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Intervertebral Disk Degeneration in Dogs: Consequences,
Diagnosis, Treatment, and Future Directions

N.D. Jeffery, J.M. Levine, N.J. Olby, and V.M. Stein

Evidence of intervertebral disk degeneration (IVDD) is extremely common in dogs, and its prevalence increases with

age. It has many important consequences because degeneration of the intervertebral disks often is a prelude to disk hernia-

tion, which can injure the spinal cord, spinal nerves, or both. This review summarizes the advances in diagnosis and treat-

ment of IVDD that have been made since the 1950s when the first detailed description of the degenerative changes was

published. It also discusses new approaches to treatment of the associated spinal cord injury and new methods by which

to classify injury severity that are currently under development.
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Intervertebral disk degeneration (IVDD) is an inevi-
table part of aging and results in a series of progres-

sive pathological changes in structure.1 However,
although this degenerative process can affect the bio-
mechanics of the vertebral column, it would have little
clinical importance if it were not that changes in disk
contour or escape of its contents frequently injure the
spinal cord and associated nerves. Therefore, the pri-
mary focus of interest is the damage that is caused,
how it can be treated, and how it can be ameliorated
or prevented. In this review, we summarize mecha-
nisms of IVDD, highlight variability in patterns of
intervertebral disk herniation (IVDH) and associated
mechanisms of spinal cord injury (SCI), describe the
rationale for current methods of treatment, and intro-
duce advances in diagnosis and treatment that are now
in development.

The Process of IVDD

The normal IVD consists of an incompressible
nucleus pulposus, derived from the embryonic noto-
chord, plus the encompassing annulus fibrosus, which,

together with the cartilaginous endplates abutting the
vertebrae, constrains the nucleus.2 The incompressible
nature of the nucleus together with the ligamentous
annulus fibrosus provides a joint between vertebrae
that allows limited motion in any plane yet resilience
to resist the compressive forces directed along the long
axis of the vertebral column that are generated by the
abdominal muscles and weight of the head.3

The initiating factor for IVDD in humans is thought
to be a loss of diffusional capacity of the vertebral
endplate blood vessels that provide nutrition for the
nucleus pulposus.4 This decreases the production of
extracellular matrix, which predominantly consists of
hydrophilic proteoglycans, and consequently alters the
mechanical properties of the nucleus, leading to sec-
ondary degenerative changes in the annulus fibrosus.
Degeneration of the blood supply can arise through
numerous mechanisms in humans, but in dogs IVDD
is most likely associated with multigenetic predisposi-
tions.5 Some of these may cause vasculopathy, but
other incriminated genes appear to be associated with
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selection for chondrodystrophy.6 Thus, although vas-
culopathy may be an important pathway in the degen-
erative cascade, premature senescence of notochordal
cells and replacement by chondrocyte-like cells are
implicated as a critical mechanism in chondrodystro-
phoid dogs.7 DNA microarray analysis of healthy ver-
sus degenerate canine disks has suggested that
downregulation of canonical Wnt signaling and caveo-
lin-1 expression may be critical steps in the loss of
notochordal cell populations.8

The pathological features of IVDD in dogs
were described in Hansen’s classic study published
approximately 60 years ago.3 Hansen described 2
distinct forms of IVDD, each typically occurring in
different types of dog. In chondroid degeneration, which
occurs predominantly in chondrodystrophic dogs, the
nucleus pulposus dehydrates, its cells degenerate, and
the whole structure becomes dystrophically calcified.
This degeneration changes distribution of intradiscal
pressure causing foci of mechanical stress on the annu-
lus fibrosus. With time this abnormal stress can lead to
rupture of individual collagenous strands of the annulus
until a final mechanical failure, which can occur cata-
strophically, releases the degenerate nucleus. This extru-
sion can occur in any direction, but frequently is
dorsally directed because the nucleus is eccentrically
positioned within the annulus. Hansen associated this
type of degeneration with chondrodystrophic dogs and
defined the subsequent nuclear herniation as “type I”
IVDH.

In fibroid degeneration, which occurs predominantly
in nonchondrodystrophic dogs, the annulus is the
focus of the degenerative process, although the colla-
gen content of the nucleus increases, sometimes divid-
ing it into lobules. The fibers of the annulus become
split from one another allowing accumulation of tissue
fluid and plasma. With time, and the mechanical
pressure exerted by the nucleus (tending to be more
dorsally directed), this degenerative process causes
thickening of the annulus, especially dorsally. This can
cause the annulus to protrude into the vertebral canal,
where it may compress the spinal cord or the spinal
nerve roots. This type of IVD degeneration was associ-
ated with nonchondrodystrophic dogs and can lead to
disk herniation defined as Hansen “type II.” More
recent histologic analysis, although generally support-
ive of Hansen’s original descriptions, has suggested
that there is less difference between degeneration in
chondrodystrophic and nonchondrodystrophic dogs
than was previously assumed.9,10 Specifically, the more
advanced stages of annulus fibrosus degeneration in
nonchondrodystrophic dogs has shown replacement of
notochord-like cells with chondrocyte-like cells similar
to the process that occurs in chondrodystrophic dogs.

From a clinical standpoint, the pathological distinc-
tion made by Hansen has in general withstood the test
of time; most cases of clinically relevant IVDH can be
classified into 1 of these 2 types of syndrome. Neverthe-
less, some cases of IVDH do not fit neatly into one or
the other of these categories. It is commonplace to
observe portions of torn annulus within the vertebral

canal of both chondrodystrophic and nonchondrody-
strophic dogs. Furthermore, clinical signs can appear
rapidly in association with type II IVDH, and chronic
clinical signs can be associated with type I IVDH. More-
over, there has been some controversy about which dogs
can be considered chondrodystrophic because Cocker
Spaniels3,11 and Beagles12 often are included in this
group despite the lack of characteristic stunted limbs.

Consequences of IVDD

Origin of Clinical Signs Associated with IVDD

Although the process of IVDD is extremely com-
mon, especially in chondrodystrophic breeds, most
affected dogs exhibit no external evidence of this
degenerative process. When clinical signs do occur,
they usually result from impingement of the degenerat-
ing disk on neural structures, which can cause both
pain and neurological dysfunction of varying severity.2

Stretching of fibers of the dorsal annulus or of the
dorsal longitudinal ligament also may cause pain by
activation of the rich nociceptive innervation that these
structures contain.13

When clinical signs do occur, they can result either
from (1) stretching the fibers of the dorsal annulus or
of the dorsal longitudinal ligament, which can cause
pain by stimulation of their nociceptors13; or (2)
impingement of the degenerating disk on neural
structures, which can cause both pain and neurological
dysfunction of varying severity.

The term IVDH can be used to summarize mecha-
nisms by which a degenerating disk can cause pain and
neurologic deficits, and is defined as localized displace-
ment of the intervertebral disk beyond the normal 3-
dimensional anatomic limits of the disk.14 This then can
be broadly divided into 2 subtypes (ignoring Schmorl’s
nodes, which appear to be of uncertain clinical relevance
in dogs15), each associated with different types of IVD
degeneration: (1) extrusion of the degenerate nucleus
(type I) or (2) protrusion of the degenerating annulus
into the vertebral canal (type II). These 2 events imply
different modes of injury to the spinal cord. Nuclear
extrusion results in a mixed compressive and contusive
lesion, the proportions of each variable depending on
the volume of material and the rate at which the extru-
sion occurs. Thus, the end result can vary between
almost entirely contusive to almost entirely compressive.
In contrast, annular protrusion usually, but not exclu-
sively, occurs over a period of months to years and thus
causes a slowly progressive compression of the adjacent
spinal cord. However, because of motion of the verte-
bral segments, it also can be accompanied by dynamic
compression in which compression varies in severity
from moment to moment depending on the instanta-
neous position of the vertebrae (Fig 1).

Other Types of IVDH

Recent increase in the use of MRI to diagnose
lesions of the canine vertebral column has allowed
identification of a wider range of disk-associated
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injuries to the spinal cord. Most notable among these
is peracute extrusion of apparently normal IVD
nucleus presumed to be associated with supraphysio-
logical, mechanical stress during athletic activity.16–18

A portion of the nucleus is explosively expelled
through the annulus and its displacement can readily
be observed on MRI. This type of disk extrusion also
sometimes has erroneously been referred to as “type
III” IVD, but this term should not be used because
such cases display no evidence of preexisting disk
degeneration. Instead, Hansen used the term traumatic
disk prolapse.3 The injury to the spinal cord associated
with these explosive lesions varies widely, but can be
very severe (see below).

A similar, but distinctly different, lesion has been
described in the cervical region of dogs, in which mate-
rial appearing hyperintense on T2W MRI scans is
observed ventral to the spinal cord (Fig 2).19 The
radiological interpretation, supported by surgical find-
ings in some cases, is that the material is extruded
hydrated nuclear material and may be associated with
moderate spinal cord compression; the severity of
associated SCI is variable.

Contusion

Contusion injury is the better understood of the
injury mechanisms associated with IVDH because it
has been relatively easy to reproduce in the laboratory.

The earliest model (incidentally, conducted in experi-
mental dogs) was a weight drop method in which a
defined mass was dropped a defined distance onto the
exposed spinal cord and then removed.20 This method
has been refined considerably in the intervening
decades and models now rely on computer-controlled
spinal cord impact, almost exclusively in laboratory
rodents, in which velocity, force, and duration of con-
tusion all can be varied,21,22 and which also incorpo-
rate feedback information to ensure reproducibility of
impact force and consistency of injury.23,24

These laboratory animal models have provided the
core knowledge from which to infer the biochemical
and cellular processes that occur in SCI in clinical
patients and have been reviewed in many basic science,
medical, and veterinary publications.25–27 Minor, local-
ized axonal injury can be detected immediately after
spinal cord contusion and there is evidence of vascular
injury, including breaching of the blood–spinal cord
barrier, but little immediate structural disruption. This
primary injury then is followed during the succeeding
few (approximately 7) days by an evolving secondary
lesion, triggered by the immediate vascular (vasocon-
striction plus extravasation of cells and plasma into
the neuropil) and cellular responses that cause progres-
sive tissue damage, culminating in loss of neurons, oli-
godendrocytes, and axons, and eventual replacement
of the destroyed tissue by tissue fluid, reactive astro-
cytes, or both. Mechanisms underlying this secondary
injury have been elucidated during the previous 2 dec-
ades by laboratory investigations, and provide the
basis for hope that interventions in the future may
ameliorate the progressive destruction of spinal cord
tissue that, currently, inevitably follows contusive
injury.

