
the user, that is, to align the user’s joints with
the Ekso joints. These limb segments are con-
nected to a rigid torso structure, which also con-
tains the computer and batteries. Four motors
actuate the hip and knee joints in the sagittal
plane.?! The therapist can control the device,
and settings are adjusted to meet the user’s
evolving needs.

The Ekso has three functions—sit-to-stand,
walk, and stand-to-sit—and three walking
modes: (1) FirstStep, in which the trained ther-
apist controls the device. (2) ProStep, in which
users achieve the next step by moving their
hips forward and shifting them laterally; the
Ekso recognizes that the user is in the correct
position and takes the steps. (3) ProStep Plus,
in which the device is triggered not only by
weight shift but also by forward leg movement.
Although the Ekso™ provides external stabil-
ity, patients must practice static and dynamic
standing balance activities to ensure they can
maintain their balance, before walking in the
device using an appropriate assistive device.

Using the Ekso, some patients with SCI dem-
onstrated improvements in walking speed and
balance, though larger clinical trials are needed.
In a prospective pilot study, Kolakowsky-
Hayner et al?2 evaluated the feasibility and
safety of using the Ekso to aid individuals with
SCI (complete TI or below) with ambulation,
and found the device safe for use in a controlled
environment with a trained professional.

The Indego

The Indego® (Parker Hannifin Corp., Macedonia,
OH) is a lower extremity exoskeleton designed
to enable patients with lower extremity weak-
ness following SCI to stand, walk, and perform
stand-to-sit and sit-to-stand transitions (Fig.
13.4). The FDA has approved the Indego for
personal use by individuals with spinal cord
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Fig. 13.4 The Indego is a lower extremity exo-
skeleton designed to enable individuals with lower
extremity weakness or paralysis due to SCI and
other conditions to stand, walk, and perform stand-
to-sit transitions. (Courtesy of Parker Hannifin.)

injuries at levels T7-L5, and rehabilitation use
for patients at injury levels T4-L5. The device,
which weighs 12kg (~26 1b), is designed to be
used with forearm crutches or other devices
that assist with stability. The Indego comprises
five modular components—right and left upper
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and lower leg segments and a hip segment—
that are available in three sizes. Due to this
modular design, the device can be assembled
while a patient is seated. A rechargeable lithi-
um-ion battery and electronics are housed in
the hip segment, and the upper leg segments
contain the actuation units and electronics.
The lower leg segments contain ankle foot
orthoses that attach to the upper leg segments
at the knee. A wireless controller enables the
therapist to control the device, and to capture
and export data.

The Indego has three operational modes—
sit, stand, and walk—in addition to standby
(pause) modes and a “Go!” mode, which enables
the user to transition between modes. All move-
ments are controlled by shifts in the user’s
body weight and changes in body position. The
device is intended for users with complete or
incomplete SCI level C5 or lower. Users must
have adequate passive range of motion at their
shoulders, hips, knees, and ankles, and suffi-
cient upper body strength to safely use a crutch
support system. In a pilot study involving 16
patients with SCI and injury levels ranging
from L1 incomplete to C5 complete, all partic-
ipants were able to walk indoors and out of
doors after five 1.5-hour training sessions with
the Indego.2?> Walking speeds and distances
achieved suggested that the Indego could enable
some individuals with SCI to become limited
community ambulators.

The REX

The REX (Rex Bionics Ltd., Auckland, New Zea-
land) is designed for patients with mobility
impairments, including complete SCI up to
the C4-C5 level. The REX Personal (REX P) is
designed for home use.2* Unlike other exoskel-
etons, the REX is self-balancing and a walking
frame or crutches are not required,?* possibly
reducing adverse impact on shoulders. The
device is controlled by the user with a joystick.
Although the REX has five actuated degrees of
freedom that enable the user to sit, stand, and
turn, it is a relatively large, heavy exoskeleton,
and may not enable adequate voluntary limb
exercise in its current form.

Al use subject to https://ww.ebsco.conlterns-of-use

171



172

EBSCChost -

printed on 2/11/2023 3:05 AMvia .

Chapter 13

The HAL

The HAL® (Hybrid Assistive Limb; Cyberdyne
Inc., Tsukuba, Japan) is a full-body exoskeleton
originally developed to assist the elderly and to
help individuals with disabilities walk, climb
stairs, and lift objects. The HAL comprises power
units and angle sensors for the upper and lower
limbs, a floor reaction force sensor, a control
unit on the back, and bioelectric signal sensors
embedded in the device that detect EMG signals
on the user’s skin surface to predict the user’s
intended movements.2> The HAL combines
an EMG-based control system with a robotic
autonomous controller that generates gait pat-
terns to control the device, which can assist
with walking and sit-to-stand transitions.26

The Exo-H2

The Exo-H2 (Technaid S.L., Madrid, Spain) is a
lower limb robotic exoskeleton with an open
control architecture that enables the user to
modify and adjust control parameters to opti-
mize the system for the user. It has been used
primarily in a research setting to date.

Limitations

These new exoskeletons are an important
innovation, and raise hopes that many patients
with mobility impairments due to SCI and other
conditions can return to standing and walking
in the home and community, and achieve a
greater level of independence. However, there
is limited evidence to date that they are a safe
and effective form of locomotor training for
rehabilitation therapy. (A trained therapist or
caregiver must monitor the user constantly.)
This is likely because the gait achieved is quite
halting and intermittent, and relies heavily on
safe placement of the assistive device, limiting
continuity of motion, and total locomotor step
dosage. It is unlikely, therefore, that exoskele-
tons will provide a competitive alternative to
treadmill training using a robotic gait trainer
or even manual gait training for therapeutic
purposes, at least in the near term. However,
more intuitive controllers in the exoskeletons
that enable continuous stepping and other

activities such as climbing stairs or ramps, or
training on dynamic stability and balance,
may increase the potential of these devices as
therapeutic tools. Furthermore, other training
strategies such as functional electrical stim-
ulation or spinal stimulation, which when
combined with exoskeleton training seem to
enhance functional benefits, are still being
evaluated.

Upper Limb Robotic
Trainers

Many of these devices were developed for
rehabilitation of arm movement after stroke,
which is the primary cause of upper limb
movement disorders. Furthermore, most clini-
cal studies have been done in stroke survivors
or in healthy subjects, with a few studies in
other populations with impaired upper limb
function, such as multiple sclerosis, Guillain-
Barré syndrome, and SCI.

The InMotion ARM Robot

The InMotion ARM™ Robot (Interactive Motion
Technologies, Watertown, MA) is the clinical
version of the MIT-Manus, an impedance-
controlled robotic arm with two degrees of
freedom, which uses intelligent, interactive
technology to provide intensive therapy that
continuously adapts to and challenges each
patient. The patient sits at a table, putting his/
her lower arm and wrist into a brace attached
to the arm of the robot. A video screen prompts
the patient to perform an arm exercise, and if
the patient is unable to move the arm, the
device moves it. If the patient is able to move
the arm, the robot provides adjustable levels
of guidance and assistance to facilitate this
movement, providing little or no resistance to
enable weak users to move the device. This
end-effector design is easy to don and doff, and
is effective for joint angle changes of 45 degrees
of less.

In a clinical trial of stroke survivors who
received an hour of training with the MIT-
Manus in addition to conventional therapy,
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measures of increased movement were twice
as high as for patients who received “sham”
robotic therapy (i.e., the robot was attached to
the patient but did not assist with movement).
These improvements were sustained at 3-year
follow up.?’ Although studies in SCI are limited,
a pilot study was conducted in nine patients
with incomplete spinal injuries, levels C4 to C6,
sustained 2 years or longer before the study.
Patients received treatment on the InMotion
ARM robot for 18 sessions over 6 weeks, with
one arm followed by the same training with
the other arm. A sample of two patients exhib-
ited greater than 10% changes in Fugl-Meyer
scores and 20% changes in the Motor Power
Scales, and although both arms were trained
separately, similar gains were obtained in both.

