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 Introduction

A precise understanding of the vascular anatomy of the spinal cord has been an 
elusive target prior to angiographic elucidation. The inaccessibility of the intra- 
medullary regions of the cord prohibits in vivo studies, combined with the complex 
and variable blood supply, has limited our knowledge of the anatomy and physiol-
ogy of the entire cord. In many published texts as late as 1958, vascular anatomy 
discussions had to be introduced by a reminder of the normal blood supply [1]. 
Vascular pathologies including infarctions, intermittent spinal claudication, and 
vascular myelopathies remain largely unexplained in their etiology and pathogene-
sis. An improved understanding of spinal cord vascular anatomy helps form a base 
from which we can investigate and explain these complex pathologies. The use of 
new imaging techniques, including selective spinal angiography, myelography, and 
magnetic resonance imaging with angiography focus have expanded our 
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understanding of spinal cord vascular anatomy and enabled researchers to unlock 
these mysteries [2].

Knowledge of vascular anatomy of the spinal cord is essential for clinicians 
when diagnosing and treating pathologies affecting the cord. As with all of the 
neuro-axis, embryologic development dictates the evolution of vascular anatomy in 
the spinal cord. Therefore, a thorough understanding of this embryology is helpful 
in understanding both normal vascular anatomy and pathologies that may impact it. 
In this chapter, we intend to describe – in a simple fashion – the common arteries 
and veins that are part of spinal cord vascular anatomy as well as some of the more 
common vascular pathologies that are relevant to the spinal cord. In order to do so, 
we will begin with a discussion of the embryologic development of the cord, then 
discuss the arterial and venous anatomy by region of the vertebral column, and 
finally the pathologies affecting each of these vessels along with common clinical 
presentations.

 Embryology

The spinal cord begins to develop during the third week of gestation [3]. Following 
the gastrulation phase, the ‘notochord’ is formed and serves as a foundation for the 
axial skeleton [3]. Early in the fourth gestational week, the ectodermal tissue over-
lying the notochord and the adjacent mesoderm differentiates into the neural plate 
[4] The margins of the neural plate subsequently form neural folds that continue to 
elevate and ultimately fuse along the dorsal midline creating the neural tube [5, 6] 
The neural tube and the caudal one-third of the neural plate constitute the future 
spinal cord, whereas the paraxial mesodermal somites form the axial skeleton [4].

While the embryologic development of the brain vasculature is well-established 
[7, 8], reports on the development of the spinal cord vasculature are limited [9, 10]. 
In 1987, Thron et al. studied the spinal cord vascular anatomy of 13 bovine embryos 
after injecting their umbilical arteries with a dye and gelatin [9]. They noted the first 
evidence of a primitive vertebral arch surrounding the neural tube in the fifth gesta-
tional week as well as a preliminary intramedullary capillary network within the 
cervical spine [9]. At the seventh gestational week, immature blood vessels with 
branching segments were noted to invade the dorsolateral aspect of the spinal cord. 
This occurred in association with the cellular maturation and metabolic demand of 
the spinal grey matter [9]. By the tenth and eleventh gestational weeks, the spinal 
cords were found to receive blood supply from a well-formed anterior spinal artery 
[9]. This anterior spinal artery is formed from longitudinal anastomoses between 
segmental arteries arising from the dorsal aorta. The majority of these segmental 
arteries eventually regress as the longitudinal arterial supply matures. Only a few 
segmental arteries remain until adulthood and form the radiculomedullary arteries. 
In 2001, Zawilinski et al. studied the developing vasculature of the spinal cords of 
50 human fetuses between the tenth and twenty-eighth weeks of gestation [10]. The 
anterior spinal artery was found to already exist at tenth week of gestation, which is 
consistent with findings from the previous bovine study. The two posterior spinal 
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arteries were found to mature at a later stage between the fifteenth and the twentieth 
gestational weeks [10].

The venous system of the spinal cord has shown high variability as compared to 
the arterial system [10, 11]. Zawilinski et  al. found that only the anterior spinal 
artery and central arteries of the spinal cord were consistently accompanied by 
venous counterparts [10]. Other veins did not follow the regular arterial distribution. 
The spinal venous system has been reported to develop as early as the fourth gesta-
tional week and begins with the development of the anterior and posterior cardinal 
veins [11]. Segmental veins later arise from cardinal veins and drain the developing 
spinal elements into the azygous, renal, and iliac venous systems [11].

 Arterial Anatomy

The arterial supply to the spinal cord depends on the level of the cord that is being 
evaluated and is divided into anterior and posterior networks. At the most rostral end 
of the spinal cord, the anterior network is supplied by the anterior spinal artery, 
which arises from the distal vertebral artery. The anterior spinal artery most com-
monly originates from the medial surface of each vertebral artery and travels medi-
ally to converge on the midline near the cervicomedullary junction. This artery then 
travels caudally along the entire length of the spinal cord in the anterior median 
fissure, which is the midline cleft that divides the spinal cord into left and right 
hemicords. This artery sends small perforators into the parenchyma of the spinal 
cord called the sulcocommisural branches, which supply most of the white and grey 
matter of the anterior spinal cord [1]. At regular intervals, circumferential pial arter-
ies will take off the anterior spinal artery at 90° angles and travel radially around to 
the lateral surface of the spinal cord. The anterior spinal artery and its circumferen-
tial pial branches perfuse the anterior two-thirds of the spinal cord including the 
cortical spinal tracts, the anterior horns, and the spinothalamic tracts [12].

The posterior one-third of the cervical spinal cord, including the posterior col-
umns and a small portion of the corticospinal tracts, is supplied by an arterial net-
work formed by two posterior spinal arteries. These posterior spinal arteries can 
arise from the posterior inferior cerebellar artery or the distal vertebral artery and 
then travel caudally on the posterior surface of the spinal cord [13]. These arteries 
give rise to smaller branches that form a network or arcade of arterioles along the 
posterior surface of the spinal cord. The anterior and posterior spinal arteries form 
a plexiform network of collaterals between the circumferential pial arteries of the 
anterior spinal artery and the posterior spinal network on the surface of the spi-
nal cord.

At multiple levels, usually 6–10  in adults [14], along the entire length of the 
spinal cord there are also arteries known as medullary arteries which anastomose 
with the anterior and posterior spinal arteries to supply the cord. In the cervical 
spine, these medullary arteries arise from the vertebral arteries rostrally and the 
thyrocervical trunk in the caudal cervical spine. The thoracic and lumbar spinal cord 
is supplied by bilateral segmental arteries, which arise from the aorta rostrally and 
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the iliac arteries at the most caudal levels. Each of these posterior segmental arteries 
originates from intercostal arteries in the thoracic spine and segmental or radicular 
arteries in the lumbar spine. They then travel posteriorly from the aorta around the 
vertebral body and send off a spinal ramus that enters into the nerve root sleeve dura 
within the vertebral foramen. This artery then divides, sending radicular arteries 
supplying both the anterior and posterior nerve rootlets arising from the spinal cord, 
the nerve root sleeve, as well as contributing to the vascular supply of the spinal 
dura at that level. The spinal ramus will also give off medullary arteries that travel 
through the dura along the dorsal root ganglion and ascend along the spinal cord to 
contribute to the anterior and posterior spinal arteries. The anterior and posterior 
spinal arteries both travel caudally and anastomose at the conus medullaris. The 
anterior spinal artery continues with the filum terminale after it anastomoses with 
the posterior spinal artery.

The middle thoracic and lumbar segments of the spinal cord are supplied by the 
largest medullary artery, the artery of Adamkiewicz or arteria radicularis magna. 
This most commonly arises from the left segmental artery between T8-L2, but can 
be seen anywhere from T3-L4. It also can rarely originate from the right segmental 
artery [15].

The watershed zone of the spinal cord vascular supply lies in the region of T2-4 – 
between the well-collateralized cervical region and the uppermost region supplied 
by the artery of Adamkiewicz. The anterior spinal artery is the smallest in this 
region, which makes this region susceptible to ischemia or infarction during periods 
of profound hypotension [16]. A lesser watershed zone exits on the anterolateral 
surface of the spinal cord between the circumferential pial branches of the anterior 
spinal artery and the posterior spinal arterial arcade [17].

Figure 1.1 shows the arterial anatomy of spinal cord.

 Venous Anatomy

The venous drainage of the spinal cord and spinal column can be divided into three 
systems or plexuses: the intrinsic, extrinsic, and extradural. The intrinsic system is 
further divided into axial and longitudinal components, both of which drain radially 
outward and are symmetrically arranged [18]. The arterial supply from the medial 
portion of both sides of the spinal cord drain to axially oriented ventral and dorsal 
sulcal. The ventral sulcal vein drains the anterior horns, anterior commissure, and 
the white matter of the anterior funniculus [19]. The number of ventral sulcal veins 
varies depending of the segment of spinal cord with increasing number of veins in 
the lumbosacral when compared to the cervical [20]. The dorsal sulcal veins are 
smaller and fewer in number, and drain the posterior columns and posterior grey 
matter [19]. The peripheral grey and white matter not drained by either the dorsal or 
ventral sulcal veins are drained to the pial surface by small radial veins, which anas-
tomose with the extrinsic network at the pial surface [20]. There is also a intricate 
anastomotic system of smaller veins connecting the sulcal and radial veins [18]. 
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a b

Fig. 1.1 Arterial Anatomy of Spinal Cord. (a) Schematic drawing of the arterial supply to the 
spinal cord. ASA anterior spinal artery, PA pial artery, PAN pial arterial network, PSA posterior 
spinal artery, RA radicular artery, RPA radiculopial artery, RMA radiculomedullary artery, SA sul-
cul artery. (b) Schematic drawing of the venous drainage of the spinal cord. ASV anterior spinal 
vein, SV sulcul vein, PSV posterior spinal vein, PV pial vein, PVN pial venous network, RPV radial 
perforating vein, TA transmedullary anastomosis, RV radicular vein, RMV radiculomedullary vein. 
(Credit: Ref. [13])

The longitudinal veins of the intrinsic system are fewer in number, and ascend or 
descend the spinal cord obliquely connecting the axial venous networks [20, 21].

The extrinsic system is made up of the intradural extramedullary veins. Whereas 
the intrinsic venous system is mostly axially oriented, the extrinsic system tends to 
follow a coronal orientation. Pial veins located laterally on the spinal cord drain into 
the ventral and dorsal median pial veins which are usually large and solitary, mid-
line longitudinal veins located on the ventral and dorsal surfaces of the spinal cord, 
however up to three may be present. These make up the major drainage of the 
extrinsic system [20]. The sulcal veins drain directly into the ventral and dorsal 
median pial veins [21]. The ventral median pial vein continues at the end of the 
spinal cord onto the filum terminale to the end of the dural sac [19]. The extrinsic 
system is connected to the extradural system via radiculomedullary veins, analo-
gous to the previously described medullary arteries. These radiculomedullary veins 
receive blood from both the dorsal and ventral median pial veins and exit the dura 
through the nerve root sleeve or less frequently between two nerve roots and empty 
into the extradural system [19]. It had long been assumed that these radicular veins 
had valves within them as an anti-reflux mechanism, but recent studies have found 
no such valves. Instead, the radicular veins have intravenous dural folds, very tortu-
ous oblique paths through the dura, a smaller lumen, and smooth muscle fibers in 
the vascular walls all of which may help regulate reflux in an environment of venous 
hypertension [22, 23].

The extradural system not only drains the spinal cord but also drains the spinal 
column, including vertebra and intervertebral discs, and is also to a lesser degree is 
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involved with CSF reabsorption by draining small amounts of arachnoid granula-
tions within the spinal nerve roots [20]. The radiculomedullary veins exit the dura 
and drain into the vertebral venous plexus or Batson’s plexus [20]. This plexus is 
located extradurally within the spinal canal circumferentially around the spinal dura 
and continues superiorly where it is continuous with the suboccipital venous system 
[24]. The vertebral venous plexus is larger anteriorly and increases in caliber as it 
travels caudally [22]. The extradural system is drained to the systemic circulation 
through intervertebral veins. The cervical level drains into the vertebral veins, the 
deep cervical and jugular veins; the thoracic and lumbar levels drain to the azygous 
or hemiazygous system and ascending lumbar veins; the lumbosacral levels drain to 
ascending lumbar veins or sacral veins which empty into the inferior vena cava [20].

 Pathologies

Spinal cord vascular pathologies can be generally divided into three categories: (1) 
Spinal vascular malformations (SVM); (2) Cavernomas; and (3) Infarctions. Each 
of these topics is explored below with a discussion of hallmark clinical and radio-
logic findings.

Spinal vascular malformations are a heterogeneous group of pathologies which 
are among the most difficult to diagnose and understand of all spinal cord pathol-
ogy. This group comprises about 3–4% of all intradural spinal lesions [18]. Though 
they are similar to the analogous cranial conditions, they often go unrecognized 
leading to dramatic clinical deficits. Their first clinical observation was published in 
1890; however, the initial treatment of these lesions was not attempted until 1914.

Imaging of SVMs is fundamental to their diagnosis and to understanding their 
pathophysiology. The development of spinal angiography in the 1960s is the fore-
most modern event in the diagnosis and treatment of these lesions. Before the advent 
of this technique, most descriptions were from post-mortem pathology. Among the 
modern modalities to discuss for diagnosis of these lesions are: (1) MRI and MRA, 
(2) Angiography and (3) CT.

MRI is the first study typically ordered in the workup of SVMs. MRI findings 
typically include: hyperintense T2 cord signal indicating edema of the cord, which 
may enhance on post-gadolinium sequences; dilated, serpinginous peri-medullary 
vessels lining the dorsal or ventral surface of the spinal cord on T2 weighted MRIs 
which will be visualized as flow voids; cord atrophy can also be seen in advanced 
stages of disease. If hemorrhage is present, varying cord signal and enhancement 
patterns can elucidate the age of the hemorrhage [20]. Although MRI can show 
signs of SVMs, the findings seen on MRI are not predictive of the vessel of origin 
or location of the lesion. MRA, especially with recent advances, new sequences, 
and protocols, better elucidate SVMs and, frequently, have the detail and clarity to 
localize the lesion to a spinal level. Currently spinal MRA does not have the detail 
or resolution to make treatment decisions. However, this technology does make 
spinal angiograms safer by requiring less radiation exposure, contrast load, and 
fewer levels needing to be accessed.
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CT angiography (CTA) as well as CT myelography can also be used to diagnosis 
SVMs. CT myelography will reveal dilated serpentine filling defects representative 
of vascular pathology. Studies have shown comparable detection rates compared to 
MRA, CTA however may not have as good of resolution in obese patients [21].

The gold standard for diagnosis and characterization of spinal vascular lesions of 
SVMs is spinal angiography. Spinal angiography allows for determination of the 
exact vessels and levels involved in the malformation and, in some instances, iden-
tify the exact location of the fistulous connection. It is also very useful in defining 
the surrounding vascular anatomy. The addition of 3D rotational spinal angiography 
has further improved the imaging quality of SVMs. Another benefit of spinal angi-
ography is the extent of anatomy investigated. If no lesion is seen by injecting the 
segmental or radicular arteries, arteries such as the internal iliacs, the lateral sacrals 
or the arterial supply to the posterior fossa of the cranium can all be injected to fur-
ther investigate the source of the lesion.

Spinal vascular malformations can be split into two subcategories: spinal dural 
arterio- venous fistulas (AVF) and arterio-venous malformations (AVM). Spinal 
AVFs are the result of a direct connection between an artery with a vein or venous 
plexus that drains intrathecally. They can occur extradurally and drain intrathecally 
through an incompetent valve in the spinal dura, but most occur intradurally. Spinal 
AVMs are defined as higher flow lesions when compared to AVFs that flow through 
a nidus or tangle of multiple abnormal vessels to a dilated venous system. There 
have been multiple classification schemes proposed as SVMs have been investi-
gated. The most commonly used classification scheme is known as the American/
British/French connection classification (ABF) (Table 1.1) [22].

SVMs present to clinical attention in two different categories: acute or pro-
tracted. Acute neurologic deterioration is seen in patients with hemorrhage into the 
spinal cord, hematomyelia, or subarachnoid hemorrhage in the spinal column. This 
can be due to intradural or intramedullary AVMs or aneurysms associated with 
AVMs or AVFs, although AVFs present acutely much less frequently than AVMs 
[18]. Acute presentation is often sudden onset of excruciating back pain or menin-
gismus. This can be with or without the sudden onset of a neurologic deficit such as 
paresis/paralysis, paresthesias, pain, bowel/bladder dysfunction. There is also a 

Table 1.1 ABF classification of spinal vascular malformations

Type I Spinal dural arteriovenous fistula (previous angioma racemosum venosum): located 
at the dural sleeve of a spinal root, associated with a single-coiled vessel on the 
dorsal pial surface of the spinal cord

Type II Glomus AVM (previous angioma racemosum arteriovenosum): Characterized by a 
true intramedullary nidus and with the arteriovenous shunting occurring deep into 
the pia

Type III Metameric or juvenile AVM (previous cobb syndrome): Involvement of one or more 
metameres (and consequently of portions of the neural tissue, dura, bone, muscle, 
and skin)

Type IV Direct or perimedullary AVF: Direct arteriovenous fistula, usually supplied by 
anterior spinal artery with venous drainage through pial venous network, resulting in 
aneurysmal dilation of the draining veins
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small subset of the AVFs that will present suddenly with acute neurologic deteriora-
tion from extreme venous hypertension and possible subsequent venous thrombosis. 
This was first described in 1926 by Foix and Alajouanine and has since been 
described as Foix-Alajouanine syndrome [23]. Pathologically, the spinal cord will 
show extensive necrosis and hypertrophy of the pial and intramedullary veins and 
venous thrombosis. Acute presentation with hemorrhage is less likely than pro-
tracted clinical course, with subarachnoid or intramedullary hemorrhage being the 
first imaging finding in 35% of SVM patients [23]. Children appear to be more 
prone to hemorrhage and acute presentation with 84% of children diagnosed with 
SVMs presenting with sudden onset of symptoms and hemorrhage on imaging [25].

Protracted or chronic presentations are secondary to venous hypertension, cord 
ischemia or mass effect. This often presents as signs of progressive myelopathy 
such as upper or lower extremity weakness, loss of pain and temperature sensation, 
bowel or bladder incontinence, and increased muscular tone [24]. Patients with 
SVMs, especially AVFs, can also present with neurogenic claudication with symp-
toms of back and thigh pain exacerbated by physical exertion and relieved by sit-
ting. In one study of 110 patients with SVM, the most common presentation was 
paresis or paralysis (75.5%), paresthesias (60%), pain (51.8%), and bowel or blad-
der dysfunction (41.8%) [19]. Arterial venous fistulas more commonly present with 
a protracted clinical course. These lesions also have a strong male predilection 
(>80%), 80% occur after the age of 40, and the majority are located in the thoraco-
lumbar region [26].

Venous hypertension seen in patients with an SVM presenting with a protracted 
or chronic clinical course is due to the arterialization of the coronal venous plexus 
caused by the fistulous connection of an artery with a vein. This produces the dilated 
serpiginous veins seen on the surface of the spinal cord on imaging and during sur-
gery. The arterialization of these veins transmits the high pressure of the valveless 
veins on the substance of the cord in a retrograde fashion to the veins within the 
spinal cord leading to venous congestion, venous hypertension, diminished arterial 
perfusion, ischemia, and then myelopathy [23]. Mass effect on the spinal cord can 
occur with large AVFs or AVMs with massively dilated venous structures, which 
form as a result of venous hypertension and venous congestion, or feeding vessel 
aneurysms [18]. Massively dilated epidural veins caused by AVFs can also cause 
mass effect on the spinal cord resulting in neurologic deficits. Vascular steal is 
another mechanism through which SVMs may cause symptoms. SVMs cause steal 
phenomenon by increasing the blood flow through their high flow low resistance 
vascular beds diverting flow away from the spinal cord causing regional isch-
emia [27].

As there are no large randomized studies regarding the treatment of SVMs, there 
is no data to support a standardized treatment algorithm. Depending on the vascular 
architecture, presenting symptoms, and location, SVM can be treated with open 
microsurgery, endovascular therapies, radiosurgery or a combination of therapies. 
The goal of treatment is to halt, and potentially reverse, progressive neurologic defi-
cit by eliminating flow through the abnormal vascular connection in an effort to 
restore normal perfusion pressure and circulation patterns to the spinal cord. The 
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outcome of any treatment strongly correlates with the degree of preoperative neuro-
logic function, with those with lesser degree of neurologic impairment doing better 
overall [28]. Motor symptoms tend to respond better to treatment while sensory 
symptoms (numbness, dysethesias, burning pain) tend to respond less frequently. 
Bowel and bladder symptoms also have poor recovery after treatment with persis-
tence of symptoms in up to 73% of patients [29]. Clinical recovery is possible in 
patients with severe deficits including paraplegia, so treatment should not be with-
held; even slight increases in function can have large impacts in quality of life [30].

Spinal Cavernomas (also known as cavernous malformations or cavernous hem-
angiomas) are angiographically occult vascular malformations of the central ner-
vous system. Cavernomas in the spinal cord are histologically identical to those 
found in the brain. Histologically, they consist of dilated sinusoidal venous channels 
lacking a complete vascular wall without intervening normal nervous tissue [31]. 
They account for 5%–12% of all spinal vascular abnormalities [32]. These lesions 
are most commonly intramedullary, but can also rarely present in the epidural space 
[33]. Most spinal cavernomas occur sporadically (80%) but some do present in a 
familial form (20%), especially within the Hispanic community. The familial form 
will also present more commonly with multiple lesions [34]. Cavernoma formation 
has also been associated with exposure to spinal irradiation [35].

Spinal cavernomas are angiographically occult but can be evaluated with CT and 
MRI imaging modalities. CT scans will show focal hyperdense lesions with indis-
tinct margins containing areas of hemorrhage or speckles of calcific density [36]. 
These findings are non-specific and could represent lesions such granulomas or as 
hemorrhage from other causes such as other SVMs or neoplasms. MRI is the imag-
ing modality of choice for diagnosing spinal cavernous malformations. An MRI of 
a spinal cavernous malformation will exhibit characteristic appearance of a well- 
defined circumscribed nodular lesion displaying reticulated heterogeneous intensity 
within the core resembling a mulberry or popcorn kernel on both T1 and T2 weighted 
sequences [37]. This mixed signal core is caused but areas of thrombosis, fibrosis, 
calcification and various blood breakdown products within the lesion [38]. There is 
also a characteristic peripheral ring of hypointensity, which corresponds to hemo-
siderin and iron deposition [38]. Post gadolinium MRIs do not usually add any find-
ings to aid in diagnosis of spinal cavernomas, but do sometimes detect associated 
nearby developmental venous anomalies [39]. The imaging appearance of caverno-
mas will vary and will change with time as their appearance depends on the size and 
stage of evolution of the blood products within them. The blood products within the 
lesion and their representation on different MRI sequences can help determine the 
chronicity of any hemorrhage. MRI sequences such as T2-weighted, GRE, or SWI 
are very sensitive in detecting hemosiderin containing blood products and calcium. 
Their signal characteristics will also appear larger due to the blooming effect, which 
makes them even more sensitive for detecting small cavernomas that have not 
recently hemorrhaged [40].

Symptomatic spinal cavernomas can clinically present with discrete acute epi-
sodic progression over time, slowly and gradual progressive decline in function over 
time, acute onset with rapidly progression of deficit, or a slow progression after an 
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acute development of a neurologic deficit [41]. The progressive presentation of 
some patients is likely due to the irritation and disruption of neural pathways within 
the spinal cord, which has a very high density of eloquent structures. The irritation 
and disruption is thought to result from slow enlargement of the lesion, which may 
be caused by micro-hemorrhages, hyalinization of vascular channels, intraluminal 
thrombosis, microcirculatory changes, gliosis of the surrounding tissue, or capillary 
proliferation [42]. Acute presentation is most likely caused by lesional hemorrhage 
into the spinal cord parenchyma causing mass effect and irritation of the surround-
ing neural tissue. Reported rates of symptomatic spinal cavernoma hemorrhage in 
the literature range from 1.4–6.8% per year [43]. One meta-analysis showed 45% of 
patients present with an acute or stepwise clinical course while 55% present with 
progressive neurologic decline [43]. The distribution of symptoms on presentation 
where 60% motor, 58% sensory, 34% pain, and 24% with bowel or bladder disfuc-
tion [43]. These symptoms can also be seen in the setting of myelopathy. Spinal 
cord cavernomas most frequently occur in the thoracic (57%) and cervical (38%) 
spinal cord [44].

Spinal cord cavernomas are managed with either surgical resection or observa-
tion. The decision making process to take a patient to surgery must include location 
of lesion, the presence of pial presentation, the duration of symptoms, the acuity of 
the neurologic decline, and the patient’s ability to tolerate surgery. When taken to 
surgery the goal is complete resection because residual cavernoma left behind will 
often result in symptomatic hemorrhage [45]. In patients presenting with severe 
neurologic deterioration or progressive symptoms, surgical resection must be con-
sidered. In asymptomatic cases or patients with only mild symptoms, the indica-
tions for surgery are less clear. As with any surgery, the risk of further deterioration 
or hemorrhage must be weighed against the morbidity associated with surgical 
resection. Postsurgical outcomes are mostly dependent on preoperative neurologic 
status, with patients with lesser deficits having better outcomes [46]. Duration of 
symptoms greater than 3 years also has been shown to be a predictor of a poorer 
outcome [43]. Postoperatively 15–25% of patients will experience a worsening of 
their neurologic deficit immediately after surgery but most of these deficits will 
resolve, and after the acute post-surgical period the neurologic outcomes have been 
reported in a meta-analysis as 51% improved, 38% unchanged and 11% worse 
[43, 47].

 Infarctions

Spinal cord infarction is a rare and devastating disorder that may be recognized 
quickly due to the unique clinical presentation. In discussing infarction syndromes, 
it is imperative to first discuss factors that modulate blood flow, spinal cord auto-
regulation, and discuss the common diseases that present with infarction.

The factors that modulate blood flow in the spinal cord are similar to those that 
regulate cerebral perfusion. Both hypoxia and hypercapnia increase blood flow via 
autoregulation [48]. Gray matter has a higher metabolic demand and, therefore, 

O. J. Neeley et al.



11

requires higher perfusion pressures. The cervical and lumbar levels have the largest 
amount of gray matter due to their motor control of upper and lower extremities, 
making these levels the most sensitive to perfusion pressure changes [48].

Perfusion pressure is paramount to maintaining metabolic function in the spinal 
cord. Through autoregulatory mechanisms, the spinal blood flow is maintained at a 
near constant level despite mean arterial pressure differences. As with the brain, 
there are limits to this regulation [49]. Failure to regulate pressure may precipitate 
vascular injury and subsequent cord edema. Because the spinal cord exists in a fixed 
space, resultant cord edema may cause further vascular compression and irrevers-
ible injury. This constraint is analogous to the Kelli-Monro doctrine of the cerebrum.

Spinal cord infarction is secondary to a number of pathologies. These patholo-
gies are outlined in Table 1.2. Broadly, these pathologies include: (1) Diseases and 
Intervention of the thoraco-abdominal aorta, (2) Hypoperfusion, (3) Arterial 
Occlusion, and (4) Venous Infarction.

The thoraco-abdominal aorta plays an important role in cord perfusion, as dis-
cussed in the arterial anatomy section. Disease or intervention on this vessel are 
predominant causes of spinal cord ischemia. First, surgery to repair thoracic aortic 
aneurysms is the most common cause of spinal cord infarction [51]. Reported rates 
vary but typically average between 10 and 11% in most retrospective studies. As 
endovascular techniques have improved, there are early indications that the risk 
may be lower with endovascular methods. However, there is clear selection bias of 
patients and pathology for these procedures [52]. The onset of clinical symptoms 

Table 1.2 Causes of spinal cord infarction

Aorta Diseases, Procedures Infection
   Aortic surgery    Bacterial meningitis
   Thoracic endovascular aorta repair 

(TEVAR)
   Syphillis

   Traumatic rupture of the aorta    Mucormycosis
   Aortic thrombosis Hematologic Diseases
   Aortic aneurysm    Hypercoagulable conditions
   Coarctation of the aorta    Sickle cell anemia
   Aortography Non-Aortic Surgeries
Systemic Hypoperfusion Spine Disease
   Cardiac arrest    Spine surgery
   Systemic bleeding    Cervical spondylosis
Cardiogenic Embolism    Fibrocartilagenous embolism
   Atrial Myxoma    Epidural steroid injection
   Mitral valve disease Miscellaneous
   Patent foramen Ovale    Cocaine abuse
   Bacterial endocarditis    Vertebral artery dissection
   Cardiac catheterization    Spinal vascular malformation
Vasculitis    Decompression sickness
   Systemic lupus erythematosus
   Polyarteritis Nodosa
   Behcet syndrome
   Giant cell arteritis

Credit: Ref. [50]
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ranges from immediate to delayed with reports of ischemia induced injury 27 days 
after surgical repair [53]. There are a number of factors that play a role in the patho-
genesis  – systemic hypotension before, during, or after procedure; aortic cross 
clamping with decreased perfusion pressure; occlusion of important feeding arteries 
such as Adamkiewicz or intercostal arteries by ligation, resection, or embolization. 
Systemic hypotension appears to be the most strongly correlated with delayed isch-
emia [54]. Of note, many interventions are anecdotally employed to reduce risk of 
ischemia including the placement of lumbar drains, reimplantation of intercostal 
arteries, intraoperative neurophysiologic monitoring, epidural cooling, use of distal 
aortic perfusion, and blood pressure augmentation. However, these interventions 
have not been studied in randomized fashion with sufficient follow up necessary to 
reach definitive conclusions regarding efficacy. Second, aortic dissection of the 
descending aorta has a number of complications, including occlusion of the radicu-
lar arteries. Due to the high immediate mortality, the incidence of spinal cord isch-
emia is not well elucidated but has been estimated at 4% [55]. Spinal cord ischemia 
has also been reported with non-aortic interventions, though these cases are likely 
due to either radicular artery injury or systemic hypoperfusion, particularly in the 
setting of known aortic disease.

Arterial occlusion is the second important mechanism of spinal cord ischemia. 
Vessel-to-vessel embolus is the most frequent example of this pathology. A rare 
phenomenon, fibrocartilagenous embolism develops from herniated intervertebral 
discs and may result in arterial occlusion. The history occasionally reveals anteced-
ent heavy lifting and most frequently the injury involves the cervical cord. Given its 
proximity to the brainstem, this injury has a high morality rate. Although the exact 
pathogenesis is unclear, the hypothesis is that axial loading causes pressurized ejec-
tion of nucleus pulposus with retrograde occlusion of local arteries and veins [56]. 
Others have postulated that dynamic instability in the spine could transiently com-
press vasculature, though this has not been substantiated. Improvements in dynamic 
imaging will confirm or refute this hypothesis in due time.

Other etiologies of spinal cord infarction include venous infarction (emboli, 
hypertension secondary to SVM), vasculitis, and autoimmune or toxic arteriopathy. 
Venous infarction has a divergent clinical presentation  – hemorrhagic infarction 
precipitates a flaccid paraparesis while non-hemorrhagic infarction produces a pro-
gressive decline in function.

Infarction syndromes can be divided into two main categories: (1) radicular 
artery infarcts (anterior and posterior spinal artery); and (2) hypoperfusion infarcts 
(central and transverse infarcts) [57]. Radicular artery infarcts include unilateral and 
bilateral anterior and posterior spinal artery infarcts.

Anterior spinal artery syndrome is the most common form of spinal cord infarc-
tion. Clinically, it presents with a loss of motor function and pain/temperature sen-
sation and sparing of proprioception and vibration below the level of the lesion. The 
above deficits are explained by the anatomic sparing of the dorsal columns, which 
are perfused by posterior spinal arteries. Acutely, the patient typically presents with 
flaccid paresis and reflexes with possible hypotension. It is important to recognize 
hypotension as a cause and result of spinal cord ischemia. Unilateral forms are 
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explained by an incomplete connection between the posterior systems or duplica-
tion of the anterior system [58]. Posterior spinal artery syndrome results in loss of 
vibration and proprioception and total anesthesia below the level of the injury. 
Weakness on the other hand may be transient or partial.

Hypoerfusion infarcts include a less well-defined group of stroke presentations 
including Brown-Sequard syndrome, transverse lesions, and central cord distributed 
lesions. These lesions likely represent different points on a continuum depending on 
the degree of collateralization and duration of hypoperfusion. Clinical presentations 
vary among these infarct patterns.

The final consideration in spinal cord infarction is the diagnostic imaging modal-
ities. T2 changes on MRI are the most widely recognized finding but this change is 
significantly delayed from ictus. MRI-DWI is significantly more sensitive but also 
shows delay. However, the findings of diffusion restriction and T2 hyperintensity 
are not specific to infarct and can be seen in transverse myelitis and other intrinsic 
pathologies. The presence of vertebral body infarction adjacent to cord signal can 
serve to reinforce the suspicion of infarct but it is only present in 4–35% of patients 
[59]. Further testing is not necessary, particularly if there is a compelling clinical 
history (eg: aortic surgery); however, in the absence of a recognized clinical prece-
dent, other tests should be ordered. These tests include: (1) vascular imaging to 
investigate for intrinsic cord lesion or aortic injury; (2) cranial imaging to investi-
gate for neuromyelitis optica or multiple sclerosis; (3) lumbar puncture to investi-
gate for acute inflammatory demyelinating polyneuropathy and infectious etiologies; 
(4) blood tests to investigate for auto-immune markers [60].
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 Introduction

Spinal cord physiology can be broadly categorized into motor and sensory systems, 
which are integrated to accomplish motor behaviors. This chapter will focus primar-
ily on sensorimotor control of the diaphragm muscle, which displays a range of 
fairly simple to complex motor behaviors. In neuromotor control of any skeletal 
muscle, the motor unit is the final common output. Sherrington first defined the 
motor unit as comprising a motor neuron and all the muscle fibers it innervates via 
axonal projections and synapses termed neuromuscular junctions [1]. Subsequently, 
it was discovered that all muscle fibers comprising a motor unit are homogeneous in 
their mechanical, fatigue and biochemical properties, which match contractile pro-
tein expression and define muscle fiber types [2–7]. Accordingly, slow-twitch, 
fatigue resistant (type S) motor units comprise type I muscle fibers. Fast-twitch, 
fatigue resistant (type FR) motor units comprise type IIa muscle fibers. Fast-twitch, 
fatigue intermediate (type FInt) motor units comprise type IIx muscle fibers, and 
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fast-twitch fatigable (type FF) motor units comprise type IIx and/or IIb muscle 
fibers co-expressed in varying proportions.

Phrenic motor neurons innervating diaphragm muscle fibers are located in the 
cervical spinal cord, and all four motor unit types are typically present – at least in 
lab animals (rodents and cats). Innervation of the diaphragm is segmentally orga-
nized in a dorsal-ventral direction based on phrenic motor neurons located in the C3 
to C6 segments depending on species [8–15]. Phrenic motor neurons display a wide 
range of sizes (somal and total surface areas), reflecting systematic size dependent 
recruitment of diaphragm motor units [11, 16, 17].

Motor units are recruited systematically according to the size motor neurons 
(Henneman size principle [18]) and motor unit type [19–21]. Henneman showed that 
those motor units recruited first had slower axonal conduction velocities compared to 
motor units recruited later. Axonal conduction velocity is directly related to axonal 
diameter, which in turn reflects motor neuron somal volume and surface area (i.e., 
motor neuron size). Biophysically, the surface area of motor neurons determines 
electrical membrane capacitance (Cm), and depolarization of a motor neuron (i.e., 
the change in membrane potential – dVm/dt) for a given amount of synaptic current 
(Ic) is inversely related to Cm (dVm/dt = Ic/Cm). The size principle for motor unit 
recruitment in the diaphragm muscle has been confirmed [19, 20, 22–29] and under-
lies neuromotor control of force generation across a range of motor behaviors.

Motor units are also recruited systematically depending on motor unit type to 
develop a range of forces required to accomplish different motor behaviors [19, 20, 
24, 27, 28, 30–33]. Accordingly, type S and FR motor units, which develop lower 
forces but are fatigue resistant, are recruited first, especially during sustained motor 
behaviors [24, 25, 34, 35]. Higher force, shorter duration motor behaviors are 
achieved by the additional recruitment of type FInt and FF motor units.

The diaphragm muscle is the major inspiratory pump muscle and contributes to 
inspiratory airflow via the generation of a pressure gradient (transdiaphragmatic 
pressure [Pdi]) across the diaphragm reflected as the difference between abdominal 
pressure (Pabd) and pleural pressure (Ppl), which is the. During diaphragm contrac-
tion, Pabd increases and Ppl decreases resulting in an increase in Pdi. In addition to 
inspiration, the diaphragm muscle also functions to generate force required for deep 
sighs that protect against lung atelectasis, and even greater forces required for 
expulsive behaviors, such as expectoration (coughing) and sternutation (sneezing), 
which are essential for expelling phlegm, clearing the airways and maintaining air-
way patency [19, 25, 26, 29, 30, 33, 36, 37]. Further, the diaphragm muscle contrib-
utes to non-respiratory related activities, such as swallowing and vocalization 
[38–40]. Accordingly, diaphragm motor units display a range of contractile and 
fatigue properties and this repertoire is available for neuromotor control to accom-
plish these different motor behaviors. Following the Henneman Size Principle, 
smaller phrenic motor neurons innervating type S and FR motor units are recruited 
first to accomplish low force sustained ventilatory pump behaviors. By contrast, 
larger phrenic motor neurons innervating type FInt and FF motor units are recruited 
later to accomplish deep sighs and higher force, airway clearance behaviors [6, 19, 
20, 22–30, 36].
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Motor units display a wide degree of adaptability. Phrenic motor units are par-
ticularly plastic, and all components of the motor unit undergo alterations in a wide 
range of conditions, including during development, injury, infection, drug effects 
and nutritional status. Denervation and aging show similar characteristics of reduced 
muscle specific force (force per cross-sectional area) generation, and selective atro-
phy of type IIx and/or IIb muscle fibers that comprise type FInt and FF motor units. 
Based on converging indirect evidence, it appears that with aging, there is a decrease 
in the number of type FInt and FF motor units due to the specific loss of these motor 
neurons [41–44]. This chapter will focus on the diaphragm muscle and present a 
coherent outline regarding neuromotor control of ventilator (inspiratory pump) and 
non-ventilatory (airway clearance) behaviors within the context of motor unit speci-
ficity, and explore the plasticity of motor unit properties, with a particular emphasis 
on changes associated with the aging spectrum – from birth to old age.

 Diaphragm Motor Unit Physiology

 Phrenic Motor Neurons

Diaphragm motor units are innervated by phrenic motor neurons located within the 
ventral horn (lamina IX) of the cervical spinal cord, segments C3-C5 in rats [8, 10, 
11, 13, 14], C3-6 in mice [12], C4-6 in cats [15] and C3-5 in humans [9]. In the rat, 
there are ~230 phrenic motor neurons on each side of the cervical spinal cord [8, 10, 
11, 13], bilaterally innervating the diaphragm muscle (providing a total of ~460 
motor units). Innervation of the diaphragm muscle displays a somatotopic organiza-
tion with more rostral cervical segments of the phrenic motor neuron pool innervat-
ing more ventral regions of the costal and crural regions of the diaphragm muscle, 
whereas more caudal segments innervate more dorsal portions of both the costal and 
crural regions [45].

During late embryonic and early postnatal development, ~50% of motor neurons 
within the mammalian spinal cord undergo pruning or programmed cell death [46]. 
Within the phrenic motor pool of the rat, this motor neuron loss occurs days before 
birth and numbers remain stable during late embryogenesis and early postnatal life 
within the mammalian spinal cord [47, 48]. In older animals, an age-related loss of 
spinal cord motor neurons has been observed in locomotor muscles [49], and ongo-
ing investigations within our lab suggest that there is an age-related loss of phrenic 
motor neurons – primarily larger motor neurons.

Adult phrenic motor neurons display a wide range of sizes, matching the range 
of diaphragm motor unit types. In the rat, the somal surface areas of phrenic motor 
neurons range from 1000 to 8000 μm2 with a median of 4500 μm2 [10, 11, 13, 50]. 
In ~80% of cases, somal surface areas of phrenic motor neurons display a signifi-
cant biomodal distribution, perhaps reflecting differences between phrenic motor 
neurons innervating type S and FR motor units (possibly including some more 
fatigue resistant FInt units) and larger phrenic motor neurons innervating type FInt 
and FF motor units. Other than size, it is difficult to identify phrenic motor neurons 
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innervating different motor unit types. It has been reported that larger motor neu-
rons (FInt and FF motor units) do not express the synaptic vesicle protein SV2A 
[51], and we have recent evidence to support the absence of SV2A mRNA in larger 
phrenic motor neurons.

Importantly, phrenic motor neurons during embryogenesis and early postnatal 
development are smaller and relatively homogeneous in size [11]. The full gamut of 
size-based heterogeneity of phrenic motor neurons is established only after wean-
ing, a period of rapid growth of phrenic motor neurons and diaphragm muscle fibers 
[11, 52, 53]. This growth appears to be exclusively of the larger phrenic motor neu-
rons that innervate type IIx and/or IIb muscle fibers [11]. By contrast to postnatal 
development, we found an age-related loss of larger phrenic motor and for surviving 
motor neurons a striking reduction in size.

 Synaptic Inputs to Phrenic Motor Neurons

There are five main components of the neuronal circuitry of the phrenic/diaphragm 
motor system: (1) a central pattern generator (for ventilation or other motor behav-
iors); (2) premotor neurons responsible for transmitting the output of the central 
pattern generator; (3) interneurons responsible for modulating or coordinating pre-
motor neuron and/or phrenic motor neuron excitability – these interneurons also 
serve to integrate sensory feedback (e.g., chemoreceptive, lung stretch, propriospi-
nal or other afferent inputs); (4) direct cortical premotor input to motor neurons via 
the corticospinal pathway, and (5) phrenic motor neurons as the final common out-
put for generating the forces necessary for the desired motor behaviors.

It is likely that several distinct central pattern generators affect activation of the 
diaphragm muscle to accomplish motor behaviors, e.g., ventilation, sneeezing, 
coughing, swallowing, vocalization, etc. Of these, the neuronal circuitry responsible 
for generating the rhythmic behavior of breathing (ventilation) is the best character-
ized central pattern generator affecting phrenic motor neurons and diaphragm mus-
cle activation. For ventilatory behaviors, this central pattern generator plays an 
indispensable role in determining the timing and duration of the different phases of 
the respiratory pattern. Other central pattern generators affecting diaphragm muscle 
neuromotor control may also exist in the brainstem and spinal cord, e.g., for swal-
lowing [54], coughing and sneezing. The output of these other pattern generators 
must be integrated with that of the pattern generator for respiration. For example, 
the central pattern generator for respiration is interrupted during swallowing.

Respiration consists of three main phases, inspiration, post inspiration and expi-
ration [55, 56]. The precise mechanisms underlying the central pattern generator for 
respiration are still debated, but it is now generally agreed that the Pre-Bötzinger 
Complex (PreBötC) in the medulla provides the spontaneously active ‘kernel’ of 
neurons for the metronomic drive for the inspiratory phase, via interactions of vari-
ous membrane channels [57]. It now appears that the PreBötC is essential for inspi-
ration [58], and is the prime source of inspiratory excitatory drive to respiratory 
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premotor neurons [59] via a core subpopulation of glutamatergic (Glu) pacemaker 
cells that project bilaterally [60]. Inhibitory neurotransmission at premotor neurons 
also plays an important role in modulating respiratory pattern generator outputs 
[61, 62].

The Bötzinger Complex located rostral to the PreBötC provides for switching 
from inspiration to expiration [55, 56] possibly via inhibitory inputs to the PreBötC 
[63]. Normally, expiration is passive; however, active expiration appears to have a 
distinct central pattern generator located in the region of the retrotrapezoid nucleus 
(RTN) [64].

Premotor neurons providing monosynaptic drive to phrenic motor neurons dur-
ing inspiration (ventilatory behavior) are located primarily in the ventrolateral 
medulla (ventral respiratory group  – VRG), although there is some contribution 
from a dorsal respiratory group (DRG) in the dorsomedial medulla [65, 66]. These 
descending excitatory (Glu) premotor inputs are predominantly ipsilateral [67–70], 
transmitted via bulbospinal pathways located in the ventrolateral and ventromedial 
funiculi [59, 69, 71], and generally thought to be widely distributed [72, 73].

It remains unclear whether the other central pattern generators that affect dia-
phragm neuromotor control share common or distinct premotor neurons. It is likely 
that the central pattern generator involved in breathing compared to expulsive motor 
behaviors of the diaphragm muscle will have a certain degree of overlap in premotor 
components of neuromotor control [59, 74]. For ventilatory behaviors, it is gener-
ally thought that phrenic motor neurons receive distributed descending premotor 
input that is predominantly ipsilateral. However, retrograde tracing studies that 
examine the connectivity of phrenic motor neurons have indicated a variety of pre-
motor inputs both from the brainstem and spinal cord [22, 23, 68, 75–78]. Perhaps 
these connections reflect premotor inputs mediating the output of central pattern 
generators other than that involved in rhythmic breathing behavior.

Premotor neurons that relay the output from central pattern generator for respira-
tion are also a major site of integration of sensory (e.g., chemoreceptor and pulmo-
nary stretch receptor) and behavioral (e.g., sleep-wake state) modulations within the 
context of respiratory neuromotor control. Modulation of the respiratory pattern 
and/or of phrenic motor neuron activity may occur directly or indirectly in response 
to afferent inputs to phrenic motor neurons, from signaling initiated by mechanore-
ceptors in the lung and airway, peripheral and central chemoreceptors, to behavioral 
state influence mediated by serotonergic projections emanating from the raphe. 
Mechanoreceptors in the lung respond to lung inflation, are sensitive to the mechan-
ical loading of breathing and prevent airway over-inflation by increasing their affer-
ent activity – peaking at the end of inspiration [79, 80]. These afferent inputs exert 
effects on ventilatory phrenic motor neuron discharge indirectly, via vagal nerve 
inputs in the nucleus tractus solitarius (NTS) [81, 82]. Laryngeal mechanoreceptors 
also exert an indirect effect on phrenic motor neurons, decreasing inspiratory drive 
during upper airway collapse [83]. Peripheral chemoreceptors, primarily in the 
carotid bodies, respond to hypoxia and hypercapnea by increasing ventilation [84–
87] indirectly effect via signaling to brainstem respiratory centres indirectly via the 
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carotid sinus nerve [88]. Central chemoreceptors are found in many brainstem areas 
[89] and are exquisitely sensitive [90] and increase ventilation in response to hyper-
capnea [91]. The interactivity of peripheral and central chemoreceptors is subject to 
intense study and debate in the field. Regardless, chemoreceptors act in an indirect 
modulatory fashion on the overall drive to phrenic motor neurons. Serotinergic neu-
rons located in the caudal raphe project to brainstem respiratory regions and the 
phrenic motor pool [92], and thus may have effects on rhythmic central pattern 
generator and premotor outputs [93, 94] as well as on phrenic motor neuron excita-
tion [95, 96]. Catecholamine modulation of respiration also occurs via activation of 
the α1 or α2 adrenoreceptors, enhancing or inhibiting, respectively respiratory rhyth-
mic central pattern generation [97–100].