A key pathological event of contusion injury is cal-
cium entry into neuronal cell bodies, axons, astrocytes,
and oligodendrocytes. This activates a wide range of
enzymes, such as calpains and caspases, that activate
autodestructive pathways and can result in apoptosis
or necrosis.28,29 The end results of this process also
have been illustrated in studies conducted on eutha-
nized veterinary patients.30 Free radicals are released
by enzymatic destruction of mitochondrial membranes,
activated microglia,31 and activation of neuronal nitric
oxide synthase and cause progressive damage to cell
membranes and additional cycles of cell death. Acti-
vated inflammatory signaling pathways drive inappro-

A B

Fig 1. Line diagrams to illustrate dynamic compression associated with intervertebral disk protrusion. (A) In the resting state, protru-

sion of the dorsal annulus is causing mild spinal cord compression. (B) During spinal dorsiflexion, spinal cord compression is exacer-

bated. The flaval ligament dorsal to the spinal cord also may contribute to cord compression during dorsiflexion.

A B

Fig 2. T2-weighted MR images from a dog with acute onset

nonambulatory tetraparesis and ataxia localized to the cervical

spinal cord. (A) Sagittal images detect focal ventral extradural

spinal cord compression dorsal to the C5–C6 disk space with

associated disk space narrowing and partial loss of normal T2

nuclear signal. (B) Transverse image through C5/C6 IVD illus-

trating hyperintense material ventral to the spinal cord with a

“seagull-like” appearance. These MRI features are consistent

with hydrated nucleus pulposus extrusion, which was confirmed

surgically (also see ref. 18).
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priate vascular tone and infiltration of inflammatory
cells into the neuropil. Microglial activation appears to
be a prominent event in dogs with naturally occurring
SCI,31,32 and cytokine release from this cell population
may be important in directing innate inflammatory
events.32 In particular, IL-1, TNFa, and nitric oxide
are incriminated in damage to neurons and oligoden-
drocytes; however, there is also evidence that microglia
also may play protective roles in SCI.32,33 For
instance, microglia also produce TGFb, which has
neuroprotective effects, and there is direct evidence
from in vivo studies that transplantation of activated
macrophages can be associated with axon regeneration
and functional improvement.34 Neutrophils accumu-
late in the early stages and cause cell death directly
because they produce free radicals that destroy cell
membranes. These are followed by lymphocytes that
become autoreactive, having been exposed to previ-
ously hidden antigens in the CNS.35 On the other
hand, there is also evidence of beneficial effects of
T-cell–mediated responses to myelin-derived autoanti-
gens,36 suggesting a fine balance between damage and
protection that may depend on factors that are as yet
incompletely understood.

Calcium entry is dependent initially on cell depolar-
ization (because of direct injury), allowing sodium
entry which then is exchanged for calcium, especially
in axons. Cell depolarization also releases excitatory
neurotransmitters, notably glutamate, that can in turn
allow calcium entry via NMDA receptors. Glutamate
in excess is toxic by this process, termed excitotoxicity.
Destruction of oligodendrocytes (which are especially
vulnerable because of their large membrane areas and
NMDA receptors) will lead to demyelination of axons,
which in turn renders them more susceptible to
destruction.37

Eventually homoeostasis is restored by astrocytic
responses, forming a new glia limitans and restoring
the blood–spinal cord barrier. The end result is the
formation of a glial scar consisting of reactive astro-
cytes plus a heavy deposition of chondroitin sulfate
and keratan sulfate proteoglycans, all of which are
highly inhibitory to regeneration of axon processes,
thus preventing restoration of damaged connections
across the damaged area. Typically, preserved tissue (if
there is any) is located at the periphery of the spinal
cord.38–40 This appearance suggests that the more cen-
tral regions are more susceptible to contusive injury,
perhaps because blood vessels in the gray matter are
more easily damaged, and the inner part of the white
matter is at a watershed area between blood supplied
by the peripheral arteries and that supplied by the cen-
tral ventral artery.41 There is also evidence that CNS
gray matter has a greater energy requirement than
white matter,42 making it more susceptible to interrup-
tion in blood supply associated with injury.

Clinical Signs of Contusion

Typically, contusive injury is associated with a rapid
loss of neurologic function, occurring during a period

of seconds to minutes. However, in association with
IVDH the clinically observable events may occur over
a period of minutes to days, depending on the rate at
which the nucleus extrudes. Localization of the lesion
usually is straightforward, based on the typical constel-
lation of clinical signs to be expected with a transverse
myelopathy at the specific location. In some acute
cases, the clinical picture can be complicated by spinal
shock, in which spinal reflexes caudal to a severe acute
lesion may be depressed (sometimes for as long as sev-
eral days), although this depends on the species (and
the definitions used). This clinical appearance can cre-
ate confusion regarding accurate lesion localization
because limb reflex depression suggests a lesion within
a spinal intumescence. For instance, after a severe tho-
racolumbar injury, the pelvic limb flexor reflexes in
dogs can be depressed or even absent for up to
24 hours.43 Close examination of the cutaneous trunci
(panniculus) reflex can aid in accurate lesion localiza-
tion in such cases. Changes in coordination of the mic-
turition reflex that occur during the first several weeks
after thoracolumbar SCI are sometimes also a reflec-
tion of resolution of spinal shock.

Myelomalacia may spread cranially and caudally
from the epicenter of the injury and in some cases will
ascend and descend many segments, which can be
fatal. It is most common after severe acute thoracol-
umbar cord contusion and may affect approximately
10% of dogs in which there has been complete loss of
pain sensation from the pelvic limbs.44 The mechanism
by which ascending myelomalacia develops is not com-
pletely understood, but it appears to be a consequence
of ischemia, probably resulting from vasospasm and
thrombosis.45 The typical clinical signs of ascending
and descending myelomalacia include loss of initially
intact spinal reflexes, including flexor reflexes in the
thoracic and pelvic limbs, respiratory distress, and,
finally in many cases, death as a result of respiratory
paralysis. Warning signs of its impending development,
such as decreased body temperature and ascending
cutaneous trunci (panniculus) reflex cutoff, can be
detected within about 2 days of the injury.46 There is
no treatment for this condition, and distressed affected
dogs should be euthanized.

Spinal Cord Compression

Although spinal cord compression is common in
both humans and veterinary species, it has been sub-
ject to surprisingly little laboratory investigation. It
has long been known that chronic compression will
lead to axonal loss, with evidence of Wallerian degen-
eration in the segments distal to the lesion, and in gen-
eral, it would appear that white matter damage is most
prominent. The mechanisms by which this occurs have
not been elucidated but have been assumed to be
caused by poor blood flow owing to the increased
pressure within the pial boundaries. However, there is
also evidence from in vitro studies that mild compres-
sion can cause a reversible conduction block, probably
mediated by changes in membrane permeability.47
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Prolonged spinal cord compression in experimental
animals has been associated with demyelination.48

In 1969, Wright and Palmer49 described the histolog-
ical appearance of spinal cord that had been
compressed for a long period of time and deduced that
impairment of venous drainage was responsible for
poor blood flow through the affected lesion. In a more
recent experimental study in dogs, al-Mefty et al50

reported that the epicenter of damage was in the
watershed regions of the spinal cord, at the junction
between the region supplied by the peripheral arteries,
and the ventral spinal artery. Therefore, in this model,
the most damaged area appeared to be at the periph-
ery of the gray matter, but affecting both gray and
white matter. However, this model used incremental
pressure increases to produce long-term compression,
and involved the cervical region, suggesting that
dynamic compression also may have played an imp-
ortant role. In contrast, other models51,52 exhibit a
progressive loss of gray matter with time and compres-
sion, suggesting that the distribution of damage with
chronic compression includes both gray and white
matter. Evaluation of pathological material from dogs
in which there has been chronic disk protrusion (Fig 3)
supports this viewpoint.

Clinical Signs of Spinal Cord Compression

Spinal cord compression caused by type II IVDH
classically is associated with an insidious onset of clini-
cal signs. Owners typically report a loss of function
occurring over a period of weeks to months, often with
periods in which a step-like acute worsening occurs.
The signs depend on localization of the lesion and
may include both gray and white matter deficits, and
usually progress very slowly. Signs of pain may be
reported by the owners, although these are not likely
to reflect spinal cord compression (because the spinal
cord parenchyma contains no nociceptors), but may
reflect stimulation of nociceptors in the annulus or
arise because of nerve compression.

Lesions of the Spinal Nerves

Intervertebral disk herniation also may cause periph-
eral nerve injuries because of the proximity of the
spinal nerves to the intervertebral disks. Although con-

tusive injuries to nerves can occur as a result of IVD
lesions, the effects are self-limiting, whereas compres-
sion is more common and more difficult to manage.
There are 2 main anatomical sites at which nerve com-
pression can occur—the vertebral canal in the lumbo-
sacral region and the foramina at any intervertebral
space. Nerves in the intervertebral foramina are sus-
ceptible to compression if an IVD herniates laterally
rather than dorsolaterally and occasionally may com-
press the nerve lateral to the foramen. Spinal nerves
commonly are compressed in type I TL IVDH and this
constitutes a likely source of pain. In the cervical or
lumbosacral regions, lateralized disk extrusions may
cause lameness or limb pain because of nerve compres-
sion. In the lumbosacral region, single or many nerves
of the cauda equina can be compressed within the ver-
tebral canal, causing various clinical signs associated
with deficits in function of the caudal lumbar, sacral,
and caudal nerves. Lateralized IVD lesions also can
occur in the lumbosacral region, and such affected
animals typically present with lameness rather than
typical neurologic deficits that may lead owners to
consult orthopedic specialists. Nerve compression can
be exquisitely painful, and this type of lesion should
be suspected in animals that present with “screaming
pain,” even without other localizing signs.