The Armeo Spring

The Armeo® Spring (Hocoma Inc., Norwell,
MA, and Volketswil, Switzerland) was derived
from an elegant passive arm support system
developed for use in children with muscular
dystrophy at DuPont Hospital in Delaware (Fig.
13.5). It was redesigned for adult use as a Ther-
apy Wilmington Robotic Exoskeleton (T-WREX)
by David Reinkensmeyer, PhD, at the Univer-
sity of California, Irvine (UCI) and the Rehabili-
tation Institute of Chicago (RIC). The Armeo
Spring, as it is now called, is a passive (i.e., non-
actuated) arm orthosis that provides adjust-
able arm support and is sensorized to measure

Armeo Spring

\1(\— ]
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arm movement and hand grasp as users inter-
act with computer games.

Passive devices, such as the Armeo Spring,
are likely to be less costly and to pose fewer
safety concerns than robotic actuated devices
and so can be used semi-independently. Fur-
thermore, the device does not provide any assis-
tance with movement; thus arm movement
requires increased effort and attention from the
user, potentially contributing to an enhanced
therapeutic benefit.

The arm support enables users with a mod-
erate to severe impairment to achieve a large
active range of motion of arm movement, and
enables them to begin to use their hand in
meaningful ways. Even small arm movements
can be detected by electronic movement and
handgrip force sensors, and can be used to con-
trol computer games and provide quantitative
feedback to the user and clinician. The Armeo
enables users to work in a three-dimensional
workspace and is adjustable for different limb
sizes. An extensive library of game-like soft-
ware enables users to perform exercises in a
virtual-reality environment, which displays the
functional task and provides instant perfor-
mance feedback. Exercises target both distal
and proximal arm movements, including grasp
and release, pronation and supination of the
arm, extension and flexion of the wrist, and
reaching and retrieving functions. The exer-
cises are designed to assess motor ability and
coordination, and sensors record arm and joint

Fig. 13.5 The Armeo® Spring
is a passive arm orthosis that
provides adjustable arm sup-
port. It measures arm move-
ment and hand grasps as users
interact with computer games.
(Courtesy of Hocoma,
Volketswil, Switzerland.)
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movements, which can be accessed to docu-
ment progress and set clinical goals.

Although this device has not been formally
evaluated in SCI, a pilot study with the T-WREX
indicated that 8 weeks of training significantly
improved arm movement ability for individu-
als with moderate to severe hemiparesis fol-
lowing severe stroke.2® Other studies in stroke
patients further demonstrated that the T-WREX
provided a small but significant reduction in
impairment compared with conventional ther-
apy at 6-month follow-up. Although, this find-
ing may not have had functional significance
these gains were similar to those achieved using
actuated robotic devices. However, users pre-
ferred the T-WREX over conventional therapy,
which may increase compliance. Additionally,
an 8-week training program in which the Armeo
Spring was used to supplement conventional
therapy in 10 individuals with severe multi-
ple sclerosis showed significant improvement
in functional tests at the end of treatment,
and function improved further at 2-month
follow-up, suggesting that participants used
their arm more following treatment.2®

Limitations

Upper extremity exoskeletons offer promise
as therapeutic devices by enabling more exten-
sive practice and engaging trainee interest.
They can be programmed to highlight certain
aspects of rehabilitation training, and appear to
be a useful addition to the therapeutic toolbox
of the physical or occupational therapy team.
Although offering promise as devices to aug-
ment neural plasticity, their use is limited by
the lack of a coherent therapeutic framework,
and treatments are thus somewhat ad hoc in
flavor.

Wearable Sensors

Assessing the efficacy of advanced rehabilita-
tion technology for patients with SCI requires
robust outcome measures that accurately eval-
uate changes in ability. Traditional outcome

measures may assess physical ability, such as
number of steps taken or gait speed at a single
point, like a snapshot. However, quantification
of advanced robotic technologies requires con-
tinuous monitoring of stepping practice or gait
speed at a high resolution and evaluating other
important aspects of rehabilitation and recov-
ery, including physiological and psychological
changes, which are essential to well-being and
an enhanced quality of life.39 A variety of novel
sensors are now available to monitor stepping
or activities within the community. Commer-
cially available devices include wrist sensors
such as Fitbit, Jawbone, Nike+ FuelBand, and
smart watches from companies like Samsung,
TAG HEUER, and Apple. The monitoring capa-
bilities of these commercial sensors are limited
currently by their ability to sensitively moni-
tor only healthy people, whereas performance
is under- or overestimated in SCI patients.
Research-based sensors, however, have been
tested extensively in the SCI population. Two
such sensors have been tested in the SCI
population:

The StepWatch Activity Monitor

The StepWatch Activity Monitor (SAM) (Modus
Health LLC, Washington DC), is a wearable step
counter that uses acceleration-based algorithms
to evaluate steps and provide an accurate pro-
file of daily activity. It has been shown to be
accurate at slow walking speeds, and when
worn on the ankle of either the affected or less
affected limb. Studies in patients with SCI
demonstrated that 2 days of monitoring using
the StepWatch was sufficient to obtain reliable
data on daily stepping activity and locomotor
activity.3!

The ActiGraph wGT3X-BT Device

The ActiGraph wGT3X-BT device (ActiGraph LLC,
Pensacola, FL) uses accelerometer technology to
monitor activity—from sleep to ambulation—
and software that uses validated algorithms to
interpret that activity (Fig. 13.6). It also uses a
gyroscope to measure nonambulatory move-
ment or to detect falls; a proximity meter to
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Fig. 13.6 The ActiGraph wGT3X-BT device uses
accelerometer technology to monitor activity, and
has software that uses validated algorithms to
interpret that activity. It has been used to monitor
physical activity and energy expenditure in wheel-
chair users with SCI. (Courtesy of ActiGraph.)

measure social interactions; and an inclino-
meter to determine whether the subject is sit-
ting, standing, or lying down. The ActiGraph
WGT3X-BT can also provide heart-rate moni-
toring when augmented with an additional
heart-rate monitor. It can provide estimates of
average metabolic rates, energy expenditure,
intensity of physical activity, and amount of
sedentary behavior. It can also evaluate sleep
quality and quantity. The ActiGraph provides
real-time access to data through Bluetooth®
technology and cloud data storage. The Acti-
Graph has been used to monitor physical activ-
ity32 and energy expenditure3? in wheelchair
users with SCI.

Limitations

The introduction of lightweight sensors in the
field of neurologic rehabilitation is an excit-
ing addition to efforts attempting to establish
quantitative, continuous, and sensitive moni-
toring of clinical outcome parameters in
patients with disabling neurologic disorders,

printed on 2/11/2023 3:05 AMvia .

such as SCI. This enables researchers to moni-
tor, intervene, and then continue to monitor
the use of advanced technologies both for ther-
apeutic and mobility purposes. When patients
are not meeting their target results, clinicians
can thus address these issues in an almost real-
time response, resulting in a better ability to
modify the hardware or controller of these
advanced technologies to suit the needs of the
individual patient. The major barriers experi-
enced currently are that these devices generate
large volumes of data for the clinician to review,
synthesize, and understand, which is burden-
some. It is currently impractical for most clini-
cians to use precious therapy time to review
the extensive outcomes data provided by these
sensors. What is needed, then, is a way to syn-
thesize sensor data into a convenient and
compact numerical form that can be seen as
equivalent to prevailing clinical measures.