Phrenic motor neuron also receive input from spinal cord interneurons, including 
those involved in proprioception. However, in stark contrast to muscles involved 
in locomotor behaviors [101], the diaphragm muscle has few muscle spindles [102]. 
Thus, direct muscle spindle proprioceptive feedback from the diaphragm does not 
contribute substantially to modulation of phrenic motor neuron excitability [103, 
104]. However, phrenic motor neurons do receive feedback from muscle spindles in 
intercostal muscles, and this input has primarily inhibitory effects on phrenic motor 
neuron excitability [105, 106]. In particular, the intercostal to phrenic reflex sup-
presses phrenic nerve activity following strain on the chest wall [107, 108], an effect 
that appears to involve both disfacilitation of VRG premotor input [108–110] and 
interneuronal inhibition of phrenic motor neurons [111]. Additional, local inhibition 
provided to phrenic motor neurons from interneurons within the spinal cord have 
been characterized [111–115]. Local interneurons within the spinal cord may pro-
vide some of the substrate (increased respiratory drive) for recovery of ventilatory 
and non ventilatory behaviors following spinal cord injury [116, 117].

In humans, direct corticospinal inputs onto phrenic motor neurons allow for vol-
untary control of breathing [118, 119] and the interplay between ventilation and 
behaviors such as speech [120]. Phrenic motor neuron integration of rhythmic pat-
tern inputs, modulatory inputs and cortical inputs is illustrated in the difference in 
drive to breathe during the waking state [121], whereby the awake state provides a 
resilience to apnea in hypercapnic conditions [121, 122]. In contrast, sleep predis-
poses to episodes of apnea in the hypercapnic condition [122, 123], yet it remains 
unknown how influential cortical arousal states are in the maintenance of eupnea.

Although much is still to be defined in regard to phrenic motor neuron inputs and 
the central pattern generation of ventilatory and other motor behaviors of the dia-
phragm muscle, the individual phrenic motor neuron is the final integrator of these 
signals. The diaphragm motor unit remains the final executor of neuromotor control 
and produces motor force output across a range of ventilatory and higher force, non- 
ventilatory behaviors. It remains unclear whether phrenic motor neurons innervat-
ing different types of diaphragm motor units receive different premotor inputs. 
Regardless, neuromotor control of the diaphragm muscle during different motor 
behaviors requires production of different levels of force generation, a property 
dependent on recruitment and rate coding of motor units themselves.
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 Classification of Diaphragm Motor Units

Diaphragm muscle force generation is dependent on the interplay between phrenic 
motor neurons and the muscle fibers they innervate. Motor units are commonly clas-
sified into four types (type S, FR, FInt and FF – see Fig.  2.1), according to the 
mechanical and fatigue properties of their constituent muscle fibers [6, 26, 37, 

Fig. 2.1 Different DIAm motor unit types are recruited based on PhMN size to accomplish a 
range of motor behaviors. Ventilation (eupnea and hypercapnia & hypoxia) is accomplished by 
recruitment of smaller PhMNs comprising type S and FR motor units, whereas higher force, air-
way clearance behaviors require recruitment of larger PhMNs comprising more fatigable DIAm 
motor units. Diaphragm motor units are classified into four types, type S motor units have smaller 
motor neurons and muscle fibers and exhibit slower contraction times than other motor unit types, 
produce lower forces and are particularly resistant to fatigue
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124–130]. Importantly, within an individual motor unit, all of the muscle fibers 
display homogeneous contractile protein expression and biochemical properties 
that define a specific muscle fiber type [124, 131–133]. This homogeneity of muscle 
fiber type within motor units has been confirmed in the adult cat diaphragm [5, 6, 
134, 135].

In modern classification schemes, different muscle fiber types are identified by 
the expression of different MyHC isoforms. Type I muscle fibers in type S motor 
units express MyHCSlow and have a high mitochondrial volume density and oxida-
tive capacity [130, 134], have smaller cross-sectional areas [11, 136–139], generate 
less force per cross-sectional area (specific force) [125, 126, 140, 141] and display 
slower maximum velocity of shortening and have lower rates of ATP hydrolysis 
compared to type II muscle fibers [125, 126, 140, 141]. Type IIa diaphragm muscle 
fibers that express MyHC2A and constitute type FR motor units, have mitochondrial 
volume densities and oxidative capacities comparable to type I fibers, which may 
account for their greater fatigue resistance. The cross-sectional areas of type IIa 
fibers is generally small similar to type I fibers, but the specific force they generate 
is comparable to other type II muscle fibers [125, 126, 140, 141]. The maximum 
velocity of shortening of type IIa fibers is faster than type I fibers but slower than 
other type II fibers [125, 126, 140, 141]. Correspondingly, the maximum ATP 
hydrolysis rate of type IIa fibers is lower than other type II fibers but higher than 
type I fibers [7]. Type IIx and IIb diaphragm fibers express MyHC2X and/or MyHC2B 
isoforms and are constituents of type FInt and FR motor units, respectively. In fact, 
relatively few diaphragm fibers express the MyHC2B isoform alone. Co-expression 
of expression of MyHC2X and MyHC2B isoforms in diaphragm muscle fibers is 
fairly common, and it appears that differences in mechanical, energetic and fatigue 
properties depend on the extent of co-expression [130]. These muscle fibers that 
have large cross-sectional area [11, 136–139, 142, 143], fast muscle fiber shortening 
velocity and higher muscle specific forces [125, 126, 140, 141].

An important factor in the force generated by a motor unit is the innervation 
ratio, defined as the number of muscle fibers innervated by a single motor neuron. 
In limb muscles, the largest innervation ratios occur in type FInt and FF motor units 
and smaller ratios occur in type S and FR units [144, 145]. However, in the cat dia-
phragm muscle, there is no difference in the innervation ratio between motor unit 
types [27, 33, 146]. Taken together, the larger muscle fiber cross-sectional areas and 
the greater specific forces of type FInt and FF diaphragm motor units result in mark-
edly greater levels of force contributed by these motor units compared to type S and 
FR units [24, 26, 30, 124, 129, 147].

 Diaphragm Motor Unit Recruitment

Motor units are recruited in an orderly fashion based on the intrinsic size-dependent 
electrophysiological properties of motor neurons [26, 148, 149]. For a given magni-
tude of synaptic input, smaller more excitable motor neurons are recruited before 
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larger motor neurons. Henneman first observed that motor units recruited first had 
slower conduction velocities than motor units recruited later and concluded that the 
slower conduction velocities corresponded to smaller axon diameters and smaller 
more excitable motor neurons-the “size principle” [18, 150]. Two key observations 
provide evidence for the size principle concept of neuromotor control. First, record-
ings from ventral root nerve filaments have shown that the action potentials of motor 
units recruited first have smaller amplitudes and slower conduction velocities than 
those units recruited later [18, 151–153]. Second, nerve action potential amplitude 
and conduction velocity correspond with axon diameter and motor neuron size 
[154, 155].

Recruitment of motor units also generally matches their mechanical and fatigue 
properties, with type S and FR motor units recruited first followed by type FInt and 
FF motor units (Fig. 2.1). Thus, motor unit type also appears to be an important 
determinant of motor unit recruitment order [156–158]. In agreement, it has been 
shown that the force developed by a motor unit is highly indicative of its recruitment 
order [159]. In the diaphragm muscle, it is very likely that type S and FR motor 
units are recruited first, especially to accomplish the lower force, high duty cycle 
(active vs. inactive) behavior of breathing. During rhythmic breathing, inspiration 
typically has a duty cycle of 30–40%, which would cause fatigue if type FInt and FF 
motor units were recruited. Higher force, expulsive sneezing and coughing behav-
iors of the diaphragm muscle have very short durations allowing sufficient time for 
recovery from any fatigue that might occur.

Based on these observations, a model of diaphragm motor unit recruitment was 
formulated based on an orderly recruitment of type S, FR, FInt and FF motor units 
[24–28, 30, 33, 124]. In the initial model in the cat diaphragm, the force contribu-
tion of each motor unit type was based on direct measurements of motor unit 
mechanical properties [26, 27, 37, 124, 147, 160]. Subsequently, in the rat dia-
phragm muscle the force contributed by different motor unit types was estimated 
based on measurements of specific force generated by single muscle fibers of differ-
ent types [125, 126, 140, 141], the cross-sectional area of different muscle fiber 
types [11, 136–139], the proportion of different fiber types in the diaphragm muscle 
[6, 37, 124, 130, 134] and the assumption of comparable innervation ratios across 
motor unit types [27, 33, 146]. In these models, ventilatory behaviors (i.e., eupnea 
and response to hypoxia/hypercapnea) can be accomplished by the recruitment of 
type S and FR motor units [19, 20, 24, 26, 27, 30, 33]. In this model, the number of 
phrenic motor neurons recruited during inspiration in cats is ~23% of the total pool 
[23], which corresponds with the proportion of type S and FR motor units in the 
diaphragm muscle [6, 26, 124]. To perform higher force, expulsive behaviors (i.e., 
coughing and sneezing), the recruitment of additional FInt and FF motor units is 
required [19, 20, 24, 26, 27, 30, 33]. The gradations in force generated by dia-
phragm motor units (type FF > FInt > FR > S) [26, 124–126, 140, 141, 147] results 
in various slopes of force development during the sequential recruitment of motor 
units (Fig. 2.1).
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 Diaphragm Muscle Force

Transdiaphragmatic pressure (Pdi) measurements have been used to measure dia-
phragm muscle force generated during different ventilatory and non-ventilatory 
behaviors in a variety of species [20, 24, 26, 28, 30, 33, 161–165]. While ventilatory 
behaviors are accomplished by activating only ~10–25% of diaphragm total force- 
generating capacity [19, 20, 24, 26–28, 30, 33, 166, 167] a greater amount of activa-
tion is required to achieve higher force, expulsive behaviors (Fig.  2.1). For 
normalization purposes and to determine maximal force generation, bilateral 
phrenic nerve stimulation was used to obtain the maximum Pdi (Pdimax) in anesthe-
tized animals. In cats, Pdi generated during eupnea was ~10% of Pdimax, and ~20% 
of Pdimax in the rat. In humans, estimates of the Pdi generated by the diaphragm 
muscle during eupnea is approximately 10% of Pdimax [165]. When ventilation was 
stimulated by exposing animals to hypoxic (10% O2) and hypercapnic (5% CO2) gas 
mixtures, the forces generated increased to ~30% Pdimax in cats and rats [19, 20, 24, 
26–28, 30, 33, 166, 167]. Although exposure to hypoxia-hypercapnia represents a 
robust ventilatory stimulus, it does not even approach the maximal force generation 
of the diaphragm muscle, so there is considerable reserve capacity (Fig. 2.1). Indeed, 
even during sustained airway occlusion the forces generated by the diaphragm mus-
cle were only ~50% of Pdimax in cats, ~45% of Pdimax in hamsters and ~65% of 
Pdimax in rats [19, 20, 24, 26–28, 30, 33, 166, 167]. Only during high force, expul-
sive behaviors (e.g., coughing, sneezing) were maximal diaphragm muscle forces 
generated in both cats and rats [19, 20, 24, 26–28, 30, 33, 166, 167]. It is important 
to note that sneezing and coughing behaviors constitute physiological patterns of 
motor activation that can be elicited in anesthetized animals [19, 20, 24, 26–28, 30, 
33, 166, 167], and thus do not depend on voluntary control of respiratory muscle 
activity. These results indicate that measures of diaphragm muscle activity during a 
variety of motor behaviors is necessary in assessing muscle weakness or diminished 
functional reserve [165, 168–170].

Ventilatory behaviors of the diaphragm muscle can be accomplished by the 
recruitment of fatigue resistant type S and FR motor units, even during hypoxic/
hypercapnic conditions. However, during ventilatory challenges such as sustained 
airway occlusion, the additional recruitment of type FInt motor units would be 
required. The Pdi generated during sneezing and coughing was near the maximal 
generated by bilateral phrenic nerve stimulation, and would require full recruitment 
of more fatigable type FInt and FF diaphragm motor units [20, 24, 26, 28, 30, 33, 
161–165]. Although considerable force reserve exists for the diaphragm muscle to 
generate higher forces surpassing those necessary for sustaining ventilation, this 
comes at the expense of fatigue. Adaptations of motor unit properties during early 
postnatal development or with advanced aging (e.g., sarcopenia), as well as follow-
ing injury or disease (e.g., cachexia) may impact this force reserve and differentially 
impair ventilatory and non-ventilatory behaviors, potentially placing patients at 
increased risk of respiratory failure [171].
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 Diaphragm Motor Unit Plasticity

Motor unit plasticity can occur at each of its components, namely, the motor neuron, 
neuromuscular junctions and/or muscle fibers. Altered use of the diaphragm mus-
cle, whether it is an increase or decrease in activity, or non-activity/loading depen-
dent hypertrophy/atrophy or strengthening/weakening will impact motor unit 
properties and thus, cause adaptations in neuromotor control. At the muscle fiber 
level, there may be hypertrophy or atrophy of muscle fibers, altered expression of 
contractile proteins and/or changes in fiber mechanical properties. At neuromuscu-
lar junctions, there may be remodeling of pre- and postsynaptic elements and altered 
synaptic efficacy. At phrenic motor neuron, there may be changes in somal surface 
area or dendritic branching. These adaptations may affect orderly motor neuron 
recruitment, synaptic transmission, and/or the ability of the diaphragm muscle to 
generate sufficient force for different motor behaviors. It is important to recognize 
that neuromotor control of the diaphragm muscle may be altered in differing ways 
depending on how different motor unit types are affected.

A myriad of past investigations have demonstrated that the biochemical and 
mechanical properties of skeletal muscles are altered in response to changes in their 
innervation [172–176]. Denervation elicits a profound effect on diaphragm muscle 
fibers, with specific atrophy and weakening (reduced specific force) of type IIx and/
or IIb muscle fibers, thereby markedly affecting the force contribution of type FInt 
and FF motor units and higher force, expulsive motor behaviors [138, 139, 165, 
177–187]. In contrast, diaphragm muscle paralysis induced by motor neuron inac-
tivity causes remarkably few changes in the mechanical and biomechanical proper-
ties of muscle fibers from any of the motor unit types [138]. These results indicate 
that muscle inactivity per se is not the major determinant of diaphragm motor unit 
plasticity. Indeed, it appears that mismatched activity of nerve and muscle, and dis-
rupted trophic support are likely players in the adaptation of muscle fibers within 
diaphragm motor units.

The consequence of a mismatch in nerve and muscle activity was explored in 
previous studies, where the effects of diaphragm paralysis induced by C2 spinal cord 
hemisection (inactivating phrenic motor neurons) were compared to the effects of 
tetrodotoxin (TTX)-induced nerve blockade (phrenic motor neurons remained 
active) [138, 184, 188]. After two weeks of TTX-induced phrenic nerve blockade, 
there were dramatic effects at neuromuscular junctions (synaptic vesicle depletion) 
and neuromuscular transmission failure at diaphragm muscle fibers. In contrast 
after two weeks of diaphragm muscle paralysis induced by C2 hemisection neuro-
muscular transmission was actually enhanced. These results are consistent with a 
Hebbian plasticity at the neuromuscular junction where it is important to match the 
activity of motor neurons with the activity of the muscle fiber target cell.

Type IIx and/or IIb muscle fibres are almost exclusively affected in a wide vari-
ety of conditions perturbing diaphragm muscle function including postnatal devel-
opment, denervation, TTX nerve blockade, hypothyroidism, corticosteroid 
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treatment, undernutrition, obesity, chronic obstructive pulmonary disease, emphy-
sema and aging [135, 138, 140, 141, 143, 163, 178–180, 189–209]. The fact that 
atrophy and weakness induced by these conditions are limited to type IIx and/or IIb 
muscle fibers indicates that type FInt and FF motor units are more vulnerable to 
mal-adaptations [208, 210–212]. If motor unit specific differences in neurotrophic 
support underlie neuroplasticity of phrenic motor neurons and diaphragm motor 
units, then neurotrophins would make an ideal target for therapeutic interventions to 
improve diaphragm muscle function.

 Aging of Diaphragm Motor Units

Sarcopenia is an age-related loss of muscle mass (atrophy of type IIx and/or IIb 
muscle fibers) and a decrease in specific force (weakness) [36, 213, 214]. In rodents, 
sarcopenia has profound effects on the diaphragm muscle with a selective atrophy 
of type IIx and/or IIb muscle fibers that constitute type FInt and FF motor units and 
a reduction in maximum specific force [143, 163, 190, 194, 215]. Functionally, 
diaphragm muscle sarcopenia impairs the high force, expulsive motor behaviors 
necessary to clear the airways [143, 163, 190, 194, 215]. This inability to perform 
high force, expulsive motor behaviors may underlie respiratory complications that 
are particularly common in older humans [216–218].

A plethora of human and rodent studies have identified other age-related impair-
ments of motor units including neuromuscular junction withdrawal and motor neu-
ron loss [163, 215, 219–232], and converging evidence suggests that type FInt and 
FF motor units are specifically involved [125]. This raises the important questions 
of why and how are type S and FR motor units spared [143, 190, 233]. In the dia-
phragm muscle, the why is readily apparent since breathing must be unimpaired 
during aging for life to continue [163]. The how question is more difficult to answer 
but most likely relates to differences in trophic and/or metabolic support of type S 
and FR motor units.

Previous reports have established aging-related motor neuron loss in spinal cords 
of humans [234, 235] and rodent models [42–44, 236, 237], including in the cervi-
cal segments supplying the phrenic nerve [238]. Impairments in neuromuscular 
transmission, cholinergic receptor density and nerve terminal fragmentation occur 
during aging [239–247]. However, there is a surprising paucity of motor unit type- 
specific neuromuscular junction studies. One rare report illustrates that fragmenta-
tion of the neuromuscular junction occurs selectively in those of type FInt and FF 
motor units, with type S and FR motor units showing little adaption to age [231]. A 
concentration of efforts upon motor unit adaptations at the neuronal, neuromuscular 
junction and muscle fiber level are required if we are to untangle the specific mecha-
nisms of sarcopenia. Our current conceptual framework (Fig. 2.2) underlining the 
specific vulnerability of type FInt and FF motor units and the sparing of type S and 
FR motor units during aging is based on complimentary observations of loss of 
larger phrenic motor neurons, fragmentation of neuromuscular junctions at type IIx 
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Fig. 2.2 We hypothesize that impaired high force behaviors in old age are underpinned by mito-
chondrial fragmentation, resulting from decreased Mfn2 and increased Drp1 expression and a 
decrease in BDNF/TrkB signaling. The resulting denervation of type IIx and/or IIb fibers leads to 
selective atrophy and weakness (sarcopenia) of the DIAm and selective vulnerability of larger 
phrenic motor neurons

and IIb muscle fibers and selective atrophy of type IIx and/or IIb muscle fibers. 
Preliminary results also suggest that mitochondrial fragmentation and reduced neu-
rotrophic support may be essential to this process.

 Conclusions

Diaphragm motor units and phrenic motor neurons are not a passive amorphous 
relay of premotor signals, they integrate the myriad of synaptic messages they 
receive and according to the discrete biochemical and contractile properties of con-
stituent muscle fibers, they accomplish the wide range of force generations required 
to accomplish different motor behaviors. These motor behaviors include ventilatory 
pump actions that require low levels of force generation, deep inspirations (sighs) 
that require higher force to mitigate lung airway atelectasis, and expulsive airway 
clearance behaviors, such as coughing and sneezing, that require the generation of 
near maximal forces of the diaphragm. Curiously, conditions that impair motor unit 
function such as aging, seem to affect type FInt and FF motor units and thus the 
generation of larger forces while sparing type S and FR motor units and the genera-
tion of lower force ventilatory behaviors essential for life.

2 Spinal Cord Physiology: Neuromotor Control of Diaphragm Muscle



30

Acknowledgements Supported by a National Institutes of Health grants R01-AG044615 (GCS), 
AG057052 (GCS), HL96750 (GCS), and an Australian National Health & Medical Research 
Council CJ Martin Early Career Fellowship (MJF).

References

 1. Liddell EGT, Sherrington CS. Recruitment and some other features of reflex inhibition. Proc 
R Soc Lond B. 1925;97:488–518.

 2. Edgerton VR. Mammalian muscle fiber types and their adaptability. Am Zool. 1978;18:113–25.
 3. Proctor DN, Sinning WE, Walro JM, Sieck GC, Lemon PWR. Oxidative capacity of human 

muscle fiber types: effects of age and training status. J Appl Physiol. 1995;78:2033–8.
 4. Sieck GC, Roy RR, Edgerton VR, Harper RM, editors. Distribution of muscle fiber types in 

the diaphragm. In:  Second Oxford meeting symposium: modelling and control of breathing. 
Lake Arrowhead, CA; 1982.

 5. Sieck GC, Roy RR, Powell P, Blanco C, Edgerton VR, Harper RM. Muscle fiber type distri-
bution and architecture of the cat diaphragm. J Appl Physiol. 1983;55(5):1386–92.

 6. Sieck GC, Fournier M, Enad JG.  Fiber type composition of muscle units in the cat dia-
phragm. Neurosci Lett. 1989;97(1-2):29–34.

 7. Sieck GC, Zhan WZ, Prakash YS, Daood MJ, Watchko JF. SDH and actomyosin ATPase activ-
ities of different fiber types in rat diaphragm muscle. J Appl Physiol. 1995;79(5):1629–39.

 8. Alvarez-Argote S, Gransee HM, Mora JC, Stowe JM, Jorgenson AJ, Sieck GC, et al. The 
impact of midcervical contusion injury on diaphragm muscle function. J Neurotrauma. 
2016;33(5):500–9. https://doi.org/10.1089/neu.2015.4054.

 9. Keswani NH, Hollinshead WH. The phrenic nucleus. III. Organization of the phrenic nucleus 
in the spinal cord of the cat and man. Proc Staff Meet Mayo Clin. 1955;30:566–77.

 10. Mantilla CB, Zhan WZ, Sieck GC.  Retrograde labeling of phrenic motoneurons by 
intrapleural injection. J Neurosci Methods. 2009;182:244–9. https://doi.org/10.1016/j.
jneumeth.2009.06.016.

 11. Prakash YS, Mantilla CB, Zhan WZ, Smithson KG, Sieck GC. Phrenic motoneuron morphol-
ogy during rapid diaphragm muscle growth. J Appl Physiol. 2000;89(2):563–72.

 12. Qiu K, Lane MA, Lee KZ, Reier PJ, Fuller DD.  The phrenic motor nucleus in the adult 
mouse. Exp Neurol. 2010;226(1):254–8. https://doi.org/10.1016/j.expneurol.2010.08.026.

 13. Rana S, Sieck GC, Mantilla CB.  Diaphragm electromyographic activity following unilat-
eral midcervical contusion injury in rats. J Neurophysiol. 2017;117(2):545–55. https://doi.
org/10.1152/jn.00727.2016.

 14. Song A, Ashwell KW, Tracey DJ. Development of the rat phrenic nucleus and its connections 
with brainstem respiratory nuclei. Anat Embryol (Berl). 2000;202(2):159–77.

 15. Webber CL, Wurster RD, Chung JM. Cat phrenic nucleus architecture as revealed by horse-
radish peroxidase mapping. Exp Brain Res. 1979;35:395–406.

 16. Prakash YS, Smithson KG, Sieck GC.  Measurements of motoneuron somal volumes 
using laser confocal microscopy: comparisons with shape-based stereological estimations. 
NeuroImage. 1993;1(2):95–107.

 17. Prakash YS, Smithson KG, Sieck GC. Application of the Cavalieri principle in volume esti-
mation using laser confocal microscopy. NeuroImage. 1994;1(4):325–33.

 18. Henneman E, Somjen G, Carpenter DO. Functional significance of cell size in spinal moto-
neurons. J Neurophysiol. 1965;28(3):560–80.

 19. Sieck GC.  Recruitment and frequency coding of diaphragm motor units during ventila-
tory and non-ventilatory behaviors. In: Swanson GD, Grodins FS, Hughson RL, editors. 
Respiratory control. New York: Plenum Press; 1989. p. 441–50.

 20. Sieck GC. Conceptual model of ventilatory muscle recruitment and diaphragmatic fatigue. 
In: Khoo MCK, editor. Modeling and parameter estimation in respiratory control. New York: 
Plenum Press; 1990. p. 113–23.

M. J. Fogarty and G. C. Sieck

10.1089/neu.2015.4054
10.1016/j.jneumeth.2009.06.016
10.1016/j.jneumeth.2009.06.016
10.1016/j.expneurol.2010.08.026
10.1152/jn.00727.2016
10.1152/jn.00727.2016


31

 21. Stuart DG, Enoka RM. Motoneurons, motor units, and the size principle. In: Rosenberg RN, 
editor. The clinical neurosciences. New York: Churchill Livingstone; 1983. p. 471–517.

 22. Dick TE, Kong FJ, Berger AJ. Correlation of recruitment order with axonal conduction veloc-
ity for supraspinally driven diaphragmatic motor units. J Neurophysiol. 1987;57(1):245–59.

 23. Jodkowski JS, Viana F, Dick TE, Berger AJ. Electrical properties of phrenic motoneurons in 
the cat: correlation with inspiratory drive. J Neurophysiol. 1987;58(1):105–24.

 24. Mantilla CB, Seven YB, Zhan WZ, Sieck GC. Diaphragm motor unit recruitment in rats. 
Respir Physiol Neurobiol. 2010;173(1):101–6.

 25. Seven YB, Mantilla CB, Sieck GC. Recruitment of rat diaphragm motor units across motor 
behaviors with different levels of diaphragm activation. J Appl Physiol. 2014;117(11):1308–16. 
https://doi.org/10.1152/japplphysiol.01395.2013.

 26. Sieck GC, Fournier M. Diaphragm motor unit recruitment during ventilatory and nonventila-
tory behaviors. J Appl Physiol. 1989;66(6):2539–45.

 27. Sieck GC. Organization and recruitment of diaphragm motor units. In: Roussos C, editor. The 
Thorax. 2nd ed. New York: Marcel Dekker; 1995. p. 783–820.

 28. Sieck GC.  Recruitment of diaphragm motor units during ventilatory and non-ventilatory 
behaviors. In: Stuart DG, Gantchev GN, Gurfinkel VS, Wiesendanger M, editors. Motor 
control VII. Proceedings of the VIIth international symposium on motor control, Borovets, 
Bulgaria. Tucson, AZ: Motor Control Press; 1996. p. 39–42.

 29. Sieck GC, Prakash YS. The diaphragm muscle. In: Miller AD, Bianchi AL, Bishop BP, edi-
tors. Neural control of the respitatory muscles. Boca Raton, FL: CRC Press; 1997. p. 7–20.

 30. Mantilla CB, Sieck GC. Phrenic motor unit recruitment during ventilatory and non- ventilatory 
behaviors. Respir Physiol Neurobiol. 2011;179(1):57–63. https://doi.org/10.1016/j.
resp.2011.06.028.

 31. Seven YB, Mantilla CB, Zhan WZ, Sieck GC. Motor unit recruitment order in diaphragm muscle 
following spinal cord injury. FASEB J. 2010;24(Meeting Abstract Supplement):1064.15.

 32. Seven YB, Mantilla CB, Zhan WZ, Sieck GC.  Non-stationarity and power spectral shifts 
in EMG activity reflect motor unit recruitment in rat diaphragm muscle. Respir Physiol 
Neurobiol. 2013;185(2):400–9. https://doi.org/10.1016/j.resp.2012.08.020.

 33. Sieck GC. Neural control of the inspiratory pump. NIPS. 1991;6:260–4.
 34. Kong FJ, Berger AJ. Firing properties and hypercapnic responses of single phrenic motor 

axons in the rat. J Appl Physiol. 1986;61(6):1999–2004.
 35. Mantilla CB, Seven YB, Sieck GC. Convergence of pattern generator outputs on a common 

mechanism of diaphragm motor unit recruitment. Prog Brain Res. 2014;209:309–29. https://
doi.org/10.1016/B978- 0- 444- 63274- 6.00016- 3.

 36. Elliott JE, Greising SM, Mantilla CB, Sieck GC. Functional impact of sarcopenia in respi-
ratory muscles. Respir Physiol Neurobiol. 2016;226:137–46. https://doi.org/10.1016/j.
resp.2015.10.001.

 37. Sieck GC.  Diaphragm muscle: structural and functional organization. Clin Chest Med. 
1988;9(2):195–210.

 38. Anderson CA, Dick TE, Orem J. Swallowing in sleep and wakefulness in adult cats. Sleep. 
1995;18:325–9.

 39. Umezaki T, Shiba K, Zheng Y, Miller AD. Upper airway motor outputs during vomiting ver-
sus swallowing in the decerebrate cat. Brain Res. 1998;781(1-2):25–36.

 40. Zheng Y, Umezaki T, Nakazawa K, Miller AD. Role of pre-inspiratory neurons in vestibular 
and laryngeal reflexes and in swallowing and vomiting. Neurosci Lett. 1997;225(3):161–4.

 41. Caccia MR, Harris JB, Johnson MA. Morphology and physiology of skeletal muscle in aging 
rodents. Muscle Nerve. 1979;2:202–12.

 42. Hashizume K, Kanda K, Burke RE. Medial gastrocnemius motor nucleus in the rat: age- 
related changes in the number and size of motoneurons. J Comp Neurol. 1988;269(3):425–30.

 43. Hashizume K, Kanda K. Differential effects of aging on motoneurons and peripheral nerves 
innervating the hindlimb and forelimb muscles of rats. Neurosci Res. 1995;22(2):189–96.

2 Spinal Cord Physiology: Neuromotor Control of Diaphragm Muscle

10.1152/japplphysiol.01395.2013
10.1016/j.resp.2011.06.028
10.1016/j.resp.2011.06.028
10.1016/j.resp.2012.08.020
10.1016/B978-0-444-63274-6.00016-3
10.1016/B978-0-444-63274-6.00016-3
10.1016/j.resp.2015.10.001
10.1016/j.resp.2015.10.001


32

 44. Ishihara A, Naitoh H, Katsuta S.  Effects of ageing on the total number of muscle fibers 
and motoneurons of the tibialis anterior and soleus muscles in the rat. Brain Res. 
1987;435(1-2):355–8.

 45. Sieck GC, Roy RR, Powell P, Blanco C, Edgerton VR, Harper RM. Muscle fiber type distri-
bution and architecture of the cat diaphragm. J Appl Physiol Respir Environ Exerc Physiol. 
1983;55(5):1386–92.

 46. Lance-Jones C. Motoneuron cell death in the developing lumbar spinal cord of the mouse. 
Dev Brain Res. 1982;4:473–9.

 47. Allan DW, Greer JJ. Embryogenesis of the phrenic nerve and diaphragm in the fetal rat. J 
Comp Neurol. 1997;382(4):459–68.

 48. Harris AJ, McCaig CD. Motoneuron death and motor unit size during embryonic develop-
ment of the rat. J Neurosci. 1984;4(1):13–24.

 49. Drey M, Krieger B, Sieber CC, Bauer JM, Hettwer S, Bertsch T, et al. Motoneuron loss is asso-
ciated with sarcopenia. J Am Med Dir Assoc. 2014;15(6):435–9. https://doi.org/10.1016/j.
jamda.2014.02.002.

 50. Prakash YS, Sieck GC, editors. Morphometric analysis of phrenic motoneuron pools using 
confocal microscopy. Kemp station symposium on regulation of respiration; 1992.

 51. Chakkalakal JV, Nishimune H, Ruas JL, Spiegelman BM, Sanes JR. Retrograde influence 
of muscle fibers on their innervation revealed by a novel marker for slow motoneurons. 
Development. 2010;137(20):3489–99. https://doi.org/10.1242/dev.053348.

 52. Cameron WE, Brozanski BS, Guthrie RD. Postnatal development of phrenic motoneurons in 
the cat. Dev Brain Res. 1990;51:142–5.

 53. Mantilla CB, Sieck GC. Key aspects of phrenic motoneuron and diaphragm muscle develop-
ment during the perinatal period. J Appl Physiol. 2008;104(6):1818–27.

 54. Dick TE, Oku Y, Romaniuk JR, Cherniack NS. Interaction between central pattern generators 
for breathing and swallowing in the cat. J Physiol. 1993;465:715–30.

 55. Richter DW.  Generation and maintenance of the respiratory rhythm. J Exp Biol. 
1982;100:93–107.

 56. Richter DW, Jordan D, Ballantyne D, Meesmann M, Spyer KM. Presynaptic depolarization 
in myelinated vagal afferent fibres terminating in the nucleus of the tractus solitarius in the 
cat. Pflugers Archiv Eur J Physiol. 1986;406(1):12–9.

 57. Bellingham MC.  Driving respiration: the respiratory central pattern generator. Clin Exp 
Pharmacol Physiol. 1998;25(10):847–56.

 58. McKay LC, Janczewski WA, Feldman JL. Sleep-disordered breathing after targeted abla-
tion of preBotzinger complex neurons. Nat Neurosci. 2005;8(9):1142–4. https://doi.
org/10.1038/nn1517.

 59. Smith JC, Ellenberger HH, Ballanyi K, Richter DW, Feldman JL.  Pre-Botzinger com-
plex: a brainstem region that may generate respiratory rhythm in mammals. Science. 
1991;254(5032):726–9.

 60. Koizumi H, Koshiya N, Chia JX, Cao F, Nugent J, Zhang R, et  al. Structural-functional 
properties of identified excitatory and inhibitory interneurons within pre-Botzinger com-
plex respiratory microcircuits. J Neurosci. 2013;33(7):2994–3009. https://doi.org/10.1523/
JNEUROSCI.4427- 12.2013.

 61. Berger AJ. Phrenic motoneurons in the cat: subpopulations and nature of respiratory drive 
potentials. J Neurophysiol. 1979;42:76–90.

 62. Gill PK, Kuno M.  Excitatory and inhibitory actions on phrenic motoneurones. J Physiol. 
1963;168:274–89.

 63. Richter DW, Smith JC.  Respiratory rhythm generation in  vivo. Physiology (Bethesda). 
2014;29(1):58–71. https://doi.org/10.1152/physiol.00035.2013.

 64. Janczewski WA, Feldman JL. Distinct rhythm generators for inspiration and expiration in the 
juvenile rat. J Physiol. 2006;570(Pt 2):407–20. https://doi.org/10.1113/jphysiol.2005.098848.

 65. Jiang C, Lipski J. Extensive monosynaptic inhibition of ventral respiratory group neurons by 
augmenting neurons in the Botzinger complex in the cat. Exp Brain Res. 1990;81(3):639–48.

M. J. Fogarty and G. C. Sieck

10.1016/j.jamda.2014.02.002
10.1016/j.jamda.2014.02.002
10.1242/dev.053348
10.1038/nn1517
10.1038/nn1517
10.1523/JNEUROSCI.4427-12.2013
10.1523/JNEUROSCI.4427-12.2013
10.1152/physiol.00035.2013
10.1113/jphysiol.2005.098848


33

 66. Otake K, Sasaki H, Ezure K, Manabe M.  Axonal projections from Botzinger expiratory 
neurons to contralateral ventral and dorsal respiratory groups in the cat. Exp Brain Res. 
1988;72(1):167–77.

 67. Dobbins EG, Feldman JL. Brainstem network controlling descending drive to phrenic moto-
neurons in rat. J Comp Neurol. 1994;347(1):64–86.

 68. Ellenberger HH, Feldman JL.  Monosynaptic transmission of respiratory drive to phrenic 
motoneurons from brainstem bulbospinal neurons in rats. J Comp Neurol. 1988;269:47–57.

 69. Feldman JL, Loewy AD, Speck DF.  Projections from the ventral respiratory group 
to phrenic and intercostal motoneurons in cat: an autoradiographic study. J Neurosci. 
1985;5(8):1993–2000.

 70. Lois JH, Rice CD, Yates BJ. Neural circuits controlling diaphragm function in the cat revealed 
by transneuronal tracing. J Appl Physiol. 2009;106(1):138–52.

 71. Feldman JL, Cohen MI. Relation between expiratory duration and rostral medullary expira-
tory neuronal discharge. Brain Res. 1978;141:172–8.

 72. Cohen MI, Piercey MF, Gootman PM, Wolotosky P. Synaptic connections between medul-
lary inspiratory neurons and phrenic motoneurons as revealed by cross-correlation. Brain 
Res. 1974;81:319–24.

 73. Davies JG, Kirkwood PA, Sears TA.  The distribution of monosynaptic connexions from 
inspiratory bulbospinal neurones to inspiratory motoneurones in the cat. J Physiol. 
1985;368:63–87.

 74. Rybak IA, O’Connor R, Ross A, Shevtsova NA, Nuding SC, Segers LS, et al. Reconfiguration 
of the pontomedullary respiratory network: a computational modeling study with coordi-
nated in  vivo experiments. J Neurophysiol. 2008;100(4):1770–99. https://doi.org/10.1152/
jn.90416.2008.

 75. Hudson AL, Gandevia SC, Butler JE. Control of human inspiratory motoneurones during vol-
untary and involuntary contractions. Respir Physiol Neurobiol. 2011;179(1):23–33. https://
doi.org/10.1016/j.resp.2011.06.010.

 76. Ellenberger HH, Feldman JL. Brainstem connections of the rostral ventral respiratory group 
of the rat. Brain Res. 1990;513:35–42.

 77. Lipski J, Zhang X, Kruszewska B, Kanjhan R. Morphological study of long axonal projec-
tions of ventral medullary inspiratory neurons in the rat. Brain Res. 1994;640(1-2):171–84.

 78. Saji M, Miura M. Evidence that glutamate is the transmitter mediating respiratory drive from 
medullary premotor neurons to phrenic motoneurons: a double labeling study in the rat. 
Neurosci Lett. 1990;115(2-3):177–82.

 79. Canning BJ, Chang AB, Bolser DC, Smith JA, Mazzone SB, McGarvey L, et al. Anatomy 
and neurophysiology of cough: CHEST guideline and expert panel report. Chest. 
2014;146(6):1633–48. https://doi.org/10.1378/chest.14- 1481.

 80. Narula M, McGovern AE, Yang SK, Farrell MJ, Mazzone SB.  Afferent neural pathways 
mediating cough in animals and humans. J Thorac Dis. 2014;6(Suppl 7):S712–9. https://doi.
org/10.3978/j.issn.2072- 1439.2014.03.15.

 81. Berger AJ, Averill DB.  Projection of single pulmonary stretch receptors to solitary tract 
region. J Neurophysiol. 1983;49(3):819–30.

 82. Donoghue S, Garcia M, Jordan D, Spyer KM.  The brain-stem projections of pulmonary 
stretch afferent neurones in cats and rabbits. J Physiol. 1982;322:353–63.

 83. Sant’Ambrogio G, Tsubone H, Sant’Ambrogio FB. Sensory information from the upper air-
way: role in the control of breathing. Respir Physiol Neurobiol. 1995;102(1):1–16.

 84. Aaron EA, Powell FL. Effect of chronic hypoxia on hypoxic ventilatory response in awake 
rats. J Appl Physiol (1985). 1993;74(4):1635–40.

 85. Lahiri S, DeLaney RG. Relationship between carotid chemoreceptor activity and ventilation 
in the cat. Respir Physiol Neurobiol. 1975;24(3):267–86.

 86. Lahiri S, DeLaney RG. Stimulus interaction in the responses of carotid body chemoreceptor 
single afferent fibers. Respir Physiol Neurobiol. 1975;24(3):249–66.

 87. Vizek M, Pickett CK, Weil JV. Increased carotid body hypoxic sensitivity during acclimatiza-
tion to hypobaric hypoxia. J Appl Physiol (1985). 1987;63(6):2403–10.

2 Spinal Cord Physiology: Neuromotor Control of Diaphragm Muscle

10.1152/jn.90416.2008
10.1152/jn.90416.2008
10.1016/j.resp.2011.06.010
10.1016/j.resp.2011.06.010
10.1378/chest.14-1481
10.3978/j.issn.2072-1439.2014.03.15
10.3978/j.issn.2072-1439.2014.03.15


34

 88. Zhang W, Carreno FR, Cunningham JT, Mifflin SW. Chronic sustained hypoxia enhances 
both evoked EPSCs and norepinephrine inhibition of glutamatergic afferent inputs in the 
nucleus of the solitary tract. J Neurosci. 2009;29(10):3093–102. https://doi.org/10.1523/
JNEUROSCI.2648- 08.2009.

 89. Nattie E, Li A.  Central chemoreception is a complex system function that involves mul-
tiple brain stem sites. J Appl Physiol (1985). 2009;106(4):1464–6. https://doi.org/10.1152/
japplphysiol.00112.2008.

 90. Pappenheimer JR, Fencl V, Heisey SR, Held D. Role of cerebral fluids in control of respira-
tion as studied in unanesthetized goats. Am J Phys. 1965;208:436–50.

 91. Haldane JS, Priestley JG.  The regulation of the lung-ventilation. J Physiol. 
1905;32(3-4):225–66.

 92. Hilaire G, Voituron N, Menuet C, Ichiyama RM, Subramanian HH, Dutschmann M.  The 
role of serotonin in respiratory function and dysfunction. Respir Physiol Neurobiol. 
2010;174(1-2):76–88. https://doi.org/10.1016/j.resp.2010.08.017.

 93. Lalley PM, Bischoff AM, Richter DW. 5-HT-1A receptor-mediated modulation of medullary 
expiratory neurones in the cat. J Physiol. 1994;476(1):117–30.

 94. Lalley PM, Bischoff AM, Schwarzacher SW, Richter DW. 5-HT2 receptor-controlled modu-
lation of medullary respiratory neurones in the cat. J Physiol. 1995;487(Pt 3):653–61.

 95. Lindsay AD, Feldman JL. Modulation of respiratory activity of neonatal rat phrenic moto-
neurones by serotonin. J Physiol. 1993;461:213–33.

 96. Morin D, Monteau R, Hilaire G. Compared effects of serotonin on cervical and hypoglossal 
inspiratory activities: an in vitro study in the newborn rat. J Physiol. 1992;451:605–29.

 97. Hilaire G, Viemari JC, Coulon P, Simonneau M, Bevengut M. Modulation of the respiratory 
rhythm generator by the pontine noradrenergic A5 and A6 groups in rodents. Respir Physiol 
Neurobiol. 2004;143(2-3):187–97. https://doi.org/10.1016/j.resp.2004.04.016.

 98. Tryba AK, Pena F, Lieske SP, Viemari JC, Thoby-Brisson M, Ramirez JM.  Differential 
modulation of neural network and pacemaker activity underlying eupnea and sigh-breathing 
activities. J Neurophysiol. 2008;99(5):2114–25. https://doi.org/10.1152/jn.01192.2007.

 99. Viemari JC, Hilaire G. Monoamine oxidase A-deficiency and noradrenergic respiratory regu-
lations in neonatal mice. Neurosci Lett. 2003;340(3):221–4.

 100. Viemari JC, Ramirez JM. Norepinephrine differentially modulates different types of respira-
tory pacemaker and nonpacemaker neurons. J Neurophysiol. 2006;95(4):2070–82. https://
doi.org/10.1152/jn.01308.2005.

 101. Proske U, Gandevia SC. The proprioceptive senses: their roles in signaling body shape, body 
position and movement, and muscle force. Physiol Rev. 2012;92(4):1651–97. https://doi.
org/10.1152/physrev.00048.2011.

 102. Duron B, Jung-Caillol MC, Marlot D. Myelinated nerve fiber supply and muscle spindles in 
the respiratory muscles of cat: quantitative study. Anat Embryol. 1978;152(2):171–92.

 103. Corda M, von Euler C, Lennerstrand G.  Proprioceptive innervation of the diaphragm. J 
Physiol. 1965;178:161–77.

 104. Jammes Y, Arbogast S, De Troyer A. Response of the rabbit diaphragm to tendon vibration. 
Neurosci Lett. 2000;290(2):85–8.

 105. Eldridge FL, Gill-Kumar P, Millhorn DE, Waldrop TG. Spinal inhibition of phrenic motoneu-
rones by stimulation of afferents from peripheral muscles. J Physiol. 1981;311:67–79.

 106. Remmers JE. Inhibition of inspiratory activity by intercostal muscle afferents. Respir Physiol 
Neurobiol. 1970;10(3):358–83.

 107. Decima EE, von Euler C, Thoden U. Intercostal-to-phrenic reflexes in the spinal cat. Acta 
Physiol Scand. 1969;75(4):568–79.

 108. Remmers JE. Extra-segmental reflexes derived from intercostal afferents: phrenic and laryn-
geal responses. J Physiol. 1973;233(1):45–62.

 109. Bolser DC, Lindsey BG, Shannon R. Medullary inspiratory activity: influence of intercostal 
tendon organs and muscle spindle endings. J Appl Physiol (1985). 1987;62(3):1046–56.

 110. Shannon R, Bolser DC, Lindsey BG. Medullary expiratory activity: influence of intercostal 
tendon organs and muscle spindle endings. J Appl Physiol (1985). 1987;62(3):1057–62.

M. J. Fogarty and G. C. Sieck

10.1523/JNEUROSCI.2648-08.2009
10.1523/JNEUROSCI.2648-08.2009
10.1152/japplphysiol.00112.2008
10.1152/japplphysiol.00112.2008
10.1016/j.resp.2010.08.017
10.1016/j.resp.2004.04.016
10.1152/jn.01192.2007
10.1152/jn.01308.2005
10.1152/jn.01308.2005
10.1152/physrev.00048.2011
10.1152/physrev.00048.2011


35

 111. Bellingham MC. Synaptic inhibition of cat phrenic motoneurons by internal intercostal nerve 
stimulation. J Neurophysiol. 1999;82(3):1224–32.

 112. Bellingham MC, Lipski J. Respiratory interneurons in the C5 segment of the spinal cord of 
the cat. Brain Res. 1990;533(1):141–6.

 113. Duffin J, Douse MA.  Botzinger expiratory neurones inhibit propriobulbar decrementing 
inspiratory neurones. Neuroreport. 1993;4(11):1215–8.

 114. Duffin J, Iscoe S.  The possible role of C5 segment inspiratory interneurons investi-
gated by cross-correlation with phrenic motoneurons in decerebrate cats. Exp Brain Res. 
1996;112(1):35–40.

 115. Lois JH, Rice CD, Yates BJ.  Neural circuits controlling diaphragm function in the cat 
revealed by transneuronal tracing. J Appl Physiol (1985). 2009;106(1):138–52. https://doi.
org/10.1152/japplphysiol.91125.2008.

 116. Lane MA, Lee KZ, Fuller DD, Reier PJ. Spinal circuitry and respiratory recovery following 
spinal cord injury. Respir Physiol Neurobiol. 2009;169(2):123–32. https://doi.org/10.1016/j.
resp.2009.08.007.

 117. Zholudeva LV, Karliner JS, Dougherty KJ, Lane MA. Anatomical recruitment of spinal V2a 
interneurons into phrenic motor circuitry after high cervical spinal cord injury. J Neurotrauma. 
2017;34(21):3058–65. https://doi.org/10.1089/neu.2017.5045.

 118. Gandevia SC, Rothwell JC.  Activation of the human diaphragm from the motor cortex. 
J Physiol. 1987;384:109–18.

 119. Macefeild G, Gandevia SC. The cortical drive to human respiratory muscles in the awake 
state assessed by premotor cerebral potentials. J Physiol. 1991:1–14.

 120. Shea SA. Behavioural and arousal-related influences on breathing in humans. Exp Physiol. 
1996;81(1):1–26.

 121. Fink BR.  Influence of cerebral activity in wakefulness on regulation of breathing. J Appl 
Physiol. 1961;16:15–20.

 122. Datta AK, Shea SA, Horner RL, Guz A. The influence of induced hypocapnia and sleep on 
the endogenous respiratory rhythm in humans. J Physiol. 1991;440:17–33.

 123. Skatrud JB, Dempsey JA. Interaction of sleep state and chemical stimuli in sustaining rhyth-
mic ventilation. J Appl Physiol Respir Environ Exerc Physiol. 1983;55(3):813–22.