Differential Diagnosis

The variable onset and progression of clinical signs
related to IVDH mean that there frequently is a long list
of possible diagnoses for affected animals. Although
IVDD occurs throughout the vertebral column, the sites
at which IVDH is recognized as a clinical problem are
relatively limited. In the thoracolumbar segment, about
75–80% of acute IVDH occur between T11 and L1 disk
spaces,53,54 and a similar proportion of acute cervical
IVDH are located from C2 to C4.55,56 Chronic IVDH is
most common in the caudal cervical,57 thoracolumbar
junction,58 and L7/S1.59 The thoracolumbar junction
region is thought to be susceptible because it lies at the
junction between the heavily muscled (and therefore rel-
atively rigid) lumbar region and the rigid thoracic cage.3

There are also changes in the orientation of the articular
facets of the synovial joints within this area.60 The pre-
disposition of the caudal cervical region to chronic
IVDH has been attributed to the increased rotational
forces that can be applied to those IVD owing to the ori-
entation of the articular facets.61 The lumbosacral
region may be susceptible because it is the focus of loco-
motor forces transferred from the pelvis to vertebral col-
umn,59 and there is also a high incidence of congenital
deformities at this intervertebral space, which have been
associated with symptomatic IVD lesions.62

In general, 3 syndromes associated with symptom-
atic IVDD can be identified: pain, acute and chronic
ataxia, and paresis. The differential diagnoses for each
of these are summarized in Table 1. For animals pre-
senting with apparent signs of vertebral column pain,
there are many possible alternative causes, including
abdominal diseases (because animals with abdominal

Fig 3. Transverse semithin section through region of chronic

spinal cord compression, illustrating gross loss of gray matter;

*indicates the sole remaining region of gray matter (dorsal horn).

There also is substantial loss of white matter area and axonal

integrity. Toluidine blue, scale bar: 500 mm.
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pain will commonly tense their abdominal muscles in
the same way as animals with spinal pain) and various
inflammatory, infectious, or neoplastic diseases (of
which there are many) of any axial musculoskeletal
structure. Narrowing down the list of differential diag-
noses is dependent on careful examination, aiming to
precisely localize the site, and judicial use of the signal-
ment and historical information.

For animals presenting with acute paresis or ataxia,
the most common differential diagnoses are lesions
that will produce instability of the vertebral column,
such as pathologic or traumatic fractures, ischemic
myelopathies, and myelitis. Neoplastic lesions can
cause acute onset of clinical signs in the spine because,
although the neoplastic process proceeds slowly, asso-
ciated pathological fractures or vascular compromise
occurs acutely. In particular, tumors with a high mito-
tic index can rapidly increase in size and result in acute
spinal cord vascular thrombosis or rupture. There are
many other possible causes for acute paresis or ataxia
(see Table 1), and there is the potential for confusion
with lesions of the peripheral nervous system for defi-
cits associated with the spinal intumescences (because
these can produce clinical signs of flaccid paresis,
sensory loss, or both).

For animals presenting with chronic paresis or
ataxia, the main differential diagnoses are other com-
pressive lesions, especially neoplasia, or degenerative
conditions affecting the CNS, such as degenerative
myelopathy. Difficulties can arise in differentiating
degenerative myelopathy from type II IVDH, espe-
cially in middle-aged German Shepherds, because
individuals may be simultaneously affected by both

conditions. In such cases, in which type II disk-
associated spinal cord compression has been diagnosed
by advanced imaging, testing for the SOD1 mutation63

can be helpful to determine whether the dog is also at
risk for degenerative myelopathy. For cases that are
both at risk of degenerative myelopathy and have type
II disk herniation, trial treatment with corticosteroids
also may be useful because this will, at least partially,
alleviate the clinical signs associated with spinal cord
compression, but have no effect on those caused by
degenerative myelopathy. The high prevalence of
SOD1 mutations in normal individuals of some
breeds64 can make interpretation of genetic tests alone
challenging in the absence of neuroimaging.

Imaging

After localization, imaging is usually the best next
diagnostic step; it can provide further information on
the severity and nature of the lesion and can
frequently rule in or rule out diagnoses. For dogs pre-
senting with pain alone, plain radiographs may be suf-
ficient to initially rule out lesions causing gross bone
destruction (such as discospondylitis or neoplasia),
allowing symptomatic treatment for IVDH to be insti-
tuted. However, persistence of pain is an indication for
advanced imaging. Plain radiographs frequently will
demonstrate changes that can be associated with
symptomatic IVDH, such as decreased distance
between vertebral end plates, disk space wedging, and
reduction in space between articular processes, but is
rarely able to provide sufficient information for defini-
tive diagnosis.65

Table 1. List of well-recognized causes for specific clinical presentations that may be caused by intervertebral disk
herniation.

Cervical Thoracolumbar Lumbosacral

Pain alone Acute IVDH

Nerve root compression

Neoplasia

Meningitis

Fracture–luxation

Acute IVDH

Neoplasia

Meningitis

Nerve root compression

Neoplasia

Iliopsoas muscle injury

Meningitis

Acute paresis/ataxia Acute IVDH

Fracture–luxation
Neoplasia

MUE

Acute IVDH

Vascular lesion

Neoplasia (esp large breeds)

Fracture–luxation
MUE (uncommon)

Fracture–luxation
IVDH (uncommon)

MUE (uncommon)

Vascular lesions

Chronic ataxia/paresis Chronic IVDH

Neoplasia

Vertebral anomalies

Chronic IVDH

Degenerative myelopathy

Neoplasia

Hemivertebra

Arachnoid scar (pugs)

Chronic IVDH

OCD lesion (young dogs)

Neoplasia

Nonspinal distractors LMN lesions (in PNS)

Hypoadrenocorticism

Other metabolic lesions

Cardiomyopathy

Junctionopathies

Acute bilateral CCLR Aortic thrombosis

Calcaneal tendon rupture

LMN lesions

Bilateral hock lesions (OCD)

Iliopsoas muscle injury

Junctionopathies

Bilateral CCLR

CCLR, cranial cruciate ligament rupture; IVDH, intervertebral disk herniation; LMN, lower motor neuron; MUE, meningoencephalo-

myelitis of unknown etiology; OCD, osteochondrosis dissecans; PNS, peripheral nervous system.
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In the past, myelography routinely was used to
define the affected region and make a definitive diag-
nosis of IVDH. Myelography is useful to distinguish a
region of spinal cord that is apparently swollen (as
occurs in contusive injury), and also for identifying
regions of deviation in the subarachnoid space that
can be used to deduce the location of extruded nucleus
or protruded annulus. Today, cross-sectional imaging
using MRI and CT has superseded other techniques
because of the superior information provided.66,67

Magnetic Resonance Imaging

Magnetic resonance imaging is unrivaled in its ability
to show detail of the spinal cord parenchyma, and after
contusive injury will disclose regions of hyperintensity
on T2W scans that can be correlated with the region in
which the blood–spinal cord barrier has been compro-
mised (the hyperintensity is assumed to be a conse-
quence of edema, necrosis, or hemorrhage). In addition,
there is evidence that the extent of T2W hyperintensity
after an acute disk extrusion can have prognostic
value.68,69 Specific sequences can be used to identify
regions of hemorrhage,70 and, recently, diffusion tensor
imaging, which measures the direction and magnitude
of water diffusion, has been introduced into veterinary
imaging and may provide better definition of regions of
white matter injury and their severity (Fig 4).71–73 In
spinal cord white matter, water diffusion is highly aniso-
tropic, meaning that water diffuses predominately in the
craniocaudal or caudocranial direction, parallel to the
myelinated axons. Decreased diffusion anisotropy indi-
cates demyelination, axonopathy, or both, and may
serve as an indicator for functional motor recovery.

The availability of cross-sectional images also means
that it is possible to define the relationship between
extruded nucleus or protruded annulus and the spinal
cord. However, because heavily calcified material is
poorly visible on MRI scans, this is not as clearly
defined as on CT images. Different types of disk-
associated lesions can be defined, including bulging,
protrusion, and extrusion.74

Computed Tomography

Computed tomography imaging has the advantage
of being exquisitely sensitive to changes in radio-
graphic density, thus allowing definition and high spa-
tial resolution of calcified nuclear material within the
vertebral canal or intervertebral foramina. It also pro-
vides a cross-sectional image that allows very clear def-
inition of the circumferential location of the extruded
or protruded material with respect to the spinal cord.
Its drawback in diagnosis of type I IVDH is that
extruded material may not be heavily calcified, or may
be of small volume, and therefore may be difficult to
detect, which may account for its decreased sensitivity
to acute disk herniation compared with myelography
in some reports.75 Furthermore, hemorrhage associated
with disk extrusion is not clearly differentiated from
spinal cord.

Overall, the choice between these modalities in diag-
nosing symptomatic IVDH relies on deciding whether
imaging the spinal cord or the compressing material
itself is of greatest importance. On the whole, in
mild-to-moderate SCI, the most important goal is to
accurately localize extruded material so that a surgical
procedure to access and remove it can be planned.
This can be achieved by CT in most cases, but MRI
provides a critical advantage in detecting nonmineral-
ized compressive material such as that primarily con-
sisting of hemorrhage, or type II IVDH. In severe
SCI, if there has been injury of sufficient severity for
the dog to lose deep pain sensation, it is of utmost
importance to identify any region of SCI and its extent
because the prognosis for these animals generally is
uncertain and treatment must be tailored precisely to
the needs of the individual. On occasion, there may be
severe spinal cord MRI intensity changes on images
acquired at sites distant from disk extrusion (see
Fig 5), and sometimes MRI can suggest a lack of need
for surgical intervention, because some such cases have
no apparent extradural compressive lesions.

The Fate of Extruded IVD Nucleus

Intervertebral disk nucleus that is extruded into the
vertebral canal loses its source of nutrition and is

A

B

Fig 4. Diffusion tensor tractography. (A) The blue tracts extend-

ing to the left, away from the multicolored 3-dimensional vol-

ume, are a graphical depiction of water diffusion in the spinal

cord. This depiction is created by computer algorithms based on

diffusion anisotropy and direction of diffusion. Diffusion data are

color encoded such that blue represents highly anisotropic diffu-

sion in the craniocaudal plane. (B) Extruded intervertebral disk

material has disturbed the main water proton diffusion direction

(craniocaudal = blue) and this is indicated by a green color

change. Compression of the spinal cord at this level is recognized

as thinning of the visually represented tissue.
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frequently termed “sequestrated” in human medicine.14

If not removed surgically, it can undergo cycles of
hydration and dehydration, which can account for
changes in its volume observed on MRI scans.76 Over
longer periods of time, it can become revascularized77

and undergo macrophage invasion78 accompanied by
an upregulation of MMP expression,79 all of which
would be expected to result in partial clearance and
eventual incorporation into the contours of the verte-
bral canal. There is evidence in humans that the MRI
appearance, specifically rim enhancement, can be
predictive of disk extrusions that will decrease in size
over time.80

Treatment of Symptomatic IVDD

Treatment of IVDD is a vast topic that has gener-
ated much controversy over the years. However, to a
large extent, there is now a consensus of opinion,
although the evidence on which this consensus has
been built is not as strong as desirable. The contro-
versy arises because there is a marked tendency for
spontaneous recovery of function after injuries to the
nervous system, and therefore there is argument over
the extent to which surgical intervention is necessary
to aid in recovery. The other difficulty is the variability

in presenting clinical signs and whether they are recur-
rent or first-time occurrences, all of which may affect
the treatment decision. Here, we discuss the options
depending on the nature of the inciting injury.