Conclusion

Advanced technologies targeting both thera-
peutic and mobility objectives are rapidly
emerging in the field of neurologic rehabilita-
tion. Some emerging rehabilitation technolo-
gies designed for individuals with SCI include
treadmill-based robotic trainers; wearable
robotic devices, including exoskeletons; upper-
limb robotic trainers; and lightweight sensors
that assist in establishing quantitative clinical
outcome parameters. These devices may reduce
the physical demands on therapists during
training sessions, and may be used alongside
other advanced training strategies to enhance
their functional benefits. Although these tech-
nologies hold much promise, validated rehabil-
itation protocols for these devices have yet to
be developed. For some current devices, high
cost, large size, and safety concerns may pre-
clude their use outside of the clinic. Significant
research is needed to evaluate the long-term
potential of these devices in larger studies, to
devise standardized therapeutic protocols for
specific target populations, and to reduce the
size and cost of these devices.
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Chapter Summary

+ Several emerging technologies, such as robotic

Traumatic SCI is a devastating medical condi-
tion that can adversely influence a person’s
quality of life and ability to live independently.
However, as emergency care and rehabilitation
protocols for persons with SCI have improved
in recent decades, several advanced engineer-
ing and robotic technologies to assist and
augment therapist actions have also emerged.
These technologies are aimed at improving
upper-limb strength and function. Treadmill-
based robotic devices and exoskeletons allow
individuals to practice balancing and walking,
as well as to perform other functional activities.
Although these devices may reduce the need
for multiple therapists during therapy ses-
sions, training strategies to optimize locomo-
tor recovery in robotic trainers and exoskeletons
have yet to be realized, and their high cost may
prevent use outside of the clinic. The wearer’s
safety when using an untethered exoskeleton
also remains a significant concern. Similarly,
upper extremity exoskeletal devices may allow
patients more extensive practice in training
exercises, but their use is limited by the lack of
a coherent framework for therapy. Finally, wear-
able sensors are also being developed to help
researchers establish quantitative clinical out-
come parameters in persons with neurologic
conditions such as SCI. All of these devices
offer great potential to improve the quality of
life and enhance recovery in persons with SCI.
However, due to several limitations, it may take
several more years of research before the full
capability of these technologies is realized.
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Introduction

It is estimated that 300,000 people in Europe
and the United States are currently living with
the consequences of spinal cord injury (SCI),
with 11,000 new injuries occurring each year.
Currently, 55% of individuals with SCI are tet-
raplegic due to injuries of the cervical spinal
cord; 28% of all patients with SCI have a neuro-
logic level of lesion of C4 or C5 at the time of
discharge from acute care to rehabilitation
facilities.! In this patient group at least some
residual capabilities for manipulation of objects
are still preserved. About 8% of all patients
have a neurologic level rostral to C4, resulting
in the severe impairment of motor functions of
both upper extremities, including the shoulder
and elbow, as well as hand movements. Surveys
among people with tetraplegia have reported
that although a high level of user satisfaction
has already been achieved, there is a need for
better assistive technology solutions to help
with manipulation, mobility, communication,
electronic entertainment, and environmental
control.23 Modern life cannot be imagined with-
out computer access. Access to the Internet and
social media platforms is even more important
for people with severe motor impairments,
because the virtual world enables people with
handicaps to function on a par with the able-
bodied. Depending on the residual capabilities
of the impaired user, joysticks for the hand or
the chin, suck-and-puff control, voice control,
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or eye-tracking systems can serve as user
interfaces for control of assistive technology.
In patients with a very high spinal lesion, only
a few electronic user interfaces are available,
and even those that are applicable may not
enable a sufficient level of performance over
an extended period of time. Therefore, over the
last decade, brain-computer interfaces (BCIs)
have become an interesting option for impaired
users who achieve only a moderate level of con-
trol with traditional input devices or quickly
become physically fatigued.

Noninvasive Brain-
Computer Interfaces

The BClIs are technical systems that provide
a direct connection between the human brain
and assistive technology.* These systems are
able to detect thought-modulated changes in
electrophysiological brain activity and trans-
form the changes into control signals. A BCI
system consists of five sequential components:
(1) signal acquisition; (2) feature extraction;
(3) feature translation; (4) classification out-
put, which interfaces to an output device; and
(5) feedback to the user, provided by the out-
put device. Although all implementations of
BCIs build on the same basic components, they
differ substantially in regard to the degree of
invasiveness, the complexity of the hardware
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Table 14.1 An Overview of the Most Common Practical Types of Electroencephalogram (EEG)-Based

Brain—-Computer Interfaces (BCls)

Qualitative Population with
Minimal (typical) Estimation 90-100% (Below Typical Rate
Number of of Typical 80%) Accuracy of Decisions
BCI Electrodes Training Time Without Training per Minute
SMR (2-class) 4 (10) + 1 reference + Weeks to 6% (81%) 4 bits/min
1 ground months
P300 3(9) + 1 reference + Minutes to 73% (11%) 10 bits/min
1 ground <1 hour
SSVEP 6 +1 reference + Minutes to 87% (4%) 12 bits/min
1 ground <1 hour

Abbreviations: SMR, sensorimotor rhythm; SSVEP, steady-state visual evoked potential.

and software components, the basic mode of
operation (cue-based, synchronous versus asyn-
chronous), and the underlying physiological
mechanisms.” Noninvasive BCls represent the
first choice in user applications due to their
ease of application. Although a variety of dif-
ferent data acquisition methods can be used
for the setup of a BCI, such as functional mag-
netic resonance imaging (fMRI), near-infrared
spectroscopy (NIRS), and magnetoencepha-
lography (MEG), most noninvasive systems
rely on brain signals that are recorded by elec-
trodes on the scalp (electroencephalogram,
EEG). EEG-based BCI systems can function in
most environments with relatively small and
inexpensive equipment, and therefore offer the
potential for everyday use at home.

A variety of EEG signals have been used as
measures of brain activity: event-related poten-
tials (ERPs), steady-state visual evoked poten-
tials (SSVEP), and frequency oscillations such as
sensorimotor rhythms (SMRs). EEG-based BCI
systems can be categorized as endogenous (syn-
onym: asynchronous) or exogenous (Synonym:
synchronous). Asynchronous BCIs depend on
the users’ ability to voluntary modulate their
electrophysiological activity such as the EEG
amplitude in a specific frequency band. In
asynchronous BClIs, the time point for changes
of the control signals is not predefined by the
system, but the user is free to initiate decisions
at any time. These systems usually require a
substantial amount of training. Examples of this
class of BCIs are systems based on the detec-
tion of SMRs. Synchronous BCIs depend on the
electrophysiological activity evoked by external

stimuli and do not require intensive training.
The most common synchronous BCI is based
on P300 event-related potentials. Although sys-
tems based on steady-state evoked potentials
such as SSVEPs combine components of asyn-
chronous and synchronous approaches, the
introduction of cues improves their accuracy.
Depending on the brain signals used for opera-
tion, BCIs greatly vary in regard to the minimal
and typically used number of electrodes, train-
ing times, accuracies, and typical information
transfer rates (Table 14.1). At the current state
of the art, all noninvasive BCIs have a signifi-
cantly lower performance level than manual
input devices like joysticks, computer mouses,
or keyboards. Therefore, a BCI represents only
an alternative in end users, who are generally
not able to operate such devices or cannot use
these devices over a prolonged period of time.

BCls Based on Event-
Related Potentials

Event-related potential (ERP)-based BCIs make
use of the fact that specific neural activity is
triggered by and involved in the processing
of specific events. These systems are imple-
mented with an oddball paradigm, wherein a
rare target (oddball event) is presented within
frequent nontarget events. These BCIs usually
exploit an endogenous ERP component, known
as P300, as input signal. The P300 is a positive
deflection in the EEG occurring 200 to 500
milliseconds after the presentation of the rare
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visual, auditory, or somatosensory stimulus,
and is a reliable, easy-to-detect, event-related
potential. By focusing attention on the rare
target, such as by keeping a mental count of
its occurrence, the P300 amplitude can be
increased, and therefore its detection and clas-
sification improves.® In individuals with SCI,
eye-gaze is preserved, and thus a visual rather
than an auditory oddball paradigm is the pre-
ferred choice. The information transfer rate
and accuracy are substantially higher and the
perceived workload is much lower in visual
P300-based BCIs than in other ERP-based BClIs.
The big advantage of P300-based BCIs com-
pared with SMR-based BClIs is that they can be
operated with almost no training in 99% of the
general population.

BCls Based on Steady-State
Evoked Potentials

Steady-state evoked potentials (SSEPs) are sta-
ble oscillations that can be elicited by rapid
repetitive (usually > 6 repetitions per second)
visual, auditory, or sensory stimuli. The most
common type of SSEP-based BCls is the SSVEP-
based BCI, in which screen objects flickering
at different frequencies are visually presented
to subjects. Focusing their attention on the
intended stimulus elicits enhanced SSVEP re-
sponses at the corresponding frequency, which
can be detected, classified, and translated into
control commands. SSVEP-based BCIs have
several advantages: they employ a high infor-
mation transfer rate, they require only minimal
training, and they work in almost every user.
SSVEP-BC(Is are the preferred choice in individ-
uals with SCI and unimpaired visual function,
because the information transfer rate of BCls
based on auditory steady-state responses is 10-
fold lower than that of SSVEP-based systems.