 124. Fournier M, Sieck GC.  Mechanical properties of muscle units in the cat diaphragm. 
J Neurophysiol. 1988;59(3):1055–66.

 125. Geiger PC, Cody MJ, Macken RL, Sieck GC. Maximum specific force depends on myosin 
heavy chain content in rat diaphragm muscle fibers. J Appl Physiol. 2000;89(2):695–703.

 126. Geiger PC, Cody MJ, Sieck GC. Force-calcium relationship depends on myosin heavy chain 
and troponin isoforms in rat diaphragm muscle fibers. J Appl Physiol. 1999;87(5):1894–900.

 127. Sieck GC, Ferreira LF, Reid MB, Mantilla CB. Mechanical properties of respiratory muscles. 
Compr Physiol. 2013;3(4):1553–67. https://doi.org/10.1002/cphy.c130003.

 128. Sieck GC, Fournier M.  Changes in diaphragm motor unit EMG during fatigue. J Appl 
Physiol. 1990;68(5):1917–26.

 129. Sieck GC, Fournier M, Belman MJ. Physiological properties of motor units in the diaphragm. 
In: Bianchi AL, Denavit-Saubie M, editors. Neurogenesis of cntral respiratory rhythm. 
Hingham, MA: MTP; 1985. p. 227–9.

 130. Sieck GC, Fournier M, Prakash YS, Blanco CE. Myosin phenotype and SDH enzyme vari-
ability among motor unit fibers. J Appl Physiol. 1996;80(6):2179–89.

 131. Hamm TM, Nemeth PM, Solanki L, Gordon DA, Reinking RM, Stuart DG.  Association 
between biochemical and physiological properties in single motor units. Muscle Nerve. 
1988;11(3):245–54.

 132. Nemeth PM, Hamm TM, Gordon DA, Reinking RM, Stuart DG.  Application of cross- 
sectional single-fiber microchemistry to the study of motor-unit fatigability. In: Gantchev 
GN, Dimitrov B, Gatev P, editors. Motor Control. New York: Plenum; 1986.

 133. Nemeth PM, Solanki L, Gordon DA, Hamm TM, Reinking RM, Stuart DG. Uniformity of 
metabolic enzymes within individual motor units. J Neurosci. 1986;6(3):892–8.

2 Spinal Cord Physiology: Neuromotor Control of Diaphragm Muscle

10.1152/japplphysiol.91125.2008
10.1152/japplphysiol.91125.2008
10.1016/j.resp.2009.08.007
10.1016/j.resp.2009.08.007
10.1089/neu.2017.5045
10.1002/cphy.c130003


36

 134. Enad JG, Fournier M, Sieck GC.  Oxidative capacity and capillary density of diaphragm 
motor units. J Appl Physiol. 1989;67(2):620–7.

 135. Johnson BD, Wilson LE, Zhan WZ, Watchko JF, Daood MJ, Sieck GC. Contractile properties 
of the developing diaphragm correlate with myosin heavy chain phenotype. J Appl Physiol. 
1994;77:481–7.

 136. Sieck GC, Lewis MI, Blanco CE. Effects of undernutrition on diaphragm fiber size, SDH 
activity, and fatigue resistance. J Appl Physiol. 1989;66:2196–205.

 137. Lewis MI, Sieck GC. Effect of acute nutritional deprivation on diaphragm structure and func-
tion. J Appl Physiol. 1990;68:1938–44.

 138. Miyata H, Zhan WZ, Prakash YS, Sieck GC. Myoneural interactions affect diaphragm mus-
cle adaptations to inactivity. J Appl Physiol. 1995;79:1640–9.

 139. Zhan WZ, Miyata H, Prakash YS, Sieck GC. Metabolic and phenotypic adaptations of dia-
phragm muscle fibers with inactivation. J Appl Physiol. 1997;82(4):1145–53.

 140. Geiger PC, Cody MJ, Macken RL, Bayrd ME, Sieck GC. Mechanisms underlying increased 
force generation by rat diaphragm muscle fibers during development. J Appl Physiol. 
2001;90:380–8.

 141. Geiger PC, Cody MJ, Han YS, Hunter LW, Zhan WZ, Sieck GC. Effects of hypothyroidism on 
maximum specific force in rat diaphragm muscle fibers. J Appl Physiol. 2002;92(4):1506–14.

 142. Sieck DC, Zhan WZ, Fang YH, Ermilov LG, Sieck GC, Mantilla CB. Structure-activity rela-
tionships in rodent diaphragm muscle fibers vs. neuromuscular junctions. Respir Physiol 
Neurobiol. 2012;180(1):88–96. https://doi.org/10.1016/j.resp.2011.10.015.

 143. Greising SM, Mantilla CB, Gorman BA, Ermilov LG, Sieck GC. Diaphragm muscle sarco-
penia in aging mice. Exp Gerontol. 2013; https://doi.org/10.1016/j.exger.2013.06.001.

 144. Chamberlain S, Lewis DM.  Contractile characteristics and innervation ratio of rat soleus 
motor units. J Physiol. 1989;412:1–21.

 145. Kanda K, Hashizume K. Factors causing difference in force output among motor units in the 
rat medial gastrocnemius muscle. J Physiol (London). 1992;448:677–95.

 146. Fournier M, Sieck GC. Topographical projections of phrenic motoneurons and motor unit ter-
ritories in the cat diaphragm. In: Sieck GC, Gandevia SC, Cameron WE, editors. Respiratory 
muscles and their neuromotor control. New York: Alan R. Liss, Inc.; 1987. p. 215–26.

 147. Sieck GC, Fournier M. Contractile and fatigue properties of diaphragm motor units. In: Sieck 
GC, Gandevia SC, Cameron WE, editors. Respiratory muscles and their neuromotor control. 
New York: Alan R. Liss, Inc.; 1987. p. 227–37.

 148. Butler JE, McKenzie DK, Gandevia SC. Discharge properties and recruitment of human dia-
phragmatic motor units during voluntary inspiratory tasks. J Physiol. 1999;518(Pt 3):907–20.

 149. Kernell D.  The motoneurone and its muscle fibres. New  York: Oxford University Press 
Inc.; 2006.

 150. Gordon T, Thomas CK, Munson JB, Stein RB. The resilience of the size principle in the 
organization of motor unit properties in normal and reinnervated adult skeletal muscles. Can 
J Physiol Pharmacol. 2004;82(8-9):645–61.

 151. Henneman E. Relation between size of neurons and their susceptibility to discharge. Science. 
1957;126(3287):1345–7.

 152. Henneman E, Olson CB. Relations between structure and function in the design of skeletal 
muscles. J Neurophysiol. 1965;28:581–98.

 153. McPhedran AM, Wuerker RB, Henneman E. Properties of motor units in a homogeneous red 
muscle (soleus) of the cat. J Neurophysiol. 1965;28:71–84.

 154. Gasser HS, Newcomer HS. Physiological action currents in the phrenic nerve. An application 
of the thermionic vacuum tube to nerve physiology. Am J Phys. 1921;57(1):1–26.

 155. Gasser HS, Grundfest H. Axon diameters in relation to the spike dimensions and the conduc-
tion velocity in mammalian A fibers. Am J Phys. 1939;127:393–414.

 156. Burke RE, Levine DN, Tsairis P, Zajac FE 3rd. Physiological types and histochemical pro-
files in motor units of the cat gastrocnemius. J Physiol. 1973;234(3):723–48.

 157. Sypert GW, Munson JB. Basis of segmental motor control: motoneuron size or motor unit 
type? Neurosurg. 1981;8(5):608–21.

M. J. Fogarty and G. C. Sieck

10.1016/j.resp.2011.10.015
10.1016/j.exger.2013.06.001


37

 158. Mendell LM.  The size principle: a rule describing the recruitment of motoneurons. 
J Neurophysiol. 2005;93(6):3024–6. https://doi.org/10.1152/classicessays.00025.2005.

 159. Zajac FE, Faden JS. Relationship among recruitment order, axonal conduction velocity, and 
muscle-unit properties of type-identified motor units in cat plantaris muscle. J Neurophysiol. 
1985;53(5):1303–22.

 160. Sieck GC.  Diaphragm motor units and their response to altered use. Sem Respir Med. 
1991;12:258–69.

 161. Gill LC, Mantilla CB, Sieck GC. Impact of unilateral denervation on transdiaphragmatic pres-
sure. Respir Physiol Neurobiol. 2015;210:14–21. https://doi.org/10.1016/j.resp.2015.01.013.

 162. Greising SM, Sieck DC, Sieck GC, Mantilla CB.  Novel method for transdiaphragmatic 
pressure measurements in mice. Respir Physiol Neurobiol. 2013;188(1):56–9. https://doi.
org/10.1016/j.resp.2013.04.018.

 163. Greising SM, Mantilla CB, Medina-Martinez JS, Stowe JM, Sieck GC. Functional impact of 
diaphragm muscle sarcopenia in both male and female mice. Am J Physiol Lung Cell Mol 
Physiol. 2015;309(1):L46–52. https://doi.org/10.1152/ajplung.00064.2015.

 164. Khurram OU, Sieck GC, Mantilla CB.  Compensatory effects following unilateral dia-
phragm paralysis. Respir Physiol Neurobiol. 2017;246:39–46. https://doi.org/10.1016/j.
resp.2017.07.007.

 165. Sieck GC.  Physiological effects of diaphragm muscle denervation and disuse. Clin Chest 
Med. 1994;15(4):641–59.

 166. Sieck GC, editor. Recruitment and frequency coding of diaphragm motor units during ventila-
tory and non-ventilatory behaviors. Oxford Meeting: Respiratory Control Conference; 1988.

 167. Sieck GC, Prakash YS. The diaphragm muscle. In: Miller AD, Bianchi AL, Bishop BP, edi-
tors. Neural control of the respiratory muscles. Boca Raton: CRC Press; 1996. p. 7–20.

 168. Sieck GC (1997) Diaphragm muscle neuromotor control: adaptations to disuse. 
Anesthesiology and Intensive Care (Kazakhstan). 1–11

 169. Sieck GC, Mantilla CB. Role of neurotrophins in recovery of phrenic motor function follow-
ing spinal cord injury. Respir Physiol Neurobiol. 2009;169(2):218–25.

 170. Steier J, Kaul S, Seymour J, Jolley C, Rafferty G, Man W, et  al. The value of multiple 
tests of respiratory muscle strength. Thorax. 2007;62(11):975–80. https://doi.org/10.1136/
thx.2006.072884.

 171. Sieck GC, Mantilla CB. Effect of mechanical ventilation on the diaphragm. N Engl J Med. 
2008;358(13):1392–4.

 172. Buller AJ, Eccles JC, Eccles RM. Interactions between motoneurones and muscles in respect 
of the characteristic speeds of responses. J Physiol. 1960;150:417–39.

 173. Dubowitz V. Cross-innervated mammalian skeletal muscle: histochemical, physiological, and 
biochemical observations. J Physiol (London). 1967;193:481–96.

 174. Guth L, Watson PK, Brown WC. Effects of cross-reinnervation on some chemical properties 
of red and white muscles of rat and cat. Exp Neurol. 1968;20(1):52–69.

 175. Karpati G, Engel WK.  Transformation of the histochemical profile of skeletal muscle by 
“foreign” innervation. Nature. 1967;215(109):1509–10.

 176. Prewitt MA, Salafsky B. Effect of cross innervation on biochemical characteristics of skeletal 
muscles. Am J Phys. 1967;213(1):295–300.

 177. Aravamudan B, Mantilla CB, Zhan WZ, Sieck GC.  Denervation effects on myonuclear 
domain size of rat diaphragm fibers. J Appl Physiol. 2006;100(5):1617–22.

 178. Argadine HM, Hellyer NJ, Mantilla CB, Zhan WZ, Sieck GC.  The effect of denerva-
tion on protein synthesis and degradation in adult rat diaphragm muscle. J Appl Physiol. 
2009;107(2):438–44.

 179. Geiger PC, Cody MJ, Macken RL, Bayrd ME, Sieck GC. Effect of unilateral denervation on 
maximum specific force in rat diaphragm muscle fibers. J Appl Physiol. 2001;90(4):1196–204.

 180. Geiger PC, Bailey JP, Zhan WZ, Mantilla CB, Sieck GC. Denervation-induced changes in 
myosin heavy chain expression in the rat diaphragm muscle. J Appl Physiol. 2003;95(2):611–9.

 181. Gosselin LE, Prakash YS, Masters DB, Sieck GC. Effect of aging on diaphragm neuromus-
cular junction morphology. Neurosci Abstr (Abstract). 1995;21:1664.

2 Spinal Cord Physiology: Neuromotor Control of Diaphragm Muscle

10.1152/classicessays.00025.2005
10.1016/j.resp.2015.01.013
10.1016/j.resp.2013.04.018
10.1016/j.resp.2013.04.018
10.1152/ajplung.00064.2015
10.1016/j.resp.2017.07.007
10.1016/j.resp.2017.07.007
10.1136/thx.2006.072884
10.1136/thx.2006.072884


38

 182. Mantilla CB, Rowley KL, Zhan WZ, Fahim MA, Sieck GC. Synaptic vesicle pools at dia-
phragm neuromuscular junctions vary with motoneuron soma, not axon terminal, inactivity. 
Neuroscience. 2007;146(1):178–89.

 183. Prakash YS, Zhan WZ, Miyata H, Sieck GC. Adaptations of diaphragm neuromuscular junc-
tion following inactivity. Acta Anat. 1995;154(2):147–61.

 184. Prakash YS, Miyata H, Zhan WZ, Sieck GC. Inactivity-induced remodeling of neuromuscu-
lar junctions in rat diaphragmatic muscle. Muscle Nerve. 1999;22(3):307–19.

 185. Sieck GC, Zhan WZ. Denervation alters myosin heavy chain expression and contractility of 
developing rat diaphragm muscle. J Appl Physiol. 2000;89(3):1106–13.

 186. Sieck GC, Zhan WZ, Han YS, Prakash YS. Effect of denervation on ATP consumption rate of 
diaphragm muscle fibers. J Appl Physiol. 2007;103(3):858–66.

 187. Zhan WZ, Prakash YS, Miyata H, Sieck GC. Morphological adaptations of diaphragm neu-
romuscular junction to prolonged inactivity. Neurosci Abstr (Abstract). 1995;21:1663.

 188. Prakash YS, Miyata H, Zhan WZ, Sieck GC. Inactivity alters structural and functional prop-
erties of the neuromuscular junction. In: Steinacker JM, Ward SA, editors. The physiology 
and pathophysiology of exercise tolerance. New York: Plenum Press; 1996. p. 59–66.

 189. Blanco CE, Zhan WZ, Fang YH, Sieck GC. Exogenous testosterone treatment decreases dia-
phragm neuromuscular transmission failure in male rats. J Appl Physiol. 2001;90(3):850–6.

 190. Elliott JE, Omar TS, Mantilla CB, Sieck GC.  Diaphragm muscle sarcopenia in Fischer 
344 and Brown Norway rats. Exp Physiol. 2016;101(7):883–94. https://doi.org/10.1113/
EP085703.

 191. Farkas GA, Gosselin LE, Zhan WZ, Schlenker EH, Sieck GC. Histochemical and mechani-
cal properties of diaphragm muscle in morbidly obese Zucker rats. J Appl Physiol. 
1994;77(5):2250–9.

 192. Fournier M, Alula M, Sieck GC. Neuromuscular transmission failure during postnatal devel-
opment. Neurosci Lett. 1991;125(1):34–6.

 193. Geiger PC, Bailey JP, Mantilla CB, Zhan WZ, Sieck GC. Mechanisms underlying myosin 
heavy chain expression during development of the rat diaphragm muscle. J Appl Physiol. 
2006;101(6):1546–55.

 194. Gosselin LE, Johnson BD, Sieck GC. Age-related changes in diaphragm muscle contractile 
properties and myosin heavy chain isoforms. Am J Respir Crit Care Med. 1994;150:174–8.

 195. Greising SM, Gransee HM, Mantilla CB, Sieck GC. Systems biology of skeletal muscle: fiber 
type as an organizing principle. Wiley Interdiscip Rev Syst Biol Med. 2012;4(5):457–73.

 196. Greising SM, Medina-Martínez JS, Vasdev AK, Sieck GC, Mantilla CB. Analysis of muscle 
fiber clustering in the diaphragm muscle of sarcopenic mice. Muscle Nerve. 2015;52(1):76–82.

 197. Howell S, Maarek JM, Fournier M, Sullivan K, Zhan WZ, Sieck GC.  Congestive heart 
failure: differential adaptation of the diaphragm and latissimus dorsi. J Appl Physiol. 
1995;79(2):389–97.

 198. Howell S, Zhan WZ, Sieck GC. Diaphragm disuse reduces Ca2+ uptake capacity of sarco-
plasmic reticulum. J Appl Physiol. 1997;82(1):164–71.

 199. Lewis MI, LoRusso TJ, Zhan W-Z, Sieck GC. Interactive effects of denervation and malnutri-
tion on diaphragm structure and function. J Appl Physiol. 1996;81:2165–72.

 200. Lewis MI, Monn SA, Sieck GC. Effect of corticosteroids on diaphragm fatigue, SDH activity, 
and muscle fiber size. J Appl Physiol. 1992;72(1):293–301.

 201. Lewis MI, Sieck GC, Fournier M, Belman MJ. Effect of nutritional deprivation on diaphragm 
contractility and muscle fiber size. J Appl Physiol. 1986;60:596–603.

 202. Lewis MI, Zhan WZ, Sieck GC. Adaptations of the diaphragm in emphysema. J Appl Physiol. 
1992;72(3):934–43.

 203. Mantilla CB, Greising SM, Zhan WZ, Seven YB, Sieck GC. Prolonged C2 spinal hemisection- 
induced inactivity reduces diaphragm muscle specific force with modest, selective atrophy 
of type IIx and/or IIb fibers. J Appl Physiol. 2013;114(3):380–6. https://doi.org/10.1152/
japplphysiol.01122.2012.

 204. Mantilla CB, Sieck GC.  Neuromotor control in chronic obstructive pulmonary disease. J 
Appl Physiol. 2013;114:1246–52. https://doi.org/10.1152/japplphysiol.01212.2012.

M. J. Fogarty and G. C. Sieck

10.1113/EP085703
10.1113/EP085703
10.1152/japplphysiol.01122.2012
10.1152/japplphysiol.01122.2012
10.1152/japplphysiol.01212.2012


39

 205. Ottenheijm CA, Heunks LM, Sieck GC, Zhan WZ, Jansen SM, Degens H, et al. Diaphragm 
dysfunction in chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 
2005;172(2):200–5. https://doi.org/10.1164/rccm.200502- 262OC.

 206. Prakash YS, Fournier M, Sieck GC. Effects of prenatal undernutrition on developing rat dia-
phragm. J Appl Physiol. 1993;75:1044–52.

 207. Prakash YS, Gosselin LE, Zhan WZ, Sieck GC.  Alterations of diaphragm neuromuscular 
junctions with hypothyroidism. J Appl Physiol. 1996;81:1240–8.

 208. Rowley KL, Mantilla CB, Sieck GC. Respiratory muscle plasticity. Respir Physiol Neurobiol. 
2005;147(2-3):235–51.

 209. Watchko JF, Sieck GC. Respiratory muscle fatigue resistance relates to myosin phenotype 
and SDH activity during development. J Appl Physiol. 1993;75:1341–7.

 210. Mantilla CB, Sieck GC. Impact of diaphragm muscle fiber atrophy on neuromotor control. 
Respir Physiol Neurobiol. 2013;189(2):411–8. https://doi.org/10.1016/j.resp.2013.06.025.

 211. Mantilla CB, Stowe JM, Sieck DC, Ermilov LG, Greising SM, Zhang C, et al. TrkB kinase 
activity maintains synaptic function and structural integrity at adult neuromuscular junctions. 
J Appl Physiol. 2014;117(8):910–20. https://doi.org/10.1152/japplphysiol.01386.2013.

 212. Sieck GC, Gransee HM. Respiratory muscles: structure, function & regulation, Colloquium 
series on integrated systems physiology: from molecule to function to disease, vol. 34. 
Morgan & Claypool Life Sciences; 2012.

 213. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al. Sarcopenia: 
European consensus on definition and diagnosis: report of the European working group 
on Sarcopenia in older people. Age Ageing. 2010;39(4):412–23. https://doi.org/10.1093/
ageing/afq034.

 214. Doherty TJ.  Invited review: aging and sarcopenia. J Appl Physiol. 2003;95(4):1717–27. 
https://doi.org/10.1152/japplphysiol.00347.2003.

 215. Greising SM, Ermilov LG, Sieck GC, Mantilla CB.  Ageing and neurotrophic signalling 
effects on diaphragm neuromuscular function. J Physiol. 2015;593(2):431–40. https://doi.
org/10.1113/jphysiol.2014.282244.

 216. Enright PL, Kronmal RA, Manolio TA, Schenker MB, Hyatt RE. Respiratory muscle strength 
in the elderly. Correlates and reference values. Cardiovascular Health Study Research Group. 
Am J Respir Crit Care Med. 1994;149(2 Pt 1):430–8.

 217. Polkey MI, Harris ML, Hughes PD, Hamnegard CH, Lyons D, Green M, et al. The contractile 
properties of the elderly human diaphragm. Am J Respir Crit Care Med. 1997;155(5):1560–4.

 218. Tolep K, Higgins N, Muza S, Criner G, Kelsen SG. Comparison of diaphragm strength between 
healthy adult elderly and young men. Am J Respir Crit Care Med. 1995;152(2):677–82.

 219. Gawel M, Kostera-Pruszczyk A. Effect of age and gender on the number of motor units in 
healthy subjects estimated by the multipoint incremental MUNE method. J Clin Neurophysiol. 
2014;31(3):272–8. https://doi.org/10.1097/WNP.0000000000000066.

 220. Greising SM, Stowe JM, Sieck GC, Mantilla CB. Role of TrkB kinase activity in aging dia-
phragm neuromuscular junctions. Exp Gerontol. 2015;72:184–91. https://doi.org/10.1016/j.
exger.2015.10.013.

 221. Greising SM, Vasdev AK, Zhan WZ, Sieck GC, Mantilla CB. Chronic TrkB agonist treatment 
in old age does not mitigate diaphragm neuromuscular dysfunction. Physiol Rep. 2017;5(1) 
https://doi.org/10.14814/phy2.13103.

 222. Kadhiresan VA, Hassett CA, Faulkner JA. Properties of single motor units in medial gastroc-
nemius muscles of adult and old rats. J Physiol. 1996;493(Pt 2):543–52.

 223. Kanda K. Effects of food restriction on motoneuronal loss with advancing age in the rat. 
Microsc Res Tech. 2002;59(4):301–5. https://doi.org/10.1002/jemt.10208.

 224. Lexell J, Taylor CC, Sjostrom M. What is the cause of the ageing atrophy? Total number, size 
and proportion of different fiber types studied in whole vastus lateralis muscle from 15- to 
83-year-old men. J Neurol Sci. 1988;84(2-3):275–94.

 225. McNeil CJ, Doherty TJ, Stashuk DW, Rice CL. Motor unit number estimates in the tibialis 
anterior muscle of young, old, and very old men. Muscle Nerve. 2005;31(4):461–7. https://
doi.org/10.1002/mus.20276.

2 Spinal Cord Physiology: Neuromotor Control of Diaphragm Muscle

10.1164/rccm.200502-262OC
10.1016/j.resp.2013.06.025
10.1152/japplphysiol.01386.2013
10.1093/ageing/afq034
10.1093/ageing/afq034
10.1152/japplphysiol.00347.2003
10.1113/jphysiol.2014.282244
10.1113/jphysiol.2014.282244
10.1097/WNP.0000000000000066
10.1016/j.exger.2015.10.013
10.1016/j.exger.2015.10.013
10.14814/phy2.13103
10.1002/jemt.10208
10.1002/mus.20276
10.1002/mus.20276


40

 226. Pettigrew FP, Gardiner PF. Changes in rat plantaris motor unit profiles with advanced age. 
Mech Ageing Dev. 1987;40(3):243–59.

 227. Piasecki M, Ireland A, Coulson J, Stashuk DW, Hamilton-Wright A, Swiecicka A, et  al. 
Motor unit number estimates and neuromuscular transmission in the tibialis anterior of mas-
ter athletes: evidence that athletic older people are not spared from age-related motor unit 
remodeling. Physiol Rep. 2016;4(19) https://doi.org/10.14814/phy2.12987.

 228. Piasecki M, Ireland A, Jones DA, McPhee JS.  Age-dependent motor unit remodelling 
in human limb muscles. Biogerontology. 2016;17(3):485–96. https://doi.org/10.1007/
s10522- 015- 9627- 3.

 229. Piasecki M, Ireland A, Stashuk D, Hamilton-Wright A, Jones DA, McPhee JS. Age-related 
neuromuscular changes affecting human vastus lateralis. J Physiol. 2016;594(16):4525–36. 
https://doi.org/10.1113/JP271087.

 230. Power GA, Dalton BH, Behm DG, Doherty TJ, Vandervoort AA, Rice CL. Motor unit sur-
vival in lifelong runners is muscle dependent. Med Sci Sports Exerc. 2012;44(7):1235–42. 
https://doi.org/10.1249/MSS.0b013e318249953c.

 231. Prakash YS, Sieck GC. Age-related remodeling of neuromuscular junctions on type- identified 
diaphragm fibers. Muscle Nerve. 1998;21(7):887–95.

 232. Sugiura M, Kanda K. Progress of age-related changes in properties of motor units in the 
gastrocnemius muscle of rats. J Neurophysiol. 2004;92(3):1357–65. https://doi.org/10.1152/
jn.00947.2003.

 233. Larsson L, Sjodin B, Karlsson J. Histochemical and biochemical changes in human skeletal 
muscle with age in sedentary males, age 22–65 years. Acta Physiol Scand. 1978;103(1):31–9. 
https://doi.org/10.1111/j.1748- 1716.1978.tb06187.x.

 234. Kawamura N, Gotoda Y, Yoshikura H. The rise in medical care expenditures in Japan, trends 
in disease patterns: 1977-81. Am J Public Health. 1985;75(12):1442–4.

 235. Tomlinson BE, Irving D. The numbers of limb motor neurons in the human lumbosacral cord 
throughout life. J Neurol Sci. 1977;34(2):213–9.

 236. Hashizume K, Kanda K. Neuronal dropout is greater in hindlimb motor nuclei than in fore-
limb motor nuclei in aged rats. Neurosci Lett. 1990;113(3):267–9.

 237. Jacob JM. Lumbar motor neuron size and number is affected by age in male F344 rats. Mech 
Ageing Dev. 1998;106(1-2):205–16.

 238. Zhang C, Goto N, Suzuki M, Ke M. Age-related reductions in number and size of anterior 
horn cells at C6 level of the human spinal cord. Okajimas Folia Anat Jpn. 1996;73(4):171–7.

 239. Balice-Gordon RJ. Age-related changes in neuromuscular innervation. Muscle Nerve Suppl. 
1997;5:S83–7.

 240. Courtney J, Steinbach JH. Age changes in neuromucular junction morphology and acetylcho-
line receptor distribution on rat skeletal muscle fibres. J Physiol. 1981;320:435–47.

 241. Fahim MA, Holley JA, Robbins N. Scanning and light microscopic study of age changes at a 
neuromuscular junction in the mouse. J Neurocytol. 1983;12:13–25.

 242. Kelly SS, Robbins N. Statistics of neuromuscular transmitter release in young and old mouse 
muscle. J Physiol. 1987;385:507–16.

 243. Robbins N. Compensatory plasticity of aging at the neuromuscular junction. Exp Gerontol. 
1992;27:75–81.

 244. Rosenheimer JL, Smith DO. Differential changes in the endplate architecture of functionally 
diverse muscles during aging. J Neurophysiol. 1985;53:1567–81.

 245. Ruff RL. Sodium channel slow inactivation and the distribution of sodium channels on skel-
etal muscle fibres enable the performance properties of different skeletal muscle fibre types. 
Acta Physiol Scand. 1996;156(3):159–68.

 246. Smith DO. Muscle-specific decrease in presynaptic calcium dependence and clearance dur-
ing neuromuscular transmission in aged rats. J Neurophysiol. 1988;59(4):1069–82.

 247. Wokke JH, Jennekens FG, van den Oord CJ, Veldman H, Smit LM, Leppink GJ. Morphological 
changes in the human end plate with age. J Neurol Sci. 1990;95(3):291–310.

M. J. Fogarty and G. C. Sieck

10.14814/phy2.12987
10.1007/s10522-015-9627-3
10.1007/s10522-015-9627-3
10.1113/JP271087
10.1249/MSS.0b013e318249953c
10.1152/jn.00947.2003
10.1152/jn.00947.2003
10.1111/j.1748-1716.1978.tb06187.x


41

3Imaging of the Spinal Cord

Owen D. M. Stechishin, Manraj K. S. Heran, 
Jason R. Shewchuk, A. Talia Vertinsky, and Cornelia Laule

Contents
 Anatomical Imaging Techniques  41
 Vascular Imaging Techniques  46
 Pitfalls  49
 Advanced Imaging Techniques  53
 Conclusion  59
 References  59

 Anatomical Imaging Techniques

 Radiography

Due to the poor soft tissue contrast inherent to radiography, spinal radiographs can-
not directly evaluate the spinal cord. The primary utility of radiography in cases of 
myelopathy is to evaluate potential anatomic abnormalities of the spinal column 
that may contribute to the underlying pathology. In cases of myelopathy in the post- 
operative spine, radiographs are the preferred initial modality to assess spinal hard-
ware integrity, and to evaluate for signs of instability, including changes in osseous 
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alignment between upright and supine views, or subluxation on flexion and exten-
sion views (Fig. 3.1).

 Computed Tomography

Computed tomography (CT) also has relatively limited capacity to directly assess 
the spinal cord as it provides suboptimal soft tissue contrast between the spinal cord, 
cerebrospinal fluid (CSF) within the thecal sac, and the epidural space. Administration 
of intravenous iodinated contrast can opacify the epidural venous plexus, and may 
be helpful to distinguish the epidural and intradural spaces, particularly in the cervi-
cal spine where there is little epidural fat. However, intravenous contrast does not 
significantly improve visualization of the spinal cord itself (Fig. 3.2).

a b

Fig. 3.1 Radiographic evaluation of spinal instability in a patient with prior C3–6 laminectomy 
and posterior fusion. On the radiograph obtained with the neck in flexion (a), there is 4 mm of 
anterolisthesis of C3 on C4 (white arrow), which completely reduces on the radiograph with the 
neck in extension (b). Lucency around the C3 pedicle screws (black arrowhead), which partially 
pull out of the pedicles on the flexion view, is indicative of screw loosening
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Fig. 3.2 Multimodality imaging of a patient with intrathecal adhesions deforming the spinal cord. 
(a) Intravenous contrast enhanced CT is unable to discern the spinal cord from the CSF in the the-
cal sac and does not demonstrate an apparent abnormality at the level of T10–11 disc space (arrow). 
(b–d) CT myelogram demonstrates focal anterior displacement and deformity of the spinal cord 
outlined by high attenuation intrathecal contrast. Axial images confirm focal deformity of the spi-
nal cord (black arrowhead) in the anterior-posterior direction (c) compared to a more normal 
appearing level more caudally (d). (e–g) T2W MR images demonstrate increased T2 signal in the 
spinal cord at the level of the T10–11 disc space (f) that extends inferiorly for a short distance (g)
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Nonetheless, CT can play an important role in the evaluation of compressive 
myelopathy. Due to the speed and relatively widespread availability of CT, it is 
particularly useful in the acute setting if MRI is not immediately available. CT is 
also often complementary to MRI as osseous structures are much better assessed by 
CT than MRI. In spinal trauma, CT is superior to MRI in characterizing bony abnor-
malities, especially when considering surgical management. In compressive 
myelopathy due to disc disease, CT can better distinguish disc osteophyte com-
plexes from disc protrusions. Similarly, ossification of the posterior longitudinal 
ligament (OPLL) is much easier to identify on CT than MRI (Fig. 3.3).

In order to better resolve the spinal cord from the surrounding CSF in the thecal 
sac, CT myelography can be performed (Fig. 3.2). The main disadvantage of CT 
myelography is the need for dural puncture (most commonly done in the lumbar 
region) to administer intrathecal iodinated contrast, which may limit the availability 
of this examination. Moreover, any dural puncture has inherent small risks of iatro-
genic spinal infection, hemorrhage and post-procedure headache or CSF leak. There 
have also been a few case reports in the literature of rare post-myelogram seizures 
suggesting that intrathecal iodinated contrast can lower the seizure threshold [1, 2].

In CT myelography, iodinated contrast opacifies the CSF space within the thecal 
sac, therefore providing indirect visualization of the spinal cord. However, in 
patients who cannot undergo MRI because of severe claustrophobia, 
MR-incompatible implanted medical devices or other contraindications to MRI, CT 
myelography provides the best means for evaluating spinal cord compression.

 Magnetic Resonance Imaging

MRI is the workhorse for imaging in myelopathy as it is the only modality able to 
achieve sufficient soft tissue contrast to directly evaluate the spinal cord. A combi-
nation of sequences with varying degrees of T1 and T2 weighting are performed for 
in vivo tissue characterization. In order to adequately visualize the anatomy of the 
spinal cord, in-plane spatial resolution of 1 mm × 1 mm and thin slices (1–2 mm) 
are usually used.

T2 weighted (T2W) sequences are the most important sequences for evaluation 
of the spinal cord due to inherent high sensitivity for water, and hence can detect 
spinal cord edema associated with myelopathy (Fig. 3.2e–g). However, it should be 
noted that not all increased T2 signal within the spinal cord necessarily represents 
potentially reversible edema, as irreversible gliosis will also result in increased T2 
signal in the spinal cord. T2W sequences also allow for visualization of the CSF in 
the thecal sac surrounding the spinal cord and nerve roots. High resolution three 
dimensional T2W sequences such as 3D Constructive Interference in Steady State 
(CISS), 3D True Fast Imaging with Steady-state free Precession (True-FISP) and 
Fast Imaging Employing STeady-state Acquisition (FIESTA) permit reconstruction 
of images with high spatial resolution in multiple planes. These techniques can be 
particularly useful for visualizing the inner structure of cysts or cystic tumors, the 
walls of arachnoid cysts or arachnoid webs, spinal cord herniations, 
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Fig. 3.3 CT can be complementary to MRI in evaluation of compressive myelopathy due to 
degenerative disc disease or other pathologies. On T2W MRI (a), low T2 signal is seen indenting 
the thecal sac posterior to the C4–5 disc space (white arrow), which can be confidently diagnosed 
as focal ossification of the posterior longitudinal ligament (OPLL) on CT (b). Similarly, low T2 
signal is seen posterior to the L4–5 (black arrowhead) and L5-S1 (black arrow) disc spaces indent-
ing the thecal sac (c). Integrating the appearances on MRI (c) and CT (d), a disc extrusion at L4–5 
and a disc-osteophyte complex at L5-S1 with a large osteophyte arising off the superior endplate 
of S1 can be confidently diagnosed

pseudomeningoceles, dural leaks in intracranial hypotension, and the abnormal ves-
sels in spinal cord vascular malformations [3–8].

T1 weighted (T1W) sequences allow for detection of substances with inherent 
high T1 signal such as methemoglobin in subacute hemorrhage or melanin in 
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melanoma metastases. However, T1W sequences are particularly important for 
detecting enhancement with intravenous gadolinium, indicating disruption of the 
blood-spinal cord barrier commonly seen in aggressive inflammatory and neoplastic 
processes. Chemical fat suppression techniques are often used to increase the con-
spicuity of subtle enhancement.

Short Tau-Inversion Recovery (STIR) sequences provide a mix of T1 and T2 
weighting with suppression of the signal from fat, allowing for superior detection of 
abnormal fluid within the spinal cord, vertebral bodies and paraspinal soft tissues. 
STIR sequences are particularly useful in cases of traumatic myelopathy to confirm 
and evaluate the extent of traumatic injury as they provide superior sensitivity for 
edema in the bone marrow and soft tissues associated with acute spinal fractures 
and ligamentous disruption.

Proton density (PD) weighted sequences reflect the density of water and are 
mainly used to non-specifically evaluate areas of damage. In multiple sclerosis (MS), 
PD weighted sequences have been reported to be superior to fast spin-echo T2W 
sequences for detecting lesions in the cervical spinal cord [9]. As such, axial and 
sagittal PD weighted sequences of the spinal cord are recommended in consensus 
guidelines for MS imaging [10].

 Nuclear Medicine

Nuclear medicine imaging techniques have a limited role in spinal cord imaging and 
are usually restricted to excluding spinal infection or metastasis as a cause for 
myelopathy. With PET and SPECT cameras having a spatial resolution on the order 
of several millimeters, they can only provide limited detail in the spinal cord. A few 
reports characterizing 18Fluoro-deoxyglucose metabolism in the human spinal cord 
in normal and pathological states have been published. Several studies have sug-
gested that the 18Fluoro-deoxyglucose metabolic pattern of the cervical cord may 
predict a patient’s clinical outcome after decompressive surgery for cervical spine 
stenosis, but evaluation of the spinal cord by PET is not routine in clinical practice 
[11–14]. However, with the increasing availability of fusion imaging with PET/
MRI, the potential role for PET in the evaluation of myelopathy is expected to grow.

 Vascular Imaging Techniques

 CT Angiography

CT angiography (CTA) allows for assessment of the larger vascular structures sup-
plying the spine. Its main advantages are its rapid acquisition time and widespread 
availability. It should be noted though that CT does impart a significant dose of ion-
izing radiation to the patient. A single phase CT covering the thoracic and lumbar 
spine has an average dose of 15.6 mSv, which is the equivalent of 5 years of back-
ground radiation [15]. Another disadvantage of CTA is that it lacks the spatial 
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resolution to reliably assess small caliber vessels, including the anterior and poste-
rior spinal arteries, or even the radicular arteries in many cases. Sensitivity of CTA 
for detecting and characterizing spinal vascular abnormalities is generally consid-
ered inferior to MRI. However, CTA has been reported to identify up to three quar-
ters of spinal arteriovenous dural fistulas [16, 17]. In patients who cannot undergo 
MR angiography, and in situations of known vascular abnormalities limited to a 
confined area of the spine, CTA is particularly useful for initial evaluation of the 
spinal vasculature in a non-invasive manner as a means to limit the extent of subse-
quent catheter angiography (Fig. 3.4).

 MR Angiography

There are several MRI techniques that allow for non-invasive vascular imaging 
without the need for iodinated contrast or ionizing radiation. Flow voids within 
vessels on T2W sequences are the simplest method for assessing the vasculature on 
MRI as nearly all acquisitions will have at least one T2W sequence. Low signal 
within vessels on T2W images results from out-of-plane flow signal loss and pro-
vides a means to confirm patency in fast flowing, large caliber vascular structures. 
This technique relies on the direction of flow being perpendicular to the plane of the 
MRI slice and cannot assess in-plane vascular flow. The spatial resolution achieved 
on typical acquisitions also usually limits assessment to medium size vessels such 
as the vertebral arteries, and precludes assessment of the anterior or posterior spinal 
arteries.

Time of flight (TOF) angiography is a second MRI method to assess vascular 
flow without the need for intravenous contrast administration. In contrast to T2W 
flow voids, this technique uses flow-related “enhancement”, with unsaturated pro-
tons in blood flowing into a slice resulting in high signal. TOF angiography can be 
acquired as a series of parallel slices (2D TOF) or as a 3D volume (3D TOF), which 
has the advantage of isotropic voxels allowing for multiplanar reconstructions. 
Decreased signal is seen in vessels with slow, turbulent, in-plane, or retrograde flow. 
The disadvantages of this technique are the relatively long acquisition times and 
inability to dynamically image blood flow [18].

Contrast enhanced MR angiography (MRA) techniques provide both ana-
tomical and temporal information about the spinal vasculature. The simplest tech-
nique for performing contrast enhanced MRA is multiphase imaging of the area of 
interest, typically with arterial, venous and delayed phases. However, the temporal 
resolution achieved with this method is usually on the order of 1 min. Newer time- 
resolved sequences such as Time Resolved Imaging of Contrast KineticS (TRICKS) 
or Time-resolved angiography With Interleaved Stochastic Trajectories (TWIST) 
allow for contrast bolus tracking and can achieve temporal resolution on the order 
of 1 s [19].

In general, MRA lacks the spatial and temporal resolution to reliably assess 
small caliber vessels, and catheter angiography is still considered the gold standard 
for vascular imaging in the spine. As such, MRA has been traditionally used for 
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initial evaluation, to decrease the extent of catheter angiography required when 
assessing a spinal dural AV fistula or AVM (Fig.  3.4). However, several recent 
reports indicate improved performance of contrast enhanced MRA at 3  T field 
strength capable of accurately identifying and characterizing the vascular anatomy 
of spinal dural arteriovenous fistulas in many cases [17, 20].

 Catheter Angiography

Digital subtraction catheter angiography remains the gold standard for spinal vascu-
lar imaging due to the superior spatial and temporal resolution compared to CTA 
and MRA. Vessel-specific selective angiography with microcatheters provides the 
best characterization of complex vascular anatomy (Fig. 3.4). Catheter angiography 
can also allow for endovascular treatment in those situations where it is deemed 
technically feasible and appropriate. The issues associated with it are quite small, 
but include potential access site-related complications, such as infection, local 
hematoma and pseudoaneurysm formation, as well as those associated with ioniz-
ing radiation exposure during fluoroscopy. There is also an extremely small risk of 
iatrogenic stroke or spinal cord infarct.

 Pitfalls

 Spinal Hardware Artifacts

Metallic spinal hardware is a source of significant artifact on both CT and MRI. Beam 
hardening artifact in CT is related to atomic number, with tantalum resulting in 
more artifact than stainless steel, and titanium resulting in the least artifact. Beam 
hardening artifact can be reduced by increasing the kilovolt peak and tube charge, 
although this results in an increased radiation dose to the patient. Iterative recon-
struction techniques and dual energy acquisition with post-processing of virtual 
monoenergetic images allow for greater metallic artifact reduction with less of an 
increase in the radiation dose to the patient (Fig. 3.5) [21].

Fig. 3.4 Multimodality characterization of a spinal dural arteriovenous fistula (dAVF). (a) T2W 
MRI demonstrates extensive serpentine low T2 signal flow voids (arrowhead) posterior to the 
thoracic spinal cord consistent with a spinal dAVF. A long segment of high T2 signal is seen within 
the thoracic spinal cord. (b–d) Coronal images from a time resolved MR angiogram (b) and CT 
angiogram (c) demonstrate a serpentine vessel (arrowhead) posteriorly in the spinal canal repre-
senting the pathologically enlarged dorsal draining vein of the affected spinal cord. On the CT 
angiogram, a feeding artery (arrow) is seen arising from the left T11 radicular artery (d). Digital 
subtraction catheter angiography in anterior-posterior (e) and lateral (f) projections from a selec-
tive left T11 radicular artery injection confirm the arterial supply arising from the left T11 radicular 
artery (arrow) to the dAVF (arrowhead)
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Fig. 3.5 Spinal hardware metal artifact reduction on dual energy CT. Beam hardening artifact 
results in apparent lucency (arrow) around the right S1 pedicle screw (a) on a polyenergetic image 
at 120 kVp, but is demonstrated to be artifact on a virtual monoenergetic image at 135 kVp (b). 
Streak artifact around the pedicle screws is also significantly reduced in the virtual monoenergetic 
image allowing for better evaluation of osseous and soft tissue detail

With respect to MRI, metallic hardware disrupts the homogeneity of the local 
magnetic field, thereby accelerating spin dephasing, leading to decreased signal and 
spatial distortion in the resulting image (Fig. 3.6). Metallic artifact is worst with 
alloys that contain ferromagnetic elements, such as stainless steel. The severity of 
the artifact also depends on the type of sequence. Gradient echo and echo planar 
sequences have significantly more artifact than spin-echo sequences due to the lack 
of a 180° refocusing pulse. Similarly, chemical fat suppression can fail due to the 
metal hardware perturbing the local magnetic environment and altering the Larmor 
frequency of protons in fat (Fig.  3.6). Fat saturation by inversion recovery tech-
niques is much less affected by metallic elements, and STIR sequences are recom-
mended over chemical fat saturation in patients with spinal hardware.

 Gibbs Artifact

Gibbs artifact refers to a series of parallel lines adjacent to an abrupt change in sig-
nal intensity [22]. This artifact is usually most apparent clinically on sagittal images 
of the spine where Gibbs artifact due to the abrupt transition between the CSF and 
the spinal cord can create the appearance of a syrinx. The absence of a syrinx in 
images of the corresponding region acquired in the transverse plane confirms this 
finding as artifact (Fig. 3.7). As such, in spinal imaging studies, at least one sequence 
not acquired in the sagittal plane should be obtained. Gibbs artifact can occur in 
both the phase and frequency encoding directions, although it is usually most appar-
ent in the phase encoding direction as the number of phase encoding steps is mini-
mized to decrease acquisition time. Gibbs artifact can be reduced by increasing the 
image matrix size, although any increase in the phase encoding direction will 
directly increase image acquisition time.
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Fig. 3.6 Spinal hardware metal artifact on MRI. Extensive susceptibility artifact from bilateral 
posterior rods and pedicle screws results in signal drop out on T2W (a), STIR (b) and T1W fat 
saturated post-gadolinium (c) images. Increased STIR signal and enhancement is seen in the T11 
vertebral body with anterior paraspinal inflammation (arrow) consistent with vertebral osteomyeli-
tis. Increased signal within the posterior paraspinal soft tissues extending to the skin surface seen 
in the T1W post-gadolinium image but not the STIR image (arrowheads), is artifact due to failure 
of chemical fat saturation from the adjacent metallic hardware. Heterogeneous fat suppression 
(arrowheads) is confirmed in a corresponding location of an axial T1W fat saturated pre- gadolinium 
image (d)
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Fig. 3.7 Gibbs artifact 
manifests as thinlinear 
high T2 signal projected 
over the spinal cord from 
C3–6 on sagittal T2W 
images (arrows in a), 
which is not reproduced on 
axial T2W images (b)

 CSF Flow Artifact

The flow of CSF can result in foci of decreased signal on T2W images, which can 
mimic an intradural mass or abnormal dilated blood vessel. This usually is seen in 
the posterior aspect of the thecal sac, but can occur lateral to the spinal cord as well. 
This artifact results from CSF flowing out of the slice plane prior to the 180° refo-
cusing pulse resulting in decreased signal. If there is turbulent flow of CSF within 
the thecal sac, this can also contribute to CSF signal loss due to spin dephasing. This 
finding can be confirmed as artifact on a gradient echo sequence as the shorter time 
to echo minimizes flow related phenomena (Fig. 3.8). Additionally, most vendors 
include flow compensation techniques in their software packages that employ a 
gradient pulse to suppress CSF flow artifacts on T2W sequences [8].
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Fig. 3.8 CSF flow artifact manifests as low T2 signal (arrows) within the thecal sac dorsal to the 
spinal cord on T2W fast spin echo images in the sagittal (a) and axial planes (b), which is not 
reproduced on a gradient recalled echo image (c)

 Motion Artifact

Artifacts created by motion are most apparent in the phase encoding direction and 
can project over the spinal canal if the image acquisition parameters are not care-
fully selected. Suppression pulses can be applied to the viscera anterior to the spine 
to decrease motion artifacts related to the pharynx, lungs and heart. The phase and 
frequency encoding directions can also be flipped to remove motion artifact project-
ing over the spine.