Contusion Injuries

There is no medical or surgical intervention that is
unequivocally established to improve the functional
outcome after spinal cord contusion—apart from
maintenance of blood pressure within normal limits.81

This lack of effective treatment persists despite intense
research into the mechanisms of contusive SCI during
the past 3 decades. During the early 1990s, there was
optimism that methylprednisolone sodium succinate
(MPSS) given at a high dosage within 8 hours of the
injury might ameliorate functional loss. The evidence
was accumulated from experimental work in rodents
and appeared to be confirmed by a series of random-
ized clinical trials in human subjects, notably North
American Spinal Cord Injury Society (NASCIS) II.82

However, since these publications there has been a
steadily increasing distrust of the study conclusions,
based on baseline differences between groups and
questions regarding the validity of the assessment
measures83,84 and also consideration of the possible
adverse systemic effects of high-dose corticosteroid
therapy.85 In veterinary medicine, there is even more
reason to be distrustful of the NASCIS results because
the improvement in outcome that was claimed was
mainly dependent on improvement in gray matter
function, whereas the target in most veterinary IVDH
is white matter recovery (because of the regions of the
cord that are predominantly affected). Furthermore, a
small study in experimental dogs86 failed to detect any
improvement over placebo after MPSS, although this
also could be a result of type II error.

Management of spinal cord contusion injuries there-
fore consists of nursing care to aid in bladder empty-
ing if required, plus rehabilitation exercises designed to
accelerate recovery—although there are as yet no data
to support their effectiveness. There are numerous pos-
sible complications of severe contusive injuries, such as
pneumonia, decubital ulcers, and urinary tract infec-
tion, and management care is focused on these aspects.
The time needed for recovery varies among individual
animals and depends on severity and site of the lesion,
but the full recovery period is at least 3 months. It is
common for severely injured animals that still eventu-
ally make nearly total recoveries to show no change in
neurologic status for 7–10 days after injury. Some con-
tusive injuries are of sufficient severity to preclude
functional recovery. These currently are difficult to
identify at the time of injury, although they will have
loss of deep pain sensation soon after the impact.
Methods to identify these cases currently are being
investigated (eg, markers in CSF or blood), and those
that do not recover with conventional treatment are
targets of novel approaches aiming to restore lost
function in dogs in the chronic stage of persistent
paralysis (see below).

A

B C

Fig 5. MRI images of the spinal cord of a dog with a severe

spinal cord injury illustrating how T2-weighted images provide

invaluable information regarding spinal cord injury associated

with IVDH. (A) Midsagittal image showing minimal evidence of

IVDH at L1/2. (B) Transverse image at level of solid line in (A),

illustrating moderate spinal cord compression. (C) Transverse

image at level of dashed line in (A), illustrating gray matter hy-

perintensity associated with milder spinal cord compression. This

dog was euthanized with signs of ascending myelomalacia 3 days

after these images were acquired.
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Spinal Cord Compression

Spinal cord compression caused by IVDD can be
treated medically or surgically. There is obviously a
clear rationale for surgical treatment—the compression
can be relieved by various surgical approaches that
depend on the type and location of lesion.87,88 How-
ever, it is well recognized that the spinal cord is able to
function satisfactorily even when it is compressed to
some degree, although there appears to be a threshold
level of compression at which its function becomes rap-
idly compromised. Therefore, the question arises as to
how much compression justifies a decompressive surgi-
cal procedure, and this is the most controversial aspect
of treatment of IVDD. Here, considerations in treating
type I and type II disk lesions are discussed separately.

Compression Associated with Type II IVDH

The clinical signs associated with type II IVDH are
progressive over months and frequently are associated
with moderate-to-severe compression that may be
exacerbated by a dynamic component—especially in
the cervical region. These cases are clear candidates for
surgery because there is little prospect of the clinical
signs improving spontaneously. The lesion develops
slowly and is seldom associated with a substantial
inflammatory component that could resolve spontane-
ously. However, the choice often is complicated by
uncertainty regarding the rate of progression. Many
affected animals are middle aged or older, and if the
condition is only slowly progressive it is uncertain
whether it is worthwhile to remove the compression.
Recent evidence regarding the natural history of dogs
with type II IVDH in the cervical spinal cord has clari-
fied this issue, suggesting that over a period of
12–18 months there appears to be little benefit of sur-
gery.89 There are no comparable data available for
thoracolumbar IVD protrusions. On the whole, the
decision for individual dogs affected by TL type II
IVDH is made after consulting with the owner about
their expectations for the individual dog’s quality of
life and potential to recover or suffer injury. In large-
breed dogs, and German Shepherds especially, it is
also important to consider the possibility of concurrent
degenerative myelopathy.63 The outcome after surgical
decompression for type II IVDH is frequently very
gratifying, especially when the disk is excised using
corpectomy,90,91 although unfortunately there is often
a risk of recurrence at another site because affected
animals often have many protruding disks.

The main alternative treatment for chronic compres-
sion is corticosteroids, used at anti-inflammatory dos-
ages. These drugs decrease vascular permeability and
therefore decrease the accumulation of edema fluid
within the compressed tissue, thus alleviating clinical
signs associated with compression.92 However, this
possible benefit must be weighed against the develop-
ment of the deleterious effects of corticosteroid ther-
apy, of which muscle wasting and weight gain are
most detrimental in paretic dogs.

Spinal Cord Compression Associated with Type I
IVDH

When an IVD extrudes the nucleus, the spinal cord
suffers a combination of contusion and compression,
and the extent to which each is responsible for the
observed clinical signs will vary among individual
dogs. In some, often more chronically developing
cases, there can be extremely large compressive lesions
associated with type I extrusions, often with surpris-
ingly little in the way of accompanying clinical signs
(see Fig 6). Such animals often exhibit considerable
spinal pain, and for this reason alone they may be
candidates for surgical decompression.93

Dogs in which extrusion has occurred rapidly are
more common. In such cases there is often consider-
able accompanying hemorrhage and spinal cord
inflammation and edema, combined with the compres-
sion. The question in this situation is how much
compression, when in combination with contusion, is
sufficient to justify decompressive surgery. This ques-
tion was first addressed by veterinarians in the 1950s
and 1960s, when comparisons of outcome between sur-
gery and conservative treatment were made.94,95 The
conclusion was, in general, that decompressive surgery
was preferable because a greater proportion of animals
recovered the ability to walk. The evidence, however,
was of poor quality by modern standards of veterinary
publications, mainly because the selection criteria were
poorly documented. Where it is possible to analyze the
data further, the discerned benefit of surgery applied
both to dogs that retained voluntary movement of the
pelvic limbs and also those that had lost sensation.94

The surgical techniques and medical management that
were used in those early studies are quite different
from those in common use today, and so it cannot be
assumed that the difference in outcome between surgi-
cal and conservative treatment will be of similar
magnitude to these initial studies.

More recently, Levine and coworkers have examined
the outcome after conservative treatment for dogs
diagnosed with clinical signs presumed to be referable
to IVDH in the thoracolumbar or cervical regions.96,97

Their findings confirm earlier data, eg,98 suggesting
that conservative treatment is in general successful.
Approximately 50% of dogs improved from their pre-
senting neurologic status with no recurrences over a
prolonged follow-up period, with treatment failure of
approximately 15–20%. This level of treatment failure
has been cited by many as a reason to recommend sur-
gery for every dog with clinical signs of IVDH. How-
ever, owing to study design constraints, the cases in
these studies deemed treatment failures would not nec-
essarily have failed to recover with continued conser-
vative treatment.98 Instead, at that point, the owners
made a decision to opt for euthanasia or surgery. In
addition, examination of a population of similar, or
even more severely injured, dogs treated surgically
indicates that closer to 90% make a successful recov-
ery.99,100 The current consensus of opinion is therefore
that decompression is warranted to accelerate and
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provide more extensive recovery in dogs that are non-
ambulatory and, sometimes, to alleviate pain in ambu-
latory patients. Therefore, although randomized trials
to quantify the value of surgical intervention have not
been carried out, the absence of equipoise unfortu-
nately imposes a severe ethical obstacle to reexamina-
tion of the controversy.

There is some good evidence from experiments in
laboratory rats101 in which the spinal cord was sub-
jected to contusive injury and subsequently to com-
pression of varying degree to support this consensus
opinion. These data suggest that compression of <50%
of the spinal cord diameter may not be associated with
long-term loss of function, although it is difficult to
interpret directly because the magnitude of contusive
injury also will vary in clinical cases. Furthermore, the
data suggest that rapid decompression is beneficial,
although the effect is minimal if decompression is not
carried out within approximately 6–8 hours of injury,
which may not always be practical in clinical patients.
Recent clinical investigations102,103 in human patients
suffering from spinal fractures also have confirmed
that rapid decompression is beneficial, although it is
important to note that in this context in human medi-
cine “rapid” means within 3 days.

Nerve Compression

Nerve compression arising from IVD lesions com-
monly causes extreme pain and may also produce
observable neurologic deficits, depending on the site of
the lesion. Nerve decompression is frequently impera-
tive on humane grounds because of the pain. Less
severely affected individuals can be managed using
anti-inflammatory drugs or gabapentin. At the lumbo-
sacral junction, compression of components of the

cauda equina may cause ill-defined back pain that can
be managed by conservative or surgical means. Except
for patients with severe neurologic deficits, it is cur-
rently unclear which patients should be selected for
surgical treatment. It has been suggested that pro-
longed incontinence associated with chronic compres-
sion may carry a poor prognosis.104 There is a similar
controversy regarding treatment of human patients
with lumbar disk protrusions. Although there have
been many trials comparing surgical and medical
treatment, meta-analysis suggests that there is little
to support one modality over the other, especially
when outcome is assessed at >12 months after
presentation.105

Management of Recurrent Clinical Signs
Associated with IVDD

Most animals that suffer clinical signs associated
with IVDD are at risk of future episodes of disk-
related symptoms because the degenerative process,
although it may cause clinical signs at one site on one
specific occasion, is a multisite disease. Therefore, clini-
cal signs can recur because of progression of degenera-
tion at the same site or, more commonly, at multiple
alternative sites. The clinical signs associated with
recurrence can vary from mild spinal pain to deep
pain-negative paraplegia that may later prove irrevers-
ible. There is a known risk of recurrence after decom-
pressive surgery alone, although the reported
proportions vary widely from study to study.