BCls Based on
Sensorimotor Rhythms

One type of EEG-based BClIs exploits the mod-
ulation of SMRs. These rhythms are oscillations
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in the EEG occurring in the o/mu (8-12 Hz)
and/or B (18-26 Hz) bands and can be recorded
over the primary sensorimotor areas on the
scalp. Although the mu-rhythm is more pro-
nounced in the EEG during “idling” (event-
related synchronization [ERD]), its amplitude
typically decreases (event-related desynchroni-
zation) during actual movement and similarly
during mental rehearsal of movements (motor
imagery [MI]). It has been shown that able-
bodied people can learn to modulate the SMR
amplitude by practicing Mls of simple move-
ments (e.g., hand/foot movements).” This pro-
cess occurs in a closed loop, meaning that the
system recognizes the SMR amplitude changes
evoked by MI, and these changes are instan-
taneously fed back to the users. This neuro-
feedback procedure together with mutual
human-machine adaptation normally enables
BCI users after some weeks of training to
control their SMR activity and use these mod-
ulations to control output devices in an asyn-
chronous, self-paced manner. With SMR-BClIs,
a sophisticated level of control (e.g., a three-
dimensional cursor control) can be achieved.?
Although BCIs based on the registration of
P300 and SSVEPs can be operated by a vast
majority of users, SMR-BCIs cannot. In the
SMR-based BCI approach, in up to one third of
the non-motor-impaired participants the BCI
is unable to detect classifiable, task-related EEG
patterns. Consequently, these subjects cannot
quickly be provided with a BCI-controlled appli-
cation or need at least a substantial amount of
training to reach a sufficient level of perfor-
mance. The causes of this inability to control a
BCI (another synonym of this low BCI aptitude
is “BCl-inefficiency”) have not yet been satis-
factorily determined. Most of the experiments
on the gain in performance with training in
SMR-BCIs were performed in able-bodied sub-
jects, and so it is unclear to what extent these
results can be applied to persons with SCI. In a
single case study, in which an individual with
a lesion of the upper cervical spinal cord was
provided with a BCI-controlled upper extrem-
ity neuroprosthesis, no positive training effects
occurred in a training period of more than 6
months. Even after 415 MI-BCI runs, the user’s
average performance did not show any trend
toward improvement, but remained at ~ 70%

Al use subject to https://ww.ebsco.conlterns-of-use

181



182

EBSCChost -

printed on 2/11/2023 3:05 AMvia .

Chapter 14

with large day-to-day variances.? This con-
founding factor, among others, represents a
challenge for successful use of SMR-BCls.10

For a typical two-class SMR-BCI, different
paradigms of MlIs, such as one hand versus the
feet or left versus right hand, are used either
in a switch-based (“brain switch”) fashion by
introduction of a threshold or in an analog
manner by directly connecting the classifier
output to the output device. An often under-
estimated problem in practical applications of
BCIs and in particular of SMR-based BCIs is the
detection of a non-intention condition, during
which a user does not want to send any com-
mand. This so-called zero-class problem is often
handled in brain switch implementations by
defining one MI class as the resting class or to
use long MIs to pause or reactivate the sys-
tem.!° However, this approach is not appro-
priate for all applications, which renders the
zero-class problem as one of the major limiting
factors for the practical use of SMR-BClIs.

Hybrid BCls

A novel development in noninvasive BCI research
is the introduction of the hybrid BCI (hBCI)
concept.!! An hBCI consists of a combination of
multiple BCIs or a BCI with other input devices.
These input devices may be based on the regis-
tration of biosignals other than brain signals,
such as myoelectric activities. The hBCI con-
cept helps to overcome limitations inherent to
a singular BCI system, such as false-positive,
unintended decisions or the zero-class problem.
In fact, the second input signal can be effec-
tively used to indicate an “idling” state or to
introduce a context-specific correction mecha-
nism. Using this approach, a user can generate
a single command signal either by fusing dif-
ferent input signals or by simply selecting one
of them. In the latter situation, the input sig-
nals must not be static, but can be dynamically
routed based on their reliability. In the case
of signal fusion, each of the input signals con-
tributes to the overall command signal with a
dedicated weighting factor, which can also be
dynamically adjusted.

An example for demonstration of the supe-
riority of this approach is an hBCI-controlled
telepresence robot that the user navigates to
the left and right by imagination of movements
of the left and right hand and stops/starts the
movements of the robot by an electromyo-
graphic switch activated by a short muscle
twitch. In an hBCI-controlled communication
application based on two BCIs (P300 and
SSVEP), SSVEP activity is used to assess whether
the subject is focused on a spelling task. If no
SSVEP activity is found, then the system assumes
that the user is not paying attention to the
spelling system and does not output any char-
acters. Another example is an hBCI-controlled
reaching and grasping neuroprosthesis, in which
the hBCI consists of an SMR-BCI combined
with an analog shoulder joystick.® The neuro-
prosthesis is activated/deactivated by a long MI
detected by the SMR-BCI. Short MIs switch
between shoulder and elbow control, while the
degree of hand closing and elbow flexion is
controlled by shoulder movements. This com-
prehensive list of examples shows that the
hBCI concept is a valuable extension of estab-
lished user interfaces and may allow more users
to effectively control new assistive technology
or may simplify the use of existing devices.

Application of BCls in
Individuals with Spinal
Cord Injury

Most of the results in BCI research have been
obtained with able-bodied subjects; only a few
(< 5%) BCI studies involved impaired users with
a real need for a BCI. BCI research in patients
with SCI has been performed thus far only in
individuals in the chronic stage, at the earliest
1 year after the onset of the injury in a stable
neurologic, psychological, and social state.!?

BCls for Computer Access

The current BCIs for computer access, com-
munication, and entertainment purposes are
mostly ERP-based BCIs working with the P300
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signal. Numerous clinical studies confirm the
efficacy of the P300-BCI in paralyzed patients
with four choice responses, such as “Yes/No/
Pass/End” or “Up/Down/Left/Right,” for cursor
movement. With P300-spellers, words could be
composed letter by letter, which are arranged
in a matrix fashion in rows and columns (Fig.
14.1). One letter is selected by implementation
of an oddball paradigm, in which rows and col-
umns are highlighted randomly while the user
focuses on one specific letter (target letter) that
he or she wishes to select and tries to ignore all
other letters that are highlighted in other rows
or columns (nontarget letters). Each time the
target letter is highlighted, a P300 signal occurs
in the frontoparietal brain region. Each target
letter can be identified by a classifier that
detects the occurrence of a P300 signal every
time the row and column of the intended letter
is highlighted, and selects the letter accord-
ingly. In a recent study, a new paradigm was
introduced for enhancement of the P300 con-
trol, in which a famous face, in this case the
face of Albert Einstein, is superimposed on top
of the matrix display.’? By the implementation
of this paradigm, patients who were formerly
unable to control a traditional P300-based
speller were enabled to successfully use this
kind of communication interface.
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Fig. 14.1 A subject with
tetraplegia using a flashing
character matrix speller with a
P300-based brain-computer
interface (BCl).

An alternative to P300-based spellers is SMR-
based spelling systems such as the Hex-o-Spell
paradigm. In this paradigm, hexagons filled
with groups of letters or a single letter are
arranged in a circular fashion with a pointing
arrow in the center of the circle. The circle can
be rotated by one type of motor imagery (e.g.,
right hand movements), and extended for selec-
tion with another motor imagery (e.g., foot
movements).

Although the traditional matrix-based P300-
based spellers are the most widespread type of
BCIs used for communication purposes, alter-
native BCIs using different designs and signal
modalities such as SSVEPs are developed to
build a faster, more accurate, less mentally
demanding and more satisfying BCI. Such
systems may enable basic communication in
individuals with very high spinal cord injury
who are ventilator dependent.