 Advanced Imaging Techniques

There are several advanced MRI techniques that have been routinely used for 
research applications and have become relatively common in clinical imaging of the 
brain. Many of these techniques are also starting to be employed in clinical imaging 
of the spinal cord, and likely will play an increasing role in the future. However, 
while most advanced imaging techniques can achieve adequate image quality in the 
brain at 1.5 T field strength, the results in the spinal cord at 1.5 T are often sub- 
optimal and ideally a 3 T system should be used in the spinal cord.
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 CSF Flow Imaging

CSF flow can be measured using a phase contrast technique [23, 24]. Two phase 
encoding pulses are sequentially applied in opposite directions. In protons that are 
stationary, these two pulses cancel each other out and result in no signal. Conversely 
protons that move between the two pulses will experience different gradients and 
emit signal. The velocity encoding gradient determines the greatest velocity that can 
be measured without aliasing artifacts occurring. A velocity encoding gradient of at 
least 10 cm/s is suggested based on measurement of CSF flow in healthy volunteers 
and may need to be set at greater than 20 cm/s if there is significant acceleration due 
to CSF flowing through a narrow channel [25].

Imaging of CSF flow can be helpful in differentiating spinal cord herniation from 
an arachnoid cyst (Fig. 3.9) [8, 26]. In both cases, the cord will be deviated anteri-
orly with an apparent enlarged dorsal CSF space. In cases of a dorsal arachnoid cyst, 
CSF flow should not be present within the cyst as it is not in direct communication 
with the thecal sac. Conversely, in spinal herniation, flow of CSF can be demon-
strated in the dorsal CSF space as it is simply CSF filling the empty space in the 
dorsal portion of the thecal sac.

 Diffusion Weighted Imaging and Diffusion Tensor Imaging

Diffusion weighted imaging (DWI)  measures the relative differences in diffusion of 
water between tissues. DWI sequences begin with an initial T2* weighted image 
(B = 0 image) followed by a strong gradient applied symmetrically on either side of 
a 180° pulse, which alters the phase of the water molecules. In water molecules that 
are stationary, the gradients before and after the 180° pulse counteract each other, 
maintaining T2*signal. Conversely, in water molecules that have moved between 
the application of the first and second gradients, the gradients do not completely 
counteract each other, resulting in loss of signal. Tissues with restricted diffusion 
will therefore have high signal on the high B value images relative to normal tis-
sue [27].

There are two important pitfalls with DWI. Firstly, diffusion cannot be assessed 
in tissues that are inherently T2 dark as they have very low signal on the B = 0 
image. Secondly, T2 shine-through is a potential false positive on DWI sequences. 
True restricted diffusion will be low signal on the apparent diffusion coefficient 
(ADC) map, whereas T2 shine-through will have high signal.

Diffusion tensor imaging (DTI) (i.e. white matter “tractography”) allows for the 
in vivo visualization of axonal tracts (Fig. 3.10). In the spine, water molecules pri-
marily diffuse in the cranio-caudal direction because the majority of the axonal 
tracts in the spinal cord run in this orientation and therefore limit lateral diffusion of 
water molecules. By using the data from multidimensional vector algorithms with 
six or more gradient directions, the axonal connectivity of the spinal cord can be 
modeled [27].
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Fig. 3.9 Evaluation of idiopathic spinal cord herniation with CSF flow imaging. (a, b) Sagittal 
T2W image (a) and axial high resolution 3D CISS image (b) demonstrate focal anterior displace-
ment of the spinal cord at the level of the T6–7 disc space, with no CSF seen anterior to the spinal 
cord (white arrow). A low T2 signal flow void (asterisk in a) indicates flow of CSF within the 
expanded dorsal CSF space. (c, d) Phase contrast axial images at the same level demonstrate peri-
odically alternating high and low signal within the expanded dorsal CSF space (black arrowhead) 
indicating biphasic CSF flow, which confirms an anterior spinal cord herniation and excludes a 
dorsal arachnoid cyst

DWI and DTI are echo planar sequences that have the advantage of rapid acqui-
sition as all of k space can be filled in one or a small number of echo trains. However, 
the disadvantage of such long echo trains is significant spatial distortion that can 
result from motion or susceptibility differences between adjacent tissues. This is 
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Fig. 3.10 DTI tractography in the spinal cord. (a) T2W MRI demonstrates an expansile mildly T2 
high signal astrocytoma in the cervical cord at the level of C3. (b) DTI tractography demonstrates 
lateral displacement of the white matter tracts around the tumor

particularly problematic in the spine compared to the brain given the small size of 
the spinal cord, susceptibility artifact from the bone-soft tissue interface, and respi-
ratory and cardiac motion. Spatial distortion can be decreased by reducing the read-
out bandwidth, although this results in decreased signal. Imaging in the transverse, 
rather than the sagittal, plane can also reduce distortion, although this significantly 
increases image acquisition time if a large cranio-caudal extent of the spinal cord 
needs to be imaged [28]. Advanced DWI techniques such as Readout Segmentation 
Of Long Variable Echo trains (RESOLVE) and Periodically Rotated overlapping 
ParallEL Lines with Enhanced Reconstruction (PROPELLER) have less suscepti-
bility artifact and distortion compared to single shot echo planar DWI [29, 30].

 MR Perfusion

MR perfusion allows for interrogation of blood flow through the microvasculature 
of a particular tissue. There are several MRI perfusion techniques that are used in 
the brain and other organs, which are starting to also be applied in the spine. 
However, poor spatial resolution within the spinal cord and significant image distor-
tion due to susceptibility artifacts from the adjacent spinal column remain substan-
tial limitations to MR perfusion imaging in the spinal cord.

In dynamic susceptibility contrast (DSC) MR perfusion, local magnetic field 
susceptibility due to the presence of gadolinium is used to measure tissue perfusion. 
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An echo planar sequence is used to rapidly image the first pass of the gadolinium 
bolus into the tissue of interest, with the amount of T2* signal loss proportional to 
the amount of gadolinium in the microvasculature. The inherent susceptibility arti-
facts due to the adjacent bone in the vertebral column and aerated lung make DSC 
much more difficult to perform in the spinal cord versus in the brain. Nonetheless, 
there are a few reports of successful use of DSC to assess perfusion in cervical spine 
tumors [31, 32].

In dynamic contrast-enhanced (DCE) MR perfusion, the increased T1 signal 
due to T1 shortening caused by gadolinium is used to calculate perfusion parame-
ters by computational modeling [33, 34]. A 3D T1 spoiled gradient recalled echo 
sequence is used as it provides sufficient temporal resolution of 2–15 s over at least 
5 min required for dynamically imaging contrast enhancement and washout. DCE 
MR perfusion has been used in the spine to characterize the vascularity of extradural 
spinal metastases as a means to help select patients amenable to endovascular ther-
apy [35]. Preclinical studies have also looked at DCE MR perfusion for assessment 
of spinal cord injury [36, 37].

In arterial spin labelling (ASL) MR perfusion, water protons in arterial blood 
are magnetically labeled with a radiofrequency pulse. A control image is obtained 
prior to labeling and subtracted from the labeled image, with the remaining signal 
proportional to blood flow. Unlike DSC and DCE MR perfusion, ASL perfusion 
does not require intravenous gadolinium, and must be performed prior to any gado-
linium administration as gadolinium will reduce the signal obtained. Echo planar 
sequences are usually used for ASL perfusion, which are challenging in the spinal 
cord due to the inherent susceptibility artifacts from the bone in the vertebral col-
umn and aerated lung. ASL perfusion has been used in the mouse spinal cord, but 
there is little published on its use in the human spinal cord [38].

 Susceptibility Weighted Imaging

Susceptibility weighted imaging (SWI) detects subtle inhomogeneities in the local 
magnetic field. A gradient recalled echo T2* weighted sequence is used as the lack 
of a 180° refocusing pulse makes it highly sensitive to the accelerated dephasing of 
transverse magnetization induced by magnetic field inhomogeneity. This technique 
is routinely used in the brain to detect microhemorrhage and hemosiderin deposi-
tion, as well as foci of mineralization. SWI is not routinely used in clinical practice 
in the spinal cord as it is difficult to identify pathological susceptibility artifacts 
amongst the significant inherent susceptibility artifacts resulting from the bone-soft 
tissue interface as well as respiratory and cardiac motion artifact.

 Spectroscopy

Spectroscopy allows for the identification and relative quantification of normal and 
abnormal metabolites in vivo. Spectroscopy is much more technically challenging 
in the spinal cord than in the brain due to the small physical dimensions of the spinal 
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cord, CSF flow artifact, respiratory and cardiac motion artifacts, and local magnetic 
field inhomogeneity due to bone-soft tissue interfaces. Careful shimming of B0 is 
necessary to minimize magnetic field inhomogeneity. Saturation bands and pulse 
triggering are used to reduce CSF flow artifacts.

There are a few reports in the literature of the use of spectroscopy to differentiate 
spinal cord tumors from inflammatory lesions, as well as to evaluate amyotrophic 
lateral sclerosis [39, 40]. Spectroscopy has also been reported as a means to predict 
outcome in cervical spondylotic myelopathy after surgery [41].

 Functional Imaging

Functional imaging (fMRI) allows for in vivo real time interrogation of neuronal 
function by measuring regional changes in blood flow and blood oxygen content. 
The small size of the spinal cord makes fMRI more challenging to perform than in 
the brain. Currently, fMRI is only used in the spine for research applications. 
Potentially, fMRI could be used to evaluate residual motor function in spinal cord 
injury patients, monitor changes in function in multiple sclerosis and amyotrophic 
lateral sclerosis and plan treatment for tumors near key neuronal tracts in the spinal 
cord [42].

 Magnetization Transfer

Magnetization transfer (MT) methods detect the exchange of magnetization between 
non-aqueous tissue and water [43] following off resonance excitations. The premise 
of the MT approach is that (1) compared to hydrogens attached to water, hydrogens 
attached to non-aqueous molecules (i.e. all lipids and proteins in myelin and glial 
cells) have a much broader range of MR frequencies and that (2) hydrogens within 
myelin preferentially exchange magnetization with water molecules [44, 45]. Thus, 
following off-resonance excitations, decreases in the MR signal indirectly probe the 
non-aqueous component of the tissue.

Although not yet used in day-to-day clinical settings, there is an extensive 
research literature on the use of MT to characterize various types of spinal cord 
myelopathy [46], and quantitative MR methods including MT show high sensitivity 
to detect myelopathy progression [47]. An exciting new approach to MT is the inho-
mogeneous MT (ihMT) technique [48, 49], where the contrast is proposed to be 
generated by long-lived dipolar couplings between protons in lipid molecules. 
Initial work on this technique suggests that it is preferentially sensitive to the signal 
from hydrogens in lipids in CNS tissue. Given that 70–80% of myelin is lipid, ihMT 
may prove to be a marker for myelin, and more research is warranted on this vari-
ant of MT.
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 Myelin Water Imaging

Myelin water imaging (MWI) measures water trapped within the myelin bilayers, 
based on the property that myelin water has a faster relaxation time than water in 
other physical spaces. A number of approaches exist, including gradient echo decay 
curve T2* [50–53], T1 methods [54], and multi-component driven equilibrium sin-
gle pulse observation of T1 and T2 (mcDESPOT) [55]. However, the most common 
approach is the Carr-Purcell-Meiboom-Gill (CPMG) or spin echo method [56–62], 
which has been validated in human brain [63, 64] and spinal cord [65] as specific to 
myelin. While not yet used clinically, myelin water imaging can successfully be 
implemented in the spinal cord in vivo to measure myelin-loss pathology in MS and 
cervical spondylotic myelopathy, as well as to monitor changes over time [57, 66–
70]. An in-depth review of myelin water in the cord can be found elsewhere [71].

 Conclusion

Imaging is a crucial component in the clinical evaluation and management of spinal 
cord myelopathy. While radiography, CT and nuclear medicine each have a role, 
MRI is the main modality used for spinal cord imaging. Imaging the cord is chal-
lenging for a number of reasons including its small size, physical location adjacent 
to bony structures and CSF, as well as close proximity to moving anatomy of the 
lungs, heart and neck. A number of strategies can be employed to minimize these 
challenges and other pitfalls commonly encountered in spinal cord imaging. 
Emerging techniques like DWI, DTI tractography, MR perfusion, and advanced 
quantitative MR techniques are expected to play an increasing role in the clinical 
evaluation of myelopathy in the future.
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 Introduction

Each year more than 2.1 million Americans are involved in some form of accident, 
including falls, motor vehicle collisions, assaults, and ballistic trauma, accounting 
for nearly 21% of all years of potential life lost (Table 4.1). Of these, nearly 10% of 
patients will die, most commonly secondary to motor vehicle accidents, falls, and 
assault. Many others will be left with permanent injury, including spinal cord injury, 
which affects 11,000–15,000 Americans annually [1–5] and 10.4–83 per million 
population worldwide. The rate of spinal cord injury has steadily increased since the 
1960s [5], perhaps due to the increased ownership of personal vehicles. It dispro-
portionately affects males 16–24 and males >65, with a rate of 87–144 per million 
and 84–131 per million population, respectively, most commonly occurring second-
ary to motor vehicle accident (31–43%), fall (18.5–40.4%), sports injury 
(7.3–11.3%), and firearm injury or other violence (5.4–18.5%) [6–8]. It is also more 
common among those sustaining cervical spine injuries (55% of the SCI popula-
tion) than among thoracic (15%), thoracolumbar (15%), and lumbosacral (15%) 
injuries [5, 9].

Of those with SCI, 30% of patients die before reaching the hospital and another 
4.4–16.7% die within the hospital [5]. The rate of death prior to arrival is highest for 
those with violence as the primary mechanism of injury (OR = 1.53), those with 
C-spine injuries (OR = 2.3), those who are ventilator-dependent (OR = 39.5) and 
those with more severe neurological injuries (OR: Frankel A = 6.46, B = 4.5, C = 
3.22) [5, 7, 10]. Frankel score, which has since been superseded by the American 
Spinal Injury Association (ASIA) Impairment Scale, defines the severity of spinal 
cord based upon motor and sensory function. Frankel E is defined as normal func-
tion (with possible reflex abnormalities), Frankel D denotes patients with useful 
motor function below the level of injury, and Frankel C denotes patients with resid-
ual motor function, but which is so too severe to allow practical application. Frankel 
B denotes patients with only sensory preservation below the level of injury and 
Frankel A denotes patients with no neurological function below the level of injury. 
The most common reason for death in those with complete spinal cord injury, which 

Table 4.1 Most common causes of unintentional injury in the United States, 2001–2015

Mechanism
Non-fatal Fatal
(per 100,000/year) % (per 100,000) %

Fall 186.1 28 8.13 13.4
Struck By/Against Object 97.4 15 0.34 0.6
Overexertion 73.1 11 0.00 0.0
MVC (car or motorcycle) 65.4 10 13.35 22.1
Cut/Puncture Wound 47.5 7 0.88 1.5
Assault 36.5 5 5.75 9.5
Bite/String 31.3 5 n.g. n.g.
Poisoning 17.8 3 13.03 21.6
Unknown 15.9 2 2.80 4.6
Total 665.8 100.0 60.35 100.0

Source: https://www.cdc.gov/injury/index.html
Key: n.g. not given
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comprises 45% of the SCI patient population [5], are respiratory complications 
(28%), cardiac complications (23%), and pulmonary embolism (9.7%) [7]. Even 
when patients are successfully discharged from the hospital, they are burdened by 
the sequelae of their injury, and the costs of caring for it, which is estimated to be 
between $9.7 and $12.6 billion dollars annually in the US [4, 6].

 Mechanisms of Injury

 The Pathophysiology of Cord Injury

Spinal cord injury can be divided into primary and secondary phases [4, 5]. Primary 
injury is the mechanical damage done at the time of traumatic injury, including initial 
cord damage (e.g. transection) and persistent compression [5]. Secondary injury, by 
contrast, shows delayed onset and is caused by cord ischemia, excitotoxic neuronal 
death, immunological injury, hemorrhage, or neurogenic shock [4]. Those with pre-
existing central stenosis are thought to be at higher risk for both the primary and sec-
ondary injury, as increased central stenosis secondary to injury is more poorly tolerated.

The exact mechanism of secondary injury is still unknown; though multiple eti-
ologies have been proposed. These include changes in cord perfusion, ionic derange-
ments (including Ca2+ influx), neurotransmitter accumulation (especially glutamate), 
arachidonic acid release and free radical production, edema, apoptosis, loss of ATP- 
dependent processes, and inflammation [5, 11]. Of note, recent studies have shown 
that the acute inflammatory response following traumatic injury is greater in the 
spinal cord, compared to the cerebral cortex [12, 13] Current evidence suggests that 
many, if not all, of these mechanisms may be involved in generating secondary spi-
nal cord injury, however no consensus exists among the literature regarding which 
is the key mediator of damage.

The first pathological agents proposed were free radicals, which were thought to 
cause damage through peroxidation of membrane lipids, leading to ion gradient dis-
ruption and membrane lysis [5]. This was supported by in vivo experiments on mice 
and rats, where high-dose methylprednisolone limited the extent of spinal cord injury 
following cord impaction by inhibiting the prostaglandin-dependent production of 
hydroxyl free radicals [14, 15]. The authors concluded that these agents abrogated 
the injury by improving blood flow and inhibiting lipid peroxidation. However, clini-
cal trials in humans, notably the NASCIS II and NASCIS III trials showed minimal 
benefit to the use of methylprednisolone, outweighed by negative side effects in a 
medically ill trauma patient population, suggesting that perhaps free radical damage 
is not the sole contributing cause of secondary cord injury in humans [16].

Other mechanisms proposed included reactive vasospasm, hemorrhage, 
decreased sympathetic tone, and Wallerian degeneration, which occurs as a result of 
the shearing of axons during primary trauma. The proposal that changes in cord 
perfusion contribute to secondary injury has becoming increasingly popular since 
the early 2000s. Early studies showed that cord injury was commonly characterized 
by hemorrhagic necrosis and central myelomalacia at the site of injury. This was 
accompanied by disruption of the capillaries and smaller arteries that perfuse the 
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cord  – the microcirculation. Later studies have shown that this microcirculation 
hypoperfusion is compounded by decreased sympathetic flow and pericyte activa-
tion, which causes capillary constriction [17]. This hypoperfusion in turn has been 
shown to cause degeneration of spinal cord axons [18], which results in the clinical 
symptoms of myelopathy, including numbness, paresthesia, balance disturbance 
and gait ataxia, and UMN signs including hyperreflexia and spasticity.

 Classifying the Injury

 Systems of Classification
Multiple classification systems have been developed to classify traumatic spine 
injuries, including the Allen system [19], Harris system [20] and Subaxial Cervical 
Injury Classification System (SLIC) [21, 22] for cervical spine injuries, and the 
Thoracolumbar Injury Classification and Severity Score (TLICS) for thoracolumbar 
injuries [23]. These classifications use a combination of neurological injury and 
radiographic description of the vertebral column damage to categorize the injury. 
The Allen and Harris scales rely more heavily on radiological findings and attempt 
to describe the mechanism of injury in cervical spine trauma, whereas the SLIC and 
TLICS place stronger evidence on the neurological status of the patient and are 
intended to guide the management of spine injury. Though the 2013 AANS/CNS 
guidelines for management of cervical spine injury have advised the use of SLIC 
system for the classification of C spine injuries [24], no consensus exists among 
providers. In fact, a recent survey of members of the Spine Trauma Study Group 
demonstrated that the TLICS and Allen systems are the most popular classification 
systems [25].

 SCI Syndromes
In addition to classifying the radiographic appearance of the injury, SCI can also be 
categorized as syndromic or non-syndromic depending upon whether the conflu-
ence of symptoms and radiographic findings has previously been named. Named 
SCI syndromes include syringomyelia, spinal shock, anterior cord syndrome, cen-
tral cord syndrome, Brown-Séquard Syndrome, conus medullaris syndrome, cauda 
equina syndrome, and subacute post-traumatic ascending myelopathy (SPAM). 
Some of these syndromes, including central cord syndrome and cauda equina syn-
drome, are far more common than other (e.g. SPAM), but overall the minority of 
patients (21%) have syndromic SCI [1]. The results of select large case series are 
reported in Table 4.2.

Syringomyelia
Syringomyelia is characterized by the accumulation of CSF within the spinal canal 
and post-traumatic syringomyelia is thought to occur secondary to disruption in 
CSF flow [26, 27]. Syrinxes most commonly extend cephalad in cases of trauma, as 
the cervical cord expands more easily than does the thoracic cord [26, 28, 29]. 
Syringomyelia, also known as progressive posttraumatic cystic myelopathy[29], is 
documented in 0.5–7.3% of SCI cases [29–34], though some radiologic and autopsy 
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Table 4.2 Select series describing syndromic SCI patients

Series Patients Findings and conclusions
Ahn et al. (2000) 
[54]

Meta-analysis of 322 patients 
with cauda equina syndrome 
(all causes) treated w/ surgical 
decompression

62% of cauda equina cases secondary to 
trauma

Sex: 58% ♂; Age: 42.3 Surgical decompression provide 
improvement in pain (83%), motor function 
(75%), urinary continence (73%), sexual 
function (67%), rectal function (64%), and 
sensation (56%)

Aito et al. (2007) 
[61]

82 patients w/ traumatic CCS 58% of patients had no evidence of bony 
injury

Sex: 88% ♂; Age: 52 Cervical injuries are more common
ASIA: 2.4% A, 14.6% B, 
45.1% C, 37.8% D

Functional outcomes of surgery are worst 
for those > 65y.o.

Chen et al. 
(2009) [66]

49 patients w/traumatic CCS 
following C spine injury

Timing of surgery has no effect on 
neurological improvement

Sex: 81.6% ♂; Age: 55.9 Younger patients (< 65y.o.) more likely to 
improve motor function and ambulation w/ 
surgery

Daniels et al. 
(2007) [255]

24,098 patients from 
Nationwide Inpatient Sample 
w/ thoracolumbar fractures

Only 8.3% of patients had neurological 
injury
Patients more likely to be treated surgically 
if they have neurological injury, are treated 
at high-volume center or treated at 
academic center

Dvorak et al. 
(2005) [63]

70 patients with traumatic 
CCS secondary to C spine 
injury

Patients have better motor function (ASIA 
motor scale) post-intervention if they are 
younger and have higher AMS at 
presentationSex: 81% ♂; Age: 51

Falci et al. (1999) 
[256]

70 patients w/ traumatic 
syringomyelia

Surgery produces functional improvement 
in 64% of patients; pain improvement in 
56%

Sex: 83.1% ♂; Age: 26 96% of patients satisfied w/ outcomes of 
surgery

Level: C1-6 (41%); C6-T1 
(34%); T (22%), conus (3%)

Motor and sensory loss are most common 
presenting symptoms

ASIA: A (90%), B (2%), C 
(5%), D (3%)

Guest et al. 
(2002) [257]

50 patients w/ traumatic CCS Patients surgically decompressed in less 
than 24 h have shorter ICU and hospital 
stay

Age: 45
54% of patients w/ associated 
TBI

Klekamp et al. 
(1997) [258]

52 patients w/ traumatic 
syringomyelia

Recurrence in 92–100% of patients; 
stabilization of neurological status in 83% 
of surgical group

Sex: 73.6% ♂; Age: 46 Decompression is preferable treatment v. 
shuntingComplete SCI in 28.8%; 

incomplete in 44.2%

(continued)
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Table 4.2 (continued)

Series Patients Findings and conclusions
Klekamp et al. 
(2012) [26]

137 patients w/ traumatic 
syringomyelia

51% of patients report symptom 
improvement

Age 47; 22.6% C; 65.7% T; 
11.7% conus

Recurrence in 18% of surgical patients

40.1% w/ incomplete SCI; 
32.8% w/ complete SCI

Surgical decompression recommended as 
treatment; cordectomy highly effective

Surgery in 44.5%
Krebs et al. 
(2016) [259]

138 patients w/ traumatic 
syringomyelia

Syringomyelia is more common in patients 
with complete CI

Sex: 79.7% ♂; Age: 42 Symptomatic syringomyelia may develop 
decades after trauma (median 15 year in 
this series)

Level: 13.8% C; 42% C/T; 
36.2% T; 3.6% conus

Younger patients have shorter prodrome

ASIA: 78.3% A, 8.7% B, 
2.2% C, 2.9% D

McKinley et al. 
(2007) [1]

175 patient w/ syndromic SCI 
of cohort of 839 SCI patients; 
29.4% ASIA A-C

Patients with CCS, CES, and ACS were 
generally oldest; BSS patients were 
generally youngest

Syndrome: CCS = 44.0%; 
CES = 25.1%; BSS = 17.1%; 
CMS = 8%; ACS = 5%; PCS 
= 1%

MOI varies by syndrome: MVC most 
common MOI for BSS and CCS; Fall most 
common for CCS and CMS

Sex: 77.1% ♂; Race: 57.1% 
black, 34.9% white, 7.4% 
other

CCS and BSS most common in C spine; 
CES is most common syndrome in T12-S2.

Level: C4-8 (59.6%); T1-10 
(4.7%); T11-L1 (10.9%); 
L2-S2 (25.8%)

Functional improvement worst for patients 
with PCS and CES; rehab stay longest for 
ACS

Peacock et al. 
(1977) [40]

450 patients w/ stab wound to 
spine

BSS occurs in majority of cases w/ spinal 
cord stabwound

Sex: 84% ♂; Age: < 30y.o. Patients w/ BSS have good recovery – 
65.6% recover ambulationLevel: 29.6% C; 63.8% T; 

6.7% L
BSS in 69.5% of incomplete 
SCI

Rahimi- 
Movaghar et al. 
(2006) [260]

Cohort of 24 patients w/ 
traumatic conus medullaris 
syndrome treated w/ 
decompression

41.6% of patients have improvement of 
cord function, 63.6% had improvement in 
bladder function, and 83.3% had 
improvement in root function

Sex: 87% ♂; Age: 27 Time to decompression not related to 
degree of neurological improvementSeverity: 67% w/ complete 

deficit pre-op
Roth et al. (1991) 
[42]

38 patients w/ BSS or BSS 
plus syndrome

All patients w/ incomplete SCI causing 
BSS improved

Sex: 79% ♂; Age: 21.1; Patients w/ BSS plus have greater recovery
Level: 76% C; 74% T; 4% 
L;4% S

Predominate UE v. LE weakness is positive 
predictor of recovery of unassisted 
ambulationFrankel: 97.4% D
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Table 4.2 (continued)

Series Patients Findings and conclusions
Sgouros and 
Williams (1996) 
[261]

57 patients w/ syringomyelia Syringomyelia may take years to present 
(mean 10.4 year in this study)

Sex: 84% ♂; Age: 23.6; 
Frankel: 72% A

Arachnoid reconstruction more likely to 
produce improvement than shunting/drain 
placementLevel: 22.8% C; 43.9% upper 

T; 22.8% lower T; 10.5% L
Stevens et al. 
(2010) [3]

126 patients w/ traumatic CCS Surgically treated patients had better 
neurological outcome, but intervention 
timing did not matter

Sex: 80.2% ♂; Age: 52.6 LOS shorter for those operated <24 h 
post-injury67 treated surgically

Vannemreddy 
et al. (2002) [34]

58 patients w/ traumatic 
syringomyelia

Complete SCI more common in 
syringomyelia than general SCI population

Sex: 79.3% male; Age: 42.2 Prodrome is shorter for C and T spine 
injuriesLevel: 48.3% C; 51.7% T or L

Complete SCI in 69%

Key: ACS anterior cord syndrome, Age mean age of cohort, BSS Brown-Séquard Syndrome, CCS 
central cord syndrome, CES cauda equina syndrome, CMS conus medullaris syndrome, GSW gun-
shot wound, MOI mechanism of injury, MVC motor vehicle crash, PCS posterior cord syndrome

studies have suggested that it may occur in more than 25% of cases [30, 33, 35, 36]. 
Multiple series have suggested that post-traumatic syringomyelia is more common 
in those with complete versus incomplete SCI [26, 30] and may be preventable with 
early post-traumatic decompression of the spinal canal [37]. Patients most com-
monly present with sensory disturbances, pain, and motor weakness [28, 30]. The 
diagnosis is made radiographically through demonstration of an intraparenchymal 
T2-hyperintense mass consistent with fluid accumulation [29] and cord displace-
ment consistent with arachnopathy [26]. Cine MRI may be useful in demonstrating 
the level of CSF flow obstruction, especially in previously operated patients, who 
are likely to have already had arachnoid scarring prior to trauma [26]. Patients often 
show a delayed symptom onset, with a series of 20 patients reported by Hayashi and 
colleagues showing an average latency of 126 months [31]. Various treatments have 
been tried, including shunting of CSF across the defect, spinal cordectomy, and 
surgical decompression, with a recent systematic review by Bonfield and colleagues 
giving a weak recommendation of cord untethering and expansile duraplasty with-
out addressing the cyst [30]. They found insufficient evidence to suggest treatment 
of asymptomatic syrinxes and recommended that these be treated with observation.

Brown-Séquard Syndrome
Classically occurring secondary to spinal cord stab injuries, Brown-Séquard 
Syndrome (BSS) is characterized by unilateral lesioning of the dorsal columns or 
complete cord hemisection. Due to the fact that it generally occurs secondary to 
penetrating trauma, BSS most commonly occurs following thoracic spine trauma 
(64–74%), though it may also occur with cervical (30–32%) and lumbar cord injury 
(4–7%) [38–40]. Patients with classical BSS present with ipsilateral loss of large 
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fiber inputs below the level of the lesion (vibration sense and proprioception) and 
contralateral loss of small fiber inputs below the level of the lesion (temperature, 
itch, nociception). More modern examinations of BSS have begun to examine 
Brown-Séquard Plus Syndrome, which presents with ipsilateral hemiparesis or 
hemiparalysis below the level of the lesion, in addition to the symptoms of classical 
BSS [41].

In some cases reported in the literature, BSS has been associated with a post- 
traumatic Horner’s syndrome, generally ipsilateral to the side of large fiber findings 
[43–49]. This phenomenon can occur from either compressive [43, 45, 48, 50–52] 
or penetrating injuries [44, 46, 47]. In the case of the former, unilateral compression 
of the cord produces a dorsal column palsy, leading to the BSS finding as well as a 
palsy of the ciliospinal tract, producing the ipsilateral Horner’s. Alternatively, as can 
occur in a large penetrating wound, the damage may occur to the post-spinal portion 
of the second order neurons as they ascend in the sympathetic chain [51, 52]. Both 
injuries appear to have the potential for improvement with conservative manage-
ment alone [50–53], but the number of reported post-traumatic cases is too sparse to 
reach definitive conclusions.

Cauda Equina Syndrome and Conus Medullaris Syndrome
Cauda equina syndrome is one of the most well-documented syndromic sequelae of 
traumatic spine injury, occurring exclusively secondary to lumbar spine trauma, 
most commonly between L3 and S1 [54]. Cauda equina syndrome is an acute radic-
ulopathy treated with emergent surgical decompression, like other post-traumatic 
compressive myelopathies. Patients most commonly present with bilateral lower 
extremity weakness or radicular pain, saddle anesthesia, and urinary and/or fecal 
incontinence [54]. The largest study to date studying this syndrome was presented 
by Ahn and colleagues in 2000. They found that patients had significantly better 
recovery of motor function, fecal continence, urinary continence, and perineal sen-
sation if treated within the first 48 h following injury [54]. Other studies have had 
similar results, leading to current guidelines suggesting emergent decompression in 
these patients [55–58].

Conus medullaris syndrome (CMS) presents similarly to cauda equina syn-
drome, but results from compression of the conus medullaris, as opposed to the 
cauda equina, which makes it a true myelopathy. Patients initially present with 
absent lower-limb deep tendon reflexes, saddle anesthesia, urinary retention, and 
variable lower extremity weakness—eventually patients demonstrate hyperreflexia 
from upper motor tract deficits. Due to the smaller craniocaudal extension of the 
conus, conus medullaris syndrome is a rarer entity than cauda equina syndrome [1], 
with only one moderately-sized series reported to date specifically examining post- 
traumatic CMS. This study, reported by Rahimi-Movaghar and colleagues, exam-
ined 24 patients with CMS who were treated with surgical decompression. 
Seventy-five percent of patients experienced neurological improvement (Frankel 
scale) and 64% experienced improvement in bladder function, leading the authors 
to conclude that CMS patients should be treated with surgical decompression. The 
study size was too small to examine the effect of the timing of surgical 
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decompression on neurological recovery, but consensus among the field is that there 
is benefit to emergent decompression.

Central Cord Syndrome
Central cord syndrome (CCS) is the most common post-traumatic myelopathy, 
accounting for 44% of all patients in the series by McKinley and colleagues [1]. 
Early studies suggested that the key driver of neurological deficits was extensive 
gray matter damage at the level of injury. Concomitant, lesser injury to the sur-
rounding white matter tracts was thought to result in other associated features, 
including urinary retention, variable sensory loss below the level of the lesion, and 
motor weakness in the lower extremities. However, as the principal injury was to the 
cervical spinal cord gray matter, deficits were more extensive in the distal upper 
extremities versus the lower extremities. Though this theory appears consistent with 
imaging that shows T2 hyperintensity within the cord parenchyma [59], histological 
studies have suggested that the key pathological feature is destruction of the corti-
cospinal tract bilaterally [60], with central gray destruction being secondary. These 
studies also demonstrate variable axon damage in the ventral and dorsal columns, 
which helps to explain the variable sensory deficits observed clinically [60].

Functional recovery is often good in patients with CCS, though the degree of 
recovery is thought to be poorer in older adults [1], who show lower rates of ambu-
lation and independent bladder function [61]. Treatment for central cord syndrome 
has historically been nonoperative [62], but more recent studies have indicated that 
patients treated with surgery may have superior outcomes [63]. Nonoperative man-
agement consists of immobilizing the cervical spine and maintaining the mean arte-
rial pressure (MAP from 85–90  mmHg to prevent cord hypoperfusion [59, 64]. 
Surgery is indicated in cases where the patient is deteriorating neurologically or 
there is impending instability [59, 64]. Anterior approaches are often preferred for 
lesions involving only one or two levels and posterior approaches are preferred for 
lesions that are more extensive. Posterior approaches are also indicated in cases of 
ossified PLL due to the increased risk of CSF leak seen in cases treated with an 
anterior approach [59]. For those cases that can feasibly be treated with either 
approach, the surgeon must decide based upon the patient’s risk profile, as anterior 
approaches are more commonly associated with dysphagia and hoarseness, whereas 
posterior approaches are more commonly associated with wound dehiscence and 
surgical site pain. There is no consensus regarding the timing of surgery, as some 
studies have suggested that decompression within 24 h provides better neurological 
recovery [3, 65], whereas others have found no association between neurological 
recovery and the timing of surgery [66].

Spinal Shock
Spinal shock describes the confluence of severe hypotension and bradycardia that 
often occur secondary to loss of sympathetic output [4, 67]. It most commonly 
occurs secondary to cervical spine injury (19% of all cervical spine injuries present 
with neurogenic shock) [68], and patients present with flaccid paralysis and are-
flexia below the level of injury [69, 70]. Patients are treated with sympathomimetics 
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and antidiuretics to maintain perfusion pressure and prevent further spinal cord 
damage [4]. Patients are also monitored for signs of infection or thromboembolism, 
as pneumonia and venous thromboembolism are two of the most common compli-
cations in this patient population [67].

Subacute Post-traumatic Ascending Myelopathy
Subacute post-traumatic ascending myelopathy is a rare neurological deterioration 
occurring days to weeks following SCI [71, 72]. It is defined as progressive neuro-
logical deterioration at least 4 levels above index lesion [73–75]. Some groups sug-
gest that SPAM may result from alterations in CSF dynamics [72], but to date, the 
exact cause and pathophysiology of this condition are unknown at present [76]. As 
a result, the condition is defined clinically as a progressive neurological deteriora-
tion that cannot be explained by mechanical instability or syringomyelia [75].

The overall number of cases reported in the literature is quite small. Two large 
series of patients with traumatic spinal cord injury [77, 78] documented SPAM in 
5–6% of all patients with SCI. These patients showed T2-hyperintensity and cord 
edema in areas superior to cord lesion, peaking an average of 18 days post-injury 
[79]. Most patients experience moderate neurological recovery, but almost all 
patients have residual neurological deficit following resolution of the cord edema.

 Imaging
Though specific imaging recommendations for each type of spine trauma are speci-
fied later in this chapter, it is important to outline the objectives of imaging in the 
setting of spine trauma. The two main goals are: (1) to assess the osseoligamentous 
damage to the vertebral column, and (2) to assess the damage to the neurological 
elements comprising the cord and associated roots. As reported in numerous places 
throughout the literature, the osseous injury is best assessed with CT, as this can 
show both impending structural instability, as well as bone quality in cases where 
operative management is being considered [80–82]. By contrast, MRI provides the 
best assessment of both the ligamentous and neurological injuries [83]. Though 
assessment of the ligamentous injury is important for trauma at every level, it is 
perhaps most important in patients suffering trauma to the craniocervical junction, 
the intricate structure of which relies heavily on ligamentous attachments. Injury to 
these elements is often accompanied by intra-ligamentous edema that is readily 
detected using STIR sequencing [83]

Assessment of the neurological injury must account for the size, severity, and 
evolution of the injury [83]. MR imaging is the single best way of making these 
assessments [84], as regions of cord damage are edematous, T1-isointense, T2 
hyperintense lesions on MR [36], but are undetectable on other imaging modalities. 
These myelomalacia changes on MR represent edematous changes in the cord 
parenchyma, which become more common with increasing time post-injury [85]. In 
the acute injury state, these edematous changes are occasionally obfuscated by 
intraparenchymal hemorrhage, which is seen in 18.5% of patients. It is a particu-
larly worrisome finding, as previous studies have identified intraparenchymal hem-
orrhage as a negative predictor of neurological recovery [86].
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The extent of the lesion can easily be delineated by making measurements of the 
T2 hyperintensity in the sagittal and axial planes [85]. Determination of the chronic-
ity of the cord injury is slightly more difficult, though one common method of doing 
so involves assessing cord atrophy [36, 84, 87]. Normally the spinal cord has an 
anteroposterior dimension greater than 7 mm in the cervical region and 6 mm in the 
thoracic region [36, 84]. However, in instances of chronic post-traumatic myelopa-
thy – those cases with histories longer than 2 years – the cord experiences axon 
dropout, resulting in a decrease in cord size [84]. The importance of these findings 
is that patients with acute cord injuries have a much higher probability of recovering 
function than do those with chronic injuries. Lastly, MR imaging allows the cord to 
be evaluated for post-traumatic cyst and syrinx formation. Both types of fluid-filled 
masses can compress the cord and exacerbate the symptomatology of the post- 
traumatic myelopathy.

The T2 signal changes seen in cases of post-traumatic myelopathy are not unique 
to this pathology. Also, in the differential are degenerative spondylosis resulting in 
SCC and inflammatory pathologies of the spinal cord, including idiopathic trans-
verse myelitis and multiple sclerosis. Distinguishing between these pathologies 
relies heavily upon the patient’s history, but there are some radiographic differences 
between these etiologies. Key among these differences is the enhancement seen with 
use of a gadolinium contrast agent. The lesion seen in post-traumatic myelopathy 
will show enhancement only within the region of maximal compression, whereas the 
idiopathic transverse myelitis lesion will often show diffuse enhancement throughout 
the lesion, and the lesions of multiple sclerosis will often show either no enhance-
ment, if chronic, or peripheral enhancement, if acute [88]. Ultimately, if suspicion for 
an inflammatory myelitis exists, a neurological consult should be sought to avoid 
providing surgical management to an inflammatory pathophysiology.

 Management of Spinal Trauma

Treatment of traumatic myelopathy constitutes just one part of the management of 
traumatic spine injuries. When designing treatment for this, the surgeon must con-
sider several things, including damage to the bony elements, discoligamentous 
injury, the extent of neurological damage, the type of neurological damage (com-
pressive, penetrating, or ischemic), and the potential for neurological recovery.

 Cervical Spine Trauma

In 2013, the AANS and CNS published an updated set of guidelines describing 
recommendations for the treatment of patients with traumatic cervical spine injuries 
[16, 24, 64, 68, 82, 89–103]. Though these guidelines are by no means a definitive 
guide for the treatment of cervical spine trauma, owing to the low quality of evi-
dence supporting many of the recommendations, they form a useful decision which 
may improve patient outcomes.
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 Pre-hospital Care
Immediately following the occurrence of cervical spine trauma, patients should be 
triaged at the scene by trained EMS personnel, as previous studies have suggested 
that this may reduce the proportion of patients who present with complete neuro-
logical compromise [104, 105]. Per the Fresno/Kings/Madera EMS protocol, shown 
to be 99% sensitive for the detection of cervical spine injury [106], cervical spine 
immobilization is recommended for all patients suffering cervical spine injury or 
spinal cord injury, or sustaining trauma capable of causing cervical spine injury. 
Immobilization should be performed with a rigid cervical collar in the adult popula-
tion or a Kendrick extraction device in pediatric cases, and the patient should be 
transferred to a rigid backboard using either a high arm spine method or fireman lift 
method; the log-roll technique should not be used [90]. The combination of immo-
bilization with a rigid collar and fixation on a backboard limit motion of the injured 
segments and thus reduce the risk of further injury. Patients who are neurologically 
intact, awake, alert, sober, without neck pain or tenderness, and without a painful 
distracting injury that might interfere with evaluation need not be immobilized 
[107, 108].

Once securely immobilized on the backboard, patients should be expediently and 
carefully transported to the nearest facility capable of providing definitive care, with 
preference for SCI specialty centers where possible [90]. Treatment at such facili-
ties has previously been associated with better neurological outcomes and shorter 
hospitalizations [109]. An emphasis should be placed on the urgency of transporta-
tion, as previous studies by groups in Switzerland have shown that the best neuro-
logical outcomes are achieved in patients who reach a definitive care center within 
12 h of injury [110, 111]. The means of transportation does not affect overall out-
come, as a previous study by Burney and colleagues comparing patients transferred 
by ground and those transferred by air had statistically indiscernible outcomes so 
long as patients received treatment within the first 24 h following injury [112].

 In-hospital Care
Once in hospital, patients with suspected cervical spine trauma should be assessed 
clinically and radiographically. Patients that have sustained traumatic injury should 
first undergo primary and secondary trauma surveys to identify impending life- 
threatening injuries. Current recommendations are that patients be clinically evalu-
ated using the ASIA impairment and motor scales for neurological assessment, 
Spinal Cord Independence Measure III (SCIM III) for functional assessment, and 
the International Spinal Cord Injury Basic Pain Data Set for the assessment of pain, 
physical functioning, and emotional functioning [91]. Some reports suggest that the 
ASIA motor scale, which uses separate 50 point scales for the upper and lower 
extremities, has low sensitivity in paraplegic and quadriplegic studies, but several 
large studies have suggested that is the best standardized neurological examination 
that is currently available [113, 114].

In the acute setting, the American Spinal Injury Association (ASIA) scale can be 
utilized to assess function. Long-term assessment may involve the SCIM III, which 
contains three domains describing patient function  – room and toilet, indoors 
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mobility, and outdoors mobility [115, 116]. Because of its assessment of patients 
across multiple domains, some groups describe it as the best assessment of global 
disability in those with SCI [117]. It has also been shown by several groups to have 
a high degree of inter-rater reliability and to be superior to the competing Functional 
Independent Measure (FIM).

Multiple previous guidelines have been established regarding appropriateness of 
radiographic evaluation in trauma patients, including the NEXUS and Canadian 
C-Spine rules. Like these guidelines, those put forth by the CNS/AANS group rely 
heavily upon the patient’s level of function at initial assessment when evaluating the 
need for radiographic assessment [82]. In awake, sober, asymptomatic patients 
without distracting injuries and who have a full functional range of motion in the 
neck, radiographic assessment is not required and the patient may be discharged 
from cervical spine immobilization. In patients who are awake, yet symptomatic, 
patients should be imaged with a high-quality CT of the cervical spine. CT has been 
shown to be superior to 3-view radiograph for the evaluation of C-spine trauma, 
with a sensitivity of 99–100% compared to 36-64% for conventional 3-view cervi-
cal spine radiographs. However, in instances were CT is not available, 3-view cervi-
cal spine radiographs should be obtained. MRI is likely to add little to the assessment 
of osseous injury in this population [118] and patients should remain immobilized 
until asymptomatic. In patients who obtunded and have suspected cervical spine 
injury, a high-quality CT of the neck should be ordered, as it has a high sensitivity 
(97.4–98.1%) and positive predictive value (100%) for the detection of cervical 
spine injury. All obtunded patients should remain immobilized until they become 
asymptomatic or a normal MRI is obtained, which should be ordered within 48 h of 
injury to assess spinal cord compression and ligamentous injury [119].

Following radiographic evaluation of the injury, a decision must then be made as 
to whether the injury should be treated operatively or nonoperatively. Current guide-
lines from the CNS are based upon level III evidence, but recommend that patients 
should initially be treated non-operatively using closed reduction with Gardner- 
Wells tongs [92]. This method is effective at reducing the injury in up to 80% of 
cases, with the associated risk of neurological deterioration being quite low – only 
2–4% of patients. Additionally, most of the neurological deterioration seen in 
patients treated with nonoperative management are transient, with only 15% of 
patients having permanent neurological deficits because of closed reduction, most 
commonly secondary to epidural hematoma, overdistraction, disk herniation, or an 
unrecognized lesion rostral to the reduced level.

Though the CNS/AANS joint group recommended preliminary closed reduction 
for the treatment of minimally displaced odontoid fractures, C1/2 rotatory sublux-
ations, facet dislocations, hangman fractures, and subaxial fractures with malalign-
ment, they acknowledge that many patients may benefit from operative treatment of 
their injury [92]. The recommendations made by the group were made based upon 
the type of osseoligamentous injury, though in most cases, conservative manage-
ment with external immobilization is recommended as first line therapy, with opera-
tive management being indicated only in cases of severe trauma, instability, or a 
previous failure of conservative management.
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Occipital Condyle Fractures
Occipital condyle fractures are an uncommon sequela of trauma, occurring in 1.7 
per 1000 trauma patients per year [120]. They are most commonly associated with 
atlas and axis fractures and are readily detected using CT [93]. Nearly 40% of 
patients with OC fractures have neurological deficits, but an additional 30% are 
neurologically intact. The CNS/AANS group recommends that all OC fractures be 
treated nonoperatively with external C spine immobilization, however the quality of 
evidence is low. As a result, the decision of whether or not to treat these injuries 
operatively is largely based upon the perceived stability of the injury. Type I frac-
tures - comminuted fractures of the condyle – and type II fractures – extended linear 
basilar skull fractures – are both treated conservatively in most cases [120, 121]. 
Type III injuries by contrast – avulsion fractures with alar ligament attachment – are 
potentially unstable and patients may benefit from open reduction of the injury 
[122] Operative management may reasonably be achieved through a posterior 
occipitocervical fusion. The patient is first radiographed to verify the sagittal align-
ment and determine any correction in cervical lordosis that needs to be achieved. 
Additionally, it allows for assessment of injuries at other of the cervical spine. The 
patient is then placed prone with the head positioned in natural alignment, correct-
ing any kyphosis present in the cervical spine. A posterior midline incision is made 
and subperiosteal dissection is performed over the occiput and cervical vertebrae, 
extending wide to also expose the lateral masses. Care must be taken during this 
dissection to avoid injury to the vertebral artery above the C1 arch and the C2 nerve 
roots between the C1 and C2 posterior elements. C1 lateral mass screws are placed, 
followed by placement of C2 pedicle screws. Alternatively, translaminar screws 
may be placed if there is concern for vertebral artery injury, which is more common 
in pedicle screw instrumentation. However, this technique cannot be employed 
when decompression is to be performed at this level. Additional levels may be 
instrumented with lateral mass screws depending upon the patient’s bone quality, 
the number of injured levels, and the degree of sagittal correction that is necessary. 
If the injury has compressed the cord, laminectomies may be performed at the 
involved levels to reduce pressure on the cord. After placement of the cervical 
instrumentation, an occipital plate is placed. Rods are contoured to the correction 
desired and fixed to the plate and cervical screws.