Fenestration

Intervertebral disk fenestration has been used for
many decades as a method to remove the IVD nucleus

A B C

D E F

Fig 6. T2-weighted MR images from 2 dogs with thoracolumbar intervertebral disk extrusion to illustrate the variable relationship

between compression and severity of neurologic deficits: Dog 1 (A–C) was paraplegic with absent pain perception from the pelvic limbs.

(A) The midsagittal image suggests that there is minimal spinal cord compression. (B) Transverse T2-weighted fat saturated image at the

epicenter of disk extrusion (L1/2 IVD) confirms the lack of compression and highlights hyperintensity of gray matter, which often is

associated with contusive lesions. (C) Transverse T2-weighted fat saturated image over the L3 vertebral body illustrates the extensive cra-

niocaudal spread of gray matter hyperintensity that can occur in severe contusive injury. Dog 2 (D–F) was ambulatory with paraparesis

and pelvic limb ataxia. (D) Sagittal images suggest marked spinal cord compression resulting from focal disk extrusion. (E) This suspi-

cion is confirmed on transverse image over the epicenter of IVDH (at T12–T13), also illustrating the laterality of the lesion—a common

feature of type I IVDH. Spinal cord hyperintensity was not apparent at the site of compression (E), or at adjacent, noncompressed

spinal cord segments (at L1/2) (F).
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from its normal anatomical position and thereby
reduce the risk of future damaging herniations into the
vertebral canal. There has been considerable contro-
versy regarding its effectiveness, but a recent trial has
clearly demonstrated the benefits in dogs that had pre-
viously suffered type I thoracolumbar IVDH of suffi-
cient severity to require decompression. The risk of
recurrence was decreased approximately from 17% to
7%.106 This finding also is supported by comparing
outcomes of observational studies in which dogs either
did or did not undergo routine fenestration after de-
compressive surgery for type I TL IVDH.53,107

Although this benefit has been clearly defined, some
surgeons are reluctant to carry out the procedure
because of the perceived risks of neural or vascular
injury, increased surgical time, and risks of infection.
However, these risks, which appear to be low,54 also
have to be balanced against the finding that, of dogs
that suffer recurrence of clinical signs of IVD extru-
sion, approximately 50% will be euthanized by their
owners because of treatment cost and perceived animal
suffering.53

Fenestration also has been advocated for prophy-
laxis of cervical disks, but this indication has not been
so popular. Recurrence of clinical signs after cervical
disk extrusions following one episode of surgical
decompression is uncommon,108 which perhaps has
impeded use of the procedure for this purpose. On
the other hand, fenestration also has been attempted
as a treatment for type II IVDH in the cervical
region,109 for which it was notably unsuccessful. The
reason for deterioration after fenestration of type II
disk protrusions likely is because the fenestration pro-
cedure, by removing the central component of the
IVD, allows collapse of the disk space. This then
makes the dorsal annulus redundant and allows it to
protrude further dorsally into the vertebral canal.
Similar considerations would apply to fenestration of
type II thoracolumbar IVD. For this reason, fenestra-
tion cannot be advocated for prophylaxis of type II
IVDH.

New Work in Development

Novel Approaches to Treatment of Acute SCI
Resulting from IVDH

Neuroprotection. Neuroprotective treatments for
SCI target acute and subacute secondary events,
thereby mitigating the parenchymal damage that
follows primary injury. Processes and pathways that
therapies have targeted include inflammatory events,
oxidative stress, excitotoxicity, intracellular calcium
accumulation, blood–spinal cord barrier disruption,
extracellular matrix derangement, caspase activation,
and many others.110 High-dose glucocorticoids were
the first neuroprotective agents intensively studied in
animal models and subjected to the clinical trial pro-
cess in humans with SCI. Although data concerning
the benefits of this approach in humans with SCI have
been conflicting, these early trials and the subsequent

controversy that ensued helped establish a framework
by which candidate therapeutics should be studied.
Currently, clinical trials in humans are under way
investigating neuroprotective strategies such as riluzole,
minocycline, BA-210 (a Rho antagonist), zoledronic
acid, and therapeutic hypothermia.111–113

Very few neuroprotective clinical trials have been
completed in dogs with IVDH. Study patients have
varied with regard to the severity of SCI, timing of
injury, outcome matrices, use of blinding and randomi-
zation, and the strength of supporting biological data.
Polyethylene glycol (PEG) was studied in a small pop-
ulation of dogs with thoracolumbar IVDH that lacked
pelvic limb deep nociception using an open-label
design.114 The biological basis for this study was ani-
mal model experiments showing electrophysiological
recovery and parenchymal sparing after PEG deliv-
ery.115–117 In dogs with IVDH, PEG administration
was reported to enhance motor and sensory recovery
from complete SCI compared with a noncontempora-
neous historical control group.114 Although these data
were promising, the open-label design and use of con-
trol data from medical records are important limita-
tions. A phase III study in dogs lacking deep pain
sensation after thoracolumbar IVDH, examining the
effect of PEG in comparison to MPSS and saline pla-
cebo has been completed recently by investigators at
North Carolina State University, and the results
should be reported soon.

A phase II, blinded, randomized study investigating
N-acetylcysteine (NAC) was completed in dogs with
thoracolumbar IVDH with and without pelvic limb
deep pain sensation.118 The biologic basis for this
intervention was evidence of oxidative stress in dogs
with IVDH,119 the well-documented antioxidant prop-
erties of NAC,120,121 and data in an animal model of
spinal cord ischemia suggesting that NAC enhanced
motor recovery.122 The delivery of NAC to injured
dogs did not improve motor recovery as measured by
an abbreviated ordinal gait score. However, the limited
nature of the gait scale, relatively small number of
dogs included, and variable timing of SCI may have
hindered detection of outcome differences between
treatment groups.

Recently, a large-scale (>100 animals), randomized,
blinded phase II study investigating a matrix metallo-
proteinase blocker in dogs with thoracolumbar IVDH
was completed at Texas A&M University. The study
rationale was based on animal model experiments
demonstrating that MMP-9 expression contributed to
lesion progression and that pharmacologic blockade
of MMPs improved histologic and motor out-
comes.123 Additional supporting data included evi-
dence from dogs with thoracolumbar IVDH that
showed MMP-9 expression was associated with early,
severe SCI.124,125 Although trial results have not yet
been published, a follow-up study focusing on this
same neuroprotective approach has been funded by
the US Department of Defense and recently has
begun enrollment. The US Department of Defense
has also sponsored an acute-phase study to evaluate
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glial growth factor 2 at North Carolina State Univer-
sity, which will begin shortly.

Treatments for Long-Standing SCI. In the chronic
stage after IVDH, the spinal cord has become irrevers-
ibly damaged, with loss of axons and neurons and nor-
mal tissue replacement by extensive gliosis. The
reactive glial scar and production of proteoglycans
prevents regeneration of damaged axons or sprouting
of undamaged fibers across the lesion site.126

Although spontaneous plastic responses in the CNS
can allow recovery of much lost function,127 dogs with
severe spinal cord injuries may be left with unsatisfac-
tory function including loss of continence and inability
to ambulate effectively. Similar results occur in some
human patients and this has driven an intense search
during the past 15 years for new therapies that can
reverse this loss of function. Primarily, the aim is to
promote regeneration of axons across the lesioned site,
enhance plasticity, or both. Despite much laboratory
work on these therapies, there have not yet been suc-
cessful translations into human or veterinary medicine.

Therapies have been designed to promote axon
regeneration center on altering the glial environment
of the spinal cord so as to allow regrowth across the
lesion site. This can be achieved in many ways, but the
most frequently employed are cell transplants, includ-
ing Schwann cells, olfactory ensheathing cells (OECs),
and, more recently, various types of stem cell.128 In
laboratory experiments, many of these interventions
have been shown to promote axon regeneration and
recovery of lost function, but these gains have not
translated into clinical success. A recent transplanta-
tion study, using OECs in chronically injured pet dogs,
showed a benefit of transplantation, although the
observed improved pelvic limb stepping was not
accompanied by evidence of improved brain control
over limb motion.129

Prognostic Indicators

From the owners’ point of view, it would be very
helpful if veterinarians were able to determine which
dogs were likely to recover full function after acute
SCI resulting from disk herniation. At present, testing
deep pain sensation is the only method that is in com-
mon use and it is unsatisfactory because, although it is
known that approximately 50% of deep pain-negative
dogs will recover, it is not possible to identify which of
them will recover when they present. The use of
biomarkers to give further information has been
explored in many studies. Notably, Witsberger et al130

described the predictive value of myelin basic protein
concentration and creatine kinase activity in CSF of
paralyzed dogs, especially when combined with physi-
cal (ie, deep pain) testing.131 Similarly, high levels of
MMP-9 activity in CSF are also associated with poor
recovery.124,125 A recent study determining the concen-
tration of tau protein in the CSF showed a positive
association with the severity of spinal cord damage. A
CSF tau concentration >41.3 pg/mL had a sensitivity
of 86% and specificity of 83% to predict unsuccessful

outcome in plegic dogs. CSF tau concentrations may
therefore also serve as a prognostic indicator in dogs
with IVDH.132 Although these analyses may be of
value in the future, the potential predictive value can-
not be derived from one population sample alone (the
predictive value depends on the prevalence of recovery
or nonrecovery as well as the test itself) and will
require validation in wider populations. Moreover, at
present, these tests would not be appropriate for clini-
cal use because of the delay between sample acquisi-
tion and the need for intervention, but similar
variables may be developed in the future into ELISA
tests that could be performed at the kennel side.

Acknowledgment

Conflict of Interest Declaration: Authors disclose no
conflict of interest.

References

1. Adams MA, Dolan P. Intervertebral disc degeneration: Evi-

dence for two distinct phenotypes. J Anat 2012;221:497–506.
2. Evans HE, Christensen GC. Chapter 5 Joints and liga-

ments. In: Evans HE, Christensen GC, eds. Miller’s Anatomy of

the Dog, 2nd ed. Philadelphia, PA: WB Saunders Co; 1979:225–
268.

3. Hansen HJ. A pathologic-anatomical study on disc

degeneration in dog, with special reference to the so-called enc-

hondrosis intervertebralis. Acta Orthop Scand Suppl 1952;11:1–
117.

4. Kepler CK, Ponnappan RK, Tannoury CA, et al. The

molecular basis of intervertebral disc degeneration. Spine J

2013;13:318–330.
5. Stigen O, Christensen K. Calcification of intervertebral

discs in the dachshund: An estimation of heritability. Acta Vet

Scand 1993;34:357–361.
6. Mogensen MS, Karlskov-Mortensen P, Proschowsky HF,

et al. Genome-wide association study in Dachshund: Identifica-

tion of a major locus affecting intervertebral disc calcification.