BCls for Wheelchair and
Environmental Control

In addition to communication and manipula-
tion, being mobile is another essential need of
motor-impaired patients. Persons with severe
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motor disabilities are dependent on electrical
wheelchairs controlled by hand- or chin-oper-
ated manual joysticks. If not enough residual
movements are present, eye-gaze or suck-and-
puff control units may serve as a wheelchair
user interface. For suck-and-puff control, end
users must be able to reliably generate two
different levels of air pressure/vacuum over a
sustained period of time to achieve a good level
of control. Because these prerequisites are not
present in all individuals with high SCI, BCls
may represent an alternative control option.
At the current state of the art, all types of
noninvasive BCIs are providing only a limited
command rate and are insufficient for dex-
terous control of complex applications. Thus,
before the successful application of control
interfaces with low command rates, including
BCIs, in mobility devices, intelligent control
schemes have to be implemented. Ideally, the
user only has to issue basic navigation com-
mands such as left, right, and forward, which
are interpreted by the wheelchair controller
integrating contextual information obtained
from environmental sensors. Based on these
interpretations, the wheelchair would per-
form intelligent maneuvers including obstacle
avoidance and guided turnings. In such a con-
trol scheme, the responsibilities are shared
between the user, who gives high-level com-
mands, and the system, which executes low-
level interactions with a greater or lesser
degree of autonomy. With this so-called shared
control principle, researchers have demon-
strated the feasibility of mentally controlling
complex mobility devices by noninvasive BCIs,
despite its slow information transfer rate.?
Another important goal is to enable severely
paralyzed patients to control their environ-
ment independently, to which BCIs may con-
tribute significantly. First results in users with
handicaps show that environmental control by
an asynchronous P300 BCI is possible. How-
ever, system testing also demonstrated that the
minimum number of stimulation sequences
needed for correct classification had a higher
intrasubject variability in users with respect to
what was previously observed in young, non-
disabled controls.! Also, special focus must be

put on the design of the visual control interface
to achieve high accuracy while keeping mental
effort low.

BCls for Control of Robotic
Lower Extremity
Exoskeletons

Motorized lower extremity exoskeletons are
an emerging technology. They have recently
become commercially available for clinical and
personal use. Although devices from different
manufacturers vary substantially in their tech-
nical specifications and intended field of appli-
cation, their common goal is to compensate
for alost standing and walking function. Poten-
tial users need to fulfill many prerequisites,
such as sufficient trunk stability and minimal
spasticity/joint contractures, to successfully use
these systems in everyday life. But as technol-
ogy progresses, the combination of an exoskel-
eton and a SMR-based BCI able to detect the
user’s intention to walk hold promise to tech-
nically bridge the injured spinal cord. First
implementations show the feasibility of such
an approach.1s

BCls for Control of an
Upper Extremity
Neuroprosthesis

Neuroprostheses based on functional electrical
stimulation (FES) represent the only possibility
for at least partial restoration of permanently
restricted or lost functions in case of missing
surgical options. Over the last three decades,
FES systems with different levels of complexity
were developed, and some of them were suc-
cessfully transferred into clinical routine. FES
systems deliver short current impulses elicit-
ing physiological action potentials on efferent
nerves, which cause contractions of the inner-
vated but paralyzed muscles of the arm. On this
basis, FES artificially compensates for the loss

Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Brain—-Computer Interfaces to Enhance Function

of voluntary muscle control. The simplest form
of a neuroprosthesis is based on the applica-
tion of multiple surface electrodes. With only
seven surface electrodes placed on the fore-
arm, which is a small number, two grasp pat-
terns, namely a key grasp and power grasp, can
be restored.!6

Through the last decade, it has become
obvious that the user interface of all current
FES devices is not optimal for providing natural
control. In the case of individuals with a high,
complete SCI and the associated severe dis-
abilities, not enough residual functions are
preserved for control in the form of either
movements or underlying muscle activation
from a nonparalyzed body part. This has been
a major limitation in the development of a
reaching neuroprostheses for individuals with
a loss not only of hand and finger function but
also of elbow and shoulder function.

In 2003, a pioneering work showed for the
first time that a MI-BCI control of a neuropros-
thesis based on surface electrodes is feasible.!”
In this single case study, the restoration of a
lateral grasp was achieved in a tetraplegic pa-
tient who suffers from a chronic SCI with com-
pletely missing hand and finger function. The
patient was able to move through a predefined
sequence of grasp phases by imagination of
foot movements detected by an SMR-BCI with
100% accuracy. He reached this performance
level prior to the experiment by undergoing
several weeks of training with the MI-BCI, and
he has maintained it for almost a decade by
participating in periodic continuing-training
sessions.!8

A second feasibility experiment has been
performed, in which a short-term BCI training
program was applied in another individual with
tetraplegia. This subject was using a Freehand
system for several years. After 3 days of train-
ing, he was able to control the grasp sequence
of the implanted neuroprosthesis with a mod-
erate, but sufficient performance.’®

In these first attempts, the BCI was used as
a substitute for the traditional neuroprosthesis
control interface rather than as an extension.
With the introduction of FES-hybrid orthoses,
it becomes more important to increase the
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number of independent control signals. With
the recent implementation of the hBCI frame-
work, it became feasible to use a combination
of input signals rather than BCI alone. In a first
single case study, a combination of a MI-BCI
and an analog shoulder position sensor is pro-
posed. By upward/downward movements of
the shoulder, the user can control the degree
of elbow flexion/extension or of hand opening/
closing. The routing of the analog signal from
the shoulder position sensor to the control of
the elbow or the hand and the access to a pause
state is determined by a digital signal provided
by the MI-BCIL. By briefly imagining a hand
movement, the user switches from hand to
elbow control or vice versa. A longer activation
leads to a pause state with stimulation turned
off or reactivates the system from the pause
state. With this setup, a highly paralyzed pa-
tient who had no preserved voluntary elbow,
hand, and finger movements was able to per-
form several activities of daily living, among
them eating a pretzel stick and an ice cone and
signing a document (Fig. 14.2), which previ-
ously he was not able to perform without the
neuroprosthesis.!6

Invasive BCls

Although noninvasive, EEG-based BCls are
easily available and were successfully used by
individuals with acute as well as chronic SCI,
they present several problems: Although tem-
poral resolution is generally good, spatial reso-
lution of noninvasive BCIs is rather poor due
to the summed recording of signals from large
cell populations. The poor selectivity is the
reason that, with noninvasive BCIs, an intui-
tive, simultaneous control of many degrees of
freedom is hardly possible. The signal-to-noise
ratio of EEG-based systems and the temporal
resolution are limited because of the low-pass
characteristics of the bony structures of the
skull. Noninvasive BCIs are prone to artifacts
caused by movements of electrodes and caps
and by crosstalk from muscles, such as during
eye movements. Most of the electrodes of BCI
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Fig. 14.2 A subject with tetraplegia and completely
absent finger, hand, and elbow function using a
motor imagery (MI)-BCl-controlled hybrid func-

systems need contact gel, which results in a
relatively time-consuming montage (e.g., mon-
tage of 12 Laplace electrodes needed for a typ-
ical 2-class SMR-BCI in approx. 20 minutes) and
needs to be washed out of the hair after use.
Most of the disadvantages of noninvasive
BCIs can be overcome by invasive BCIs, where
electrodes for recording of brain activity are
implanted intracranially. Although it is known
that many cortical areas contribute to the plan-
ning and execution of movements, the primary
motor cortex (M1) is assumed to be the area
most involved in motor actions. The site of
implantation can vary from extradural to intra-
parenchymal, depending on the technology of
the electrodes. In general, invasive electrodes
are directly placed onto or in the cortex, which
enables the recording of multiple forms of elec-
trical potentials such as high-frequency oscil-
lations, local field potentials (LFPs), and spikes
from single or multiple neurons. LFPs are prom-
ising sources for real-time control of multi-
dimensional assistive devices such as robot
arms, because they seem to be more robust,
and the high-gamma LFP recordings may con-

tional electrical stimulation (FES) elbow orthosis and
a grasp neuroprosthesis to sign a document.

tain more information about executed or imag-
ined movements than recordings from single
neurons.