Atlanto-Occipital Dislocation Injuries
The majority of patients with atlanto-occipital dislocation are symptomatic, with 
48% of patients having a cranial nerve deficit, 42% being paretic, and nearly 30% 
being hemiplegic or quadriplegic [123]. Additionally, this injury has a high associ-
ated mortality, with 15–38% of patients dying within 90 days of injury, and so 
proper assessment and treatment of this injury are of paramount importance in 
patients with cervical spine injury [123–125]. Persons with suspected atlanto- 
occipital dislocation injuries should be imaged with CT where possible and lateral 
C spine radiographs when CT is unavailable. A number of methods have been 
developed to assess atlanto-occipital dislocation on these radiographic studies, 
including the basion-dens interval [126], basion-atlas interval [127, 128], Powers 
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ratio [129], and Sun ratio [130]. However, the most sensitive and user-friendly mea-
sure for assessing craniocervical instability is the condyle-C1 interval introduced by 
Pang et  al. which should be under 4 mm under normal conditions. Unilateral or 
bilateral increase in this measurement above 4 mm is indicative of craniocervical 
instability, which requires immediate management.

Internal fixation is recommended in all patients with atlanto-occipital dislocation 
injuries, and conservative treatment with traction is contraindicated due to the 
approximately 10% risk of neurological deterioration with this intervention [123]. 
Either anterior or posterior approaches may be utilized for surgical intervention, 
however posterior approaches are preferred, as they allow for superior reduction of 
the dislocation and better stabilization of the craniocervical junction [131]. Posterior 
fixation has historically been achieved with C1-2 cable wiring and occipital bone 
wiring. But current practice is to utilize occipitocervical fusion with screw and 
occipital plate fixation [131]. If traumatic changes to the spine are confined to the 
craniocervical junction, patients may reasonably be treated with O-C1 or O-C2 
fusions. Patients presenting with subaxial injuries in addition to occipitocervical 
junction pathology should be treated with longer constructs. These constructs 
require pre-operative assessment of sagittal alignment – C2 to C7 lordosis – in order 
to ensure that surgery does not fuse the patient into a non-physiologic alignment.

Isolated Atlas Fractures
The treatment of isolated atlas fractures is determined by the type of fracture and the 
integrity of the transverse atlantal ligament [94]. Any fracture with extension to the 
lateral mass, containing the vertebral artery foramen, should be followed with vas-
cular imaging to rule out injury. Fractures without associated ligamentous rupture 
should be treated with cervical immobilization, whereas those with ligamentous 
rupture should be treated with open fracture reduction and fixation. Type I (simple 
anterior or posterior arch fractures) and type II fractures (burst fractures of anterior 
or posterior arch) are usually not associated with transverse ligament injury and so 
can be treated with closed reduction. Case reports have suggested that such treat-
ment is a highly effective means of treating the injury [132–134]. Type III fractures 
however – those with lateral mass fracture – are often associated with transverse 
ligament injury and are considered unstable. They are unlikely to heal with traction 
or closed reduction alone (less than 70% of cases heal this way). As a result, it is 
recommended that they be treated with C1-2 stabilization and fusion. Diagnosis of 
ligamentous rupture can be made using an odontoid view cervical radiograph, as 
atlas fractures with ligamentous rupture are associated with lateral displacement of 
C1 on C2 that exceeds 7 mm – the so called “Rule of Spence”[135]. However, the 
most sensitive means of assessing ligamentous injury is MRI [136].

Isolated Axis Fractures
Axis fractures can be coarsely divided into odontoid and vertebral body fractures 
and fractures of the posterior elements. Vertebral body and odontoid fractures con-
stitute the majority of these lesions, with a recent series by Robinson and colleagues 
examining 233 patients with axis fractures revealed that 78.5% of axial fractures 
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involve the odontoid, compared with only 11.2% being hangman’s fractures – frac-
tures through the bilateral pars interarticularis [137]. Each of these groups can be 
further classified radiographically using CT or cervical radiographs.

Posterior element fractures are divided into hangman fractures and atypical axial 
fractures, such as those of the lamina. The former uncommonly cause neurological 
injury (6.5% in the series of Fielding) and are classified using either the Francis or 
Effendi/Levine grading scales, which use cervical radiographs to assess instability 
and the C2/3 angulation. The Francis scale divides lesions into five grades. Grade 
I-III lesions are considered to show mild-to-moderate C2/3 angulation and should 
be treated preliminarily with external immobilization, as up to 95% of conserva-
tively managed patients are successfully treated in this fashion [24, 138, 139]. They 
should only be treated operatively in cases of progressive instability or failure of 
conservative management. By contrast, grade IV lesions – those with C2/3 angula-
tion >11° and vertebral body displacement between 3.5 mm and half of C3 vertebral 
width – and grade V lesion – those with complete C2/3 disk disruption – should be 
treated operatively in all cases [24, 95]. The Effendi/Levine scale makes similar 
divisions, with type 1, 2 and 2A lesions demonstrating mild-to-moderate angula-
tion, and type 3 lesions showing severe angulation and bilateral C2/3 facet disloca-
tion. And similar recommendations apply to this grading system, with type 3 lesions 
being immediately surgical and the other types being indicated for preliminary con-
servative management.

Most anterior element fractures occur through the odontoid and can be classified 
as type I (fracture through upper dens), II (fracture at base/neck of dens), or III 
(fracture through dens and body of axis) [140]. Type II fracture comprise 58–65% 
of all odontoid fractures [141, 142] and can be further subdivided into type IIA, IIB, 
and IIC based upon the angle of the fracture plane and displacement of fracture 
[140]. Current CNS/AANS guidelines recommend external immobilization as first 
line therapy for all odontoid fracture subtypes, unless there is suggestion of severe 
ligamentous injury or craniocervical instability [95]. However nonunion occurs in 
28–35% of cases treated with halo immobilization and 57% of cases treated with 
traction [142]. These rates may be even higher for older patients, those with greater 
fracture displacement, and those with greater delays in treatment [143, 144]. In 
cases where operative management is indicated, patients can be treated with either 
an anterior odontoid screw, or posterior fixation. Anterior odontoid screw is an 
excellent option for type IIC fractures due to the fracture angulation, but the tech-
nique is technically demanding. As a result, posterior instrumentation may be pref-
erable, especially for those with a disrupted transverse ligament. Case series 
examining the technique have demonstrated good results, achieving fusion in 
87–100% of cases [142].

Combined Atlas-Axis Fractures
Combined atlantoaxial fractures are seen in 5–53% of cases with fracture of either 
the atlas or axis [96], but comprise only 4–26.7% of all cervical spine injuries [145, 
146]. Halo-vest immobilization is considered first line therapy in most cases, with 
the chief exception being combined C1-type II odontoid fractures with an 
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atlanto-dens interval exceeding 5 mm and combined C1-hangman fractures with 
C2/3 angulation exceeding 11°. These injuries should be treated operatively, prefer-
able with posterior fusion, which achieves successful fusion in 90% or more 
of cases.

Atlanto-Axial Dislocation
Though not explicitly covered by the CNS/AANS guidelines, another important set 
of pathologies of the craniovertebral junction are atlantoaxial dislocations. Like 
atlanto-occipital dislocations, instability at the atlantoaxial joint has a high associ-
ated morbidity, and can cause myelopathy or even death in some cases [147].
Evaluation of the injury is made radiographically through a combination of dynamic 
films and high quality CT. Using these studies along with applied traction, the clini-
cian can categorize the injury based upon the nature of the dislocation – rotatory, 
vertical, or horizontal – and the reducibility of the deformity. Multiple metrics exist 
for the diagnosis of atlantoaxial subluxation, including the anterior atlanto-dens 
interval (ADI) and posterior atlas-dens interval for the assessment of horizontal 
subluxation, and the dens-atlas interval (DAI) and Ranawat value for vertical sub-
luxation [148, 149]. The DAI is defined as the vertical distance between the tip of 
the dens and the transverse line connecting the inferior edges of the anterior and 
posterior atlantal arches. The Ranawat value is defined as the length of the line from 
the midpoint of the base of the axis inferior endplate to the transverse axis of the 
atlas (the transversely-orienting line connecting the midpoints of the anterior and 
posterior atlantal arches in the mid-sagittal plane). Normal values for these metrics 
are: ADI <3 mm in adults or <5 mm in children [150], a posterior atlanto-dens inter-
val <19 mm [151], a Ranawat value >13 mm, and a DAI <13 mm [148]. Rotatory 
subluxation is also assessed radiographically, and can be classified using the 
Fielding classification system, which characterizes the subluxation based upon the 
relative displacement of the atlantal and axial lateral masses [152]. Type I sublux-
ations show rotatory fixation without horizontal translation, type II injuries show 
rotatory fixation with anterior atlantal displacement between 3 and 5 mm and uni-
lateral facet disarticulation, type III injuries show the same displacement with bilat-
eral facet joint disarticulation, and type IV injuries show rotatory fixation with 
posterior displacement. Unlike purely translation dislocations, which can be effec-
tively assayed using plain cervical radiographs, rotatory atlantoaxial subluxations 
are most effectively assayed using CT imaging.

Most atlantoaxial subluxations must be treated surgically. Many authors recom-
mend the use of pre-operative traction to reduce the deformity. The deformity is 
then completely reduced through open fixation, which can be accomplished via 
anterior-only, posterior-only, or combined approaches Several instrumentation 
options are available, including C1 lateral mass-C2 pedicle screw fixation, C1/2 
transarticular screw fixation, and C1 lateral mass-C2 translaminar screw instrumen-
tation [147, 153]. The latter has become the most popular technique due to the sig-
nificant overlap with techniques used to instrument the subaxial spine. That being 
said, all three instrumentation methods show good fixation strength [154, 155] and 
no high-quality biomechanical evidence exists to support one instrumentation 
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method relative one another, though C2 pedicle and C1/2 transarticular screws 
appear superior to C2 laminar screws with respect to lateral bending [156–158]. 
There is also no high-quality evidence to support the superiority of an anterior ver-
sus a posterior-only approach for decompression and reduction of the deformity, 
and so the approach chosen should be selected based upon the location of associated 
pathologies, the need to instrument the occiput or subaxial levels, and surgeon pref-
erence. In cases with associated odontoid injury or persistent cord compression 
despite reduction of the subluxation, an anterior stage may be required to decom-
press the cord, while in cases were subaxial instrumentation will be required, a 
posterior approach is often preferable [150].

Subaxial Cervical Spine Injuries
Subaxial cervical spine injuries comprise over two-thirds of cervical spine trauma 
and may produce tetraplegia in up to 87% of cases with jumped facets [159, 160]. 
Patients should be treated preliminarily with closed reduction and bed rest in order 
to reduce cord compression [92, 98]. Risk factors for failing conservative manage-
ment are vertebral height loss greater than 40%, kyphosis greater than 15%, and 
vertebral subluxation greater than 20%. Patients who fail conservative management 
should be treated with open reduction of the fracture, which can be accomplished 
with either anterior or posterior approaches. The advantages of an anterior approach 
are that positioning is straightforward, dissection occurs along defined tissue planes, 
fusion is achieved in 90–100% of cases and complications are less frequent. 
Additionally, the anterior approach may allow for better clearance of bony frag-
ments in comminuted fractures, which improves neurological recovery. Anterior 
approaches offer poorer stabilization and correction of kyphosis however, and are 
associated with an increased risk for transient dysphasia. Posterior approaches by 
contrast allow for effective reduction of subluxation, better correction of kyphosis, 
and lower rates of hardware failure [161], though they are associated with more 
significant muscle disruption and perioperative complications in up to 37% of 
patients. Both groups provide similar improvement of neurological function, with a 
series by Lambiris and colleagues reporting an average improvement of 1 ASIA 
grade for each approach.

Spinal Cord Injury Without Radiographic Abnormality (SCIWORA)
Though most patients suffering spine trauma will have radiographic evidence of 
spinal column injury, upward of 35% of patients will have no such radiographic 
findings [162]. These patients are clinically myelopathic and have non-focal CT and 
radiographs, a condition known as SCIWORA or spinal cord concussion. Though 
multiple injuries and age groups can be implicated in this phenomenon, patients are 
most commonly children with incomplete SCI secondary to motor vehicle collision 
or sports injury [162–164]. Because SCIWORA is, by definition, without radio-
graphic findings, the joint CNS/AANS guidelines recommend that patients with 
SCIWORA have a total spine MRI and flexion-extension radiographs in the acute 
setting to investigate for both neurologic damage and the ligamentous injury [100], 
though these findings may still be negative in up to 78% of patients [163]. Patients 
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should be initially treated with external immobilization, unless there is evidence of 
gross instability. In this small subset of cases (6–13%), operative management may 
be considered [163]. In cases where conservative management is used, the patient 
may be immobilized for up to 12 weeks, with discontinuation of the collar when 
patients become asymptomatic or have clean flexion-extension films [100]. After 
being cleared, patients should continue to avoid high-risk activities such as contact 
sports for 6 months, as they are at increased risk of injury [100]. Recovery from 
SCIWORA is generally quite good, with up to 94% of children making a complete 
recovery [163]. Recurrence of symptoms has been documented in both pediatric 
and adult populations, but is far more common in the pediatric population, where it 
may occur in 11% of cases [165]. Negative predictors of neurological recovery 
include hematomyelia, cord transection, and ASIA A status at presentation [162, 
165, 166]

 Steroid Use
Current recommendations regarding the use of methylprednisolone in patients with 
post-traumatic spinal cord injury are controversial. The guidelines published by the 
CNS/AANS joint group found class 1 evidence recommending against the use of 
methylprednisolone, but standard of care at many centers is to provide steroids in 
order to reduce cord swelling and promote neurological recovery [16].

The strongest level evidence for the use of methylprednisolone usage in acute 
spinal cord injury comes from the National Acute Spinal Cord Injury series of stud-
ies (NASCIS I-III). The first of these studies was conducted in the 1980s and com-
pared two ten day regimens of methylprednisolone, with a high dose group receiving 
a 1000 mg loading dose and a low dose group receiving a 100 mg loading dose; both 
groups received a 100 mg q6h maintenance dose for the remainder of the period 
[167] The investigators observed no difference in neurological recovery, but did 
note higher rates of wound infection and death in the high dose group. A follow-up 
study was then conducted comparing a 24-h methylprednisolone regimen (30 mg/
kg loading dose followed by 5.4 mg/kg/hr maintenance dose for 23 hours) to a nal-
oxone placebo and found that patients started on the methylprednisolone dose 
within 8 h of injury had slightly greater motor function improvement at discharge 
[168]. Interestingly, patients receiving the steroid dose more than 8 h post-injury 
showed worse neurological improvement than the naloxone group, suggesting that 
the timing of the steroid administration may significantly impact the results. As with 
the prior study though, the methylprednisolone group had a higher complication 
rate, with a 2 times higher risk of wound infection and three times higher risk of 
pulmonary embolism [16, 168]. The final phase of the NASCIS series compared 
methylprednisolone use to a “super steroid” – tirilazad mesylate – and found no 
significant difference in neurological improvement [169–171]. However, it was 
observed that a 48-h course of methylprednisolone produced superior motor recov-
ery to a 24-h could if started within 8 h of injury, again suggesting that the benefits 
of steroids may be tied to the timing of administration.

The AANS/CNS group interpreted these results, along with other class II and 
class III evidence to indicate that methylprednisolone increases the complication 
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profile of patients with spinal cord injury, without providing significant benefit in 
terms of neurological improvement. Given that only the NASCIS II trial compared 
methylprednisolone to placebo, it may be reasonable to make conclusions based 
upon this study, which did observe a small benefit to steroid administration, if treat-
ment begins within 8 h of injury. However, the risk profile of this treatment is sig-
nificant and so the decision to use IV steroids in patients with post-traumatic spinal 
cord injury should be made at the institutional level.

 Thoracolumbar Spine Trauma

Unlike cervical spine trauma, no guidelines had been issued by either the AANS or 
CNS for the treatment of thoracic spine trauma at the time of the writing of this 
chapter [172]. However, many of the principles for the treatment of patients with 
cervical spine trauma causing neurological dysfunction also hold for symptomatic 
thoracolumbar trauma. Stable, asymptomatic lesions are first referred for conserva-
tive management and highly unstable injuries and injuries causing neurological 
deterioration are treated operatively [173].

As with cervical trauma, multiple systems have been proposed for classifying 
thoracolumbar trauma, though no classification system has been universally 
accepted. The AOSpine Thoracolumbar Spine Injury Classification System, pub-
lished by the Spine Trauma Study Group in 2005 and updated in 2013, is the most 
recent classification system and comes from the same cohort that produced the 
SLIC system recommended by the AANS/CNS group for the classification of cervi-
cal injury. It classifies injuries based upon the morphology of the injury (indicating 
immediate mechanical stability), integrity of the posterior ligamentous complex 
(indicating long-term stability), and neurological status of the patient. Furthermore, 
it seeks to predict the neurological outcome of patient and so guide the treatment of 
patients sustaining thoracolumbar trauma. The initial rendition of the scale assigned 
patients an overall score and based the decision to pursue operative management 
based upon that score [23]. However, the most recent revision classifies injuries 
based upon the different levels for each of the three factors and bases the decision to 
pursue operative management on the patient’s individual pathology [174]. 
Additionally, they recommend that surgical candidates should be treated with an 
anterior approach when neurological injury is present, a posterior approach when 
the posterior ligamentous complex has been compromised, and a combined anterior- 
posterior approach where both issues are present. The simplicity of use of the 
TLICS system and moderate-to-excellent interobserver reliability have led to 
become the most commonly used system for the classification of thoracolumbar 
trauma [25, 175, 176].

Recently, the American Association for the Surgery of Trauma TL-Spine 
Multicenter Study Group published the results of prospective study of more than 
3000 patients treated at 14 US trauma centers. All patients were evaluated with 
diagnostic imaging of the thoracolumbar spine and clinical examination, which 
revealed TL-spine injury in 16.3% of patients and clinically significant TL-spine 
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injury in 8.6% of patients. Based upon the radiographic and clinical findings in 
these patients, they developed a clinical rule for the thoracolumbar spine evaluation 
in trauma patients. The authors argued that imaging is indicated for all patients who 
are alert and evaluable and who have pain, tenderness to palpation, deformity, or 
neurological deficit, or who were subjected to a high-risk injury mechanism (MVA, 
crush injury, or fall) and were older than 60 years of age. In patients who are indi-
cated for radiographic evaluation, CT is considered the modality of choice and is 
recommended by the Eastern Association for the Surgery of Trauma [173, 177].

Currently, no high-quality evidence exists to describe the surgical indications for 
surgery in thoracolumbar spine trauma [178], though the goals of surgery are ana-
tomical reconstruction, functional improvement, and neurological improvement. 
Several level III studies have been published comparing the benefits of operative 
and conservative management of thoracolumbar trauma. In patients with thoraco-
lumbar spine trauma without neurological deficit or overt instability, multiple stud-
ies, including several randomized trials have shown no long-term benefit to operative 
management with regards to pain, disability, or overall health [179, 180], Similarly, 
no benefit has been shown to the use of clinical orthosis in patients suffering thora-
columbar burst fractures without associated neurological deficit with regards to 
long-term improvement of pain or function [181]. However, in patients with neuro-
logical dysfunction secondary to traumatic thoracolumbar spinal fractures, there 
may be a benefit to operative management. A recent retrospective cohort study with 
blinded inclusion was published by Stadhourder and colleagues comparing neuro-
logic recovery, disability improvement, pain improvement, and overall health 
improvement in patients treated operatively versus nonoperatively for traumatic 
thoracic or lumbar fractures. Patients treated operatively were more likely to have a 
neurological deficit pre-operatively (ASIA D or worse), but were also more likely to 
experience neurological recovery by 1-year post-operatively and by last follow-up. 
These differences only approached significance though due to the small size of the 
cohort with pre-operative neurological deficit. Because of this, the group reached no 
conclusions regarding the indications for operative management.

Though less common than burst fractures, chance fractures  – axial fractures 
through the vertebral body and posterior elements secondary to extreme flexion- 
distraction forces – also deserve mention [182]. These injuries are thought to be 
most common in the thoracolumbar spines (T10-L2) of adults involved in motor 
vehicle accidents, leading them to also be known as seat belt fracture [183]. In such 
cases, the lap belt portion of the restraint serves as a fixed fulcrum over which the 
spine is forced to flex, distracting and dividing the posterior tension band. This 
plane then propagates forward to involve the vertebral body, creating the axial 
chance fracture [182, 183]. Though most common in adults, case reports of children 
sustaining chance fractures also exist [184–186], as do reports of chance fractures 
secondary to other mechanisms of injury, including falls from height and extreme 
sports injuries [182, 187, 188]. Diagnosis of these injuries can be made with good 
AP and lateral radiographs, and treatment usually involves closed reduction and 
immobilization of the fracture with a TLSO brace or hyperextension cast. Recovery 
is generally quite good following treatment, but in untreated patients the injury will 
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frequently progress to a focal kyphotic deformity causing significant back pain and 
requiring operative management [183]. Surgery with instrumented fusion may also 
be required in cases where displacement is too great to be achieved with closed 
reduction alone [189] and cases where the posterior ligamentous complex is com-
promised, as such an injury will not heal [182].

Both anterior and posterior approaches can be successfully used to treat thoraco-
lumbar trauma[173]. A recent meta-analysis of the available literature by Xu and 
colleagues examined the outcomes of anterior versus posterior approaches for tho-
racolumbar burst fractures [178]. The authors observed no differences between the 
groups with regards to return to work, complications, or degree of corrections. 
However, patients treated with an anterior approach were slightly more likely to 
experience neurological improvement (46.7% v. 29.9%, p < 0.06), albeit at the 
expense of greater intraoperative blood loss, higher cost, and longer operative times. 
Because of the higher intraoperative morbidity and nonsignificant difference in out-
comes, the authors recommend the use of a posterior approach for the treatment of 
thoracolumbar trauma. Additionally, given the advancements in expandable inter-
body devices, corpectomy and anterior column reconstruction can be accomplished 
via a single stage posterior transpedicular or extreme-lateral, transpsoas approach 
[173, 190, 191]. In fact, many groups have begun to treat thoracolumbar trauma 
with minimally invasive techniques, using percutaneous kyphoplasty [192, 193] or 
corpectomy through an expandable retractor, and percutaneous short segment 
instrumentation to help stabilize the affected level and prevent progressive kyphosis 
at this level [193–197]. Corpectomy of the involved level provides more effective 
decompression of the spinal canal and may provide superior anterior column recon-
struction. However, it is associated with higher morbidity and may not be indicated 
in all patients [192]. Studies comparing the minimally invasive approaches have 
noted no difference in long-term patient reported outcomes, but patients treated by 
minimally invasive techniques have significantly lower intraoperative blood loss 
and so may have faster recoveries post-operatively [198].

 Risk Factors for Post-traumatic Myelopathy

As previously touched upon in this chapter, not every trauma patient will experience 
post-traumatic myelopathy. In fact, the majority of trauma patients will show no 
signs of myelopathy. Multiple studies have been done in order to determine the risk 
factors for the development of post-traumatic myelopathy. These findings can be 
broadly grouped into two categories – those associated with pre-traumatic stenosis 
[37], and those associated with pre-traumatic spinal column instability. In the case 
of the former, which is defined as a canal diameter of less than 10 mm, it is thought 
that the pre-existing stenosis decreases the CSF cushion around the cord and so may 
allow for more direct transfer of energy to the cord [199]. This results in the cavita-
tion  – seen in post-traumatic syringomyelia  – and direct contusion of the cord, 
which is detectable as T2-hyperintensity on post-traumatic MRI [200]. Reasons for 
pre-existing stenosis include yellow ligament hypertrophy, age-related spondylosis, 
ossification of the posterior longitudinal ligament [199–203], disc protrusions and 

Z. Pennington et al.



87

herniations [200], diffuse idiopathic skeletal hyperostosis (DISH)[200], and con-
genitally short pedicles, like those seen in achondroplasia [204]. Diagnosis of those 
patients who are at increased risk for SCI secondary to canal stenosis can be made 
using the absolute anteroposterior diameter of the canal, the Torg-Pavlov ratio, or 
the spinal cord occupation ratio. Previous papers have identified patients with canal 
diameters less than 10–13 mm, Torg-Pavlov ratios less than 0.80–0.82 [205], and 
spinal canal occupation ratios greater than 70–80% are indicative of an increased 
risk of SCI secondary to trauma [206]. Each of these metrics has its own relative 
benefits, with the sagittal AP canal diameter being the easiest to measure and the 
spinal cord occupation ratio being the only one to account for cord diameter. 
Additionally, each metric has been shown to have high sensitivity, but low specific-
ity in the diagnosis of myelopathy secondary to canal stenosis [207]. As a result, the 
metric employed should be based upon the familiarity of the consulting clinician 
with each of these values.

The second set of risk factors – those creating pre-traumatic vertebral column 
instability – are in large part made up of connective tissue disorders, such as Morquio 
syndrome [208–214] Hurler Syndrome, Hunter Syndrome, Sly Syndrome [214], os 
odontoideum [215–217], osteogenesis imperfecta [210, 218–220], rheumatoid 
arthritis [221–224], Marfan syndrome [225], and Ehlers-Danlos syndrome, though 
Down Syndrome [226, 227] has also been associated with cranial settling. The 
decreased stability seen in these conditions means that the vertebral column is less 
able to tolerate the significant forces exerted upon it during trauma. As a result, the 
column is more susceptible to flexion-distraction injuries, rotatory subluxations, 
and vertebral subluxations, which stretch the axons of the spinal cord, producing 
axonal damage and subsequent myelopathy [228]. Similarly, increased rigidity of 
the vertebral column, as is seen in ankylosing spondylitis and autofusion, is also 
associated with an increased risk for post-traumatic myelopathy. Fractures through 
the fused anterior and middle columns creates a single fulcrum in the bony spine, 
over which the cord is stretched, producing axonal injury and subsequent post- 
traumatic edema, which produce an acute-onset myelopathy.

In general, it is not suggested that patients with any of the above conditions 
undergo prophylactic decompression or stabilization, except in cases of craniocervi-
cal instability, cord signal changes or gross instability. In this small subset of cases, 
internal fixation should be applied due to the high mortality associated with such 
conditions [200, 204, 217, 229]. Rather, patients with the above risk factors should 
be closely monitored and should be advised to avoid scenarios in which they might 
be exposed to significant traumatic forces, owing to their increased risk profile.

 Surgical Techniques

Though the vast majority of spinal trauma patients are treated nonoperatively, a 
significant number of patients have surgical indications and are best treated through 
operative management. The techniques employed to address cervical trauma vary 
by level and can accordingly be divided into cervical, thoracic, and lumbar 
approaches.
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 Cervical Spine

Cervical approaches include the traditional posterior midline approach, which is 
most effective for occipitocervical fusions, the anterior, Smith-Robinson approach, 
which is familiar to most surgeons, and the direct lateral approach, which has been 
used by some groups to address trauma of the craniocervical junction. Other 
approaches include endonasal and transoral approaches, but these may involve the 
use of an access surgeon and are seldom, if ever, employed for traumatic etiologies.

Posterior approaches generally provide superior correction for cervical fractures, 
especially when the fracture is accompanied by dislocation. They have higher asso-
ciated complication rates though, with post-op wound infections and wound dehis-
cence being of greatest concern. Anterior cervical approaches reduce the risk of 
wound dehiscence and may improve spinal canal decompression in cases of com-
minuted fracture. However, they are associated with poorer post-operative correc-
tion of deformity and are more commonly associated with swallowing difficulty 
post-operatively, though this deficit is usually transient. Both approaches offer simi-
lar neurological recovery though and so the approach chosen should be made on a 
case-by-case basis depending upon surgeon preference and the relative importance 
of deformity reduction.

 Anterior Odontoid Screw Placement
Anterior odontoid screw placement is one effective means of addressing type II 
odontoid fractures. It serves as an alternative to both the Gallie and Brooks-type 
fusions involving sublaminar wiring, as well as the posterior Harms-type C1-2 
fusion and C1-2 transarticular screw fixation. The procedure has been previously 
described by multiple groups and is best used in patients with type IIB odontoid 
fractures – those with posteroinferior fracture planes [140]. The procedure begins 
by placing the patient supine and securing their head in a table-mounted Mayfield 
clamp. A rolled towel is placed underneath the patient’s shoulders to introduce cer-
vical lordosis and facilitate placement of the screw. The patient’s head is also flexed 
at the atlanto-occipital junction to reduce the displaced odontoid fragment. At this 
point, intraoperative imaging is used to localize the pathological level, with some 
groups now reporting the use of an O-Arm (Medtronic) in order to provide imaging 
for intraoperative navigation. The patient’s neck is incised at the level of C5-6, just 
superior to the thyroid cartilage and the platysma is divided in the sagittal plane. 
The platysma is then retracted and dissection continues along the medial aspect of 
the sternocleidomastoid until the carotid artery is palpable. A retractor is then intro-
duced to laterally retract the carotid sheath and contents, while another is used to 
medially retract the trachea and esophagus. The longus colli muscles are then mobi-
lized from the anterior vertebral faces and a spinal needle is used to localize the 
C2/3 disc space. In cases where intra-operative CT-guided navigation is being used, 
the O-arm is again introduced to obtain a new set of images for alignment. The 
trajectory of the odontoid screw is then plotted with a probe and verifying with 
imaging. A pneumatic drill is used to bore through the superior aspect of C3 and 
inferior aspect of C2, targeting the displaced tip of the odontoid. During this pro-
cess, it is recommended that fluoroscopy be used to verify drill positioning. After 
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drilling the C2 and C3 bodies, a lag screw is introduced – it should be long enough 
to traverse the C3 and C2 vertebral bodies and involve the odontoid fragment, but 
should not be so long as to overhang the surface of the vertebral body. Once the 
screw is inserted, the fracture is reduced, and the positioning is verified radiographi-
cally, the wound is closed.

The chief advantage of this type of instrumentation relative to posterior atlanto- 
axial fusion is that it preserves motion at the craniocervical junction, which is 
responsible for more than half of the mobility in the cervical spine. Additionally, it 
is non-load bearing and so is less affected by poor bone quality than is posterior 
fusion. On the downside, this technique requires significant intraoperative radiation 
and ha a steep learning curve. Additionally, it cannot be used in patients with more 
extensive cervical spine trauma, which is observed in a nontrivial number of patients.

 Anterior Cervical Corpectomy and Fusion
The anterior cervical corpectomy is an effective means of addressing subaxial cervi-
cal trauma, especially in patients with highly comminuted fractures of the vertebral 
body [230, 231]. In addition to effectively addressing anterior column damage, this 
approach makes use of the same Smith-Robinson approach that is utilized in the 
omnipresent anterior cervical discectomy and fusion, may provide superior func-
tional outcomes in patients being treated for compressive myelopathy, and has a 
lower incidence of post-operative C5 palsy compared to posterior approaches [232, 
233]. As discussed above in the anterior odontoid instrumentation, this procedure 
has the downside of increased risk of esophageal dysmotility postoperatively. It also 
offers poorer correction of deformity in patients with focal kyphosis and has an 
increased risk of requiring reoperation [232].

Briefly, the patient is placed prone with their head fixed in a table-mounted 
Mayfield clamp. Care should be taken to ensure that the proper amount of cervical 
lordosis is induced, though in patients with comminuted fractures, it may be benefi-
cial to simultaneously monitor EMGs or SSEPs to ensure that the induction of lor-
dosis does not exacerbate cord compression. The lesion level is then localized, the 
patient is draped, and a Smith-Robinson approach is employed to expose the 
involved levels. Caspar pins are placed above and below the lesion level to maintain 
distraction, and a high-speed drill is used to corpectomize the damaged level, leav-
ing the posterior margin in place [234]. The posterior margin is then removed with 
Kerrison rongeurs to complete the corpectomy. Osseous fragments within the canal 
are removed and the neural foramina are decompressed if they are implicated in the 
vertebral damage. The drill is then used to prepare the superior and inferior end-
plates and an autograft titanium mesh cage is placed. PEEK cages and fibular 
allograft have also been used effectively [234–236]. Caspar distraction is released 
and cage positioning is confirmed on radiograph. A titanium retaining plate is then 
placed and the wound is closed in the usual fashion.

 Posterior Cervical Fusion
Posterior midline approaches to address cervical trauma are extremely popular for 
cervical spine trauma as they provide high overall rates of fusion [142, 237] and 
when combined with laminectomy, they can provide both effective correction of 
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deformity and decompression of the neural elements. As a result, they are associ-
ated with good neurological recovery many cases, especially in trauma with acute 
neurological deficits, producing neurological improvement in up to 90% of patients 
[237]. The chief disadvantages of this are an increased rate of post-operative wound 
infection [238] and C5 palsy [233], though the latter is usually transient and 
improves within 3 months in most patients.

The two chief questions that must be asked when considering posterior cervical 
fusion are whether to include the occiput and whether to place pedicle screws or 
lateral mass screws. Most surgeons elect to place pedicle screws within the axis, due 
to the relatively large pedicles, and lateral mass screws within the other vertebral 
levels. The chief advantage of lateral mass screws in the atlas and subaxial spine is 
that they reduce the risk of vertebral artery injury relative to pedicle screws. Some 
in vitro studies have suggested that the lateral mass screws may have significantly 
lower pullout strengths, with one study suggesting a pullout strength of 25% of that 
seen in pedicle screws [239]. But in vivo studies examining complications second-
ary to both instrumentation techniques have suggested similar rates of pseudarthro-
sis, screw pullout, loss of reduction, screw loosening, and revision surgery [240]. A 
second alternative to pedicle screws are translaminar screws or transspinous screws, 
which reduce the risk of vertebral artery injury [241, 242]. These screws have been 
shown in some studies to have similar pullout strengths to pedicle screws [241] and 
can be used in patients with small lateral masses or who have previously failed 
attempts at lateral mass instrumentation. They are contraindicated in any patients 
with neural arch damage though and may be difficult to incorporate into intermedi-
ate construct levels.

The decision to include the occiput in the fusion construct is not one that can be 
made lightly, as it significantly limits the patient’s range of motion in the sagittal 
plane. Such limitations can have significant impacts on a patient’s quality of life, 
including the elimination of their ability to operate a motor vehicle. Current indica-
tions for occipitocervical fusion in the setting of trauma are atlanto-occipital disso-
ciation and type III occipital condyle fractures, both of which are highly unstable 
lesions [243]. Additionally, patients with irreducible atlantoaxial dislocations may 
be candidates for occipitocervical fusion. In all cases, the potential benefit of 
improved stability must be weighed against the inherent surgical morbidity.

The procedure itself is well described in the literature [243–245]. The patient is 
first placed prone in three-point Mayfield tongs, with 15–20  pounds of traction 
placed to reduce the fracture or subluxation being addressed by the surgery. A mid-
line incision is then made extending from the inion to the last vertebral level to be 
instrumented. Subperiosteal dissection is performed over the included vertebral lev-
els, extending out to the lateral masses to provide adequate exposure for instrumen-
tation. Care must be taken during dissection over the atlantoaxial segments in order 
avoid damaging the prominent C2 nerve roots or V3 segment of the vertebral artery, 
which runs in the sulcus arteriosus along the superior edge of the atlas. The verte-
brae are then instrumented with C2 pedicle screws, C1 lateral mass screws and lat-
eral mass screws at the other included levels. An occipital plate, if required, is 
applied slightly caudal to the inion using bicortical screws. This placement takes 
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advantage of the thick bone in the region of the inion while decreasing the risk of 
skin erosion, which is seen in patients with plate placement on the inion itself. Rods 
are then applied to the screws, reducing the dislocated level or post-traumatic defor-
mity being addressed. Final rod contouring should be based upon thorough pre-
operative evaluation of the C2-7 plumb line and cervical lordosis to ensure that a 
natural head position is achieved in the final construct. After verification of position-
ing on radiograph, a drain is placed, the wound is closed, and a rigid cervical collar 
is placed to facilitate healing.

 Thoracolumbar Spine

Though less common than symptomatic cervical trauma, myelopathy-associated 
thoracolumbar trauma is also relatively common, and its operative management has 
been thoroughly described in the literature, most commonly for thoracolumbar 
burst fractures. Approaches to the treatment of thoracolumbar trauma can be divided 
into three main categories  – anterior or thoracoscopic approaches, direct lateral 
approaches, and median or paramedian posterior approaches. Anterior approaches 
offer the best decompression of the spinal canal in cases of comminuted vertebral 
fractures, but are relatively morbid in thoracic surgery, owing to the requirement for 
thoracoscopy. Additionally, they provide correction of sagittal deformity that is 
inferior to the posterior approach, and in the case of lumbar lesion, require an access 
surgeon and so may not be feasible options in the emergent setting. Direct lateral 
approaches are relatively new compared with anterior or posterior approaches, and 
are most commonly employed for trauma to the lumbar spine or thoracolumbar 
junction. Unlike anterior surgery of the lumbar spine, direct lateral approaches do 
not require an access surgeon, but like anterior approaches, they may be infeasible 
in patients with large body habitus and suboptimal in patients with significant post- 
traumatic kyphosis. The last and best described approach to thoracolumbar pathol-
ogy are the posterior approaches, which can be midline posterior, midline 
paramedian, or costotransverse. All of them offer similar results with respect to risk 
profile, fusion rates and correction of post-traumatic deformity. However, parame-
dian and costotransverse approaches allow for better access to the anterior column 
and so may be preferred in cases requiring corpectomy and anterior column 
reconstruction.

 Extreme or Direct Lateral Approach (Transpsoas Approach)
The direct lateral approach is a minimally invasive technique for the treatment of 
lumbar pathology that was first presented in 2001 [246]. The patient is placed in a 
true lateral decubitus position, with the table flexed to increase the space between 
the twelfth rib and iliac crest; it may help to place a bump or roll underneath the 
dependent flank to increase the lateral flexion [247]. A K-wire is then used to iden-
tify the relevant level, which is marked on the patient’s skin. Two small incisions are 
produced at this level, one in the midaxillary line and one at the border of the erector 
spinae and abdominal obliques. The surgeon introduces their finger through the 
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posterior incision and uses it to divide the muscles of the abdominal wall. The ret-
roperitoneal space is identified and the peritoneum is swept forward to help create a 
corridor for the future working channel. The surgeon then palpates the psoas mus-
cles over the surgical and sweeps their finger laterally so that it is in line with the 
anterior incision. An EMG-equipped dilator (MaXcess™, NuVasive™) is then 
introduced through the anterior incision and guided to the lateral face of the psoas 
using the surgeon’s finger. The dilator is then used to gently dissect the psoas fibers 
between the anterior one-third and posterior two-third to minimize damage to the 
genitofemoral nerve that runs through the psoas, and the lumbosacral plexus, which 
is intimately related with the medial surface of the muscle. The EMG capability of 
the dilator allows for periodic stimulation in order to further reduce the risk of nerve 
injury. Once the psoas has been transverse and the dilator is docked onto the lateral 
face of the affected level, sequential dilators are introduced to expose a working 
channel. Corpectomy is performed using a high-speed drill to decompression the 
spinal canal and the superior and inferior endplates are prepared. A distractible, 
wide footprint cage is then placed, expanded to reduce kyphosis, and packed with 
autograft from the corpectomy [191, 248, 249]. A retaining plate may then be 
applied to maintain cage positioning, though proper compression of the spinal seg-
ment following cage replacement can eliminate the need for such a cage. Closure is 
then performed in a standard fashion, at which time the patient may be flipped for 
posterior percutaneous pedicle screw instrumentation [248].

 Posterior Approach
Posterior approaches to the thoracic and lumbar spine include both midline poste-
rior approaches and paramedian costotransversectomy approaches, both of which 
allow effective decompression and reconstruction of the damaged segment [250]. 
One approach described by Sciubba and colleagues for the correction of focal 
kyphosis secondary to anterior column burst fracture is the bilateral modified costo-
transversectomy approach, which allows for circumferential decompression of the 
cord and reconstruction of the vertebral body. Furthermore, this approach can be 
utilized in patients who are too medically unstable to undergo a combined anterior 
plus posterior approach.

The procedure begins by placing the patient prone on a Jackson table and acquir-
ing intraoperative SEPs and MEPs. A midline incision is created and subperiosteal 
dissection is performed in standard fashion over the damaged level and up to 3 seg-
ments above and below the level of the lesion, depending upon the length of the 
construct to be used. The number of levels to be included is somewhat controversial. 
Some groups prefer instrumentation of 2 or 3 levels above the lesion, especially for 
trauma to the thoracolumbar junction, but more recent research has suggested that 
short-segment constructs may be just as stable as longer constructs [251, 252]. After 
dissecting the paraspinal tissues off the posterior elements, laminectomies are per-
formed over the traumatized vertebrae to decompress the cord. Pedicle screws are 
placed bilaterally at the levels above and below the lesion and a temporary rod is 
placed to maintain distraction. Bilateral facetectomies are performed at the lesion 
levels, with resection of the proximal 1–2 cm of rib in cases of thoracic trauma. A 
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high-speed drill is then used to perform corpectomy of the damaged vertebrae and 
to prepare the superior and inferior endplates. A distractible cage is then placed in 
the site of the defect, expanded and packed with bone, including autograft from the 
site of trauma. In thoracic lesions, ligation of the nerve root may be required to place 
the cage. Ultrasonography is used to confirm decompression of thecal sac and place-
ment of the cage. The final rods are then contoured and applied to the pedicle screw 
instrumentation, and reduced down to lock the cage into place. A drain is then 
placed and the wound is closed in the traditional fashion. Minimally invasive varia-
tions of this procedure have since been described and have proven to provide accept-
able results in most cases [194, 253, 254].

 Case Example

One example of post-traumatic myelopathy that we present here is a 41-year-old 
female who sustained cervical spine trauma secondary to a fall from height. At the 
time of injury, the patient was utilizing a 100-foot zip line, from which she fell 
15 feet, landing directly on her head and losing consciousness. Emergency services 
arrived on scene to find the patient responsive, though she complained of numbness 
and tingling involving the entire distal right upper extremity and pain localized to 
her neck and upper back. The patient was immediately immobilized using a cervical 
collar and spinal board, and was then transferred to an outside emergency depart-
ment. Upon presentation, she was Glasgow Coma Score 15, but had 4/5 strength in 
the right upper extremity. She was 5/5 strength through the left upper and bilateral 
lower extremities and had 2+ deep tendon reflexes throughout all extremities, but on 
head and cervical spine CT and CT angiography was noted to have an occluded 
right vertebral artery, left anterolateral atlantal arch fracture, right C7 facet fracture, 
and C2 compound type III odontoid and right-sided Hangman’s fracture (Fig. 4.1). 
MRI was performed to evaluate the cord and soft tissues, which revealed an epidural 

a b c

Fig. 4.1 Preoperative imaging demonstrating an acute significantly comminuted, displaced type 
III Dens fracture with posterior displacement of fracture fragments into the central canal. 
(a) Sagittal CT (b) Sagittal T2-weighted MRI (c) Axial T2-weighted MRI
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Fig. 4.2 Post-operative imaging demonstrating posterior bilaterally instrumented arthrodesis 
from C1-C5. (a) Lateral plain radiograph (b) AP plain radiograph (c) Axial T2-weighted MRI 
(d) Sagittal T1-weighted FLAIR

hematoma anterior to the C2 cord without obvious signs of cord compression or 
signal change.

Following work-up, a recommendation was made to transfer the patient to a 
facility with comprehensive spine services for operative management of her injury, 
which she underwent the following morning, less than 24 hours following her 
injury. Surgery consisted of a posterior instrumented fusion of C1-C5 with place-
ment of a left C2 pedicle screw and bilateral lateral mass screws at the other levels 
(Fig. 4.2). Open reduction of the C1 and C2 fractures was also performed. Both C2 
roots had to be sacrificed to completely access the complex axis fracture. Post- 
operative DVT and antibiotic prophylaxis were instituted and the patient was placed 
in a Miami J collar to facilitate fusion of the construct. MRI imaging of the brain 
was also performed post-operatively to evaluate for possible infarcts secondary to 
the right vertebral artery dissection, but none were noted. The post-operative course 
was overall unremarkable, with significant improvement of right upper extremity 
numbness by post-operative day 3 and discharge home on post-operative day 8. 
Axial pain was significantly improved by the three-month follow-up visit, at which 
point the patient had been weaned from the cervical collar. By the sixth month fol-
low- up, full strength had returned to the right upper extremity and radiographic 
evidence of fusion was present. The patient retained no residual deficits from the 
accident, though her neck mobility is limited due to inclusion of the atlantoaxial 
joint in the construct.

 Conclusion

Each year 11,000–15,000 Americans suffer traumatic spinal cord injury. Injury 
most commonly occurs in the cervical segments, but may also occur in either the 
thoracic or lumbar spine. Current guidelines suggest that initial treatment in most 
patients be conservative management with external immobilization of the affected 
spinal segments. However, given that most patients have associated vertebral dislo-
cations or fractures, many patients will require operative management. In such 
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cases, the focus must be placed on both decompressing the neural elements and on 
correcting the post-traumatic deformity. Our goal in this chapter has been to describe 
both the sequelae of spinal trauma and summarize current guidelines for the treat-
ment of these injuries. Despite significant work towards the development of guide-
lines, further work is necessary to obtain higher quality evidence that can be used to 
guide the care of patients with these injuries.
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 Introduction

The configuration of the spinal arterial vascularization dictates the distribution of 
parenchymal damage during ischemia. This chapter describes features of the cord 
supply relevant to the diagnosis of spinal stroke.

 The Spinal Arterial Vasculature

Three main longitudinal arteries supply the spinal cord, the anterior spinal artery 
(ASA) and the paired posterior spinal arteries (PSA) . The ASA extends from the 
vertebrobasilar junction to the tip of the conus medullaris; it is generally uninter-
rupted but varies in caliber. The left and right PSAs are plexiform; each includes a 
posterolateral (primary) and a posteromedial (secondary) component, respectively 
located in front of or behind the dorsal nerve roots. A superficial arterial 
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network—the vasocorona—interconnects the ASA and PSAs. Despite its plexiform 
appearance, the vasocorona is not a significant source of collateral supply (Fig. 5.1).

From a developmental standpoint, the ASA and PSAs are longitudinal anasto-
motic chains derived from the radiculomedullary branches of the primitive interseg-
mental arteries (ISA) [1]. Only a few of these primitive contributions remain 
functionally significant at the adult stage, including the anterior vertebrospinal 
trunks (C0-C1), the superior and inferior arteries of the cervical enlargement (C4- 
C6, C7-T1), the artery of von Haller (T4-T5), and the artery of the lumbosacral 

Fig. 5.1 Extrinsic arterial 
vascularization of the 
spinal cord

The extrinsic spinal 
arterial system consists of 
longitudinal arteries 
(principally the anterior 
spinal artery (ASA) and 
the paired posterior spinal 
arteries (PSAs)) supplied 
by a limited number of 
radiculomedullary arteries 
and interconnected by a 
delicate mesh, the 
vasocorona
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enlargement (T6-L4) [2, 3]. There are more posterior than anterior radiculomedul-
lary arteries (RMA), including a dominant branch in the thoracolumbar region [4].