J Hered 2011;102(Suppl 1):S81–S86.
7. Cappello R, Bird JL, Pfeiffer D, et al. Notochordal cell

produce and assemble extracellular matrix in a distinct manner,

which may be responsible for the maintenance of healthy nucleus

pulposus. Spine (Phila Pa 1976) 2006;31:873–882.
8. Smolders LA, Meij BP, Onis D, et al. Gene expression

profiling of early intervertebral disc degeneration reveals a down-

regulation of canonical Wnt signaling and caveolin-1 expression:

Implications for development of regenerative strategies. Arthritis

Res Ther 2013;15:R23.

9. Bergknut N, Smolders LA, Grinwis GC, et al. Interverte-

bral disc degeneration in the dog. Part 1: Anatomy and physiol-

ogy of the intervertebral disc and characteristics of intervertebral

disc degeneration. Vet J 2013;195:282–291.
10. Kranenburg HJ, Grinwis GC, Bergknut N, et al. Interver-

tebral disc disease in dogs—Part 2: Comparison of clinical, mag-

netic resonance imaging, and histological findings in 74 surgically

treated dogs. Vet J 2013;195:164–171.
11. Smolders LA, Bergknut N, Grinwis GC, et al. Interverte-

bral disc degeneration in the dog. Part 2: Chondrodystrophic and

non-chondrodystrophic breeds. Vet J 2013;195:292–299.
12. Braund KG, Ghosh P, Taylor TK, et al. Morphological

studies of the canine intervertebral disc. The assignment of the

beagle to the achondroplastic classification. Res Vet Sci

1975;19:167–172.

Canine Intervertebral Disk Degeneration 1329



13. von D€uring M, Fricke B, Dahlmann A. Topography and

distribution of nerve fibers in the posterior longitudinal ligament

of the rat: An immunocytochemical and electron-microscopical

study. Cell Tissue Res 1995;281:325–338.
14. Fardon DF, Milette PC; Combined Task Forces of the

North American Spine Society, American Society of Spine Radi-

ology, and American Society of Neuroradiology. Nomenclature

and classification of lumbar disc pathology. Recommendations of

the Combined Task Forces of the North American Spine Society,

American Society of Spine Radiology, and American Society of

Neuroradiology. Spine (Phila Pa 1976) 2001;26:E93–E113.
15. Gaschen L, Lang J, Haeni H. Intravertebral disk hernia-

tion (Schmorl’s Node) in five dogs. Vet Radiol Ultra

1995;36:509–516.
16. Chang Y, Dennis R, Platt SR, et al. Magnetic resonance

imaging of traumatic intervertebral disc extrusion in dogs. Vet

Rec 2007;160:795–799.
17. De Risio L, Adams V, Dennis R, et al. Association of

clinical and magnetic resonance imaging findings with outcome

in dogs with presumptive acute noncompressive nucleus pulposus

extrusion: 42 cases (2000–2007). J Am Vet Med Assoc

2009;234:495–504.
18. McKee WM, Downes CJ, Pink JJ, et al. Presumptive exer-

cise-associated peracute thoracolumbar disc extrusion in 48 dogs.

Vet Rec 2010;166:523–528.
19. Beltran E, Dennis R, Doyle V, et al. Clinical and magnetic

resonance imaging features of canine compressive cervical mye-

lopathy with suspected hydrated nucleus pulposus extrusion.

J Small Anim Pract 2012;53:101–107.
20. Allen AR. Surgery of experimental lesion of spinal cord

equivalent to crush injury of fracture dislocation of spinal

column. A preliminary report. JAMA 1911;57:878–880.
21. Kwo S, Young W, Decrescito V. Spinal cord sodium,

potassium, calcium and water concentration changes in rats after

graded contusion injury. J Neurotrauma 1989;6:13–24.
22. Gruner JA. A monitored contusion model of spinal cord

injury in the rat. J Neurotrauma 1992;9:123–126.
23. Stokes BT, Noyes DH, Behrmann DL. An electromechan-

ical spinal injury technique with dynamic sensitivity. J Neuro-

trauma 1992;9:187–195.
24. Scheff SW, Rabchevsky AG, Fugaccia I, et al. Experimen-

tal modeling of spinal cord injury: Characterization of a force-

defined injury device. J Neurotrauma 2003;20:179–193.
25. Rabchevsky AG, Smith GM. Therapeutic interventions

following mammalian spinal cord injury. JAMA Neurology

2001;58:721–726.
26. Rowland JW, Hawryluk GW, Kwon B, et al. Current sta-

tus of acute spinal cord injury pathophysiology and emerging

therapies: Promise on the horizon. Neurosurg Focus 2008;25:E2.

27. Olby NJ, Jeffery ND. Chapter 29. Pathogenesis and physi-

ology of central nervous system disease and injury. In: Tobias

KM, Johnston SA, eds. Veterinary Surgery: Small Animal. St

Louis, MO: Elsevier Saunders; 2012:374–387.
28. McEwen ML, Springer JE. A mapping study of caspase-3

activation following acute spinal cord contusion in rats. J Histo-

chem Cytochem 2005;53:809–819.
29. Yu CG, Geddes JW. Sustained calpain inhibition

improves locomotor function and tissue sparing following contu-

sive spinal cord injury. Neurochem Res 2007;32:2046–2053.
30. Bock P, Spitzbarth I, Haist V, et al. Spatio-temporal

development of axonopathy in canine intervertebral disc disease

as a translational large animal model for nonexperimental spinal

cord injury. Brain Pathol 2013;23:82–99.
31. Spitzbarth I, Bock P, Haist V, et al. Prominent microglial

activation in the early proinflammatory immune response in nat-

urally occurring canine spinal cord injury. J Neuropathol Exp

Neurol 2011;70:703–714.

32. Boekhoff TM, Ensinger EM, Carlson R, et al. Microglial

contribution to secondary injury evaluated in a large animal

model of human spinal cord trauma. J Neurotrauma

2012;29:1000–1011.
33. David S, Kroner A. Repertoire of microglial and macro-

phage responses after spinal cord injury. Nat Rev Neurosci

2011;12:388–399.
34. Rapalino O, Lazarov-Spiegler O, Agranov E, et al.

Implantation of stimulated homologous macrophages results in

partial recovery of paraplegic rats. Nat Med 1998;4:814–821.
35. Ankeny DP, Guan Z, Popovich PG. B cells produce path-

ogenic antibodies and impair recovery after spinal cord injury in

mice. J Clin Invest 2009;119:2990–2999.
36. Kipnis J, Mizrahi T, Hauben E, et al. Neuroprotective au-

toimmunity: Naturally occurring CD4+CD25+ regulatory T cells

suppress the ability to withstand injury to the central nervous

system. Proc Natl Acad Sci USA 2002;99:15620–15625.
37. Dutta R, Trapp BD. Mechanisms of neuronal dysfunction

and degeneration in multiple sclerosis. Prog Neurobiol

2011;93:1–12.
38. Hulsebosch CE. Recent advances in pathophysiology and

treatment of spinal cord injury. Adv Physiol Educ 2002;26:238–
255.

39. Iwanami A, Yamane J, Katoh H, et al. Establishment of

graded spinal cord injury model in a nonhuman primate: The

common marmoset. J Neurosci Res 2005;80:172–181.
40. Smith PM, Jeffery ND. Histological and ultrastructural

analysis of white matter damage after naturally-occurring spinal

cord injury. Brain Pathol 2006;16:99–109.
41. Martirosyan NL, Feuerstein JS, Theodore N, et al. Blood

supply and vascular reactivity of the spinal cord under normal

and pathological conditions. J Neurosurg Spine 2011;15:238–251.
42. Harris JJ, Attwell D. The energetics of CNS white matter.

J Neurosci 2012;32:356–371.
43. Smith PM, Jeffery ND. Spinal shock—Comparative

aspects and clinical relevance. J Vet Intern Med 2005;19:788–793.
44. Olby N, Levine J, Harris T, et al. Long-term functional

outcome of dogs with severe injuries of the thoracolumbar spinal

cord: 87 cases (1996–2001). J Am Vet Med Assoc 2003;222:762–
769.

45. Griffiths IG. The extensive myelopathy of intervertebral

disc protrusions in dogs (‘the ascending syndrome’). J Small

Anim Pract 1972;13:425–437.
46. Muguet-Chanoit AC, Olby NJ, Lim JH, et al. The cutane-

ous trunci muscle reflex: A predictor of recovery in dogs with

acute thoracolumbar myelopathies caused by intervertebral disc

extrusions. Vet Surg 2012;41:200–206.
47. Shi R, Blight AR. Compression injury of mammalian

spinal cord in vitro and the dynamics of action potential conduc-

tion failure. J Neurophysiol 1996;76:1572–1580.
48. Fish CJ, Blakemore WF. A model of chronic spinal cord

compression in the cat. Neuropathol Appl Neurobiol 1983;9:109–
119.

49. Wright F, Palmer AC. Morphological changes caused by

pressure on the spinal cord. Pathol Vet 1969;6:355–368.
50. al-Mefty O, Harkey HL, Marawi I, et al. Experimental

chronic compressive cervical myelopathy. J Neurosurg

1993;79:550–561.
51. Uchida K, Baba H, Maezawa Y, et al. Histological investi-

gation of spinal cord lesions in the spinal hyperostotic mouse (twy/

twy): Morphological changes in anterior horn cells and immunore-

activity to neurotropic factors. J Neurol 1998;245:781–793.
52. Kato A, Ushio Y, Hayakawa T, et al. Circulatory distur-

bance of the spinal cord with epidural neoplasm in rats. J Neuro-

surg 1985;63:260–265.
53. Brisson BA, Moffatt SL, Swayne SL, et al. Recurrence of

thoracolumbar intervertebral disk extrusion in chondrodystrophic

1330 Jeffery et al



dogs after surgical decompression with or without prophylactic

fenestration: 265 cases (1995–1999). J Am Vet Med Assoc

2004;224:1808–1814.
54. Aikawa T, Fujita H, Shibata M, et al. Recurrent thoracol-

umbar intervertebral disc extrusion after hemilaminectomy and

concomitant prophylactic fenestration in 662 chondrodystrophic

dogs. Vet Surg 2012;41:381–390.
55. Dallman MJ, Palettas P, Bojrab MJ. Characteristics of

dogs admitted for treatment of cervical intervertebral disk disease:

105 cases (1972–1982). J Am Vet Med Assoc 1992;200:2009–2011.
56. Itoh H, Hara Y, Yoshimi N, et al. A retrospective study

of intervertebral disc herniation in dogs in Japan: 297 cases.