BCls Based on
Electrocorticographic
Recordings

The least invasive BCl is based on the recording
of the electrocorticogram (ECoG). The elec-
trodes typically consist of platinum disks with
a diameter of 2 to 3 mm embedded in a silicon
or polymer sheet. These sheets are placed epi-
or subdurally, but never penetrate the brain
tissue and therefore entail only a low risk of
damage of the neuronal tissue. With ECoG-
and microECoG-based BClIs, local electrical field
changes can be recorded with far better spatial
resolution than with noninvasive electrical BCIs.
As in EEG-based BClIs, the modulation of cortical
activity patterns is robust and stable once they
have been established by training. It recently
has been shown in an individual with an SCI at
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the level of C4 that a three-dimensional (3D)
cursor control can be achieved within a train-
ing period of about 20 days.20 In this case, the
grid was removed according to the study pro-
tocol after 28 days, which unfortunately makes
it impossible to evaluate the BCI performance
and the stability of the brain signals over a lon-
ger period of time. The few observations that
were made with long-term implantations of
ECoG electrode grids indicate that the limited
fluid exchange and the mechanical irritation of
the brain tissue by the rigid electrode grid lead
to signs of chronic inflammation. However, this
may be prevented by the future development
of very thin, flexible, and porous grids. For min-
imization of the risk of infections including
wound infections, meningitis, and osteomyeli-
tis due to the transcutaneous wires, a fully
implantable ECoG grid would be highly desir-
able but is not yet available for human use. Sur-
gery-related and noninfectious complications,
among them cerebrospinal fluid leaks, neuro-
logic injuries, and subdural/deep hemorrhage,
represent a general problem in invasive BCIs,
which need to be clearly communicated to users
prior to implantation.?

BCls Based on Intracortical
Recordings

The spatial resolution of ECoG recordings is still
not sufficient for decoding of imagery of fine
motor skills, such as movements of single fin-
ger joints. Higher spatial resolution can only be
achieved with intracortical recordings. For this
purpose, high-density, multichannel electrodes
were developed that are implanted into the
neocortex either epipial or intraparenchymal
and record single-cell activities through cone
electrodes or microelectrode arrays (MEASs).
Most of the research performed on BCIs with
intracortical recordings is based on the Utah
array MEA, which is commercially available
from Blackrock Microsystems (Salt Lake City,
UT). This array consists of 100 needle elec-
trodes, which are placed on a rectangular car-
rier with a dimension of 4 mm x 4 mm (Fig.
14.3). The electrode array is wired with a trans-
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cutaneous connector plug that is fixed by screws
with the skullcap and transmits the signals to
an amplifier mounted on top of the head. Spe-
cial care needs to be taken of the area around
the connector to avoid local infections and
more severe adverse events such as meningitis.
For implantation of the MEA, special equip-
ment in the form of a pneumatically driven
insertion device and well-trained surgeons are
needed to minimize brain tissue damage.

In the most recent studies involving indi-
viduals with SCI, two intracortical MEAs were
implanted in the motor cortex ~ 14 mm apart
in one study?! and in the posterior parietal cor-
tex in another study.22 With these implants, it
was shown in a woman with tetraplegia that a
very sophisticated real-time control of a robot
arm with seven degrees of freedom and later
with ten degrees of freedom (3D translation,
3D orientation, 4D grasping, and hand shap-
ing) was possible with minimal training over a
few days.2123 This level of simultaneous control
of multiple degrees of freedom almost imme-
diately after the implantation has not been
achieved with noninvasive MI-SMR-based BCls
so far. From a neuroscientific viewpoint it is
very interesting that the algorithm for decod-
ing of the movement intention is initially
trained with the cortical activities during
observation of predefined movements of the
robot arm.*

Although the first feasibility experiments
show very promising results, huge efforts are
still needed to get invasive systems out of the
laboratory into the home environment of end
users. As with every invasive procedure, the
implantation of electrodes bears some surgical
risks. Long-term complications may occur such
as cerebrospinal fluid leakage or infections due
to the transcutaneous wires. In any case, a fully
implanted recording device needs to be devel-
oped to increase the usability and lower the
risk of infections. The ultrafine structures of
the electrode tips are not long-term stable, and
after 5 years only a few electrodes may be left
for proper recording of neuronal activity.2> The
loss of signals is mainly caused by degradation
of electrode materials, gliosis, or chronic inflam-
mation. This may be overcome by coating of
the electrodes with extracellular matrix or with
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Implanted
amplifier

External power
and data connector

Fig. 14.3 The implantable Cereplex | system
consisting of the Utah Array microelectrode array
for intracortical recordings, an integrated amplifier
and digitalization unit, and a transcutaneous lead

short adherent proteins to minimize inflamma-
tory responses and support cell proliferation
and differentiation.26 The long-term stability
and biocompatibility are key prerequisites for
routine clinical use of MEAs, because their
removal causes additional damage to the brain
tissue adhering to them. Further, it is not clear
whether with a new implant the same level
of performance will be reached as with the
explanted device.

Although BCIs based on intracortical record-
ings can be operated by the user with almost
no training time, daily tuning of the movement
decoding algorithms is necessary. Only one
third of the electrodes used for control of the
robot on one day contribute to its operation on
the next day. At the current state of the art, this
tuning procedure needs the support of techni-
cally qualified personnel, and therefore auto-
matic tuning algorithms need to be introduced
to enable the autonomous operation of a BCI
with intracortical electrodes by the users’ care-
givers at their homes.

10000um

for external energy supply and signal transmission.
(Courtesy of Blackrock Microsystems, Salt Lake City,
UT)

Future Outlook

BCIs are an evolving technology to provide
people with a high SCI better control of assis-
tive devices for a more self-determined life.
Currently available BCI systems differ substan-
tially in regard to the degree of invasiveness,
the complexity of hardware and software
components, the basic modes of operation, and
the underlying physiological mechanisms. In
recent years, noninvasive EEG-based BCls have
reached a level of maturity sufficient for home
use. BCIs have been successfully used for the
control of a variety of assistive devices, among
them computer access and environmental
control systems; wheelchairs and telepresence
robots; neuroprostheses, especially of the
upper extremities; and exoskeletons for the
lower and upper extremities. Systems based on
the Ml-initiated modulation of SMRs over cor-
tical motor areas are the preferred choice for
self-paced control, in particular of devices to
improve manipulation skills. With the recent
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introduction of hybrid BCIs combining one BCI
with another or with traditional control inter-
faces such as eye-trackers, the number of poten-
tial BCI users is expected to increase. However,
even after substantial training, not every user is
able to reliably control an SMR-based BCI, and
high-performing users are only able to generate
a few decisions per minute. Users of non-
invasive BCIs complain most about the time-
consuming setup of the system, in particular of
the gel electrodes. This might be overcome in
the future by recently introduced wireless BCI
systems based on dry or semi-dry electrodes.?’
Also the cosmetic appearance of these custom-
izable novel systems is much better than that
of the traditionally used standard EEG caps.

Although considerable progress has been
made in noninvasive BCls over the last decade,
it is mainly digital control signals in the form
of brain switches that can be generated. This
might not be sufficient for everyday operation
of complex devices such as neuroprostheses.
An intuitive, simultaneous control of the mul-
tiple degrees of freedom of arm and grasp neu-
roprostheses or multi-joint robot arms in real
time was recently shown in single-case studies
using invasive BCIs based on ECoG recordings
or high-density intracortical electrode arrays.
Although invasive systems provide a better
spatial and—to some parts—temporal resolu-
tion and a higher signal-to-noise ratio, they are
associated with surgical risks and have only a
limited long-term stability. Furthermore, daily
tuning of the movement decoder algorithms by
technical experts is necessary. These disadvan-
tages need to be clearly communicated to poten-
tial users, who at the current state of the art
seem to prefer noninvasive solutions.? This may
change in the future, if intracortical electrode
arrays will not only be used for the detection
of the movement intention, but also provide
sensory feedback by stimulation of cortical
sensory neurons. Then the vision of a true bidi-
rectional neuroprosthesis will become reality,
representing a technical bypass around the
injury of the spinal cord.?8

Invasive and noninvasive BCIs are compan-
ions rather than competitors, because some
users will not agree to undergo surgery in their
unaffected brain and others are not willing to
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undergo a substantial period of training for
only a few degrees of control. Although BCls
are a promising technology for user interfaces
in individuals with high cervical lesions, more
clinical trials involving a larger number of
impaired users are needed to obtain objec-
tive information about the users’ satisfaction
and increased quality of life. In invasive BCIs,
the long-term risk/benefit ratio needs to be
evaluated.