Sulcal arteries arise from the ASA’s concealed surface and penetrate the spinal 
cord in the depth of the anteromedian fissure (Fig. 5.1); their territory is typically 
unilateral [4], but trunks with multiple ipsilateral or bilateral branches exist [5, 6]. 
Therefore, damage to a single sulcal artery can lead to a limited homolateral infarct 
(sulcal syndrome) or be longitudinally and transversally more extensive. Sulcal syn-
dromes tend to occur in the cervical region, where the ASA is frequently duplicated 
[7]; occlusion of a duplicated ASA segment thus seems a likelier “sulcal syndrome” 
mechanism than occlusion of a single sulcal branch. The variability in the density of 
sulcal arteries (number of vessels per length unit) derives from regional differences 
in spinal cord elongation during fetal life; the thoracic cord has the lowest sulcal 
artery density [8, 9], a factor believed to increase its sensitivity to ischemia.

The intrinsic arterial system consists of two converging circulations: the sulcal 
arteries principally supply the central gray matter (centrifugal system), the PSAs 
and the vasocorona vascularize most of the surrounding white matter (centripetal 
system) (Fig. 5.2a) [10]. Although both circulations interconnect at the capillary 
level, there is limited potential for collateral supply: spinal perforators are, from a 
functional standpoint, end-arteries.

 Spinal Collateral Pathways

Collateral supply to the spinal cord depends primarily on extradural osseous and 
muscular anastomoses, on the recruitment of alternate RMAs, and on the periconal 
arterial anastomotic circle, the only functionally significant connection between the 
anterior and posterior spinal circulations. Collateral pathways influence the extent 
and severity of ischemic damages; their availability varies with age and the arterial 
injury’s timing and location. The principles proposed by Lazorthes in 1971 remain 
valid [9]:

 (i) “The nearer the arterial obstruction is to the aortal origin and the farther it is 
removed from the spinal cord, the greater the possibilities of anastomotic 
substitution”,

 (ii) “The slower the obstruction is in establishing itself, the greater the chances of 
effective intervention by the substitution pathways, whereas a sudden obstruc-
tion takes the substitution pathways by surprise.”

Postmortem observations of occluded dominant anterior RMAs without clinical or 
histopathological consequences confirm that collateral pathways can, at least in the 
context of a slowly evolving process, take over the cord supply [11]. The greater 
availability of collateral channels in young individuals has a protective role, for 
example, during aortic or spine surgery [12].
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c

Fig. 5.2 Intrinsic arterial 
circulation and axial 
watershed zones. (a) 
Adamkiewicz divided the 
intrinsic arterial system 
into central (or centrifugal, 
green arrows) and 
peripheral (or centripetal, 
orange arrows) systems. 
Their interface constitutes 
a ring-like anatomical zone 
at risk for ischemia (blue 
ring). (b) The combination 
of the ring-like anatomical 
watershed area with the 
increased gray matter 
sensitivity to ischemia 
defines focal zones at risk 
in the anterior and 
posterior horns (“snake 
eyes” pattern). (c) When 
ischemia involves the 
entire gray matter but 
spares the white matter, the 
injury adopts a “butterfly” 
pattern
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 Spinal Blood Flow

The spinal supply is peculiar for its apparent frailty and the lack of readily available 
reserve under normal conditions. As Feeney and Watterson noted in 1946 [13]:

[…] there exists a very close relationship between the metabolic requirements of the ner-
vous tissue and the final distribution of intraneural vessels in the adult, a relationship which 
functions in such a way as to provide the nervous system with a blood supply just adequate 
for its minimal needs.

Animal studies have shown higher blood flow in the cervical and lumbosacral cord 
and a positive gray matter to white matter ratio at all levels (up to 5:1 in primates) 
[14, 15]. These findings are consistent with the higher gray matter’s sensitivity to 
ischemia observed both experimentally [16] and clinically [17].

The spinal circulation is protected from pressure variations by an autoregulation 
process similar to the mechanism adjusting the cerebral circulation [18]. Spinal flow 
is also sensitive to chemical mediation (increased by hypoxia and hypercapnia, 
decreased by hypocapnia), while metabolic stimulation only increases flow to the 
gray matter [14]. Spinal autoregulation does not depend on cerebral centers since 
hypercapnia increases flow in transected cords [19]. Systemic blood pressure 
directly influences blood flow within the superficial spinal circulation [20].

Sensitivity to ischemia varies among and within cell groups: for example, neu-
rons are, as a group, more sensitive than the microglia, but certain types of neurons 
are more vulnerable than others. This relative sensitivity seems to play a role early 
in the ischemic process, while the injury pattern resulting from severe and pro-
longed ischemia depends more on local angioarchitectural factors [21, 22].

 Spinal Watershed Zones

Watershed zones are ischemia-prone areas located at the interface between conver-
gent arterial circulations [23, 24]. Watershed zones are involved early in the isch-
emic process and therefore represent essential clinical and histopathological 
markers.

 Axial Watershed Zone

The axial watershed zone lies at the interface between the centripetal and centrifu-
gal intrinsic circulations [10]. While the zone at risk is in theory ring-shaped [9], its 
combination with increased gray matter vulnerability—due in part to the neurons 
higher metabolic needs [25, 26]—results in a “snake eyes” appearance typical of 
minimal or early injuries [27] (Fig. 5.2b). More severe lesions—for example, in the 
setting of systemic hypotension [28] or aortic dissection [29]—can involve the 
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whole gray matter yet still spare the white matter [17] (Fig. 5.2c). Finally, profound 
ischemia leads to extensive lesions that involve the deep white matter before the 
peripheral white matter [30, 31]. However, even severe ischemia may spare the 
peripheral white matter or the lateral edge of the anterior horns, or both [32].

A single lesion can combine various ischemic patterns, either in a topographical 
distribution corresponding to variable locoregional degrees of injury or in succes-
sive imaging studies indicating damage progression over time. A watershed pattern 
is typically found at the edge of a lesion, where collateral flow limits the severity of 
ischemia [29] (Fig. 5.3).

 Longitudinal Watershed Zones

As Lazorthes and colleagues pointed out, the value of the anterior and posterior 
longitudinal spinal arteries as collateral pathways is limited:

[…] there is no continuous perimedullary longitudinal substitution pathway. The three areas 
that we have described are functionally isolated: the upper cervicothoracic and lower thora-
columbar areas are separated by the midthoracic area, whose poor vascularization we know, 
and where anastomoses are more or less nonexistent. [9]

Mettler [33], Zülch [23], and Di Chiro [34] reported the existence of longitudinal 
watershed zones at the junction between adjacent arterial territories. Since the plexi-
form nature of the PSAs offers better protection against ischemia, longitudinal 
watershed zones predominantly involve the ASA territory; their topography depends 
on the number, size, and location of anterior RMAs, and the mechanism leading to 
ischemia (e.g., single branch occlusion versus hypotensive episode).

The classic description of a midthoracic zone of “ischemic vulnerability” is not 
confirmed by modern anatomical and clinical data, notably the constant presence of 
an upper thoracic anterior RMA [35] and the sparing of the midthoracic cord during 
severe systemic hypotension [28, 36, 37].

 Posterior Lumbosacral Watershed Zone

The periconal arterial anastomotic circle—the only functionally significant anasto-
mosis between the ASA and PSAs—is the spinal counterpart of the circle of Willis. 
Through this anastomotic circle, the ASA supplies the caudal end of the PSAs, in 
which the flow is ascending [38]. This configuration creates a longitudinal junc-
tional territory along the posterior aspect of the conus medullaris, the posterior lum-
bosacral watershed zone (Fig. 5.4) [39]. Flow impairment in the caudal portion of 
the ASA—after occlusion of the artery of Adamkiewicz, for example—can thus 
simultaneously impact the anterior and posterior circulations, explaining why trans-
verse lesions are more common in the lumbosacral region.
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Fig. 5.3 Spinal stroke following occlusion of the artery of Adamkiewicz by an acute aortic dissec-
tion. (a) MRI, T2-weighted sagittal image, documenting signal hyperintensity and cord swelling 
from the midthoracic region to the tip of the conus medullaris. (b) MRI, T2-weighted axial images 
at T12, showing near-complete transverse infarction with a peripheral rim of spared tissue. Parietal 
thrombus is visible within the aortic dissection (star). (c) MRI, T2-weighted axial images at T8; 
closer to the upper limit of the lesion—and sources of collateral supply—the damage only involves 
the gray matter (“butterfly” pattern). (d) MRI, T2-weighted axial images at T7; the damage is mini-
mal at the edge of the lesion, taking a “snake-eye” appearance
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Fig. 5.4 The posterior 
lumbosacral 
watershed zone

The anterior spinal 
artery (ASA) connects 
around the tip of the conus 
medullaris with the 
posterior-medial and 
posterior-lateral spinal 
arteries (PMSAs, PLSAs) 
via the rami cruciantes. 
Both the anterior and 
posterior arterial systems 
participate in the supply of 
the caudal portion of the 
posterior spinal territory, 
creating a watershed zone 
at their interface, the 
posterior lumbosacral 
watershed zone
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 Introduction

Aminoff and colleagues realized that some spinal vascular malformations become 
symptomatic by elevating the perimedullary venous pressure in 1974 [1]. Although 
most spinal shunts can induce venous hypertension, this chapter focuses on a group 
of radiologically inconspicuous anomalies that frequently belong in the differential 
diagnosis of myelopathies of unclear etiology, the low-flow spinal arteriovenous 
fistulas (SAVFs).
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 Low-Flow Spinal Arteriovenous Fistulas

Spinal vascular malformations are divided into three categories based on flow char-
acteristics [2]:

 1. Anomalies with a high-flow shunt
 2. Anomalies with a low-flow shunt
 3. Anomalies without a shunt

Anomalies without shunt (e.g., a cavernous malformation) or with a high-flow shunt 
(e.g., a spinal cord arteriovenous malformation) are generally conspicuous on MRI 
and rarely overlooked [3]. Low-flow spinal SAVFs, on the other hand, have insidi-
ous clinical and radiological features. They are commonly misdiagnosed, generally 
as an inflammatory myelopathy [4]. Low-flow spinal SAVFs represent about 80% of 
all spinal vascular anomalies; three types are identified based on the shunt location 
(Fig. 6.1):

 A. Low-flow perimedullary arteriovenous fistulas (PmAVF)
 B. Low-flow dural arteriovenous fistulas (SDAVF)
 C. Low-flow spinal extradural arteriovenous fistulas (SEAVF)

 Historical Background

Spinal vascular anomalies were hard to characterize before the advent of spinal 
angiography in the 1960s [5, 6]. Kendall and Logue described SDAVFs in 1977; 
they identified the existence of a focal shunt along the spinal nerve root and recog-
nized the secondary nature of the accompanying perimedullary venous engorge-
ment [7]. Merland and colleagues reported the first cases of low-flow SEAVFs and 
PmAVFs in 1980 [8].

 Physiopathology

The progressive myelopathy caused by low-flow SAVFs results from an elevation of 
the perimedullary venous pressure. The discrepancy between these seemingly 
benign low-output shunts and the devastating spinal cord damages they induce is 
perplexing at first. Logue suggested the role of concomitant venous deficiency in 
1979 [9]; drainage impairment is due to a reduction in the number of functional 
radiculomedullary veins (RMV), notably in older men. Thrombosis is the probable 
cause of this progressive loss of RMVs. The antireflux mechanism—a valve-like 
configuration of the RMV at its point of passage through the dural sac [10–12] 
(Fig.  6.1)—likely contributes both to RMV thrombosis and the development of 
SDAVFs [13].
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Fig. 6.1 Topographical classification of spinal arteriovenous fistulas
Low-flow perimedullary arteriovenous fistulas (PmAVF) are found on the pial surface of the 

spinal cord, spinal dural arteriovenous fistulas (SDAVF) along the inner surface of the thecal sac, 
and low-flow spinal extradural arteriovenous fistulas (SEAVF) in the epidural or paraverte-
bral spaces

 Etiology and Morphology

Low-flow SAVFs probably form in a context of venous thrombosis followed by 
recanalization and arterialization, a mechanism similar to the development of cra-
nial dural arteriovenous fistulas [14]. The thrombotic process participates in the 
shunt formation and influences its clinical expression by limiting the availability of 
drainage pathways. The thrombosed venous structure predisposing to shunt forma-
tion is specific to each type of SAVF:

6 Venous Hypertensive Myelopathies



122

 (i) SDAVFs: the shunt involves an RMV immediately before its passage through 
the thecal sac, on the intradural versant of the antireflux mechanism [15] 
(Fig. 6.2A). The venous drainage is typically intradural [16].

a

b

c

Fig. 6.2 Angioarchitecture of symptomatic low-flow spinal arteriovenous fistulas
(A) SDAVF—the shunt is located on the inner surface of the thecal sac and drains intradurally
(B)  SEAVF—the shunt involves a pouch of epidural plexus (a) and drains into one or more radicu-

lomedullary vein(s). Shunts involving foraminal (b) or paravertebral (c) veins have similar 
presentations

(C) PmAVF—the shunt lies over the pial surface and drains into the perimedullary venous system
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 (ii) Low-flow SEAVFs: the shunt involves an epidural venous pouch partially or 
completely isolated from the rest of the epidural plexus (Fig. 6.2B). The peri-
medullary venous pressure only increases when the arterialized pouch is con-
nected to the intradural venous system by one or more RMVs, and the antireflux 
mechanism fails to prevent retrograde drainage.

 (iii) Low-flow PmAVFs: The shunt most often interconnects the anterior spinal 
artery and vein on the anterior surface of the cord (Fig. 6.2C).

 Clinical Presentation

Low-flow SAVFs tend to occur in older men (50 and above); they are less common 
in women and exceptional under the age of 30 [17]. They typically present with a 
progressive venous hypertensive myelopathy (VHM), a remote and non-localizing 
consequence of the arteriovenous shunt. SDAVFs can cause a radicular pain predat-
ing the onset of other symptoms by months or years [18].

The combination of spinal venous hypertension with cofactors reducing the sys-
temic arterial pressure (e.g., aortic atheroma, dehydration, antihypertensive therapy) 
participates in the proteiform clinical picture of low-flow SAVFs. Patients not infre-
quently present with acute or subacute worsening of a previously slowly evolving 
myelopathy or even with an inaugural “stroke-like” acute episode. Cervical lesions 
can cause acute hemiplegia simulating cerebral ischemia [19]. Intermittent spinal 
cord claudication is frequent. The sudden pejoration of a progressive myelopathy 
following steroid administration—intravenously [20], percutaneously [21, 22], or 
even per os (personal observation)—must raise concern for the diagnosis of low- 
flow SAVF.

Maximum disability is reached within a year in about half the cases, the evolu-
tion being possibly more severe in women [23]. This rapid progression leads to the 
notion of a “narrow therapeutic window,” i.e., a limited interval during which ther-
apy can provide meaningful functional improvement. Unfortunately, the diagnosis 
frequently remains elusive for months or years [24].

 Noninvasive Imaging

 Conventional MRI

MRI is the technique of choice for the screening of myelopathies, although patients 
with vascular malformations may undergo CT myelography when MRI is contrain-
dicated. Low-flow SAVFs have a nonspecific appearance on conventional MRI, 
including longitudinally extensive T2 hypersignal with a central distribution and 
variable degree of enhancement after gadolinium administration (Fig. 6.3). “Flow 
voids” on T2-weighted images strongly suggest a vascular malformation, but their 
absence does not exclude a SAVF: flow voids are most often subtle or absent [3]. 
Signs of superimposed arterial ischemia (i.e., partial of complete gray matter 
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Fig. 6.3 Typical MRI features of spinal venous hypertension. (a), MRI, sagittal T2-weighted 
image, documenting spinal cord edema as an area of increased T2 signal between T7 to T10. (b), 
MRI, sagittal STIR image, confirming the extent of the edematous area. While both the T2-weighted 
and STIR sequences show dorsal CSF flow artifacts, neither documents conspicuous “flow-voids.” 
(c), MRI, sagittal T1-weighted image; the spinal cord edema appears as a central area of hyposig-
nal. (d), MRI, sagittal T1-weighted image after gadolinium administration; there is a focal area of 
parenchymal enhancement at T10, without clear evidence of dilated perimedullary vessels. (e), 
MRI, axial T2-weighted image showing the central pattern of T2 hypersignal typical of venous 
hypertension

hypersignal in a “snake-eye” or ‘butterfly” pattern) are not uncommon. Focal lesions 
are infrequent, and the absence of cord anomaly in symptomatic patients is 
exceptional.

 Advanced MRI Techniques

While the sensitivity and specificity of conventional MRI for low-flow SAVFs are 
poor, advanced techniques—such as time-resolved contrast-enhanced MRA 
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(CE-MRA)—carry high expectations, notably as an adjunct modality guiding sub-
sequent conventional angiography (Fig. 6.4). These new modalities show promise 
for the detection of spinal vascular anomalies in general [25–27], with sensitivity 
rates between 81% [27] and 100% [26]. However, most published series are small 
and fail to distinguish between low-flow and high-flow SAVFs, which offer drasti-
cally different challenges since MRI exceptionally overlooks high-flow lesions [3]. 
One study specifically evaluating CE-MRA’s efficacy for diagnosing SDAVFs 
reported a detection rate of 81%, with flow voids noted on conventional MRI in all 
cases [27]. It thus appears that CE-MRA, in that instance, merely confirmed the 
presence of low-flow lesions already detected by conventional MRI [3]. The yield 
of CE-MRA for the detection of low-flow SAVFs without flow voids is, to our 
knowledge, undetermined. High-resolution three-dimensional MRI sequences (e.g., 

Fig. 6.4 Contrast- 
enhanced MRA (coronal 
reconstruction) in a 
68-year-old patient with 
progressive myelopathy 
documenting dilated 
perimedullary veins (large 
white arrows). The artery 
of Adamkiewicz is visible 
(small white arrow). Based 
on this study, the patient 
was referred for the 
treatment of a right T7 
spinal dural arteriovenous 
fistula (black arrow). 
Instead, spinal angiography 
revealed a pelvic 
arteriovenous fistula, while 
the suspicious structure 
shown by MRA was a 
draining vein. 
Conventional angiography 
during endovascular 
therapy can easily correct 
misleading MRA findings, 
but a misguided surgical 
approach based on 
inaccurate MRA data could 
prove catastrophic
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CISS) are useful in studying the relationship between a vascular anomaly and its 
surroundings, for example, to distinguish between intra- and extramedullary lesions.

The impact of advanced MRI techniques for the evaluation of myelopathic 
patients remains unclear at this time: a study dividing 154 patients with low-flow 
SAVFs into early (1986–1999) and recent (2000–2008) cohorts showed no diagnos-
tic delay reduction despite the advent of modern imaging [28]. Broader use of 
advanced MRI techniques in suspected vascular myelopathies should nonetheless 
improve the detection rate of low-flow lesions and allow earlier treatment. A normal 
MRI, or MRA, however, should not discourage a clinician from obtaining a conven-
tional spinal angiogram in patients with high pretest probabilities of having a low- 
flow SAVF.

 Computed Tomography (CT) and Computed Tomography 
Angiography (CTA)

The role of CTA for the screening of low-flow SAVFs is currently limited. CTA is 
associated with narrow longitudinal coverage, low spatial and temporal resolutions, 
and high radiation doses. Studies recommending extensive CTA evaluations (e.g., 
T1 to L4) rarely include radiation exposure information [29]. However, a recent 
article suggested that CTA should be restricted to “difficult-to-find AVFs” because 
of high doses (over 40 mSv in the thoracolumbar region) [30].

On the other hand, thoracic and abdominal contrast-enhanced CT routinely 
obtained during the workup of suspected inflammatory myelopathies could play a 
significant but currently unexploited role in the early diagnosis of low-flow SAVFs: 
the observation of enhancing intracanalar structures can, in many cases, suggest the 
presence of a low-flow SAVF [31] (Fig. 6.5).

 Digital Subtraction Angiography

Spinal digital subtraction angiography (DSA) is safe in experienced hands: the 
occurrence of neurological complications is extremely low nowadays [32], thanks 
in part to the introduction of nonionic contrast agents in the 1980s [33] (Fig. 6.6). 
Sophisticated techniques such as three-dimensional spinal DSA [34] or flat panel 
catheter angiotomography [35] increase the yield of conventional angiography by 
offering high-resolution multiplanar reconstructions [36, 37] (Fig. 6.7).

Complete spinal DSA must investigate each pair of intersegmental arteries (ISA) 
of aortic origin, the subclavian artery and its branches, and the pelvic vasculature 
(median and lateral sacral arteries). Carotid artery injections are necessary to 
exclude cranial anomalies with perimedullary venous drainage [38]. Angiographers 
must remember that VHM has no localizing value [39]: a cervical SDAVF can, for 
example, induce devastating lumbosacral changes but spare the thoracic cord (a C1 
SDAVF caused the myelopathy shown in Fig. 6.3).
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a b

Fig. 6.5 A 56-year-old woman with a progressive myelopathy worsened after intravenous steroid 
administration. Angiography diagnosed a right L3 dural arteriovenous fistula. The detection of 
enhancing intracanalar structures in a thoracoabdominal CT obtained during her initial workup 
could have led to earlier diagnosis (arrows in axial images (a) and coronal reconstructions (b))

 Treatment Options

Until the 1970s, treatment generally consisted of excision of the congested perimed-
ullary veins associated with low-flow SAVFs, worsening venous hypertension, and 
leading to infarction. Kendall and Logue’s identification of the focal nature of 
SDAVFs in 1977 led the way to modern therapy focusing on the shunt itself and the 
adjoining segments of the feeding artery and draining vein [40, 41]. Surgical treat-
ment of a low-flow SAVF can be achieved by merely interrupting its draining 
vein [41].

Endovascular techniques for spinal vascular lesions appeared in the early 1970s 
[42, 43]. With the introduction of liquid embolic agents able to cross the arteriove-
nous shunt and seal the draining vein’s proximal portion [44, 45], embolization has 
become a valid alternative to surgical treatment for low-flow SAVFs [2, 8, 46].
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a b

Fig. 6.6 Typical angiographic appearance of a left L1 spinal dural arteriovenous fistula. (a), DSA, 
left L1 injection, subtracted view, posteroanterior projection. The circle indicates the location of 
the shunt in the vicinity of the vertebral pedicle. The shunt drains into a dilated perimedullary 
venous system (black arrow) via a left L1 radiculomedullary vein (white arrows). (b), DSA, Same 
injection, non-subtracted image, shown for topographic orientation

 Treatment Outcomes

Most if not all low-flow SAVFs are curable, but the functional outcome depends on 
the extent of spinal cord damage at the time of diagnosis. Prolonged delays and 
severe neurological deficits before treatment considerably impact the potential for 
recovery [47]. MRI findings have, in our experience, a limited predictive value, 
except maybe when showing signs of concomitant arterial ischemia. Untreated spi-
nal venous hypertension leads to infarction with hemorrhagic transformation 

P. Gailloud



129

Fig. 6.7 Flat-panel 
catheter angiotomography 
in a 43-year-old woman 
with a low-flow 
perimedullary 
arteriovenous fistula at the 
conus medullaris level 
(sagittal reconstruction). 
The caliber of the ASA 
(large black arrow) drops 
abruptly (small black 
arrow) past the site of the 
arteriovenous shunt (small 
white arrow). The 
anterior-median spinal vein 
(large white arrow), deep 
to the ASA, drains 
cranially

(Foix- Alajouanine syndrome) [48, 49]. Although outcomes are at this stage gener-
ally bleak, therapy remains warranted since significant clinical improvement can 
still be observed [50]. Spinal venous thrombosis or a second vascular malformation 
must be suspected when the myelopathy fails to improve or worsens after therapy. 
Patients managed endovascularly are heparinized during and after treatment to limit 
the risk of perimedullary venous thrombosis. Antiplatelet or anticoagulation can 
also be started before or immediately after treatment.

In summary, therapy’s primary goal for patients with VHM is to stop the  disease’s 
progression. While functional recovery—ranging from minimal to complete—is 
generally observed, individual treatment benefits are difficult to predict. Diagnostic 
delays represent a significant obstacle to favorable outcomes.
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 Diagnostic Errors and Low-Flow Spinal Arteriovenous Fistulas

The clinical diagnosis of spinal vascular malformations is challenging. Before the 
advent of modern neuroimaging, identification relied on surgical exploration or nec-
ropsy, sometimes after years of evolution. Diagnostic errors remain an issue nowa-
days: the author believes that a majority of low-flow SAVFs elude detection. Patients 
presenting with intermittent claudication are often treated for suspected narrow 
lumbar canal or peripheral arteriopathy, while older men complaining of bladder 
dysfunction generally get prostate surgery first. The predominant misdiagnosis is, in 
our experience, transverse myelitis, primarily because of the lack of specificity of 
conventional MRI: a recent survey of the yield of initial MRI in patients with low- 
flow SAVFs showed a false-negative rate of more than 60% [3]. The assumptions 
that a lack of flow-voids rules out a vascular malformation and that cord enhance-
ment after gadolinium administration points towards an inflammatory myelopathy 
are critical factors in that dismal sensitivity rate [3].

Conventional angiography also suffers from pitfalls. Studies are frequently 
incomplete, technically inadequate, or performed by inexperienced physicians. A 
recent analysis of 30 spinal angiograms falsely reported as normal discovered cog-
nitive errors in most cases: the SAVF was documented but not recognized (55.6%), 
or the angiogram was incomplete (29.6%). Therefore, a “negative angiogram” 
should not rule out the diagnostic of SAVF until the study quality is confirmed.

 Conclusions

The diagnosis of low-flow SAVFs is challenging. A majority of low-flow SAVFs 
remain undetected despite the recent progress of noninvasive neuroimaging. Most if 
not all are amenable to endovascular or surgical therapy, often with significant func-
tional improvement when addressed within a reasonable timeframe. Logue’s 1979 
observation on low-flow SAVFs remains pertinent [9]: “Any improvement in results 
can only come from greater awareness of the condition leading to earlier diagnosis 
and operation.”
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 Nomenclature

The term “myelopathy” refers to spinal cord dysfunction. The term transverse 
myelitis (TM) commonly refers to an acquired inflammatory disorder of the spinal 
cord resulting in various degrees of motor, sensory and autonomic impairment [1]. 
The word “myelitis” refers to inflammation of the spinal cord and the word “trans-
verse” refers to inflammation that spreads across the transverse section on the spinal 
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cord at any particular level. Since not all forms of TM involve the entire transverse 
section of the spinal cord, a more appropriate term would be “inflammatory myelop-
athy” or simply “myelitis”. TM can occur as an independent entity (idiopathic TM) 
where the presumed etiology is a post-infectious immune-mediated pathology. It 
can also occur as a manifestation of neuro-immunological disorders (disease associ-
ated TM) like multiple sclerosis (MS), neuromyelitis optica spectrum disorders 
(NMOSD) or acute disseminated encephalomyelitis (ADEM). While evaluating 
patients with TM, it is important to rule out compressive and non-inflammatory 
causes of myelopathy and to delineate the various underlying etiologies since the 
treatment, risk of recurrence and prognosis varies according to the type of TM.

 History of Transverse Myelitis

In 1882 Bastian et al. described several cases of “acute myelitis” and pathological 
analysis revealed vascular lesions in some of them and acute inflammation in others. 
In the early 1920s about 200 cases of “post-vaccinal encephalomyelitis” character-
ized by inflammation of the spinal cord was described as a rare complication of 
smallpox vaccination in the United Kingdom. These cases revealed inflammatory 
cells and demyelination on autopsy. In 1928, Ford et al. first postulated a “post- 
infectious” rather than an “infectious” cause for acute myelitis because the rash and 
fever was noted to have resolved when the symptoms of myelitis began. Therefore, 
it was proposed that an “allergic” response to the virus rather than the virus itself 
caused spinal cord injury. Suchett-Kaye Al et al. used the term “acute transverse 
myelitis” in 1948 while describing a case of inflammatory myelopathy complicating 
pneumonia [2].

 Pathophysiology

Understanding the pathophysiology of TM has direct clinical implications. The three 
key elements in the development of TM irrespective of the underlying effector mech-
anisms are (1) Inflammation (2) Demyelination and (3) Axonal degeneration (except 
in cases of acute flaccid myelitis, which by definition has predominant anterior horn 
cell damage). It is important to recognize that these three elements tend to evolve 
sequentially in most cases (Fig.  7.1) and so early recognition and treatment can 
potentially delay and minimize progression to the process of axonal degeneration at 
which stage, the disease process is irreversible and causes significant morbidity.

The inflammatory phase of TM is characterized by perivascular infiltration by 
monocytes and lymphocytes in the lesion. The white and gray matter areas of the 
spinal cord are involved to varying degrees suggesting that TM is not a pure demy-
elinating disorder (confined to the white matter) but rather is a heterogenous inflam-
matory disorder that affects neurons, axons, oligodendrocytes and myelin. Axonal 
degeneration occurs in the final phase and is likely responsible for most lingering 
deficits. In recent years, a subtype of myelitis, known as Acute Flaccid Myelitis 
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Fig. 7.1 Stages of inflammatory myelopathy

(AFM) has been recognized in the US and throughout the world. This phenotype is 
characterized by a preponderance of gray matter damage and is most associated 
with acute viral infections. Some patients will have concomitant white matter 
involvement that likely represents parainfectious inflammatory damage to spinal 
cord. Thus, while most myelitis is purely immune mediated, some rare cases have 
evidence of a cord infection causing an immune response that independently causes 
damage [3].

 Epidemiology

The incidence of TM is probably underestimated. A database from Israel reported 
an incidence of 1.34 per million population. Large population-based studies in the 
United States are currently lacking. A US based study based on 33 cases of TM 
reported an annual incidence of 4.6 per million. Hence TM still remains a rare con-
dition when compared to a disease like multiple sclerosis whose estimated preva-
lence is about 1000 per million populations. The incidence of pediatric TM is 
similar to that in the adult population and is estimated at 1.7–2 per million children 
per year. Based on these numbers about 1500 cases are expected in the US every 
year and about 34,000 individuals are expected to be left with chronic morbidity 
from TM at any time. TM affects men and women equally although with 
MS-associated TM, females tend to be more frequently affected; both in adult and 
pediatric populations. A bimodal age distribution is noted between 10 to 19 years 
and between 30 to 39  years [4, 5]. Children account for about 20% of cases of 
TM. Amongst children there is another bimodal pattern with the under 5 years and 
above 10 years groups being the most affected [6]. The AFM variant of myelitis 
disproportionately effects children [7].

With regards to the etiology of TM, 64% of cases were noted to be idiopathic and 
36% were found to be disease-associated in one study. In another study, idiopathic 
TM accounted for about 21% of the cases while 45% were reported as para infec-
tious, 21% as MS-associated and 12% as vascular. A preceding infection was 
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identified in about 47% of the children prior to the onset of TM symptoms. The wide 
variations in the frequency of various types of TM differs based on the geographical 
area, ethnicity and more importantly based on improvement in diagnostics and char-
acterization of newer disease entities [8]. For instance, with the advent of the myelin 
oligodendrocyte glycoprotein (MOG) antibody associated syndromes, the incidence 
of isolated TM is estimated to be 12% and it is more than likely that these cases 
were categorized as “idiopathic TM” rather than “disease associated TM” before the 
discovery of the antibody and its phenotype.

 Clinical Presentation

The classic clinical presentation in TM is an acute or subacute onset of neurological 
symptoms characteristic of a myelopathy; motor, sensory and/or autonomic dysfunc-
tion. Depending on the acuity of the disease process and the tracts affected the clinical 
picture tends to vary at presentation. An important question to ask patients at presenta-
tion is how much time it took from onset of symptoms to nadir. An ischemic event of 
the spinal cord typically evolves over a few minutes to a few hours whereas idiopathic 
TM typically hits nadir anywhere between several hours to days. Progression over 
several weeks or months argues significantly against a diagnosis of myelitis [9]. The 
AFM variant can progress over a few hours or as long as many days.

Motor symptoms in TM can include weakness in the extremities, gait instability 
or inability to walk, imbalance, stiffness, spasms of affected muscle groups and/or 
cramping of leg muscles. Sensory symptoms can include numbness, paresthesias 
and less frequently pain of the affected extremities. These symptoms can be the 
initial presentation in some cases and patients or health-care providers can be dis-
missive of these symptoms. A sensory level can be reported by patients and can be 
described as a loss of sensation below a level, with or without a tight or squeezing 
band-like sensation at the top of the sensory level (described as MS-hug in patients 
with multiple sclerosis). A subjective sensory level as reported by the patient indi-
cates spinal cord dysfunction unless proven otherwise and the lesion is likely local-
ized to that dermatomal level or above. This is due to the fact that spinal cord cross 
section is laminated and so eccentrically located lesions in the cervical spine for 
example, can cause a subjective sensory level in the thoracic segments and below. 
Another presentation to recognize is that a stocking-glove sensory distribution does 
not always indicate a length dependent neuropathy and in an acute setting warrants 
a search for myelopathic causes. Sometimes myelitis can cause back pain preceding 
the symptoms of myelopathy. Pain in the trunk and extremities is often a late feature 
in many cases of TM; especially in TM associated with NMOSD. Autonomic dys-
function is characterized by urinary retention (most common form of autonomic 
disturbance in the acute phase), increased urinary/fecal urgency, bladder and bowel 
incontinence, incomplete evacuation and constipation and sexual dysfunction. 
Urinary retention can be one of the first signs of myelopathy and can bring a patient 
to the ER before the onset of motor or sensory symptoms. It should be noted in this 
context that acute urinary retention should cause concern for myelopathy and not be 
dismissed. Acute urinary retention in an otherwise healthy adult should cause con-
sideration of a neurogenic etiology [10].
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Physical examination findings of patients with TM varies according to the timing 
of the exam with respect to the onset of symptoms. The goals of performing a care-
ful neurological examination in patients with a suspected myelopathic event include 
(1) To confirm a diagnosis of myelopathy (2) To localize the level of the lesion and 
(3) To identify patterns of spinal cord involvement and specific clinical syndromes 
which are sometimes suggestive of the underlying cause (Table 7.1). During the 
initial acute phase of TM (phase of spinal shock), examination can reveal flaccid 

Table 7.1 Clinical syndromes based on anatomic location of lesion in myelitis

Patterns Salient clinical features
Common 
conditions

Complete 
transection

If truly complete transection, 
complete loss of all motor, sensory, 
autonomic functions below the level 
of the lesion. Most often, 
transection is incomplete; clinical 
deficits may also be variable/
asymmetric. Lower motor neuron 
signs may be observed at the level 
of lesion. Urinary urgency is seen 
early on followed by retention and 
then incontinence (a late finding). 
Cervical and thoracic lesions can 
cause ipsilateral Horner syndrome 
and autonomic dysreflexia.

Trauma, 
idiopathic TM

Hemisection Contralateral  loss of pain & 
temperature, ipsilateral loss of prop 
and vibrations, ipsilateral UMN 
pattern weakness, segmental LMN 
signs and autonomic impairment 
ipsilaterally.

Extradural lesions 
like tumor (esp. 
metastasis), 
epidural abscess, 
penetrating 
trauma, multiple 
sclerosis.

Central “Dissociated” sensory loss early on 
followed by segmental LMN 
weakness and then UMN signs 
below the level of lesion followed 
by dorsal column involvement. 
Sacral sensory sparing until very 
late.

Syringomyelia, 
intramedually 
tumor, 
hyperextension 
injury

Posterolateral Early loss of vibrations and 
proprioception, positive Romberg 
sign, positive pyramidal signs, 
Intact spinothalamic tract  
sensation.

B12 deficiency , 
HIV, HTLV 
(TSP), Copper 
deficiency, 
spondylotic 
myelopathy,, MS

Posterior only Early and marked loss of  
vibrations and proprioception with 
positive Romberg sign and sensory 
ataxia.
Typically, well preserved strength.

Tabes dorsalis, 
spondylotic 
myelopathy

Anterior horn 
cell

Pure motor involvement, LMN 
pattern. No sensory or autonomic 
involvement

Polio, SMA, ALS, 
Hirayama,
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paralysis (with hypotonia, hyporeflexia and absent pathological reflexes) which 
evolves over days or weeks to a more well-recognizable pyramidal pattern of spastic 
weakness (of upper motor neuron type) with increased tone, hyperreflexia and the 
appearance of pathological reflexes like Babinski and Hoffman signs. Another sign 
described in patients with TM is the Beevor sign which refers to the upward dis-
placement of the umbilicus when a patient attempts to contract the abdominal recti 
(as while raising the head from an inclined position against resistance). This results 
from the relative weakness of the muscles below the level of the lesion than those 
above the lesion. This sign has been historically associated with a thoracic spine 
lesion between the T10 and T12 segments. The Beevor sign is not specific for 
myelopathy can be seen in certain conditions like facioscapulohumeral muscular 
dystrophy or amyotrophic lateral sclerosis which cause lower abdominal weakness. 
Superficial reflexes like the abdominal, cremasteric and the ano-cutaneous wink 
reflexes are absent below the level of the spinal cord injury. A patulous rectum and 
reduced/absent rectal tone on anal examination in another finding in the acute phase 
of TM [10].

In the AFM variant of TM, patients can present with acute flaccid paralysis/
weakness of one or more limbs. Most patients have a cervical cord lesion causing 
asymmetric upper limb flaccid weakness. Involvement of the cervical corticospinal 
tracts would lead to upper motor neuron patterns of weakness in the lower limbs. 
Thus, some patients present with mixed upper and lower motor neuron patterns of 
weakness [11].

Table 7.1 depicts the various acute spinal cord syndromes with information on 
specific tracts involved, associated clinical signs and specific conditions as examples.

Cerebrospinal Fluid (CSF)
CSF is abnormal in about 50% of patients with idiopathic TM. Lymphocytic pleo-
cytosis (usually less than 100/mm3) and elevated protein level (usually 100–120 mg/
dL) are common findings. Higher cell counts (mean – 136/mm3) and protein levels 
(mean – 173 mg/dL) have been described in a pediatric case series. CSF glucose 
levels are typically normal. CSF oligoclonal bands and elevated IgG index are typi-
cally absent or transiently present in idiopathic TM and when persistently present 
(especially 2 or more unrestricted bands) suggest a higher risk of subsequent devel-
opment of MS [9].

 Imaging

One of the initial goals of obtaining imaging in the acute phase of a patient with 
suspected TM is to rule out compressive etiologies. Magnetic resonance imaging 
(MRI) is the preferred modality of imaging for the spinal cord. This said, there is a 
role for computerized tomography (CT) scans in select circumstances. For instance, 
in patients with implantable MRI-incompatible devices such as pacemakers and 
stimulators, CT myelography is useful in the evaluation of compressive etiologies. 
Plain films/xrays are generally not useful in patients with non-traumatic 
myelopathies.
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While obtaining a MRI in a suspected case of TM two important decisions have 
to be made; (1) Timing of imaging and (2) Segment of the spinal cord to be imaged. 
With regards to timing, in a suspected case of spinal cord compression which is 
indistinguishable from TM at initial presentation, a stat MRI is recommended to 
appropriately triage a patient for surgical intervention, particularly if symptoms 
have evolved in the prior 24 hours. In cases where a compressive etiology is not 
suspected, imaging can be obtained on an urgent basis. As described above in the 
section on pathophysiology, since “time is spinal cord tissue”, we recommend 
empiric treatment with high dose steroids in suspected TM cases after a compres-
sive etiology is ruled out with initial imaging even when a clear inflammatory etiol-
ogy has not been established. In centers where obtaining an MRI might be delayed, 
an empiric dose of high dose methylprednisolone (1000 mg for adults, administered 
intravenously) is recommended. With regards to the segment to image, we recom-
mend to first clinically localize the lesion and image the entire neuroaxis proximal 
to it (at least during the initial phase of evaluation) before embarking on to a more 
comprehensive evaluation. Standard T1 and T2 sequences including short tau inver-
sion recovery (STIR) sequences are obtained. Gadolinium-based contrast enhanced 
T1 weighted sequences are also obtained in patients with no contraindications to 
gadolinium contrast agents. While sagittal cuts give information on the extent of 
involvement, the axial cuts are critical for identifying the patterns of involvement 
and the tracts involved in order to generate a differential diagnosis.

The classical MRI finding in TM is a T2 signal abnormality of the spinal cord 
with post contrast enhancement, of varying lengths and patterns of involvement 
with or without associated cord edema. When a cord lesion extends to three or more 
vertebral segments it is termed longitudinally extensive transverse myelitis (LETM). 
Some common causes of LETM are NMOSD, neurosarcoidosis, systemic lupus 
erythematosus (SLE) spinal ependymoma, arteriovenous malformations (AVM), 
infectious causes like varicella zoster and syphilis, B12 and copper deficiency states 
to name some. Conditions like MS typically cause short-segment discrete lesions 
which are eccentrically (laterally or dorsally) located on axial sections although 
there are exemptions to this rule [12].

Another useful approach in classifying TM based on the pattern of MRI involve-
ment is as follows:

 – White matter predominant
 – Gray matter predominant
 – Mixed gray and white matter predominant
 – Central cord syndrome
 – Anterior cord syndrome

We recommend obtaining a brain MRI with contrast even in the absence of clini-
cal signs of cerebral involvement at presentation. Up to 87% of MS patients that 
initially presented with myelitis were noted to have brain abnormalities in one 
series. Asymptomatic brain lesions are not specific to MS and can be seen in 
conditions like NMOSD, anti-MOG associated disorder and 
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adrenoleukodystrophy. TM associated with neurosarcoidosis commonly exhibits 
the following clinical features; (1) LETM, (2) Persistent enhancement at 2 months 
or more and (3) A nodular dorsal sub-pial enhancement pattern although many 
times it is non-specific.

A summary of MRI findings in some common myelopathic conditions is men-
tioned in Fig. 7.2.

Fig. 7.2 Summary of intramedullary gadolinium enhancement patterns by etiology and their evo-
lution in acute and subacutemyelitis. Sagittal (left, images at initial presentation shown, and right 
panel, persistently enhancing lesions on follow-up images shown) and axial (middle panels) pat-
terns of gadolinium enhancement. Brighter regions represent higher intensity of enhancement. (1) 
neuromyelitis optica spectrum (elongated ring appearance in approximately one-third  – the 
remainder usually patchy); (2) cervical spondylotic myelopathy (“pancake-like” or “transverse 
band” on sagittal images – width of enhancement greater than or equal height – at middle of T2 
hyperintensity and associated with moderate or severe stenosis and demonstrating circumferential 
white-matter enhancement sparing gray matter on axial images; enhancement only present in 7% 
of spondylotic myelopathies, but when present often mimics tumor or inflammation); (3) anterior 
spinal artery infarct (patchy in anterior spinal cord; owl eyes or snake eyes may be seen particularly 
on follow-up MRI); (4) spinal cord sarcoidosis (dorsal subpial linear enhancement extending over 
multiple segments); (5) multiple sclerosis (dorsal cord or lateral cord; may be nonenhancing; often 
asymmetric); (6) paraneoplastic symmetric tract-specific enhancement; (7) primary intramedullary 
spinal cord lymphoma (bright homogeneous enhancement; may be multiple); (8) dural arteriove-
nous fistula (patchy enhancement; enhancing veins dorsal to spinal cord may be seen; may or may 
not be associated with gadolinium enhancement); (9) intramedullary spinal cord metastases (thin 
rim of more intense enhancement surrounding enhancing lesion with a flame-like appearance 
superiorly – can also be inferior to lesion). (Ref. [13])
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MRI Negative TM
In very rare instances, patients with TM have been reported to have normal/negative 
spinal cord MRI. This is thought to occur due to imaging timing (too early in the 
disease course before the lesion evolves or too late in the disease course such that 
the lesion resolves) or due to spinal meningitis without parenchymal involvement 
(can be missed if a gadolinium sequence is not obtained), but can also be seen in the 
setting of a functional neurological disorder. A few conditions where this condition 
has been reported are the early phase of spinal cord ischemia, nutritional myelopa-
thies (B12 and copper deficiency myelopathy) and myelin oligodendrocyte glyco-
protein associated disorder (MOGAD). However, in routine clinical practice issues 
pertaining to radiologic protocols (e.g. lack of good quality axial cuts, unavailability 
of DWI sequences in suspected cord ischemia), movement and implant-related arte-
facts are more common causes for an “MRI negative TM” [14].

 Classification

Subtypes of TM are differentiated based on the extent of clinical and radiological 
involvement [15]. These include acute partial TM, acute complete TM and LETM.

 1. Acute partial TM refers to spinal cord dysfunction that is asymmetric and incom-
plete with an MRI involvement of less than three segments.

 2. Acute complete TM refers to spinal cord dysfunction that is symmetric, com-
plete or near-complete neurological deficits (paraplegia, quadriplegia, sensory 
loss and autonomic dysfunction) below the level of the lesion with an MRI 
involvement of less than three segments.

 3. LETM refers to complete or incomplete, symmetric or asymmetric spinal cord 
dysfunction but extending to three or more vertebral segments.

 Diagnosis

TM is suspected when there is an acute or subacute onset of spinal cord dysfunction 
(motor, sensory and autonomic dysfunction) in patients with no evidence of a com-
pressive cord lesion on imaging. Thus, the diagnosis of idiopathic TM is made when 
a patient has signs or symptoms of myelopathy, evidence of inflammation on MRI 
and/or CSF testing, with exclusion of other causes [15].

 Clinical Approach and Work Up

The four main steps in the care of a patient with suspected TM include:
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 1. Acute therapy: This is discussed below in the treatment section, BUT treatment 
should not be delayed pending work up. Prompt initiation of therapy is recom-
mended once the diagnosis of TM is confirmed on clinical grounds.

 2. Determination of the etiology
 3. Prevention of future attacks
 4. Rehabilitation/Symptom management

 Acute Therapy

High dose intravenous glucocorticoid therapy is considered to be the standard 
first—line therapy. IV methylprednisolone at 30 mg/kg per day (up to a maximum 
1000 mg daily dose) given over three to 5 days is a recommended regimen. It is 
crucial to institute steroid therapy as early as possible in the disease course; typi-
cally, within a few hours of admission since it is the most effective measure against 
edema and worsening inflammation which is the main offender in the initial phases 
of the TM disease process and is largely reversible (Fig. 7.1). Plasma exchange is 
effective in cases where high dose steroid therapy has failed or if there is incomplete 
response. We also recommend plasma exchange as initial therapy in patients who 
have motor involvement concomitantly with steroid therapy. The recommended 
regimen for plasma exchange is five to seven treatments; each with 1.1–1.5 plasma 
volumes every other day for 10–14  days. IV cyclophosphamide (at a dose of 
800–1200 mg/m2 body surface area administered as a single pulse dose) has been 
used successfully in the acute phase on an anecdotal basis, but is most effective in 
patients with myelitis related to mixed connective tissue disorders like lupus 
[16–18].

 Determination of the Etiology

The clinical approach to a patient with suspected TM is proposed in Figs. 7.3 and 
7.4. The main aim of this work up is to rule out other potentially recurring causes of 
inflammatory myelitis (which tend to occur as part of an autoimmune disease state) 
and other types of myelopathy (nutritional, vascular, infectious, etc).

The following investigations are recommended in patients with suspected TM.

 (i) MRI of the entire spinal with and without gadolinium contrast (Fig. 7.5)
 (ii) Brain MRI with and without gadolinium (to rule out multiple sclerosis).
 (iii) Cerebrospinal fluid analysis including cell count, protein, glucose, oligoclonal 

bands, IgG index, cytology and flow cytometry (in select cases), infectious 
work-up (in select cases with a high index of suspicion)

 (iv) Serum anti-AQP-4 antibodies, anti-MOG antibodies, ANA, SSA/SSB antibod-
ies, TSH, B12 and methylmalonic acid, homocysteine, copper, ceruloplas-
min, zinc.
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No

Clinical presentation: Acute myelopathy

MRI of entire spine with gadolinium

Compressive lesion?

No

No

Yes

Yes

Confirm myelitis Neurosurgical consultation

Intramedullary cord lesion?