J Vet Med Sci 2008;70:701–706.
57. Da costa RC, Echandi RL, Beauchamp D. Computed

tomography myelographic findings in dogs with cervical spondy-

lomyelopathy. Vet Radiol Ultra 2012;53:64–70.
58. Downes CJ, Gemmill TJ, Gibbons SE, et al. Hemilamin-

ectomy and vertebral stabilisation for the treatment of thoracol-

umbar disc protrusion in 28 dogs. J Small Anim Pract

2009;50:525–535.
59. Lanz OI, Rossmeisl JH. Chapter 33. Lumbosacral spine.

In: Tobias KM, Johnston SA, eds. Veterinary Surgery: Small

Animal. St Louis, MO: Elsevier Saunders; 2012:476–486.
60. Breit S. Functional adaptations of facet geometry in the

canine thoracolumbar and lumbar spine (Th10-L6). Ann Anat

2002;184:379–385.
61. Breit S, K€unzel W. A morphometric investigation on

breed-specific features affecting sagittal rotational and lateral

bending mobility in the canine cervical spine (c3-c7). Anat Histol

Embryol 2004;33:244–250.
62. Fl€uckinger MA, Damur-Djuric N, H€assig M, et al. A lum-

bosacral transitional vertebra in the dog predisposes to cauda

equina syndrome. Vet Radiol Ultrasound 2006;47:39–44.
63. Awano T, Johnson GS, Wade CM, et al. Genome-wide

association analysis reveals a SOD1 mutation in canine degenera-

tive myelopathy that resembles amyotrophic lateral sclerosis.

Proc Natl Acad Sci USA 2009;106:2794–2799.
64. Chang HS, Kamishina H, Mizukami K, et al. Genotyping

assays for the canine degenerative myelopathy-associated

c.118G>A (p.E40K) mutation of the SOD1 gene using conven-

tional and real-time PCR methods: A high prevalence in the

Pembroke Welsh Corgi breed in Japan. J Vet Med Sci

2013;75:795–798.
65. Lamb CR, Nicholls A, Targett M, et al. Accuracy of sur-

vey radiographic diagnosis of intervertebral disc protrusion in

dogs. Vet Radiol Ultrasound 2002;43:222–228.
66. Bos AS, Brisson BA, Nykamp SG, et al. Accuracy, inter-

method agreement, and inter-reviewer agreement for use of mag-

netic resonance imaging and myelography in small-breed dogs

with naturally occurring first-time intervertebral disk extrusion.

J Am Vet Med Assoc 2012;240:969–977.
67. Robertson I, Thrall DE. Imaging dogs with suspected disc

herniation: Pros and cons of myelography, computed tomogra-

phy, and magnetic resonance. Vet Radiol Ultrasound 2011;52(1

Suppl 1):S81–S84.
68. Ito D, Matsunaga S, Jeffery ND, et al. Prognostic value

of magnetic resonance imaging in dogs with paraplegia caused by

thoracolumbar intervertebral disk extrusion: 77 cases (2000–
2003). J Am Vet Med Assoc 2005;227:1454–1460.

69. Boekhoff TM, Flieshardt C, Ensinger EM, et al. Quantita-

tive magnetic resonance imaging characteristics: Evaluation of

prognostic value in the dog as a translational model for spinal

cord injury. J Spinal Disord Tech 2012;25:E81–E87.
70. Tidwell AS, Specht A, Blaeser L, et al. Magnetic reso-

nance imaging features of extradural hematomas associated with

intervertebral disc herniation in a dog. Vet Radiol Ultrasound

2002;43:319–324.

71. Pease A, Miller R. The use of diffusion tensor imaging to

evaluate the spinal cord in normal and abnormal dogs. Vet

Radiol Ultrasound 2011;52:492–497.
72. Griffin JF 4th, Cohen ND, Young BD, et al. Thoracic

and lumbar spinal cord diffusion tensor imaging in dogs. J Magn

Reson Imaging 2013;37:632–641.
73. Hobert MK, Stein VM, Dziallas P, et al. Evaluation of

normal appearing spinal cord by diffusion tensor imaging, fiber

tracking, fractional anisotropy, and apparent diffusion coefficient

measurement in 13 dogs. Acta Vet Scand 2013;55:36. [Epub

ahead of print]

74. Besalti O, Pekcan Z, Sirin YS, et al. Magnetic resonance

imaging findings in dogs with thoracolumbar intervertebral disk

disease: 69 cases (1997–2005). J Am Vet Med Assoc

2006;228:902–908.
75. Israel SK, Levine JM, Kerwin SC, et al. The relative sensi-

tivity of computed tomography and myelography for identifica-

tion of thoracolumbar intervertebral disk herniations in dogs.

Vet Radiol Ultrasound 2009;50:247–252.
76. Henmi T, Sairyo K, Nakano S, et al. Natural history of

extruded lumbar intervertebral disc herniation. J Med Invest

2002;49:40–43.
77. Yasuma T, Arai K, Yamauchi Y. The histology of lumbar

intervertebral disc herniation. The significance of small blood ves-

sels in the extruded tissue. Spine (Phila Pa 1976) 1993;18:1761–
1765.

78. Ito T, Yamada M, Ikuta F, et al. Histologic evidence of

absorption of sequestration-type herniated disc. Spine (Phila Pa

1976) 1996;21:230–234.
79. Haro H, Shinomiya K, Murakami S, et al. Up-regulated

expression of matrilysin and neutrophil collagenase in human

herniated discs. J Spinal Disord 1999;12:245–249.
80. Autio RA, Karppinen J, Niinim€aki J, et al. Determinants

of spontaneous resorption of intervertebral disc herniations.

Spine (Phila Pa 1976) 2006;31:1247–1252.
81. Vale FL, Burns J, Jackson AB, et al. Combined medical

and surgical treatment after spinal cord injuryresult of a prospec-

tive pilot study to assess the merits of aggressive medical resusci-

tation and blood pressure management. J Neurosurg

1997;87:129–146.
82. Bracken MB, Shepard MJ, Collins WF, et al. A random-

ized, controlled trial of methylprednisolone or naloxone in the

treatment of acute spinal-cord injury. Results of the Second

National Acute Spinal Cord Injury Study. N Engl J Med

1990;322:1405–1411.
83. Coleman WP, Benzel D, Cahill DW, et al. A critical

appraisal of the reporting of the National Acute Spinal Cord

Injury Studies (II and III) of methylprednisolone in acute spinal

cord injury. J Spinal Disord 2000;13:185–199.
84. Sayer FT, Kronvall E, Nilsson OG. Methylprednisolone

treatment in acute spinal cord injury: The myth challenged

through a structured analysis of published literature. Spine J

2006;6:335–343.
85. Qian T, Campagnolo D, Kirshblum S. High-dose methyl-

prednisolone may do more harm for spinal cord injury. Med

Hypotheses 2000;55:452–453.
86. Coates JR, Sorjonen DC, Simpson ST, et al. Clinicopath-

ologic effects of a 21-aminosteroid compound (U74389G) and

high-dose methylprednisolone on spinal cord function after simu-

lated spinal cord trauma. Vet Surg 1995;24:128–139.
87. Jeffery ND. Handbook of Small Animal Spinal Surgery.

London: WB Saunders Co; 1995.

88. Sharp NJ, Wheeler SJ. Small Animal Spinal Disorders.

Diagnosis and Surgery, 2nd ed. Philadelphia, PA: Elsevier Mos-

by; 2005:211–246.
89. da Costa RC, Parent JM, Holmberg DL, et al. Outcome

of medical and surgical treatment in dogs with cervical spondy-

Canine Intervertebral Disk Degeneration 1331



lomyelopathy: 104 cases (1988–2004). J Am Vet Med Assoc

2008;233:1284–1290.
90. Moissonnier P, Meheust P, Carozzo C. Thoracolumbar lat-

eral corpectomy for treatment of chronic disk herniation: Tech-

nique description and use in 15 dogs. Vet Surg 2004;33:620–628.
91. Flegel T, Boettcher IC, Ludewig E, et al. Partial lateral

corpectomy of the thoracolumbar spine in 51 dogs: Assessment

of slot morphometry and spinal cord decompression. Vet Surg

2011;40:14–21.
92. Koehler PJ. Use of corticosteroids in neuro-oncology.

Anticancer Drugs 1995;6:19–33.
93. Sukhiani HR, Parent JM, Atilola MA, et al. Intervertebral

disk disease in dogs with signs of back pain alone: 25 cases

(1986–1993). J Am Vet Med Assoc 1996;209:1275–1279.
94. Hoerlein BF. Further evaluation of the treatment of disc

protrusion paraplegia in the dog. J Am Vet Med Assoc

1956;129:495–502.
95. Funkquist B. Decompressive laminectomy in thoraco-

lumbar disc protrusion with paraplegia in the dog. J Small Anim

Pract 1970;11:445–451.
96. Levine JM, Levine GJ, Jonhnson SI, et al. Evaluation of

the success of medical management for presumptive thoracolumbar

intervertebral disk herniation in dogs. Vet Surg 2007;36:482–491.
97. Levine JM, Levine GJ, Jonhnson SI, et al. Evaluation of

the success of medical management for presumptive cervical inter-

vertebral disk herniation in dogs. Vet Surg 2007;36:492–499.
98. Davies JV, Sharp NJH. A comparison of conservative

treatment and fenestration for thoracolumbar intervertebral disc

disease in the dog. J Small Anim Pract 1983;24:721–729.
99. Ferreira AJ, Correia JH, Jaggy A. Thoracolumbar disc

disease in 71 paraplegic dogs: Influence of rate of onset and

duration of clinical signs on treatment results. J Small Anim

Pract 2002;43:158–163.
100. Olby N, Harris T, Burr J, et al. Recovery of pelvic limb

function in dogs following acute intervertebral disc herniations.

J Neurotrauma 2004;21:49–59.
101. Dimar JR 2nd, Glassman SD, Raque GH, et al. The

influence of spinal canal narrowing and timing of decompression

on neurologic recovery after spinal cord contusion in a rat

model. Spine (Phila Pa 1976) 1999;24:1623–1633.
102. Furlan JC, Noonan V, Cadotte DW, et al. Timing of de-

compressive surgery of spinal cord after traumatic spinal cord

injury: An evidence-based examination of pre-clinical and clinical

studies. J Neurotrauma 2011;28:1371–1399.
103. Fehlings MG, Vaccaro A, Wilson JR, et al. Early versus

delayed decompression for traumatic cervical spinal cord injury:

Results of the Surgical Timing in Acute Spinal Cord Injury Study

(STASCIS). PLoS One 2012;7:e32037.