Up to now, the focus of the application of
BCIs mainly lies in their use as an assistive
devices control interface for substitution of
lost function in chronic SCI. However, BCls for
detection of motor imagery offer further pos-
sibilities in the context of the rehabilitation of
patients with acute or subacute SCI that goes
beyond the control of assistive device. After an
SCI, substantial reorganization of neural net-
works occurs in brain and spinal cord that plays
a critical role for functional recovery and may
be the origin of secondary lesion-associated
complications like neuropathic pain. The basis
for the therapeutic use of BCls is that the cen-
tral nervous system shows a lifelong ability for
neural plasticity, which can be enhanced after
a trauma or injury by task-specific training.
The key elements for an effective neuroreha-
bilitative training based on motor learning are
voluntarily generated movement intentions and
a synchronized sensory and proprioceptive feed-
back of the limbs’ motor actions.2® BCIs hold
promise to enable the detection of intended
movements, for example of the hand, even in
patients with high SCI, making them an ideal
tool for closed-loop neurorehabilitative thera-
pies when used in combination with a grasping
and reaching neuroprosthesis.39 Additionally, by
practicing feedback-controlled MI of paralyzed
limbs, the integrity of cortical neuronal connec-
tions may be preserved or neurologic recovery
of motor function may be even enhanced. The
latter goal has already been demonstrated in
the rehabilitation of upper extremity motor
functions in stroke survivors.3! The potential of
BCIs for compensation or substitution of a lost
function and restoration of a restricted function
after SCI has not yet been fully exploited, and
further fields of application of the BCI technol-
ogy will develop in the future.
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Chapter Summary

People with high cervical SCIs are in great need
of assistive technology to provide electronic
media access, environmental control, and sub-
stitution of lost manipulation capabilities. But
options for user interfaces are very limited in
patients with severe motor impairments.

Brain-computer interfaces are devices that
measure brain activities and translate them
into control signals. Current implementations
of BCIs differ substantially in regard to the
degree of invasiveness, the complexity of
hardware and software components, the basic
modes of operation, and the underlying physi-
ological mechanisms. In recent years, noninva-
sive BCIs based on EEG recordings have reached
a level of maturity sufficient for home use.

The controlled applications of BCIs range
from computer access and environmental con-
trol systems, to wheelchairs and telepresence
robots, to neuroprostheses and exoskeletons.
Systems based on the modulation of SMRs by
motor imagery are the preferred choice for self-
paced control. With the recent introduction of
hybrid BCIs, combining one BCI with another
or with traditional control interfaces, the num-
ber of potential BCI users is expected to increase.
However, even after substantial training, not
every user is able to reliably control an SMR-
based BCI, and high-performing users are only
able to generate a few decisions per minute.

An intuitive control of arm and grasp neuro-
prostheses or multi-joint robot arms is cur-
rently only achievable with invasive BCIs based
on the recording of the ECoG or high-density
intracortical electrode arrays. Although invasive
systems provide better spatial and temporal
resolution and a higher signal-to-noise ratio,
they are associated with surgical risks and have
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functional assessment of, 18
Barthel Index (BI), 16-17
Beck Depression Inventory (BDI), 20
Berg Balance Scale (BBS), 18
Biomarkers, of spinal cord functional recovery,
25-38
definition of, 26
future directions for, 37
neuroinflammatory biomarkers, 29t-30t, 33-34,
37
structural biomarkers, 27-33, 28t-29t, 28t-30t,
36t, 37
Blood pressure augmentation, 93t, 95-96, 98-99
Blood-spinal cord barrier, in spinal cord injury, 3,
57
Brain-computer interfaces, for assistive devices.
See Assistive technology, brain-computer
interfaces for
Brain-derived neurotrophic factor (BDNF), 103-104,
114
Buckminsterfullerene C60 particles, 103

C
Capabilities of Upper Extremity (CUE), 18
Cardiopulmonary management, of acute spinal cord
injury, 58-59, 60t
Cell death, spinal cord injury-related, 6
Cell transplantation therapy. See Neural stem
cell-based therapies
Center for Epidemiologic Studies Depression Scale
(CES-D), 20
Central cord syndrome, 2, 61t
surgical intervention for, 74-75
Central nervous system, limited regenerative
capacity of, 6-7
Cerebrospinal fluid biomarkers, for functional
recovery prediction, 26-38
neuroinflammatory biomarkers, 29f-30¢,
33-34,37
structural biomarkers, 27-33, 28t-29¢t, 36t¢,
37

Cerebrospinal fluid drainage, neuroprotective effects
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Depression, assessment of, 20
Disk herniation, imaging of, 43
Dopamine, 59
Drug delivery devices, hydrogels as, 107

Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Index

E
Edema, spinal cord injury-related, 90f-91f, 104
as functional recovery indicator, 44, 45t, 46-48
Ekso™, 170
Electrocorticography (ECoG)-based brain-computer
interfaces, 157, 186-187, 189, 190
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139-140
reducing synthesis of, 136f-137f, 142-143
removal of, 140-142

H
HAL exoskeleton device, 172
Hemorrhage, spinal cord injury-related, 72, 90f-91f,
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antibody-based immunomodulation of, 102
as spinal cord injury biomarkers, 26, 33-34
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ability and Health (ICF), 12
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of, 40, 43-44, 54

Lipid peroxidation, 57

Lokomat®, 164, 165f
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LOwer extremity Powered ExoSkeleton (LOPES),
167-168

Lymphocytes, in spinal cord injury, 6

M
Macrophages, in spinal cord injury, 5-6, 90f~91f,
104
Magnesium, neuroprotective effects of, 101
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injuries, 40, 44, 54
Magnetic resonance imaging, of the injured spinal
cord, 39-56
advanced techniques in, 48-54, 50t, 55
advantages and disadvantages of, 40-41, 55

for cervical spine clinical clearance, 44
conventional MRI, 40-54
future directions in, 54
gradient echo imaging, 42, 42t
ligamentous injury, 40, 43-44, 54
prior to facet dislocation reduction, 75, 77, 78
short-tau inversion recovery (STIR) sequence, 42,
42t
of spinal cord compression, 40, 42-43, 54
susceptibility weighted imaging, 42
T1-weighted imaging, 41-42, 42t
T2-weighted imaging, 41, 42t
trauma protocols for, 40-41
of vertebral artery injuries, 40, 44, 54
Matrigel, 109¢t, 117
Maximum canal compromise (MCC), 44, 45t,
46f, 47
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45t, 46f
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hypotension management, 93t, 95-96,
98-99, 104
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contraindication to, 61t, 96
evidence for, 81-85, 84f, 85t, 86, 87
clinical trials, 81-83, 87, 96-97
preclinical studies, 81-82, 96
neuroprotective effects of, 93t, 96-97
practice guidelines for, 85-87, 96-97
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faces, 187-188, 188f
Microglia, in spinal cord injury, 90f~91f, 104
MicroRNA, as spinal cord injury biomarker, 30t,
34-35
Microtuble-associated protein-2 (MAP-2), as spinal
cord injury biomarker, 27, 28t, 31, 37
Minocycline, neuroprotective effects of, 80, 93¢,
98,104
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spinal cord injury biomarker, 30t, 34, 37
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preventing downstream signaling by, 136f-137f,
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National Acute Spinal Cord Injury Study III (NASCIS
11I), 81, 82, 87
Necrosis, spinal cord injury-related, 6, 57, 90f-91f
Neural stem cell-based therapies, for spinal cord
repair, 122-131
cellular sources for, 126-128, 127f
clinical trials of, 128-129, 130
neuronal relay concept of, 125-126
rationales for, 124
robustness of therapeutic effect of, 124-125
underlying mechanisms of, 124
Neurofilaments, as spinal cord injury biomarkers,
28t-29t, 31, 37
Neuroimaging, 16. See also Computed tomography;
Magnetic resonance imaging; X-rays
Neuroinflammation, spinal cord injury-related, 5
Neurologic deficits
assessment of, 25-26, 35, 37, 41, 59t
rostral to C4, 179
Neurologic outcomes
biomarkers for, 25-38
effect of surgical intervention timing on, 71-79,
72f, 74f
factors affecting, 57
magnetic resonance imaging-based prediction of,
44-48, 45t, 55
measures of, 16
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Neuronal relay concept, of neural stem cell-based
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Neuroprotective strategies, for the injured spinal
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clinical trials of, 89, 93f-94f, 95-102
pathophysiological basis for, 89, 90f-92f
preclinical studies of, 102-104
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brain-computer interfaces for, 157, 184-185,
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definition of, 149
for standing, 150
for walking, 150-152, 151f, 157
Nimodipine, neuroprotective effects of, 80, 94t, 101
Nogo, 7, 8f, 9
Nogo-A, 136f-137f, 138-139
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injury, 91f
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90f-91f
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for assistive technology use, 21
of autonomic function, 16
clinical initiatives in, 12-16, 14t, 15f
for depression, 20
face validity of, 12
of general functional status, 16-17, 22
of neurologic function, 16
for nontraumatic spinal cord injuries, 22
for pain, 19-20, 19t
quality of, 11-12
for quality of life, 20-21
recent psychometric parameters for, 22
reliability of, 11-12
for spasticity, 21
of upper extremity function, 18-19, 22
validity of, 11-12
of walking, ambulation, and balance, 17-18, 22
Outcome Measures Toolkit, 13
Outcomes, for spinal cord injury, magnetic reso-
nance imaging-based prediction of, 44-48,