Reconsider myelopathy diagnosis
Consider acute presentation of
    metabolic or degenerative
    myelopathy
Consider repeat MRI in 2–7 days

Gadolinium enhanced lesion on MRI?
Pleocytosis on CSF examination?
Increased IgG index on CSF exami-
   nation?

Determine cause of myelitis

Test for infection
Test for systemic inflam-
   matory or autoimmune
   disease
Test for cancer

Consider noninflammatory
   myelopathies
Consider repear MRI
   in 2–7 days

YesNo

Negative

Further evaluate pattern
of myelitis

Specific diagnosis
and therapy

Partial TM

Yes

High risk for MS Low risk for MS

All negative No Yes

Reconsider history Neuromyelitis optica
spectrum disorder

Antecedent infection Antecedent vaccination

Idiopathic TM Idiopathic TMPostinfectious TM Postivaccination TM

No Yes Yes

Demyelination on brain MRI
Oligoclonal bands or increased
    IgG index in CSF
Visual evoked potentials abnormal

Longitudinally extensive TM

MRI of brain: neuromyelitis optica
   spectrum disorder pattern, normal,
   or not meeting MS criteria
Positive for NMO-IgG (aquaporin-4
   antibodies)

Positive

Fig. 7.3 ALGORITHM: Approach to a patient with an acute myelopathy presentation. (Ref. [19])

 (v) Infectious studies: CSF gram staining, bacterial and viral culture (in select 
cases), CSF testing for enterovirus PCR, cytomegalovirus PCR, Epstein-Barr 
virus PCR, herpes virus PCR (HSV-1, HSV-2, HHV-6 PCR), varicella-zoster 
virus PCR, West Nile Virus PCR and serology, HTLV-1 antibody and PCR, 
lyme serology (if epidemiologically relevant), syphilis serology. Serum testing 
for HIV serology, WNV serology, lyme and syphilis serology.

 (vi) In the cases of suspected AFM: nasopharyngeal swabs for viral testing (eg, 
enterovirus polymerase chain reaction [PCR]), fecal samples (rectal swab) for 
viral testing (eg, enterovirus PCR).
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Potential medical work-up for suspected acute transverse myelitis

Indicative signs and symptoms

Infectious etiology 

Fever

Meningismus

Rash

Concurrent systemic infection 

CSF Gram stain and bacterial culture

CSF PCR: HSV-1, HSV-2, HHV-6, VZV, CMV, EBV, enteroviruses
D68 and EV71

CSF viral culture

CSF acid fast bacilli smear and tuberculous culture

CSF HSV, VZV, and HTLV-1 antibodies 

CSF anti-Borrelia burgdorferi antibodies 

CSF VDRL

CSF India ink and fungal culture

Chest radiograph and cranial CT scan

Serology for antibodies to HIV, HSV, VZV, HTLV-1, B. burgdorferi 

Serology for hepatitis A, B, C, and Mycoplasma

Consider serology for parasites

Blood cultures

Immunocompromised state

Recurrent genital infection

Symptoms of zoster radiculopathy 

Adenopathy

Residence in area endemic for parasitic infections

Lymphadenopathy

Rash Serum ACE

Autoantibodies: ANA, ds-DNA, Ro/SSA, La/SSB, Sm, RNP 

Complement levels

Urinalysis with microscopic analysis for hematuria 

Lip/salivary gland biopsy

Chest CT with intravenous contrast

Schirmer test 

Chest radiograph 

Gallium scan

Antiphospholipid antibodies (anticardiolipin antibodies, Russel viper
venom time, partial thromboplastin time)

Oral or genital ulcers 

Adenopathy

Livedo reticularis

Serositis

Photosensitivity

Inflammatory arthritis 

Erythema nodosum 

Xerostomia

Keratitis

Conjunctivitis

Contractures or thickening of skin 

Anemia/leukopenia/thrombocytopenia 

Raynaud phenomenon

History of arterial and venous thrombosis 

Previous demyelination event

Optic neuritis

Spastic paresis with or without bowel and bladder dysfunction,
usually with involvement of other areas of the nervous system

Clinical deficit with MRI abnormality ≥3 spinal segments

Longitudinally extensive transverse myelitis on spine MRI

No clinical or paraclinical features suggestive of another 
diagnostic category

ACE: angiotensin-converting enzyme; ANA: antinuclear antibodies; AQP4: aquaporin 4; CMV: cytomegalovirus; CNS: central nervous
system; CSF: cerebrospinal fluid; CT: computed tomography; ds-DNA: double stranded DNA; EBV: Epstein-Barr virus; HHV: human herpes
virus; HSV: herpes simplex virus; HTLV-1: human T-cell lymphotropic virus 1; IgG: immunoglobulin G; MRI: magnetic resonance imaging; 
MOG: myelin oligodendrocyte glycoprotein; PCR: polymerase chain reaction; RNP: ribonucleoprotein; VDRL: Venereal Disease Research
Laboratory; VZV: varicella zoster virus

Modified with permission from: Transverse Myelitis Consortium Working Group. Proposed diagnostic criteria and nosology of acute transverse
myelitis. Neurology 2002; 59:499. Copyright © 2002 Lippincott Williams & Wilkins.

Incomplete deficit clinically with MRI abnormality ≤2 spinal
segments and <50 percent of cord diameter

Brain MRI

Brain MRI (usually negative)

Paraneoplastic antibody panel 

Cancer screening

Rule out infectious etiologies, systemic inflammatory disease, CNS
inflammatory disorders, and paraneoplastic myelopathies

Serum anti-AQP4 IgG and anti-MOG IgG autoantibodies

CSF oligoclonal bands and IgG index

Multiple sclerosis

Neuromyelitis optica spectrum disorders (NMOSD)

Paraneoplastic myelopathies

Idiopathic transverse myelitis

Systemic inflammatory disease (vasculitis, collagen vascular diseases, mixed connective tissue disease)

Suggested evaluation

Fig. 7.4 Evaluation of a case of suspected acute non-compressive myelopathy. Modified with 
permission from Ref. [15]. © 2002 Lippincott Williams & Wilkins. Adoped from Uptodate: Chitra 
Krishnan, Benjamin Greenberg, et al. Transverse myelitis
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Suggestive MRI findings of acute myelopathies

MRI findings

Blood within the spinal cord (bright
and dark T1 and T2 signal)

Flow voids within spinal cord

Central T2 signal abnormality 

Ring-enhancing lesion

Acute loss of vertical intervertebral
disc height and corresponding T2
signal abnormality

Fusiform lesion extending over >3
spinal cord segments

T2 bright lesion in white matter
occupying less than 2 spinal cord
segments in rostral-caudal extent
and less than 50 percent of the
cord diameter

T2 spinal cord lesion adjacent to
disk herniation or spondylitic ridge,
but lack of spinal cord compression

Vascular malformation such as
cavernous angioma or dural
arteriovenous fistula

Dural arteriovenous fistula or
arteriovenous malformation

Venous hypertension

Infection or tumor (but consider
course of intravenous
glucocorticoids to rule out
inflammatory process before
progressing to biopsy)

Consider fibrocartilaginous
embolism

Consider neuromyelitis optica
spectrum disorders (NMOSD) or
disease-associated transverse
myelitis

Consider multiple sclerosis

Consider dynamic spinal cord
compression only during flexion or
extension (flexion-extension x-ray
to determine the presence of
abnormal spinal column mobility;
MRI in flexion or extended position
instead of in neutral position)

Potential diagnosis

Fig. 7.5 Suggestive MRI findings in TM. Adopted from Uptodate: Chitra Krishnan, Benjamin 
Greenberg, et al. Transverse myelitis

For patients with LETM we recommend adding.

 (vii) Chest CT to evaluate for the presence of hilar adenopathy, FDG-PET scan or 
gallium nucleotide uptake scan to evaluate for evidence of systemic 
sarcoidosis.

In rarer instances the following labs are recommended to complete work up 
(especially if the initial work up is non-contributory);

 (viii) Vitamin E, paraneoplastic panel (especially CRMP antibodies), spinal angio-
gram, CT aorta and prothrombotic workup (in cases of spinal artery stroke), 
neuroophthalmological evaluation (including an optical coherence tomo-
gram) to look for evidence of optic neuritis, salivary gland biopsy (for sus-
pected Sjogren’s myelopathy).
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Differential Diagnosis of TM
The differential diagnoses of idiopathic TM can be grouped into three main 
categories:

 (i) Other types of myelopathies  – Compressive and other non-inflammatory 
myelopathies.

 (a) Compressive myelopathies include those caused by disc herniation, epi-
dural bleed/abscess, vertebral body compression fracture and spondylosis. 
An overt evidence of trauma may not always be present. Imaging of the 
entire spine (screening) is indicated even if the lesion clinically localizes 
to a particular level. For instance in the case of traumatic paraplegia, even 
if the lesion localizes to the thoracic spine, an entire cord MRI is obtained 
to identify concomitant cervical spine lesions. In most instances cord 
imaging is obtained on an emergent basis (CT or MRI) to plan surgical 
intervention or make decisions on immobilization.

 (b) Non-compressive and non-inflammatory myelopathies include conditions 
like vascular myelopathies (spinal artery stroke, spinal dural arteriovenous 
fistula, fibrocartilaginous embolism), metabolic and nutritional myelopa-
thies (Vit B12 and Copper deficiency, nitrous oxide toxicity, neurolathy-
rism, neurocassavism, Vit E deficiency), neoplasms (intramedullary cord 
tumor, primary CNS lymphoma, intravascular lymphoma) and radiation 
myelopathy [20].

 (ii) Secondary transverse myelitis (TM) refers to immune mediated myelopathies 
that occur as part of autoimmune diseases like MS, NMOSD, neurosarcoid-
osis, etc. It is very important to distinguish idiopathic TM from secondary TM 
(as mentioned below) since this has implications on determination and preven-
tion of recurrence and long term prognosis [20].

 (iii) Acute flaccid myelitis (AFM) – AFM refers to a polio-like myelopathy pheno-
type that occurs in biennial outbreaks in the United States and Europe associ-
ated with enterovirus D68 and D71. This condition occurs mostly in children; 
adults are rarely affected. Although the clinical presentation in the acute phase 
is similar to idiopathic TM, the occurrence of fever or a respiratory illness 
either prior to or concomitantly with neurological symptoms, acute flaccid 
weakness (mostly asymmetric) evolving over hours to a few days with pre-
dominant gray matter involvement on MRI and relevant  endemic/epidemio-
logical cues favor AFM over idiopathic TM. A positive EV-PCR from a stool 
or nasopharyngeal sample confirms the diagnosis [11].

 (iv) Guillian-Barre syndrome (GBS)  – Acute inflammatory demyelinating poly-
neuropathy (AIDP) or GBS can have a clinical presentation similar to 
TM. Distinguishing features (despite some overlap)
Include:

 (a) AIDP tends to present with more severe or isolated lower extremity symp-
toms (usually symmetric) whereas a cervical TM presents with equivalent 
upper and lower extremity symptoms and a thoracic TM presents with 
isolated lower extremity involvement.

R. N. Narayan and B. Greenberg



149

 (b) With regards to autonomic involvement, urinary and/or bowel involvement 
is more common in TM whereas cardiovascular instability is more com-
mon with AIDP.

 (c) A sensory level is often definable in TM whereas this is never present 
in AIDP.

 (d) CSF analysis in TM may reveal inflammatory cells and elevated proteins 
whereas in AIDP, the characteristic finding is cytoalbuminologic 
dissociation.

 (e) Spinal MRI imaging often shows a distinct cord lesion in TM whereas the 
cord itself is typically normal in AIDP (cauda equina enhancement is 
often noted).

 (f) Electrodiagnostic testing is normal in TM whereas this can be abnormal to 
varying degrees in AIDP (depending on the timing of the testing).

 Determination and Prevention of Recurrence

More than two-thirds of patients experience a monophasic disease course. 
Recurrence has been reported in about 25%–33% of idiopathic TM cases but these 
statistics are from studies conducted before the testing of MOG and AQP4 antibod-
ies and so the actual rate of recurrence in idiopathic TM is considered to be lower. 
When TM occurs secondary to an immune-mediated disease (like MS), the recur-
rence rate is much higher (as high as 70%). Features that predict recurrence of TM 
at the time of initial presentation include [21–26]:

 – Seropositivity for AQP4 or MOG antibodies
 – Presence of unmatched oligoclonal bands in the CSF
 – Lesions on brain MRI
 – Multifocal lesions or longitudinally extensive involvement on cord MRI
 – Presence of autoantibodies indicative of systemic autoimmunity (ANA, ds DNA, 

phospholipid, c-ANCA)
 – Known diagnosis of connective tissue disease(lupus, MCTD)

Prevention of Recurrence
In patients with recurrent disease or indicators of a chronic/recurrent disease course 
(as with the presence of AQP4 or MOG antibodies) chronic immunosuppressive 
therapy should be considered. Commonly used agents are azathioprine (150–250 mg/
day), methotrexate (15–20 mg per week oral or subcutaneous with folate rescue), 
mycophenolate (2–3 gm per day) or rituximab (intravenous, 1000 mg single dose or 
with a second 1000 mg dose at 2 weeks). Newer therapies indicated for anti-AQP4 
NMOSD include inebilizumab (CD19 targeted antibody causing B cell depletion), 
eculizumab (complement C5 inhibitor), tocilizumab (IL6 Receptor inhibitor) and 
sataralizumab (humanized IL6 inhibitor). In patients with TM who fit criteria for 
high risk CIS at onset, standard MS disease modifying therapies can be considered.
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 Prognosis/Recovery

Long term follow-up data on patients with idiopathic TM suggest that about one- 
third of patients recover with little or no sequelae, one-third are left with a moderate 
degree of disability (eg: mild spasticity but independent ambulation, sphincter dis-
turbances or disabling sensory impairments) and one-third have severe disabilities 
(eg: inability to walk, absence of sphincter control, etc). This data was generated 
prior to more aggressive treatment regimens for acute TM and probably overesti-
mates rates of disability. The disability varies according to the specific setting in 
which TM has occurred and the age at onset. At the onset of the condition, it is hard 
to predict which patient will fall into each of these outcome categories although a 
few prognostic markers have been identified in this regard. A rapid onset with com-
plete paraplegia and spinal shock at onset, prolonged stay in the intensive care unit 
(ICU), requiring ventilator assistance, the number of white blood cells in the CSF, 
age of onset less than 3 years, high CSF levels of Il-6 (not routinely checked) are 
some poor prognostic markers. This said, all patients with acute TM require acute 
rehabilitation and about 66% of patients might require long-term rehabilitation [27].

 Rehabilitation in TM

Two classical approaches to rehabilitation in TM are [28]:

 1. Traditional approach which is aimed at maximizing physical indepdence, capa-
bilities and potential.

 2. Activity-based restorative approach which addresses the specific impairment 
and is based on activity-dependent neural plasticity in which changes in the ner-
vous system are driven by repetitive activation of the neuromuscular system 
above and below the level of lesion.

 Traditional Rehabilitation

In this approach, the physical and occupational therapists train patients to increase 
their strength and joint range of motion (ROM), improve tone, mitigate pain and 
maximize functional mobility. Equipment evaluation is performed in a systematic 
and regular manner to augment and optimize functional performance. A thorough 
home rehabilitation program is designed to sustain the patient’s functional gains 
which are acquired at the therapy site. Some of the specific components of this 
approach are:

 1. Adequate ROM is achieved through stretching exercises, use of appropriate 
orthoses and strengthening exercises. Daily stretching of muscle with terminal 
sustained stretch is highly recommended for ROM limitation due to spasticity. 
The most common sites where contractures limit ROM are shoulder external 
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rotation, shoulder elevation, scapular depression, shoulder retraction, elbow 
extension and supination, hip extension, ankle dorsiflexion and great toe flexion. 
Some muscle tightness may be desirable in certain locations like the finger flex-
ors (to facilitate a stronger grasp) resulting in good wrist extension. Another 
example is tightness of the back extensors to assist triceps weakness and regain 
upright sitting. Mild overstretching is permissible can help with adequate hip 
external rotation required to put on shoes and socks. Aggressive ROM exercises 
in the absence of supervision by a PT or OT should be avoided especially in the 
presence of fractures, active heterotopic ossification, deep venous thrombosis 
and osteoporosis.

 2. Muscle strengthening is achieved by exercise training through the maximum 
range in all spared muscle groups. Exercise training results in increase in type II 
fibers, increased metabolic capacity and increased levels of myofibrillar pro-
teins. Strength training can be achieved by static or dynamic training performed 
through isometric, isotonic and isokinetic techniques according to targeted goals 
and the degree of neurological deficit. Training programs using the DeLorme or 
Oxford methods are used specifically in patients with paralysis.

 3. Activity training progresses from the easiest to the most difficult; i.e. from bed 
mobility to rolling, prone lying, long sitting, short sitting and sitting up from a 
lying position. Siting up from a supine position is the first step towards indepen-
dent dressing and transfers. An appropriate transfer technique has to be identi-
fied in patients with paraplegia or tetraplegia. Dependent transfers include 
sliding transfers, standing pivot technique or the use of Hoyer lifts. Transfers that 
require some active patient participation include two-man lift and the assisted 
standing pivot transfer techniques. The goal of assisted transfer techniques is to 
gradually enable independent transfer. Floor-to-chair transfer technique is 
important to patients who are prone to falling from wheel chair.

 4. Ambulation is a commonly expressed goal of most patients with TM. Patients 
with injury of myotomes T2 or above are less likely to achieve ambulation 
whereas those from injury of myotomes between T3 and T11 levels are able to 
use braces for physiological standing and therapeutic ambulation. The goal for 
individuals with injury to myotomes between T12 and L2 levels is to achieve 
ambulation within a household and for the goal for those with injury to myo-
tomes at L3 and lower is to optimize ambulation in the community (i.e a distance 
of more than 150 feet at a time). It should be noted that these goals vary accord-
ing to the age and the motivation levels of an individual patient.

 5. Bracing is based on the how much muscle function is attained in the back and 
lower extremity muscles. For example, patients with intact quadriceps and tibialis 
anterior and tibialis posterior function can walk full time with short leg braces like 
ankle-foot prosthesis (AFOs) or even supramalleolar orthoses or no braces at all 
whereas those with weakness of muscles crossing the hip joint (iliopsoas, sarto-
rius, gluteus maximus) but with good control of pelvic muscles and abdominal 
muscles may require long leg braces (knee-ankle-foot orthoses or KAFOs).

 6. Gait training exercises are focused on strengthening the core trunk and abdomi-
nal muscles, shoulder depressors and scapula stabilizing muscles besides triceps 
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and wrist extensors. a structured progressive resistive exercise program for the 
latissimus dorsi, pectoralis, lower trapezius, and serratus anterior muscles is very 
important to achieve good trunk and hip stability. During gait training, control of 
the pelvic musculature is critical for successful ambulation. Gait training 
includes practicing standing between parallel bars, practicing the gait pattern 
inside and outside the bars with assistive devices (ie, canes, bilateral forearm or 
axillary crutches, walkers), walking on an uneven ground, on ramps, walking 
through doorways and practicing getting into a car for example.

 7. Training on safe falling techniques and getting up from a floor is very important 
in this patient population because of the increased risk of falls.

 8. Wheelchair prescription commensurate with the level of deficit and appropriate 
for an individual’s needs and comfort is very essential.

 Activity-Based Restorative Therapy

In this approach, motor activation and sensory stimulation are performed with the 
ultimate goal of neural restoration not mere functional restoration. The tools 
employed are similar to that in traditional rehabilitation but the underlying principle 
is that the nervous system is dependent on activity for everything; from myelination 
to remyelination to new cell and synapse formation leading ultimately to function.

 1. Motor activation
Patterned motor activation can be achieved through task-specific and nonspe-

cific training. Locomotor training (i.e gait training) is an example of patterned 
task-specific training. It is offered through partially weight-supported environ-
ments using treadmill systems, automatic gait robots, aquatic therapy etc. These 
techniques are based on two main principles; (1) Maximization of load bearing 
in the lower extremities thereby minimizing shared load-bearing between the 
upper and lower extremities and (2) Optimizing sensory cues, ensuring normal 
walking speed and optimizing kinematics (stance/swing phases and arm swing).

Patterned nontask-specific training is based on the principle of activation of 
the central pattern generator (CPG) which is thought to be located in the lumbar 
myotomes of the spinal cord (L2-L5). This is mainly accomplished using func-
tional electrical stimulation (FES). FES is postulated to promote peripheral and 
central nervous system repair following injury. Following complete spinal cord 
transection in rats, lower extremity FES induced an 82% to 86% increase in cell 
birth in the lumbar spinal cord. Hence activation of the CNS influences regenera-
tive cellular mechanisms; activity-dependent gene expression, modification of 
synapse strength, synapse elimination, myelination and maintenance of myelin-
ation and axonal growth. In addition, FES activation increases neurotrophin pro-
duction below the injury level which forms the biological basis for neural 
reorganization and functional improvement.

One of the important prerequisites for the success of FES in TM patients is 
intact lower motor neuron function. In TM, the lower motor neuron is generally 
affected at the level of the inflammation. For that reason, muscle contractions in 
response to FES from levels at the injury site are usually limited or absent in the 
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acute phase but returns in a few weeks or months after the injury. During that 
period, it is important to try to avoid muscle atrophy and its sequelae at that level. 
This may be attempted by using other electrical stimulation devices in addition 
to using traditional rehabilitation approaches (eg, bracing, taping, splinting).

 2. Sensory activation
Sensory stimulation can be used to activate afferent pathways with the goal of 

providing information that can subsequently be used to perform a motor task with 
the direct effect being improved motor and sensory function. Focal sensory activa-
tion or stimulation and nonfocal activation (eg, epidural stimulation or intrathecal 
delivery of neurotrophin-3 or brain-derived neurotrophic factor) can also produce 
complex lower limb cycling-like movements. In a doubleblind, randomized con-
trolled clinical trial using whole-body vibration in patients with MS, Schuhfried 
and colleagues demonstrated improved postural control and walking speed.

 Conclusions

 1. The term TM refers to an acquired inflammatory disorder of the spinal cord. 
Idiopathic TM is an independent entity with no identifiable etiology. Secondary 
TM is an entity that occurs as part of an autoimmune disease state (like MS 
or NMOSD).

 2. The time course of evolution of symptoms is key to understanding the etiological 
process.

 3. AFM is a variant of TM that presents as a polio like flaccid weakness of one 
more extremities and is associated with enterovirus D68 infection.

 4. In patient with TM, when a cord lesion extends to three or more vertebral seg-
ments it is termed longitudinally extensive transverse myelitis (LETM) and this 
entity has unique diagnostic and prognostic indications.

 5. Acute therapy of TM consists of steroids, plasmapheresis and IVIG.
 6. The diagnostic work up for TM consists of search for autoimmune, nutritional, 

neoplastic and vascular causes of spinal cord injury.
 7. The presence of brain MRI lesions, positive serology for AQP4 or MOG anti-

body are among the top features that predict recurrence in TM.
 8. The prognosis of TM suggests that a majority of patients recur from their initial 

attack and the extent of recovery depends on rehabilitation approaches.
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 Introduction

Infections are an important cause of myelopathy globally. Causative organisms vary 
by population and region (Tables 8.1 and 8.2). Clinical presentations of infections 
affecting the spinal cord vary according to the micro-organism involved and the 
pathological process and can include acute flaccid myelitis, acute myelitis, radicu-
lomyelitis and chronic progressive paraparesis. Certain populations are at increased 
risk of infectious myelopathies, such as immunocompromised patients. Establishing 
the correct diagnosis is essential in infectious myelopathies, as many of these dis-
eases are amenable to treatment with specific anti-microbials. The clinical, diagnos-
tic and management considerations for the most common and most important causes 
of micro-organism associated myelopathy will be presented in this chapter.
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Table 8.1 Important micro-organisms causing infectious or parainfectious myelopathy

Viruses Bacteria
   HIV    Pyogenic abscesses
   HTLV-1    Mycobacterium tuberculosis
   HSV-2    Borrelia burgdorferi
   VZV    Treponema pallidum
   CMV Fungi
   Rabies virus    Cryptococcus neoformans
   West Nile virus    Aspergillus species
   Zika virus Parasites
   Dengue virus    Schistosoma species
   Japanese encephalitis    Taenia solium
   Tick-borne encephalitis

Table 8.2 Infectious myelopathies with regions of endemicity

Micro-organism Areas of highest incidence
Clinical spinal cord 
presentation(s)

HIV Global disease burden with highest 
frequency in sub-saharan Africa

Chronic progressive spastic 
paraparesis

HTLV-1 Japan, South America, Caribbean, 
Africa (west, central and south)

Chronic progressive spastic 
paraparesis

Rabies virus Africa, Asia Flaccid areflexic paralysis 
evolving to quadriplegia and 
respiratory failure

West Nile virus United States, North Africa, Eastern 
Europe, France

Infectious prodrome followed by 
acute flaccid paralysis

Zika virus South America, Central America, 
Caribbean, Pacific regions

Acute myelitis

Japanese 
encephalitis

South and East Asia Acute flaccid paralysis

Tick-borne 
encephalitis

Europe, Russia, East Asia Acute flaccid paralysis

Borrelia burgdorferi 
(Lyme disease)

North America, Europe, Asia Painful polyradiculitis +/− 
segmental myelitis
Longitudinally extensive 
myelitis

Schistosoma species Sub-Saharan Africa, South America 
(Brazil & Venezuela), Asia (China, 
Japan & South-East Asia)

Acute painful myelitis and/or 
polyradiculitis

Taenia solium 
(cysticercosis)

Sub-Saharan Africa, South & Central 
America, China, India, South-East 
Asia

Subacute or chronic myelopathic 
syndrome
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 Viral Myelopathies

 Retroviruses

 HIV
Myelopathy in HIV can result from a number of underlying pathologic processes. The 
most common form is HIV-associated vacuolar myelopathy, named after the distinct 
histopathological features described below [1]. HIV-associated vacuolar myelopathy 
typically occurs in longstanding HIV infection with low CD4 cell counts or in the 
context of AIDS. However, it has been reported as an early or presenting feature of 
HIV on rare occasions [2]. Autopsy series in the pre-antiretroviral era demonstrated 
pathological changes of HIV-associated vacuolar myelopathy in 22% of spinal cords 
of AIDS-patients, some of whom did not have spinal cord symptoms, suggesting that 
the clinical syndrome is subtle or asymptomatic in some patients [1].

Early symptoms can include paresthesias, leg discomfort and erectile dysfunc-
tion [3, 4]. These are followed by progressive spastic paraparesis which is typically 
symmetric and may involve gait ataxia [3]. Bowel and bladder dysfunction with 
incontinence occurs in over half of patients [1]. Sensory deficits predominantly 
reflect dorsal column involvement with impaired vibration and proprioception [3]. 
The clinical syndrome may plateau after many years. A caveat in interpreting sen-
sory findings and reflexes in HIV patients is the possibility of a co-existing HIV- 
associated peripheral neuropathy which has been reported in approximately 40% of 
patients with HIV [5].

HIV-associated vacuolar myelopathy is considered a clinical diagnosis and one 
of exclusion in HIV patients, as there are no specific diagnostic investigations other 
than pathological examination. MRI of the spinal cord is usually unremarkable, 
although high T2 signal in the posterior and lateral cord may be seen in some cases 
[6]. CSF analysis is often undertaken to rule out opportunistic infection which can 
occur in HIV and serological studies for HTLV should be sent, since co-infection 
with human T-cell lymphotropic virus-1 (HTLV-1) and HIV is associated with 
increased risk of myelopathy [7].

Anti-retroviral therapy is not thought to alter the natural history of HIV-associated 
vacuolar myelopathy in individuals [4], although the incidence of this syndrome in 
the HIV population has reduced since the introduction of highly active anti- retroviral 
therapy [8].

Characteristic pathological findings at autopsy are vacuolation of the white mat-
ter with infiltrate of lipid-laden macrophages, most prominent in the lateral and 
posterior regions of the mid to lower thoracic spinal cord [1]. As the pathological 
changes are very similar to those seen in subacute combined degeneration of the 
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cord due to B12 deficiency, it has been suggested that metabolic pathways may be 
involved in the pathogenesis of this disorder [9]. However, the clinical syndrome 
does not respond to B12 supplementation [8].

Other causes of myelopathy related to HIV are also possible. Acute transverse 
myelitis has been reported as a complication of seroconversion and has been suc-
cessfully treated with corticosteroids and anti-retroviral therapy [10]. Co-infection 
or opportunistic infection with mycobacterium tuberculosis, HTLV-1, cytomegalo-
virus, herpes simplex virus, varicella zoster virus, syphilis or cryptococcus neofor-
mans should also be considered as causes of myelopathy, while epidural abscess 
from a variety of bacteria resulting in compressive myelopathy is also more frequent 
in HIV patients [4].

 Human T-cell Lymphotropic Virus (HTLV)
HTLV is transmitted through exchange of bodily fluids, typically in the setting of 
sexual intercourse, blood product transfusions, or shared needles. HTLV-1 is 
endemic in South America, the Caribbean, Japan and western, central and southern 
Africa [11], while HTLV-2 is found in certain populations in the Americas, such as 
American Indians [4, 12]. HTLV-1 seropositivity in the United States is very rare, 
with the exception being intravenous drug users and commercial sex workers in 
whom sero-prevalence may be as high as 18% [13]. Of the two subtypes, HTLV-1 
causes myelopathy much more frequently than HTLV-2, although cases have been 
reported in association with HTLV-2 [14].

Most individuals with HTLV-1 seropositivity are asymptomatic carriers, with 
less than 4% of infected persons developing ‘HTLV-associated myelopathy’ (HAM) 
or ‘tropical spastic paraparesis’ (TSP) [15, 16]. Risk of progression from carrier to 
symptomatic state is thought to be modified by proviral load, host HLA genotype 
and immune response [11]. Pathological findings seen in the spinal cord at autopsy 
are perivascular inflammatory infiltrates in the grey and white matter and hyaloid 
thickening of the media and adventitia of blood vessels, with demyelination and 
axonal degeneration of the anterior and lateral columns of the spinal cord, most 
marked in the thoracic region [17].

Clinical presentation is similar to that of HIV-associated myelopathy. Patients 
develop a slowly progressive myelopathy with prominent spasticity and early blad-
der dysfunction. Pain and sensory symptoms are less prominent but can occur [18]. 
Symptoms and signs are typically limited to the lower extremities which results in 
progressive gait disturbance, without remission or plateau. Patients may become 
wheelchair-bound around 20 years after symptom onset [11].

Laboratory testing for HTLV-1 antigen and antibody can be performed on both 
serum and CSF, with newer assays providing high sensitivity and specificity [19]. 
Proviral load can be tested in peripheral blood [11]. Routine CSF analysis may be 
normal [20] or may demonstrate mild non-specific abnormalities suggestive of 
inflammation i.e. mild lymphocytosis, elevated protein or positive oligoclonal bands 
[8]. MRI of the spinal cord may be normal or show atrophy, with a minority of 
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patients demonstrating focal or diffuse spinal cord lesions [20–22]. It has been sug-
gested that patients with HTLV-1 (both symptomatic and asymptomatic patients) 
may frequently have non-specific white matter lesions seen on MRI brain [20, 21].

Treatment with corticosteroids may be beneficial in the early inflammatory stage 
of the disease [11]. Various antivirals and immunomodulatory treatments such as 
interferon-alpha, cyclosporine A and diazole have also been reported to be of benefit 
in small numbers of patients [11, 23].

 Herpesviruses

Herpesviruses are a family of DNA viruses with high prevalence worldwide. Herpes 
simplex virus (HSV), varicella zoster virus (VZV), Epstein-Barr virus (EBV) and 
cytomegalovirus (CMV) can cause a myelitis during primary infection or after 
remaining latent in sensory ganglia or the immune system for years.

 Herpes Simplex Virus (HSV)
HSV-1 is a common infection transmitted via oral contact, while HSV-2 is typically 
transmitted during sexual contact with active genital lesions. HSV-2 can cause a 
myeloradiculitis of the lower spinal cord during primary infection or reactivation 
(Elsberg Syndrome), with symptoms of lower extremity weakness, bladder dys-
function, radicular pain, numbness or paresthesia in a lumbosacral distribution [24]. 
Attacks are usually self-limiting but can be recurrent. MRI may be normal, or show 
edema/hyperintensity/enhancement of the lower cord and nerve roots [24].

A more severe presentation of HSV-2 is acute necrotizing myelitis beginning in 
the lumbo-sacral region and ascending to the thoracic and cervical regions [25]. 
This presentation is most frequent in the immunocompromised (particularly with 
HIV), though cases have also been reported in immunocompetent patients [24, 26, 
27]. Paraplegia can be severe and in early stages is often flaccid with absent reflexes 
[8]. CSF usually shows elevated protein and a mild-to-moderate pleocytosis 
(lymphocyte- predominant, although polymorphs can be seen with necrotizing 
lesions) [8].

For both presentations of HSV-2 myelitis, viral DNA can usually be detected 
from CSF using PCR [25, 28]. Patients can be treated with aciclovir, although the 
benefit of this medication is unproven in this setting. Outcome varies from complete 
recovery with Elsberg syndrome to severe residual spastic paraparesis with acute 
necrotizing lesions.

While encephalitis is the recognized manifestation of HSV-1 in the CNS, rare 
cases of myelitis have been reported with this viral subtype [29].

 Varicella Zoster Virus (VZV)
After primary infection, VZV remains latent in the dorsal root ganglion. Reactivation 
is more common in the immunocompromised and results in a characteristic 
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vesicular painful dermatomal rash commonly known as shingles, with associated 
neuropathic pain. Rarely, during an episode of zoster, the virus may spread retro-
gradely to the spinal cord and cause a myelitis, days to weeks after the dermatomal 
rash [30]. In immunocompetent patients, myelitis symptoms are often mild and self- 
limiting [31]. By contrast, in immunocompromised individuals, the presentation is 
more insidious, severe or potentially fatal, and can even occur without preceding 
zoster rash (zoster sine herpete) [30, 32].

MRI in VZV myelitis demonstrates T2 hyperintensity at the spinal level corre-
sponding to the involved dermatome, with lesions appearing asymmetric in axial 
sequences [8]. CSF findings are similar to those seen in HSV myelitis. CSF VZV 
PCR, VZV IgM and IgG should be tested, with antibody tests reported to demon-
strate higher sensitivity than PCR tests in diagnosing CNS complications of VZV 
[33]. However, physicians should remember that a clinical diagnosis of VZV myeli-
tis can often be made in the appropriate context, allowing early treatment with intra-
venous acyclovir. The addition of corticosteroids has also been reported to be 
helpful in some patients [34].

VZV vasculopathy is another well-recognized CNS complication of VZV infec-
tion, and it is important to remember that this vasculopathy can cause ischemic 
myelopathy as well as cerebral stroke [30].

 Cytomegalovirus (CMV) & Epstein-Barr Virus (EBV)
CMV is a global infection. Population seroprevalence is between 50% and 60% in 
highly developed countries [35, 36] while developing countries demonstrate higher 
seroprevalence, even approaching 100% in some populations [37, 38]. CMV can 
cause a subacute polyradiculomyelitis in immunocompromised patients, particu-
larly in individuals with advanced HIV (CD4 count <50 cells/mm3) or organ trans-
plant recipients. Clinical presentation is usually ascending weakness and sensory 
impairment, loss of reflexes and sphincter dysfunction [39]. MRI shows inflamma-
tion of the spinal cord and/or nerve roots. Pleocytosis is expected in CSF, and hypo-
glycorrhachia can also be observed in some cases [39]. CMV DNA can be identified 
in the CSF with PCR, and serum antibody studies can confirm the presence of CMV 
IgG antibody. Patients should be treated with intravenous ganciclovir and/or intra-
venous foscarnet, however, the outcome is often poor [40].

Transverse myelitis occurring in association with primary CMV infection in 
immunocompetent hosts is likely an immune-mediated phenomenon rather than 
direct viral infection of the spinal cord, supported by the absence of CMV DNA in 
CSF of these patients [41], although rare case reports have suggested that direct 
infection may be possible even in immunocompetent hosts [42]. A similar clinical 
picture of immune-mediated para-infectious transverse myelitis can occur in asso-
ciation with primary EBV infection, another global infection with high population 
prevalence [43]. The clinical features of para-infectious transverse myelitis will be 
discussed later in this chapter.
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 Rabies Virus

Clinical presentations of rabies virus have become exceedingly rare in developed 
countries such as the United States, due to effective disease control at an animal 
level and the availability of rabies vaccine and immunoglobulin for exposed indi-
viduals [44]. However, the disease still causes morbidity and mortality in Africa and 
Asia, with annual human deaths worldwide estimated at almost 60,000 [45]. Rabies 
virus is transmitted through animal bites (typically dog or bat bites) and spreads to 
the CNS via peripheral nerves during an incubation period of 20–90  days [44]. 
Clinical manifestation can be with encephalitic ‘furious’ rabies or less commonly 
with a radiculomyelitic ‘paralytic’ form. These clinical presentations seem to be 
determined by whether the initial burden of disease occurs in the brain or the spinal 
cord. Both forms are usually fatal within days, although time to death in patients 
with the paralytic form is approximately twice that of encephalitic form [46].

Rabies virus enters the nervous system through the neuro-muscular junction and 
travels by retrograde tran-synaptic transmission via motor neurons to the CNS [47, 
48]. The virus is also thought to spread to peripheral sensory ganglia and peripheral 
sensory nerves via centrifugal propagation and anterograde axonal transport [47, 
49]. The predilection of rabies virus for neurons and its rapid spread through the 
nervous system may be related to the expression of specific neuronal membrane 
molecules which bind the virus, and the ability of virally-infected neurons to evade 
apoptosis [48, 50]. Electrophysiologic and pathophysiologic studies suggest signifi-
cant peripheral nerve and nerve root dysfunction in paralytic rabies, compared to 
prominent anterior horn cell dysfunction in furious rabies [44, 51]. The pathoge-
netic reasons for these differences in clinical presentation are not completely under-
stood, but may relate to host immunological factors [51].

Clinical presentation of paralytic rabies is with flaccid areflexic paralysis which 
can begin in one limb before evolving to quadriparesis, respiratory failure and dys-
autonomia. Neuropathic pain can occur and presentation can be mistaken for 
Guillain-Barre Syndrome. Radiculomyelitis also occurs in the encephalitic form of 
rabies, but is a later and less clinically important feature in this form as the patient 
is typically already comatose and severely ill [46].

MRI spinal cord typically shows T2 hyperintensity of the nerve roots and grey 
matter [46, 52, 53]. MRI brain shows similar non-enhancing increased T2 signal in 
the brainstem, thalamus, limbic system and white matter of the cerebral hemi-
spheres [46]. Lymphocytic pleocytosis is seen in CSF. Rabies virus RNA can be 
isolated in CSF, saliva or skin biopsy and anti-rabies virus antibodies can be detected 
in serum [44]. Rabies virus antigen can also be isolated in skin biopsy taken from a 
region with hair follicles (viral antigen can be identified in adjacent small sensory 
nerves) [54].

There is no proven treatment for human rabies, although multiple strategies 
including rabies vaccination, immunoglobulin, ribavirin, sedatives and 
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interferon- alpha have been attempted. Survival is extremely rare but has occurred 
with bat- variant rabies. Survival in these rare cases has not been consistently associ-
ated with given treatments, and may instead be determined by host immune 
response [46].

 Flaviviruses

 West Nile Virus
West Nile virus is an RNA virus transmitted to humans by the Culex mosquito [55]. 
The virus was first isolated from a female patient in the West Nile region of Uganda 
in 1937 and was named accordingly [56]. However, this nomenclature is misleading 
as outbreaks were quickly recognized in other regions such as the Mediterranean, 
Israel, North Africa, Russia and India [57]. Over the past 20 years, the epidemiology 
and clinical characteristics of West Nile virus have evolved [57]. Outbreaks of 
symptomatic disease have become more frequent in diverse locations, and CNS 
manifestations have become more widely recognized [57]. The first cases in the US 
were seen in 1999 in New York, and since then the virus has spread across the coun-
try [55]. In 2016, 2149 US cases from 46 states were reported to the Centers for 
Disease Control and Prevention, of which 1309 were reported to be neuro-invasive 
[58]. Highest incidence occurred in central states including North and South Dakota, 
Wyoming and Montana [58]. While North America currently has the highest global 
incidence of West Nile virus, presentations also remain frequent in areas of North 
Africa, Eastern Europe and France [59].

Symptomatic West Nile virus can be either neuroinvasive or non-neuroinvasive. 
As many infections are asymptomatic, neuroinvasive disease with direct infection 
of the nervous system only occurs in approximately 1% of overall infection [60]. 
Clinical presentation of neuroinvasive disease is with meningitis, encephalitis, 
myelitis, and radiculitis, either alone or in combination. Infectious symptoms (fever 
with or without maculopapular rash) usually occur 1–2 days prior to onset of West 
Nile myelitis, and neurological presentation is with acute flaccid paralysis due to 
involvement of the anterior horn cells of the spinal cord [60]. Rapid evolution of 
asymmetric weakness is seen, often with monoplegia, however severe presentations 
with quadriplegia and respiratory failure can occur [61]. Weakness usually reaches 
a nadir within 72 h of onset [61]. Cranial nerve manifestations such as facial weak-
ness, extraocular muscle weakness, dysarthria and dysphagia are seen in the major-
ity of patients [61]. Pain in affected limbs is frequent, but sensory loss or paresthesia 
are uncommon [60]. In rare cases, where polyradiculopathy is more prominent than 
myelitis, presentation with a Guillain-Barre-like syndrome of ascending weakness 
and sensory symptoms can occur, and a demyelinating sensorimotor neuropathy can 
be seen on nerve conduction studies in these patients [60, 61]. Encephalitis is fre-
quently concurrent with other neurological involvement, which can make clinical 
assessment challenging.

CSF in neuroinvasive West Nile virus demonstrates a pleocytosis (typically a 
mixed population of lymphocytes and neutrophils with median white cell count of 
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100 or 200), while protein is usually elevated to the range of 100 mg/dL [61, 62]. 
The yield of serological and PCR tests varies depending on the stage of infection. 
West Nile virus replicates at the site of inoculation then spreads to lymph nodes to 
cause primary viremia, so in early infection viral RNA may be detectable in the 
serum [63, 64]. By the time symptoms of neuroinvasive infection occur, West Nile 
virus has typically been cleared from the serum and peripheral organs, and West 
Nile virus IgM antibody is typically detectable in both serum and CSF [62, 63]. In 
some cases, viral RNA may also be isolated in CSF with PCR, however sensitivity 
of this test is low [55]. MRI spinal cord in patients with myelitis shows T2 hyperin-
tensity most prominent in the ventral horn grey matter, with or without enhance-
ment of the conus medullaris and cauda equina) [65–67].

Prevention of outbreaks relies on protection from mosquito bites. There is no 
definitively proven effective treatment for West Nile virus, although case series sug-
gest that IVIG may be beneficial [68]. IVIG is hypothesized to be therapeutic due to 
the presence of anti-West Nile virus antibodies, which can be detected at high titers 
in products pooled from endemic regions [69]. Moreover, a preparation of IVIG 
developed in Israel using only plasma from donors with anti-West Nile virus anti-
bodies has shown promise in animal models [70].

Outcome is variable, though most patients with polio-like presentations will have 
persistent weakness [60, 61]. Respiratory failure and quadriparesis are associated 
with the poorest outcomes and possibility of death [60].

 Other Flaviviruses
Zika is an emerging mosquito-borne virus. Rare cases of human zika infection were 
described prior to 2007, when the first significant outbreak occurred in the Federated 
States of Micronesia [71]. Over subsequent years the virus has spread across pacific 
regions, South America, Central America and the Caribbean [72]. Multiple neuro-
logical complications have been recognized including congenital microcephaly, 
Guillain-Barre syndrome, myelitis and encephalitis. A handful of cases of myelitis 
have been reported in association with zika infection [73, 74]. Zika infection can be 
diagnosed with serum and/or CSF rRT-PCR or with anti-zika IgM (if cross- reactivity 
with dengue virus IgM can be excluded) [74]. Further research is required to deter-
mine whether myelitis associated with zika infection is a result of direct infection, 
or an immune-mediated para-infectious process.

Dengue virus is another mosquito-borne virus with a significant global disease 
burden. Neurological manifestations are uncommon, but include encephalopathy, 
encephalitis, myelitis and post-infectious peripheral nervous system complications 
[75]. While myelitis is thought to be immune-mediated in most cases, occurrence of 
myelitis in the acute infectious phase with detectable dengue virus in the CSF sug-
gests the possibility of direct infection in rare cases [75, 76].

Japanese encephalitis predominantly affects children and young adults in south-
ern and eastern Asia, while tick-borne encephalitis is seen in Europe, Russia and East 
Asia [77, 78]. Both viruses typically present with encephalitis, but the spinal cord 
may be involved in a minority of cases. Myelitis manifests with acute flaccid paraly-
sis and motor recovery is typically poor. Vaccination is available for both viruses.
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 Polio Virus

Poliomyelitis caused by the polio virus has essentially become a historical diagno-
sis, and for this reason we will not provide a detailed description of this disease. Due 
to concerted global efforts towards eradication, there were only 20 reported cases 
worldwide in 2017, occurring in Pakistan and Afghanistan [79]. It is hoped that 
poliomyelitis will become completely eradicated in the coming years. The virus is 
usually acquired via the fecal-oral route, and poliomyelitis almost exclusively 
occurs in children [80]. Clinical presentation is characterized by a flu-like illness 
followed by fever, meningismus, nausea and vomiting. The next symptoms are 
myalgia and muscle spasms, followed by asymmetric flaccid areflexic paralysis pre-
dominantly affecting the lower limbs which evolves over 48  hours [80]. Bulbar 
involvement, respiratory failure and autonomic involvement result in higher mor-
bidity and mortality, and encephalitis may rarely occur [81].

CSF is typically inflammatory. The virus can frequently be isolated from naso-
pharyngeal or stool samples. Serological studies and PCR studies on CSF or blood 
may also be useful in establishing the diagnosis [81]. MRI spine shows hyperinten-
sity of the anterior horn cells, the neuronal cell type most prominently affected [82]. 
Treatment is supportive and therapy should be undertaken to reduce contractures 
and deformity. Survivors usually experience significant residual weakness, loss of 
muscle bulk and skeletal deformity. Some patients will experience functional 
decline decades later, named post-polio syndrome, the etiology of which is uncer-
tain [80].

 Pediatric Acute Flaccid Myelitis

Since 2014, clusters of cases of ‘polio-like’ illness in children have been reported in 
North America, Australia, South America and Europe [83–86]. Cases have typically 
occurred in seasonal and/or regional clusters and affected children ranging in age 
from 3 months to 15 years [85, 86]. Clinical presentation is associated with prodro-
mal symptoms of infection such as fever, upper respiratory tract symptoms or gas-
troenteritis. Neurological manifestations occur 1–14 days after prodromal illness 
[83, 86]. Pain in affected limbs often precedes acute weakness, which reaches a 
nadir between 4 and 72 h [86]. Asymmetric flaccid paralysis is the hallmark of this 
clinical syndrome, with depressed or absent reflexes in affected limbs. Cranial 
nerves or respiratory muscles may be involved, with some patients requiring 
mechanical ventilation [83, 86]. Sensory deficits, bowel/bladder dysfunction and 
altered mental status occur in a minority of cases [87].