104. De Risio L, Sharp NJ, Olby NJ, et al. Predictors of out-

come after dorsal decompressive laminectomy for degenerative

lumbosacral stenosis in dogs: 69 cases (1987–1997). J Am Vet

Med Assoc 2001;219:624–628.
105. Jacobs WC, van Tulder M, Arts M, et al. Surgery versus

conservative management of sciatica due to a lumbar herniated

disc: A systematic review. Eur Spine J 2011;20:513–522.
106. Brisson BA, Holmberg DL, Parent J, et al. Comparison

of the effect of single-site and multiple-site disk fenestration on

the rate of recurrence of thoracolumbar intervertebral disk herni-

ation in dogs. J Am Vet Med Assoc 2011;238:1593–1600.
107. Mayhew PD, McLear RC, Ziemer LS, et al. Risk factors

for recurrence of clinical signs associated with thoracolumbar

intervertebral disk herniation in dogs: 229 cases (1994–2000).
J Am Vet Med Assoc 2004;225:1231–1236.

108. Cherrone KL, Dewey CW, Coates JR, et al. A retrospec-

tive comparison of cervical intervertebral disk disease in

nonchondrodystrophic large dogs versus small dogs. J Am Anim

Hosp Assoc 2004;40:316–320.

109. Lincoln JD, Pettit GD. Evaluation of fenestration for

treatment of degenerative disc disease in the caudal cervical

region of large dogs. Vet Surg 1985;14:240–246.
110. Kwon BK, Okon E, Hillyer J, et al. A systematic

review of non-invasive pharmacologic neuroprotective treat-

ments for acute spinal cord injury. J Neurotrauma

2011;28:1545–1588.
111. Hawryluk GW, Rowland J, Kwon BK, et al. Protection

and repair of the injured spinal cord: A review of completed,

ongoing, and planned clinical trials for acute spinal cord injury.

Neurosurg Focus 2008;25:E14.

112. ClinicalTrials.gov. http://www.clinicaltrials.gov Accessed

May 17, 2013.

113. The Miami Project. http://www.themiamiproject.org

Accessed May 17, 2013

114. Laverty PH, Leskovar A, Breur GJ, et al. A preliminary

study of intravenous surfactants in paraplegic dogs: Polymer

therapy in canine clinical SCI. J Neurotrauma 2004;21:1767–
1777.

115. Borgens RB, Shi R. Immediate recovery from spinal cord

injury through molecular repair of nerve membranes with poly-

ethylene glycol. FASEB J 2000;14:27–35.
116. Borgens RB. Cellular engineering: Molecular repair of

membranes to rescue cells of the damaged nervous system.

Neurosurgery 2001;49:370–378.
117. Borgens RB, Shi R, Bohnert D. Behavioral recovery

from spinal cord injury following delayed application of polyeth-

ylene glycol. J Exp Biol 2002;205:1–12.
118. Baltzer WI, McMichael MA, Hosgood GL, et al. Ran-

domized, blinded, placebo-controlled clinical trial of N-acetylcys-

teine in dogs with spinal cord trauma from acute intervertebral

disc disease. Spine (Phila Pa 1976) 2008;33:1397–1402.
119. McMichael MA, Ruaux CG, Baltzer WI, et al. Concen-

trations of 15F2t isoprostane in urine of dogs with intervertebral

disk disease. Am J Vet Res 2006;67:1226–1231.
120. Liu JQ, Lee TF, Chen C, et al. N-acetylcysteine improves

hemodynamics and reduces oxidative stress in the brains of new-

born piglets with hypoxia-reoxygenation injury. J Neurotrauma

2010;27:1865–1873.
121. Jayalakshmi K, Sairam M, Singh SB, et al. Neuroprotec-

tive effect of N-acetyl cysteine on hypoxia-induced oxidative stress

in primary hippocampal culture. Brain Res 2005;1046:97–104.
122. Cakir O, Erdem K, Oruc A, et al. Neuroprotective effect

of N-acetylcysteine and hypothermia on the spinal cord ischemia-

reperfusion injury. Cardiovasc Surg 2003;11:375–379.
123. Noble LJ, Donovan F, Igarashi T, et al. Matrix metallo-

proteinases limit functional recovery after spinal cord injury by

modulation of early vascular events. J Neurosci 2002;22:7526–
7535.

124. Levine JM, Ruaux CG, Bergman RL, et al. Matrix me-

talloproteinase-9 activity in the cerebrospinal fluid and serum of

dogs with acute spinal cord trauma from intervertebral disk dis-

ease. Am J Vet Res 2006;67:283–287.
125. Nagano S, Kim SH, Tokunaga S, et al. Matrix metallo-

protease-9 activity in the cerebrospinal fluid and spinal injury

severity in dogs with intervertebral disc herniation. Res Vet Sci

2011;91:482–485.
126. Fawcett JW. Overcoming inhibition in the damaged

spinal cord. J Neurotrauma 2006;23:371–383.
127. Jeffery ND, Blakemore WF. Spinal cord injury in small

animals. 1. Mechanisms of spontaneous recovery. Vet Rec

1999;144:407–413.
128. Tetzlaff W, Okon EB, Karimi-Abdolrezaee S, et al. A

systematic review of cellular transplantation therapies for spinal

cord injury. J Neurotrauma 2011;28:1611–1682.
129. Granger N, Blamires H, Franklin RJ, et al. Autologous

olfactory mucosal cell transplants in clinical spinal cord injury: A

1332 Jeffery et al



randomized double-blinded trial in a canine translational model.

Brain 2012;135:3227–3237.
130. Witsberger TH, Levine JM, Fosgate GT, et al. Associa-

tions between cerebrospinal fluid biomarkers and long-term neu-

rologic outcome in dogs with acute intervertebral disk herniation.

J Am Vet Med Assoc 2012;240:555–562.
131. Levine GJ, Levine JM, Witsberger TH, et al. Cerebrospi-

nal fluid myelin basic protein as a prognostic biomarker in dogs

with thoracolumbar intervertebral disk herniation. J Vet Intern

Med 2010;24:890–896.
132. Roerig A, Carlson R, Tipold A, et al. Cerebrospinal fluid

tau protein as a biomarker for severity of spinal cord injury in

dogs with intervertebral disc herniation. Vet J 2013;197:253–258.
doi: 10.1016/j.tvjl.2013.02.005.

N.D. Jeffery qualified from the
University of Bristol (United
Kingdom) and since then has
been engaged in many different
fields of veterinary work, includ-
ing small animal general prac-
tice, specialist referral practice,
basic science laboratory study,
and academic appointments. His
PhD studies focused on the
functional effects of demyelina-
tion and remyelination and post-
doctoral work at University

College London focused on plasticity in the CNS. Nick has
diplomas in neurology and surgery, reflecting his particular
clinical interest in neurosurgery. He has published more than
100 peer-reviewed articles, mostly in neurology and neurosur-
gery, plus book chapters and a sole-authored book on spinal
surgery. He was appointed Professor of Veterinary Clinical
Studies at the University of Cambridge (United Kingdom) in
2006 and then moved to become Professor in Neurology and
Neurosurgery at Iowa State University in 2010. He recently
completed a clinical trial on olfactory ensheathing cell trans-
plantation for chronic severe spinal cord injury in dogs and a
similar new clinical trial to evaluate intraspinal chondroitin-
ase commenced in July 2013.

Dr J.M. Levine obtained his
Bachelor of Science and Doctor
of Veterinary Medicine degrees at
Cornell University in Ithaca, NY.
He went on to do a rotating
internship in small animal medi-
cine and surgery at Colorado
State University and a residency in
Neurology/Neurosurgery at Texas
A&M University and the Univer-
sity of Missouri. Dr Levine’s
research interests include spinal
cord injury, intervertebral disk her-

niation, and magnetic resonance imaging. He has authored over
60 peer-reviewed manuscripts and presented lectures at numerous
national veterinary meetings. Dr Levine has received funding
from The National Institutes of Health, US Department of
Defense, Dana Foundation, Marnie Rose Foundation, Canine
Health Foundation, and other groups. He is a Diplomate of the
American College of Veterinary Internal Medicine (Neurology),
an Associate Professor of Neurology/Neurosurgery at Texas
A&M University, Adjunct Associate Professor of Pediatrics at
UT Houston Medical School, and is affiliated with Mission Con-
nect Foundation.

N.J. Olby gained her veterinary
degree from Cambridge Univer-
sity in the United Kingdom in
1991, and after a brief period
spent in mixed general practice,
returned to Cambridge to com-
plete a PhD in spinal cord injury
and a surgical training. Follow-
ing completion of her PhD and
a postdoctoral position, also
focused on spinal cord injury,
she moved to North Carolina
State University to do a neurol-

ogy/neurosurgery residency, and she has stayed at NCSU as
a faculty member since then. She is currently a professor of
neurology/neurosurgery and leads the Clinical Genomics
Core of the Center for Comparative Medicine and Transla-
tional Research. Her main research interest is spinal cord
injury with a focus on performing research using naturally
occurring disease. She runs clinical trials evaluating novel
therapies for the acute and chronic phases of spinal cord
injury. She has published widely on clinical and research top-
ics associated with veterinary neurology and is coeditor of
the BSAVA Manual of Canine and Feline Neurology. She is
a past president of the American College of Veterinary Inter-
nal Medicine Neurology specialty.

Dr V.M. Stein studied Veteri-
nary Medicine and performed
her Doctoral thesis at the Uni-
versity of Veterinary Medicine in
Hannover, Germany. She con-
tinued her scientific career with a
PhD study at the Department of
Small Animal Medicine and Sur-
gery which she finished in 2004.
She performed a Residency of
the European College of Veteri-
nary Neurology (ECVN) at this
clinic as well and is a Diplomate

of the ECVN since 2007. Subsequently, she went on to do a
Postdoctoral Fellowship at the University of Pennsylvania,
PA, from 2008 to 2009. Since 2010 she works as a Senior
Clinician at the Department of Small Animal Medicine and
Surgery, University of Veterinary Medicine Hannover, and
worked on her Habilitation which she received in 2011. Dr
Stein’s research interests include spinal cord injury, neuroim-
munology, and inflammation, in particular the reaction pro-
file of microglia. Dr Stein has written about 40 peer-reviewed
manuscripts and has received funding from the German
Research Foundation and Frauchiger Foundation.

Canine Intervertebral Disk Degeneration 1333