46f, 48f, 55
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Pain, assessment and classification of, 19-20, 19¢,
60t

PAM/POGO gait training device, 168

Patient Health Questionnaire-9 (PHQ-9), 20

Penn Spasm Frequency Scale (PSFS), 21

Peripheral nervous system, injury repair in, 132,
144-145

Phenylephrine, 59

Phrenic nerve injury, 58

Poly(2-hydroxyethyl methacrylate) (pHEMA), 108t,
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Poly(2-hydroxypropyl methacrylamide) (pHPMA),
108t, 112

Polyethylene glycol (PEG), 108t, 111-112

Polylactic acid (PLA), 108t, 112-113

Polylactic-Co-glycolic acid (PLGA), 108t, 112-113

Polytrauma patients, surgical decompression in,
75-78

Progenitor cells, of spinal cord, 8

Q

Quadriplegia Index of Function (QIF), 17

Quality of life, outcome measures of, 20-21

Quality of Life Index-SCI Version (SQL-SCI), 20

Quantitative sensory testing (QST), 16

Quebec User Evaluation of Satisfaction with
Assistive Technology (QUEST), 21

R

Radiographic assessment, of acute spinal cord
injury, 60t

Reaching, assistive technology for, 152-154, 153f,
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Reactive oxygen species (ROS), 3-4

Rectal examination, 41
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Rehabilitation, in spinal cord injury, 122. See also
Assistive technology
advanced strategies in, 163-178
treadmill-based robotic devices, 164-168, 165f,
166f
upper limb passive support systems, 173-174,
173f
wearable sensors, 174-175, 175f, 176
functional electrical stimulation (FES) therapy use
in, 154-160
Reliability, of outcome measures, 11-12
Research, in spinal cord injury, 12-16
ReWalk™, 169-170, 169f
REX exoskeleton device, 171
Rick Hansen Spinal Cord Injury Registry, 86
Riluzole, neuroprotective effects of, 4, 80, 94t, 97,
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Satisfaction with Life Scale (SWLS), 20
Schwann cells, in spinal cord injury, 90f~91f
Self-assembling peptides, 109¢t, 117
Sensorimotor rhythm (SRM)-based brain-computer
interfaces, 181-182, 188-189
Sensors, wearable, 174-175, 175f, 176
Serum biomarkers, for functional recovery predic-
tion, 25-38, 28f-30f
structural biomarkers, 27-33, 28t-29¢, 36t, 37
Shock, spinal, 41, 59
Short Form 36 (SF-36), 20
S1008, as spinal cord injury biomarker, 29¢t, 32, 37
Spasticity, diagnosis and assessment of, 21
Spectrin breakdown products, as spinal cord injury
biomarkers, 32, 37
Spinal cord, complete transection of, 1-2
Spinal Cord Assessment Tool for Spastic reflexes
(SCATS), 21
Spinal cord compression
magnetic resonance imaging of, 40, 42-43, 54
maximum (MSCC), 44, 45t, 46f
Spinal Cord Independence Measure (SCIM), 17
Spinal cord injury
complications/consequences of, 57, 80
incidence, 1, 80, 179
incomplete, 122
initial management of, 57-59, 59t-63t
nonoperative management of, 57-70
nontraumatic, outcome measures for, 22
pathobiology of, 1-10, 132, 133f
implication for surgical intervention, 71-72
primary phase, 1-2, 2t, 8,9, 57, 58f, 71, 72
secondary phase, 1, 2-9, 2t, 3f, 57, 58f, 71, 72, 104
acute, 2t, 3, 3f, 6, 72
chronic, 2t, 3f
effect of early surgical decompression on,
72-79
implication for neuroprotective strategies, 89,
90f-92f
intermediate chronic, 90f-91f

primary/intermediate acute, 90f-91f
subacute, 2t, 3f, 6, 72, 90f-91f
without radiographic abnormality (SCIWORA), 62t
Spinal Cord Injury Functional Ambulatory Profile
(SCI-FAP), 18
Spinal Cord Injury Pain Instrument (SCIPI), 19
Spinal Cord Outcomes Partnership Endeavor
(SCOPE), 13, 21
Spinal Cord Research Evidence (SCIRE), 13, 21
Spinal cord trauma centers, 59
Standing
epidural stimulation-assisted, 152
functional electrical stimulation-assisted, 150
Steady-state evoked potential (SSEP)-based
brain-computer interfaces, 181
Stem cells, of spinal cord, 8. See also Neural stem
cell-based therapies
Step counters, 174
StepWatch Activity Monitor, 174
Stroke patients, brain-computer interface technol-
ogy for, 157
Subaxial injuries, 61t
Surgical intervention, for spinal cord injury. See
Decompression, surgical
Surgical Timing in Acute Spinal Cord Injury Study
(STASCIS), 73, 80, 83, 85, 85t, 95

T
Tau protein, as spinal cord injury biomarker, 29¢,
32-33
Tetraplegia, 179
Thoracic spine injury, early surgical decompression
of, 73-74
Thoracolumbar spine injury, early surgical decom-
pression of, 73-74
Thyrotropin-releasing hormone, neuroprotective
effects of, 98
Timed Up and Go (TUG) test, 17
Tirilazad mesylate, neuroprotective effects of, 94t
Treadmill-based robotic devices, 164-168, 165f,
166f
Aretech ZeroG®, 164-166, 166f
Gait Trainer GT1, 167
Lokomat®, 164, 165f
LOwer extremity Powered ExoSkeleton (LOPES),
167-168
PAM/POGO, 168
Tumor necrosis factor (TNF), as spinal cord injury
biomarker, 30t, 34, 37

U
UCH-L1(ubiquitin carboxy-terminal hydrolase-L1),
as spinal cord injury biomarker, 29¢, 33, 37

Upper extremity
exoskeleton devices for, 167-168, 172-174, 173f
functional assessment of, 18-19, 22
neuroprothesis control of, 184-185, 186f
passive support system for, 173-174, 173f
robotic trainers for, 172-174
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Validity, of outcome measures, 11-12
Van Lieshout Test-Short Version (VLT-SV), 18-19
Vascular dysfunction, spinal cord injury-related, 57
Vasopressors, 59
Venous thromboembolism, prophylaxis for, 63t
Vertebral artery injury, 62t-63t

magnetic resonance angiography of, 40, 44, 54
Viral vectors, of retrograde gene delivery, 103-104

w
Walking
epidural stimulation-assisted, 152
functional assessment of, 17-18, 22
functional electrical stimulation-assisted,
150-152, 151f, 154-155
motorized lower extremity exoskeletons for, 184
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treadmill-based training devices for, 164-168,
165f, 166f
wearable robotic devices for, 168-172, 169f,
171f
Walking Index of Spinal Cord Injury version 2
(WIsCI 1), 17-18
Wartenberg Pendulum Test, 21
Wheelchair control, brain-computer interfaces for,
183-184
Wings for Life (WfL) Spinal Cord Research Foun-
dation, 48
World Health Organization (WHO), International
Classification of Functioning, Disability and
Health, 12

X
X-rays, role in trauma protocols, 40
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