CSF shows a lymphocytic-predominant mild-to-moderate pleocytosis and mildly 
elevated protein [87]. MRI demonstrates T2 hyperintensity in the gray matter of the 
spinal cord which is often patchy/poorly defined in the early stage but becomes 
confluent as the disease progress, extending over multiple vertebral levels and in 
some cases involving the whole length of the spinal cord and brainstem (Fig. 8.1) 
[87]. MRI abnormalities are typically non-enhancing at onset, although nerve-root 
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Fig. 8.1 Acute flaccid myelitis in a 3 year old male
Patchy asymmetric grey matter predominant hyperintensity can be seen throughout the spinal cord 
on sagittal (a) and (b–d) axial T2 sequences

enhancement may evolve later in the disease process [87]. Edema of the spinal cord 
may also be seen. Neurophysiology may demonstrate a motor neuropathy or neu-
ronopathy in affected limbs, with electromyography changes persisting for a year or 
more [87].

The pathophysiology of AFM is not completely understood, but is thought to be 
primarily caused by non-polio enterovirus infection. Prodromal infectious symp-
toms are ubiquitous, and infectious organisms have been isolated in respiratory 
secretions or stool in many cases. The most frequently identified micro- organism in 
patients to date is enterovirus D68, with epidemiological evidence supporting an 
association between enterovirus D68 outbreaks and AFM clusters [87]. However, 
CSF PCR and next- generation sequencing studies have typically failed to identify 
viral organisms in the CNS of affected patients [87, 88].

8 Infectious Myelopathies



166

There is no evidence-based treatment for AFM. Therapy with immunomodula-
tory or antiviral agents has been instituted in many cases, however it is unclear if 
any treatment affects the disease course [87]. Complete recovery following AFM is 
rare. Most patients have persistent motor deficits with muscle atrophy in affected 
limbs, and some patients may even remain ventilator dependent [87].

 Bacterial Myelopathies

 Abscesses in the Spinal Canal

 Pyogenic Spinal Epidural Abscess
Abscess formation in the epidural space can result from hematogenous, lymphatic 
or contiguous sources of bacteria or from iatrogenic inoculation during medical 
procedures in the spinal region. The most common causative organism is 
Staphylococcus aureus, followed by gram-negative bacilli such as Enterobacter, 
Klebsiella and Pseudomonas [89, 90]. However, many other bacteria have been 
implicated in this infection (Table 8.3). Many risk factors for spinal epidural abscess 
have been identified (Table 8.3), the most important of which is diabetes mellitus 
[89, 91, 92]. However, in approximately 20% of cases there are no discernable risk 
factors [93].

The classic clinical triad described with spinal epidural abscess is back pain, 
fever and neurological deficits [92]. However, the full triad is only present in 
10–15% of patients at first presentation [94]. Back pain is present in the vast major-
ity of patients and is reported as acute, focal and severe. The pain may radiate in a 
radicular manner and the clinician may be able to elicit tenderness to palpation. A 
septic patient complaining of back pain should alert the physician to the possibility 
of a spinal epidural abscess. Meningism may occur as the disease progresses. The 
evolution of clinical symptoms ranges from days to weeks and neurological deficits 
usually follow other symptoms [94]. Findings on neurological examination will 
vary depending on the location of the abscess; from tetraparesis with cervical 
abscesses to cauda equina syndrome with lower lumbar abscesses.

Table 8.3 Pyogenic spinal epidural abscess: common organisms and risk factors

Causative bacteria
Staphlyococcus aureus Escherichia coli
Streptococcus Klebsiella
Coagulase negative staphylococci Pseudomonas
Brucella Mycobacterium tuberculosis
Risk factors
Diabetes mellitus Recent surgery or procedure in spinal 

region
HIV Intravenous drug use
Alcohol abuse Trauma
Malignancy Systemic infection (skin, soft tissue, UTI)
Other causes of immunosuppression Indwelling catheters
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Laboratory tests show raised inflammatory markers (C-reactive protein, eryth-
rocyte sedimentation rate) and peripheral leukocytosis. MRI of the whole spine is 
the investigation of choice to diagnose spinal epidural abscess, as there may be 
multiple abscesses at different levels [90, 91]. Sensitivity of MRI is greater than 
90%. Abscesses are most commonly seen in the thoracic and lumbar spine, spe-
cifically at the thoraco-lumbar junction [95]. The abscess is visualized as a T2 
hyperintense, T1 hypointense mass in the epidural space, with associated thicken-
ing of overlying displaced dura. Post-contrast imaging is important as this demon-
strates a rim- enhancing mass [90]. The spinal cord may show edema at the affected 
level, or there may be evidence of vascular compromise due to compressed or 
thrombosed vessels (arterial-pattern ischaemia or venous congestion can be seen). 
There may also be associated diskitis or facet joint infection, and fat-saturated 
images can be helpful in delineating areas of soft tissue and bone involvement 
[90, 94]. CSF is not particularly informative in spinal epidural abscess, and should 
be avoided in most scenarios due to the risk of creating further nidus of infection 
and the risk of downward spinal coning in cases with complete spinal subarach-
noid block above the level of CSF sampling [96]. Instead, the causative organism 
should be isolated using other means. Positive blood cultures or sampling from 
another source of infection (e.g. cellulitis) may identify the culprit organism. 
However, blood cultures are negative in approximately 40% of cases, so direct 
sampling using CT-guided aspiration should not be delayed in cases where the 
organism cannot be quickly identified by other means [97]. In patients requiring 
urgent surgical decompression, microbiological samples can be obtained during 
the procedure. The decision on whether to withhold antibiotics until after a micro-
biological sample has been obtained depends on the patient’s condition and the 
urgency of treatment.

In recent years, treatment of spinal epidural abscess has evolved, with 
approximately 40% of patients now treated by a primary medical approach 
rather than surgery [95]. Surgery (decompressive laminectomy and drainage) 
should be considered immediately in patients presenting with neurological 
deficits, and outcome is best with early intervention [98]. Medical therapy 
alone has a significant failure rate, with 10%–50% of these patients eventually 
requiring surgery [98]. Antibiotics are required in all cases, starting with broad-
spectrum empiric treatment covering staphylococcus, streptococcus and gram-
negative species, which can later be tailored according to culture and sensitivity 
findings.

Neurological deficits at presentation, older age (over 70 years) and co-morbid 
diabetes mellitus are predictors of poorer outcome in this patient group [98]. 
Recovery is particularly poor in patients with spinal cord injury secondary to vascu-
lar compromise [89].

 Other Sites of Abscess Formation
Spinal intramedullary abscesses are extremely rare but can be a devastating neuro-
logical infection. They most frequently occur in association with an unrecognized 
congenital dermal sinus tract, often presenting in childhood [99, 100]. Intramedullary 
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abscesses can also occur with penetrating trauma/procedure to the spinal canal 
[101], as a complication of bacterial or fungal meningitis [102, 103], or in associa-
tion with infective endocarditis [104, 105]. Patients present with localized or radicu-
lar back pain and neurological deficits. MRI typically shows a rim-enhancing lesion 
with associated spinal cord edema [106].

Finally, bacterial infections in structures outside the spinal canal can also lead to 
compressive myelopathy e.g. diskitis and vertebral osteomyelitis.

 Tuberculosis

Neurological complications of mycobacterium tuberculosis (TB) infection remain 
common in the developing world. In the developed world, TB cases predominantly 
occur in immigrants from regions of endemicity and in higher-risk subpopulations 
including prisoners, illicit drug users, homeless individuals, patients with HIV and 
patients treated with anti-TNF therapies [107, 108]. Almost 10,000 cases of TB are 
reported annually in the US [107].

 Pott’s Disease
Myelopathy in patients with TB most commonly results from skeletal vertebrae 
involvement, in the form of Pott’s disease (tuberculous spondylitis). The spine is the 
most frequent location of skeletal TB, with Pott’s disease occurring in 1–2% of TB 
cases [109]. Infection of the vertebrae arises after spread of mycobacteria from an 
active source (via blood, lymphatics or adjacent lung tissue), or occurs in situ as a 
result of latent reactivation [110]. Any region of the vertebrae may be involved, but 
the anterior or central portion of lower thoracic or upper lumbar vertebrae is charac-
teristic [110, 111]. Myelopathy results from direct compression of the spinal cord or 
vascular compromise (inflammatory arterial thrombosis or venous obstruction). 
Clinical presentation is insidious, with patients often exhibiting advanced changes 
on imaging by the time of diagnosis. Back pain, fever and neurological deficits (gait 
disturbance, leg weakness or sensory changes) are the most frequent presenting 
symptoms [112–114]. Advanced cases may present with Gibbus deformity, an 
angulated thoracolumbar kyphosis due to wedge-shaped destruction of vertebral 
bodies. Involvement of cervical paravertebral regions may result in dysphagia or 
stridor. Systemic symptoms including fever, weight loss, night sweats and cough are 
present in approximately half of cases, and pulmonary TB is identified in less than 
half of patients presenting with Pott’s disease [109, 112].

Plain x-ray films remain important for diagnosis in the developing world and 
may demonstrate loss of vertebral body height, bony erosion, wedge-shaped 
destruction, kyphosis or associated soft-tissue changes [110]. Computed tomogra-
phy can identify bony changes with more accuracy and may also identify pulmo-
nary involvement. However, MRI of the entire spine should be the imaging modality 
of choice in patients with Pott’s disease. This allows evaluation of the extent of bone 
and soft tissue involvement, and assessment of the spinal canal and spinal cord. 
Multiple non-contiguous vertebrae may be involved or a well-defined paravertebral 
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abscess may be identified. Involvement of the intervertebral disc occurs late in 
Pott’s disease, and sparing of the disc may be helpful in differentiating TB from 
other pyogenic infections which typically arise from the disc [110]. Increased signal 
in the spinal cord can be a result of direct compression, or the pattern may suggest 
arterial compromise (prominent gray matter changes) or venous congestion (edem-
atous lower spinal cord) [110]. Differential diagnosis includes other pyogenic infec-
tions, fungal infection, histiocytosis, lymphoma and bony metastases. Ancillary 
investigations for TB such as Mantoux test, serum interferon-gamma release assays, 
Ziehl-Neelsen staining or Lowenstein-Jensen culture of respiratory samples should 
be considered. However, diagnosis may be challenging and bone biopsy is fre-
quently performed to identify caseating granulomas [109]. In addition to systemic 
anti-TB therapy, surgical decompression is usually required in individuals exhibit-
ing neurological deficits.

 Spinal Tuberculous Arachnoiditis
Tuberculous radiculomyelopathy results from inflammation of the arachnoid mem-
brane and exiting nerve roots (spinal arachnoiditis). Spinal arachnoiditis can occur 
in association with TB meningitis, tuberculous spondylitis, or as the primary CNS 
TB manifestation [115]. Clinical presentation is characterized by subacute areflexic 
paralysis, often associated with radicular pain and sphincter disturbance [116]. 
Most patients present with a syndrome of polyradiculopathy, with less than 15% 
manifesting with myelitis [116]. Clinical findings may suggest cauda equina syn-
drome or conus medullaris syndrome. MRI spine demonstrates varying degrees of 
enhancing arachnoiditis, with possible loculated CSF spaces, cystic changes, 
clumping of nerve roots or spinal cord inflammation and edema [117, 118]. MRI 
brain should also be performed to assess for pachymeningitis, hydrocephalus or 
intracranial tuberculomas. Grossly elevated CSF protein (up to 8 g/L) is character-
istic of TB meningitis and arachnoiditis [117]. CSF also demonstrates lymphocytic 
pleocytosis and low CSF glucose [117].

 Other Causes of Myelopathy in TB
Cases of acute transverse myelitis (including longitudinally extensive transverse 
myelitis) have been reported with TB [119]. Intradural-extramedullary or intra-
medullary tuberculoma can also cause myelopathy and occur most frequently in 
the thoracic region; presentation is chronic and patients are usually not systemi-
cally unwell [116]. Epidural tuberculous abscess can result in compressive spinal 
cord injury [120]. Syringomyelia can occur as an early or late complication of TB 
meningitis or spinal arachnoiditis [121, 122]. TB can also trigger CNS vasculitis 
which can result in spinal cord infarction [116]. MRI and CSF studies are the 
cornerstone of diagnosis of CNS complications of TB. It is important to remem-
ber that patients with HIV are more likely to have disseminated TB with CNS 
involvement. Patients with CNS manifestations of TB may require longer courses 
of anti-TB therapy than patients with other manifestations. The addition of corti-
costeroids has been demonstrated to improve mortality in patients with TB men-
ingitis [123].
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 Lyme Disease

Borrelia burgdorferi is transmitted by the Ixodes tick species and infection with the 
spirochete causes Lyme disease. Lyme disease is endemic in North America (par-
ticularly north-east and mid-Atlantic states), Europe (highest incidence in Central 
and North-Eastern Europe) and Asia (Russia, China, Mongolia and Japan) [124]. 
An estimated 30,000 people are diagnosed with Lyme disease annually in the US 
[125], with acute cases occurring in a seasonal manner (highest incidence in spring 
and summer) [126]. While a tick bite is necessary to acquire the infection, many 
patients do not report or recall this occurring.

Erythema Migrans is the initial presentation of Lyme infection, and is reported in 
the majority of patients [127]. EM usually occurs 1–2 weeks after the tick bite and 
is clinically characterized by single or multiple flat erythematous skin lesions which 
may be painful, itchy or associated with mild systemic symptoms such as malaise, 
fever and lymphadenopathy [126]. The rash may have a ‘bull’s eye’ appearance or 
a clear central punctum, but these features are not always present. If early infection 
is untreated, Lyme disease may disseminate and result in cardiac, rheumatologic or 
neurologic involvement.

Neuroborreliosis occurs in around 10% of patients with Lyme disease, and can 
be divided into early and late manifestations [128]. Spinal cord involvement is 
uncommon in both phases. The most common early complications are cranial neu-
ritis, lymphocytic meningitis and painful polyradiculitis [126, 129]. Very rarely, 
involvement of the spinal cord can occur during this phase in the form of acute 
transverse myelitis, which can be longitudinally extensive or can occur as a focal 
lesion in association with radiculitis [126, 130, 131]. This extension of radicular 
inflammation into the spinal cord to cause segmental myelitis has been reported 
with European subspecies of Borrelia. Late complications of Lyme disease (disease 
duration greater than 6 months) are an area of ongoing debate and some uncertainty, 
particularly in the case of neurological complications [132–134]. Rare cases of 
chronic progressive Lyme encephalomyelitis have been suggested with longstand-
ing untreated infection, however there is a relative paucity of recent studies in this 
field [135–137]. Patients with late CNS complications arising from longstanding 
untreated Lyme disease demonstrate inflammatory CSF abnormalities and intrathe-
cal production of Borrelia specific antibodies [128].

Diagnosis of Lyme disease (with or without neuroborreliosis) is also an area of 
some contention. Two-tier serologic testing is recommended (screening with 
enzyme immunoassay or indirect immunofluorescence assay followed by confirma-
tion with reflexive immunoblotting for Borrelia IgM and IgG to increase specific-
ity), however these tests may be negative in the earliest stages of infection [138]. 
Consideration of clinical context is crucial, as even Borrelia IgM may persist for 
years after infection [138]. CSF culture and PCR for Borrelia are both low yield, 
and therefore indirect serological studies remain the mainstay of diagnosis for neu-
rological complications [129]. In Europe, the European Academy of Neurology 
requires fulfillment of 3 of the following criteria for definite neuroborreliosis, and 2 
of 3 for possible neuroborreliosis; [1] neurological symptoms suggestive of 
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neuroborreliosis, [2] CSF pleocytosis, and [3] intrathecal production of borrelia 
burgdorferi- specific antibodies [139]. In the US, which has less heterogeneity of 
Borrelia subspecies, some groups suggest that positive two-tier serology in the con-
text of a characteristic neurological syndrome may be sufficient for diagnosis [138]. 
Regardless, CSF study should be performed. The vast majority of patients with 
neuroborreliosis demonstrate lymphocytic pleocytosis, while elevated CSF protein, 
and positive oligoclonal bands are also common. Intrathecal Borrelia-specific anti-
body production is the most specific test for neuroborreliosis. CSF levels should be 
compared to serum antibody levels, with ratio >1.0 supportive of intrathecal synthe-
sis rather than passive transfer from serum [138]. MRI may demonstrate a segmen-
tal or longitudinally extensive enhancing lesion in cases of acute transverse myelitis 
(Fig. 8.2).

Treatment of neuroborreliosis should be in accordance with regional guidelines; 
intravenous ceftriaxone for 2  weeks is a typical recommended treatment, while 
other options include intravenous penicillin or oral doxycycline [138].

 Syphilis

Syphilitic infection is caused by the bacterium Treponema pallidum. Almost 30,000 
cases of syphilis were reported in the US in 2016 and disease rates have been 
increasing over the past 15  years, particularly amongst men who have sex with 
men [140].

T. pallidum is thought to invade the CNS at an early stage of infection, with 
asymptomatic CSF abnormalities detectable in up to 48% of early syphilis cases 
[141]. Early or late neurosyphilis can occur in patients who do not clear the organ-
ism from the CNS in this early phase (either by immune response or antibiotic treat-
ment) [142]. Neurosyphilis occurs more frequently in patients with syphilis who are 
HIV-positive than in those who are HIV-negative [141]. Myelopathy as a result of 
syphilis infection has become rare in the antibiotic era, however it can still occur at 
any stage in the illness due to a variety of underlying pathologies.

Symptomatic syphilitic meningitis is the most common early CNS manifestation 
and typically occurs within a year of infection [142]. Spinal cord involvement can 
occur at this stage in the form of syphilitic meningomyelitis [143–145]. Clinical 
presentation is with an acute or subacute myelopathic syndrome, with or without 
concurrent symptoms of meningitis. MRI spine shows a T2 hyperintense lesion in 
the cord which is often central and longitudinally extensive, associated with cord 
expansion, and demonstrates areas of focal enhancement [144].

Tabes dorsalis is a late complication of untreated syphilis infection which has 
become very rare. It usually manifests insidiously 15 to 30 years following initial 
infection [141]. The first symptom is usually severe ‘lightning-like’ pains in the 
limbs or trunk with associated allodynia. Associated Argyll-Robertson pupils dem-
onstrating light-near dissociation are characteristic. Proprioceptive deficits follow 
and cause sensory ataxia which can result in Charcot joints [141]. Interestingly, 
Romberg’s sign was first described based on findings in patients with tabes dorsalis 
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[146]. Loss of deep pain sensation can be demonstrated with a number of epony-
mous signs such as Abadie sign (absence of pain on squeezing the Achilles tendon) 
[141]. Loss of muscle stretch reflexes results in absent lower extremity reflexes. 
Autonomic impairment manifests with erectile dysfunction, bladder and bowel 
symptoms [141]. End-stage tabes dorsalis is characterized by painful spastic para-
plegia with incontinence. MRI spine in untreated tabes dorsalis may show spinal 
cord atrophy and high signal in the posterior cord [147].

Myelopathy can also occur due to syphilitic gumma in the spinal canal (intra-
medullary or extramedullary) [148, 149]. Meningovascular syphilis can cause cere-
bral stroke, and rarely may cause spinal cord infarction [150].

Diagnosis of neurosyphilis is supported by serological tests and CSF findings in 
the appropriate clinical context, and there are no broadly accepted diagnostic crite-
ria. Non-treponemal serology tests such as the rapid plasma reagin (RPR) test or the 
venereal disease research laboratory (VDRL) test detect IgM and IgG antibodies to 
a cardiolipin-lecithin-cholesterol antigen [142]. However, levels may be undetect-
able in late neurosyphilis, and by contrast, false positives can occur due to a range 
of other conditions including pregnancy, autoimmune disease and other infections 
such as malaria [142, 151]. Treponemal tests such as the T. pallidum particle agglu-
tination assay (TPPA) measure IgM and IgG antibodies to the treponemal bacteria 
[142]. Treponemal test reactivity usually persists after treatment, while non- 
treponemal titers fall with treatment. Non-treponemal tests are usually used as a 
screening tool followed by treponemal tests if positive.

CSF findings can be very helpful in diagnosing neurosyphilis. Lymphocytic 
pleocytosis is seen in most cases, but white cell counts drop as the disease pro-
gresses and may even normalize in late disease [142]. There may also be elevated 
CSF protein, elevated IgG index or positive oligoclonal bands [141]. A positive 
CSF-VDRL test is very specific for diagnosing neurosyphilis, but less than 70% 
sensitive [142]. Treponemal tests can be performed on CSF but may be positive in 
patients with latent or asymptomatic syphilis, and therefore lack specificity in diag-
nosing neurosyphilis [141]. Overall, physicians should remember that there are 
multiple treponemal and non-treponemal tests that can be performed on serum and 
CSF, with varying sensitivity and specificity, so results should be considered in the 
context of the type of laboratory test used and the clinical scenario.

T. pallidum is highly sensitive to penicillin, and treatment should be instituted 
upon diagnosis. Guidelines for treatment of neurosyphilis typically suggest intrave-
nous or intramuscular penicillin preparations for 10–21 days [141]. Early neuro-
syphilis (e.g. syphilitic meningomyelitis) may respond well to treatment, but late 
complications such as tabes dorsalis may not improve. Non-treponemal serum and 

Fig. 8.2 Lyme myelitis in an 18 year old male
Longitudinally extensive central cord hyperintensity is demonstrated on sagittal (a, d) and axial  
(b, c) T2 sequences. Extensive contrast enhancement can be seen in the thoracic spinal cord on 
sagittal T1 post-gadolinium sequence (e)
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CSF (e.g. VDRL) titers can be monitored and should fall after treatment, but it can 
take from 3 months to 5 years to convert to ‘seronegativity’ [141, 142].

 Fungal Myelopathies

Fungal infections of the CNS are uncommon, and most frequently occur in immu-
nocompromised patients.

Cryptococcus neoformans myelitis or myeloradiculitis has been reported in 
patients with HIV/AIDS, particularly in areas of endemicity, and rarely in immuno-
competent hosts [152–154]. Formation of intramedullary or extramedullary crypto-
coccal granulomas is also possible [155–158], and may occur in association with 
cryptococcal meningitis or osteomyelitis. CSF should be stained with India ink and 
can be cultured with Sabouraud dextrose agar to isolate C. neoformans. Rapid 
screening for cryptococcal antigen in the CSF can also be performed, with sensitiv-
ity of over 90% in cases of cryptococcal meningitis [159].

CNS aspergillosis (most commonly due to aspergillus fumigatus) occurs almost 
exclusively in patients who are markedly immunocompromised e.g. patients with 
hematological malignancy, bone marrow or solid organ transplant recipients. CNS 
infection tends to occur in association with systemic sites of infection such as the 
lung. Rarely, the spinal cord may be involved in CNS aspergillosis, in the form of 
necrotizing transverse myelitis with or without associated spinal cord infarction 
[160]. CSF galactomannan testing has high sensitivity and specificity for CNS 
aspergillosis [161]. PCR can also be performed for aspergillus species in the 
CSF.  CSF fungal cultures are frequently negative [162], and some patients with 
CNS aspergillosis undergo biopsy for histopathological examination [159].

Fungal infection may also result in spinal cord compromise due to the formation 
of epidural abscess, vertebral osteomyelitis and spondylodiskitis. These complica-
tions have been reported with aspergillus, cryptococcus, candida, blastomycoses 
and histoplasma species, among others [163–171], though it should be emphasized 
that these manifestations are exceedingly rare.

 Parasitic Myelopathies

 Schistosomiasis

Schistosomiasis is a parasitic infection acquired through contact with fresh water 
containing larval forms of Schistosoma parasites (cerceriae) which penetrate human 
skin. The disease occurs in Sub-Saharan Africa, Asia (China, Japan and South-East 
Asia) and South America (particularly Brazil and Venezuela), and different sub- 
species of the parasite have regional preponderances [172]. However, outbreaks in 
Europe have also been recognized in recent years and traced to Southern European 
fresh-water locations such as Corsica [173]. It is estimated that over 200 million 
people are infected worldwide [174].
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Clinical manifestations of acute schistosoma infection are most frequently seen 
in individuals visiting endemic areas with no prior exposure to schistosoma species 
i.e. travelers [175]. A pruritic maculopapular rash at the site of larval penetration, 
‘cercarial dermatitis’, may occur within 24 h of exposure. Acute schistosomiasis 
occurs several weeks later and manifests with cough, fever, cough, gastrointestinal 
symptoms and urticarial or angioedema [175]. This phase of disease is thought to be 
an allergic/toxic reaction to circulating parasites. However, many patients also pro-
ceed to chronic infection without any acute symptoms [175]. Chronic infection typi-
cally causes inflammation and fibrosis of gastrointestinal, hepatic or urinary tract 
structures.

Neurological manifestations are rare, but can occur at any stage of schistosomia-
sis and usually occur without other systemic symptoms. Cerebral involvement is 
seen with S. japonicum, while spinal cord involvement is seen most commonly with 
S. mansoni and less frequently with S. haematobium [172]. Myeloradiculopathy is 
the most frequent presentation, with a minority of patients presenting with either 
isolated myelitis or cauda equina involvement [172]. Neurological symptoms evolve 
over less than 2 weeks [176]. Back pain or radicular pain is the most frequent initial 
symptom, followed by sphincter dysfunction, leg weakness and sensory symptoms. 
Weakness is usually severe, with most patients unable to walk at clinical nadir. The 
full complement of motor, sensory and autonomic involvement are seen in the vast 
majority of patients [176].

CSF examination shows elevated protein and lymphocytic pleocytosis, however 
eosinophils are also seen in up to 50% of cases and may be a clue to the diagnosis 
[172, 176]. Oligoclonal bands may be present [177]. MRI typically shows a T2 
hyperintense lesion with spinal cord enlargement and nerve root thickening, with 
associated contrast enhancement in affected regions [172]. Nearly all lesions occur 
in the lower thoracic or lumbar region, which may be related to venous anastomoses 
linking the portal venous system (a reservoir for schistosomal parasites) in this spi-
nal region [172].

Establishing a definitive diagnosis can be challenging. S. mansoni ova can be 
identified with stool examination in less than half of cases, or with rectal biopsy 
which has higher sensitivity [172]. Serological studies are only useful in patients 
from non-endemic regions i.e. travellers. CSF ELISA for antibodies to S. mansoni 
and CSF PCR for S. Mansoni DNA have both been suggested as tests with high 
specificity [177, 178].

Treatment is with anti-schistosomal therapy such as Praziquantel, and the addi-
tion of steroids is probably beneficial (high-dose initially, followed by a taper over 
at least 2 months) [179]. Most patients have a good functional recovery after treat-
ment. Outcome is worst with delayed diagnosis and with isolated myelitis [172, 180].

 Neurocysticercosis

Neurocysticercosis is caused by the larval form of the tapeworm Taenia solium, and 
is the most common parasitic CNS infection [181]. The tapeworm develops in 
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humans after ingestion of viable larval cysts in contaminated pork, resulting in tae-
niasis [181]. When the tapeworm matures to adulthood, eggs are released in the 
host’s feces. Cysticercosis develops after humans become infected with T. solium 
eggs via the fecal-oral route (typically due to contaminated food or water due to 
poor hygiene). Eggs penetrate the intestinal wall and travel hematogenously to dis-
tant sites – typically the brain, eye, subcutaneous tissues and muscle [181]. This 
infection is endemic in countries lacking sanitation and clean water supplies, such 
as South and Central America, Sub-Saharan Africa, China, India and Southeast Asia 
[181, 182]. Cases in North America and Europe occur predominantly in people who 
have previously lived in endemic regions [181], although outbreaks have also been 
reported in those who have never travelled and have been traced to tapeworm car-
riage in infected food handlers or domestic workers [183].

Neurocysticercosis is an important cause of seizures in endemic countries [184], 
but other intracranial manifestations include hydrocephalus, meningitis, arachnoidi-
tis, psychiatric disturbance, cranial neuropathies and vasculitis [181]. Spinal cord 
involvement is rare (occurring in less than 3% of cases of neurocysticercosis) [185] 
and accompanies basal subarachnoid intracranial disease more frequently than 
intraparenchymal cerebral disease [186]. Spinal cord involvement without intracra-
nial disease is exceptionally rare [187]. Spinal involvement is most frequently intra-
dural-extramedullary [186, 188], but can also be intramedullary [187, 189].

Clinical presentation is typically with a subacute or chronic myelopathic syn-
drome or cauda equina syndrome, depending on lesion location [187, 189, 190]. 
Symptoms may include radicular pain in addition to motor, sensory or sphincter 
dysfunction [181]. Spinal involvement may also be asymptomatic but detectable on 
MRI imaging of patients presenting with intracranial manifestations [186].

Diagnosis is difficult, with diagnostic criteria including findings from histology, 
neuroimaging and clinical/exposure history [191]. Characteristic CNS lesions may 
be seen on MRI such as demonstration of a high-density scolex (the tapeworm’s 
head) within a cystic lesion, or a ‘starry sky’ pattern caused by multiple intraparen-
chymal cysts [181]. CT may demonstrate calcifications in up to half of patients 
[181]. Spinal MRI findings are usually less specific. Multiple spinal segments are 
often involved [186], and extramedullary cystic lesions may mimic an arachnoid 
cyst [190] or Tarlov cyst [192]. Intramedullary involvement is characterized by 
well-demarcated enhancing cystic lesions with surrounding edema [187]. Subretinal 
cysticerci can be visualized on ophthalmologic examination in some cases, confirm-
ing CNS involvement [191]. Biopsy can be considered for brain lesions, but is not 
usually undertaken with spinal cord lesions.

CSF shows elevated protein and pleocytosis, with eosinophils frequently present 
[193]. Antibodies to T. solium antigens can be detected in serum or CSF using 
enzyme-linked immunoelectrotransfer blot (EITB), however seroprevalence may be 
up to 20% in endemic regions, and EITB testing may give false-negative results in 
patients with a single CNS lesion or calcified lesions [191]. ELISA testing for cys-
ticercal antigen in serum or CSF is a recently described method which may also be 
useful [191]. The diagnosis may also be supported by identification of extra-CNS 
cysticercosis, for example in subcutaneous nodules [191].
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Treatment is with cysticidal drugs such as albendazole and praziquantel. 
However, rapid death of tapeworms can trigger extensive inflammatory response in 
the CNS, potentially precipitating neurological deterioration, or hydrocephalus in 
patients with arachnoiditis or intraparenchymal lesions [181]. Furthermore, anti- 
cysticercal therapy does not affect calcified cysts containing dead parasites. 
Therefore, the full burden of CNS disease should be assessed carefully prior to 
consideration of treatment, and steroids should be initiated prior to anti-cysticercal 
therapy (and continued throughout treatment) [181]. Lastly, parenchymal neurocys-
ticercosis lesions may self-resolve with time, and so there is some debate about 
whether all patients actually require treatment [194]. Surgery may be required on 
some spinal cases, to reduce compression of the spinal cord [190, 192].

Case reports of spinal disease suggest good clinical outcomes with both medical 
and surgical treatment [187, 189, 190, 192].

 Other Parasites

Other parasitic causes of myelopathy are extremely rare. Intramedullary Toxoplasma 
gondi lesions have been reported in patients with HIV/AIDS [195–197]. Hydatid 
cysts resulting from Echinococcus granulosus infection can occur in vertebral bod-
ies, paraspinal, extradural or intradural-extramedullary locations resulting in pro-
gressive compressive myelopathy or cauda equina syndrome [198–202]. Myelitis or 
myeloradiculitis can occur with visceral larva migrans due to ascaris suum or toxo-
cara canis infection [203–205].

 Para-infectious Myelitis

Para-infectious myelitis, one of the causes of the syndrome ‘acute transverse myeli-
tis’, may be provoked by systemic infection with a range of micro-organisms, most 
of which are not known to cause direct infection of the spinal cord. Para-infectious 
myelitis is felt to be an immune-mediated process, with hypotheses such as molecu-
lar mimicry or superantigen effect proposed as pathophysiologic mechanisms [206]. 
Numerous micro-organisms have been implicated in triggering this process, includ-
ing (but not limited to) mycoplasma pneumonia, enteroviruses, influenza, adenovi-
ruses, measles virus, mumps virus, haemophilus influenza, streptococcus 
pneumonia, hepatitis A, rubeola, rubella, legionella and bartonella [206–209]. In 
many cases the organism is never identified, despite the presence of infectious 
symptoms prior to myelitis [210].

Patients present with an acute or subacute myelopathy with first neurological 
symptoms occurring 3–21 days after onset of infectious symptoms such as fever, 
upper respiratory symptoms, gastroenteritis or flu-like illness [211]. Sensory 
symptoms are most frequent, followed by motor symptoms and autonomic symp-
toms. A sensory level is often elicited on examination [210]. Around half of patients 
experience severe paraplegia at clinical nadir [212]. Reflexes are often depressed 
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in the initial days of neurological illness, but become brisk as the disease process 
is established.

Non-specific inflammatory markers such as serum C-reactive protein (CRP) or 
white blood cell counts may be elevated, supporting recent or ongoing systemic 
infection. MRI typically shows a T2 hyperintense lesion which may be longitudi-
nally extensive and enhances post-contrast. In some cases there may be multiple 
lesions [210]. CSF typically shows evidence of inflammation with pleocytosis, ele-
vated protein, positive oligoclonal bands or elevated CSF IgG index [210, 211], 
though these studies may be normal particularly if obtained early on. Cultures, PCR 
or antibody studies of blood, stool, or nasopharyngeal swabs should be considered 
in an attempt to identify the infectious agent.

It is important to consider direct causes of infection such as those discussed in 
this chapter, prior to proceeding with diagnosis and treatment of immune-mediated 
para-infectious myelitis. Other disorders that cause myelitis (such as neuromyelitis 
optica, multiple sclerosis or neurosarcoidosis) should be excluded as far as 
practicable.

Patients are treated with short course high-dose intravenous steroids (e.g. intra-
venous methylprednisolone 1 g daily for 3–5 days) and/or intravenous immuno-
globulin. Plasma exchange can be considered for severe cases or if there is a poor 
response to initial steroid treatment [212].

Prognosis is varied and difficult to describe, as case series of transverse myelitis 
often include a wide variety of underlying etiologies [212]. By natural history, para-
infectious myelitis should be a monophasic illness. Recurrent or relapsing myelitis 
should prompt consideration of other etiologies.

 Conclusions

A wide range of infections can cause myelopathy through a number of pathologi-
cal processes including direct infection, spinal cord compression, or para-infec-
tious etiology. Some infections are endemic in certain regions or are seen more 
frequently in certain populations e.g. the immunocompromised. These factors 
should be considered when evaluating a patient with a potential infectious cause 
of myelopathy. Physicians should also pay careful attention to elements of the 
clinical presentation such as the temporal profile, prodromal symptoms, and type 
of neurological deficits. MRI and CSF study are the cornerstone of investigation 
in most cases, while further laboratory tests such as serological or PCR studies 
should be tailored to the specific micro-organism(s) suspected. In many cases, 
clinical outcome may improve with prompt diagnosis and treatment, often with 
specific anti-microbials.
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 Introduction

 Epidemiology

While tumors of the spine are a rare cause of myelopathy, a missed or delayed diag-
nosis can be devastating. Spinal column tumors can be categorized based on their 
anatomic location within the spine: extradural, intradural extramedullary, and intra-
medullary and on whether they are primary tumors or metastases. Extradural and 
intradural masses occur in roughly the same incidence with a slight predilection for 
extradural masses (60% vs 40% respectively) [1]. Intramedullary or spinal cord 
tumors however, are very uncommon, constituting only about 5% of the tumors 
encountered clinically in adults, and up to as many as 30% of tumors in children [2]. 
The focus of this chapter will be tumors arising or involving the spinal cord itself 
and unless otherwise specified spinal cord tumors will refer only to intramedullary 
lesions.
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Spinal cord tumors can be divided into primary spinal cord tumors and meta-
static lesions to the spinal cord. It is important to note that in general while meta-
static lesions are very common, metastases to the spinal cord are rare and account 
for <5% of spinal cord tumors [2]. Of the primary spinal cord tumors the majority 
are either ependymomas, astrocytomas (with an approximately 2:1 preference for 
ependymomas), or hemangioblastomas [2].

 Presentation

Symptomatic presentation from a spinal cord malignancy can vary based on loca-
tion, number of lesions, and the rate of tumor progression. Patients with metastatic 
spinal cord tumors patient may exhibit additional systemic signs of illness such as 
fever, chills, and/or weight loss, or symptoms of disease from additional organ sys-
tem involvement. In general, spinal pain is the most common symptom of malig-
nancy within the spinal cord. The relative non-specific nature of pain, especially in 
older populations where spondylotic degeneration is a common cause of back may 
lead to delay in diagnosis. Pain may occur from both neural and non-neural involve-
ment. Nerve root involvement, specifically pain from the dorsal rootlets, may lead 
to radiculopathic pain. Tumor expansion can stretch and irritate the spinal dura or 
associated vasculature, and tumor secreted inflammatory factors all can lead to local 
inflammation and subsequent pain.

Sensorimotor and other white matter tract signs may arise from direct tumor 
invasion of the spinal cord substance itself, or from local mass effect by tumor. 
Symptoms may be divided into those arising from compression/involvement of 
the nerve roots (radiculopathy), spinal cord (myelopathy) or both. Myelopathy 
can present as subtle to overt motor weakness, proprioceptive difficulties, 
bowel bladder dysfunction, and/or presence of pathological reflexes. The neu-
rological presentation is often slowly progressive. Muscle weakness may not 
be detectable on exam early and the adept clinician must be attentive for other 
signs such as difficulty with manual dexterity, spasticity, imbalance, and/or 
gait dysfunction.

Pediatric patients can present with unique age-related symptoms/signs of a spi-
nal cord tumor including delayed motor development, progressive scoliosis, or tor-
ticollis. In infants or young children subtle neurological deficits may be overlooked 
due the inability to effectively communicate symptoms. Motor developmental delay 
may be the first clue in a young child to the presence of a spinal cord tumor [3]. As 
the young spine develops, scoliosis may become evident, and can be the first pre-
senting sign of a spinal cord tumor [3].

Evaluating patient functional status is important when assessing a patient’s over-
all clinical picture, and as a metric to compare both before and after tumor therapy 
as well as physical rehabilitation. A commonly used functional assessment tool for 
use in spinal cord tumor patients, both extramedullary and intramedullary, is the 
modified McCormick Scale. This is a physician rated scale that is used to determine 
the preoperative and postoperative global neurological function and walking ability. 
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(Figure A) Grade of 1 describes a patient with no neurologic dysfunction and a 
Grade of 5 describes a patient that is para- or quadriplegic and is restricted to a bed 
or wheelchair [2].

 Diagnosis

MRI is the diagnostic modality of choice in a patient with a suspected spinal cord 
tumor. Both T1 and T2 sequences are useful for narrowing down the possible pathol-
ogy, defining tumor heterogeneity, and tumor borders, particularly whether there is 
a potential surgical plane. The location of the tumor relative to the midline or dorsal 
root entry zone (DREZ), can help the surgeon identify where to enter the substance 
of the spinal cord if the tumor does not present to a pial surface. Apparent diffusion 
coefficient (ADC) and gradient echo sequences can be useful in determining the 
presence of hemorrhage, often seen in patients with intramedullary melanoma, 
hemangioblastoma, or ependymoma.

It is important to keep in mind various other types of spinal cord pathology in the 
differential diagnosis, such as demyelinating disease (eg multiple sclerosis (MS), 
idiopathic transverse myelitis, neuromyelitis optica), infection (abscess), inflamma-
tory disease (sarcoidosis), and vascular (cavernoma, cord infarction from arteriove-
nous fistula). These may be similar appearance to spinal cord neoplasms and are 
often suggested by patient history. Cerebrospinal fluid (CSF) markers may be sam-
pled to help rule out the above conditions. For example, elevated IgG index and the 
presence oF unmatched oligoclonal bands can help diagnose MS, and acetylcholin-
esterase (ACE) can help determine whether the patient has neurosarcoidosis.

In the absence of specific supporting data, either from history, laboratory, or 
pathognomonic imaging findings, obtaining tissue is imperative for diagnosis. 
Tissue from the spinal cord is only safely obtained via an open incisional or exci-
sional tumor resection. In most cases the tumor specimen is obtained during the 
definitive tumor resection, such as with an ependymoma. If an extensive, diffusely 
infiltrative astrocytoma is suspected, an open biopsy or subtotal resection can be 
performed for definitive diagnosis. In most patients, history, laboratory, and/or 
imaging findings will determine whether to plan for a biopsy or surgical resection 
of tumor.

 Primary Spinal Cord Tumors

 Ependymomas

Ependymomas are the most common spinal cord tumors overall and the most com-
mon in adults [2, 4]. They account for roughly 2% of all CNS tumors and have a 
predilection for males though some series suggest no preference [5, 6]. The majority 
of ependymomas are benign though malignant variants do exist [5]. The average age 
at diagnosis is between around 30 years of age [4, 5]. Histologically, ependymomas 
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are thought to arise from ependymal glial cells that line CSF spaces. The world 
health organization places ependymomas into the larger category of ependymal 
tumors which also includes myxopapillary ependymomas, subependymomas, and 
anaplastic ependymomas [7]. When it comes to the clinical manifestation and man-
agement classical ependymomas and myxopapillary ependymomas are best evalu-
ated in separate categories.

 Ependymoma
Roughly half the cases of ependymomas are the traditional variety [4]. These tumors 
have a predilection for the cervical and thoracic segments of the spinal cord [4]. The 
WHO further breaks down ependymomas based on their histology into papillary, 
clear cell, and tanycytic [7].

Most spinal ependymomas present with back pain [2]. Many also have dysesthe-
sias as a result of expansion of the central canal that is believed to impair the spino-
thalamic tract [2, 5]. Continued progression of the tumor can lead to further 
pronounced deficits and the involvement of other tracts. It is worth noting that with 
the prevalence of MRI leading to early diagnosis, weakness and bowel/ bladder 
dysfunction are less and less common symptoms at time of diagnosis [2].

MRI of the spine with and without gadolinium contrast is the imaging modality 
of choice. The tumors exhibit hypo-intense or iso-intense signal on T1 images and 
hyperintense on T2-weighted imaging [8] (Fig. 9.1). In some cases intra-tumoral 
hemorrhage may produce T1 hyperintensity [8]. They often exhibit a robust 
enhancement pattern [2, 8]. Some ependymomas may exhibit a “cap sign”, which 
results from hemosiderin deposition from previous hemorrhage and is an area of 
hypointensity on T2 imaging [8]. A cap sign may be seen approximately 30% of 
ependymomas, though can be seen in other spinal cord tumors prone to hemorrhage 
[8]. On tractography, normal fibers tend to be displaced rather than being invaded 
into [2]. An MRI may further reveal an associated syrinx in up to 60% of cases [6].

The primary treatment for ependymoma is surgical resection. Gross total resec-
tion is often feasible because there is often a clear surgical tissue plane between 
tumor and surrounding parenchyma (Fig. 9.2). Overall progression free survival after 
surgical resection is approximately 90% at 5 years and 80% at 10 years [9]. Factors 
that influenced survival included complete versus partial resection and initial histol-
ogy with myxopapillary ependymomas having poorer outcomes [9]. There have 
recently been trials of imatinib as a chemotherapeutic agent to treat ependymomas, 
but the results of these trials have yet to be determined [10]. Adjunctive modalities 
such as radiotherapy are implemented in cases of partial resection or recurrence, usu-
ally employing external beam radiation up to 54 gy [5, 9]. Craniospinal radiation is 
less well established for spinal cord ependymomas. Overall, for unresectable or par-
tial resections radiation therapy may provide greater progression free survival [5].

 Myxopappilary Ependymoma
Myxopapillary ependymomas account for approximately the other 50% of spinal 
cord ependymomas [4]. This variant has a high predilection for the conus medullaris 
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Fig. 9.1 Myxopapillary ependymoma; axial (a) T1 pre-contrast and sagittal, (b) T1 post-contrast 
images, axial (c) T2 and sagittal (d) T2. The tumor is located at the conus medullaris with avid 
contrast enhancement, strongly suggesting the diagnosis of myxopapillary ependymoma

and the cauda equina [8]. It tends to be more common in males and may have a 
slightly younger presentation than classical ependymomas (though still more com-
mon in adults than pediatric patients) [8]. Patients typically present with low back 
pain, lumbosacral radiculopathy, and/or bowel and bladder dysfunction [2, 5]. 
Imaging characteristics on T1 and T2 weighted imaging can be similar to classical 
ependymomas, and anatomical level can be key distinguishing factors between the 
two entities [8] (Fig. 9.3).
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Fig. 9.2 Intraoperative microscope image of a cervical intramedullary ependymoma resection. 
Note the clearly defined surgical border between tumor and spinal cord. Pial tack up sutures are 
used to assist with tumor resection

Primary treatment of these tumors is gross total surgical resection, which can be 
technically difficulty due to tumor friability and adherence to neural elements [11]. 
In patients where tumor is either partially resected, or there is technical difficulty 
removing tumor attached to nerve roots, there appears to be a higher incidence of 
neurological dysfunction, particularly sphincter and gait abnormality [11]. Sub- 
total resection carries additional risk of seeding the CSF space which can lead to 
either local recurrence or distant disease in the neuroaxis [11, 12]. Progression free 
survival after gross total surgical resection is approximately 60–80% at 5  years, 
though tumors with subtotal resections fare worse [11, 12]. Other prognostic factors 
include presence of capsule at time of surgery, age and time to diagnosis, as well as 
tumor histology. Much like classical ependymomas adjunctive radiotherapy is 
employed in tumors that have a subtotal resection or are unable to resected, with 
some evidence suggesting improved progression free survival [11, 12]. Whole cra-
niospinal irradiation may be utilized in cases where diffuse dissemination of tumor 
via CSF is suspected.

 Astrocytomas

Astrocytomas are the most common spinal cord tumor in children and second most 
common in adults [3]. There is no known gender predilection and the median age at 
diagnosis is around 15 years of age [13]. There are four different WHO grades of 
astrocytoma: Grade 1= pilocytic, Grade II= diffuse or low grade, Grade III= ana-
plastic, and Grade IV= glioblastoma (GBM) [7]. The majority of astrocytomas are 
either grade I or II (up to 80% in some series) [3]. Pilocytic astrocytomas are most 
commonly found in children, while grade II low grade astrocytomas are most com-
monly found in adults [14, 15]. GBM is very rarely found in the spinal cord, but 
when present has a very poor prognosis. The cervicothoracic spine is the most 
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Fig. 9.3 Classical ependymoma; axial (a) and sagittal, (b) T1 pre-contrast images, axial (c) T2 
and sagittal (d) T2. Pre-contrast T1 imaging is characteristically hypointense where as T2 imaging 
is more iso to hyperintense. The “cap-sign,” a thin hypointense rim of hemosiderin from prior 
hemorrhage, can be seen at the rostral end of the tumor on T2 imaging (white arrow)

common spinal segment that these tumors are found in, but they can be present 
anywhere in the spinal cord [8, 16].

Like ependymomas, astrocytomas most commonly present with regional back 
pain [16]. However, the neurological presentation between the two tumors differs 
due to the preference of astrocytoma to grow in the periphery of the spinal cord, 
while ependymoma’s tend to be more central in location [2]. Astrocytomas invade 
fiber tracts rather than displace them as with ependymomas [2]. As such 
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astrocytomas tend to have asymmetric symptoms and are more likely to have weak-
ness on presentation due to corticospinal tract involvement.

MRI shows a hypo-to iso-intense lesion on T1 and hyper-intense lesion on T2 
[3]. Most of the astrocytomas enhance with gadolinium though this can be either 
heterogeneous or homogeneous [2]. Also present on MRI can be necrosis, edema 
and a cyst with mural nodule. The tumor is usually spread over a greater number of 
spinal cord segments than ependymomas which can help in distinguishing between 
the two lesions. In rare cases tumors can span the entire cord and are referred to as 
holocord tumors [2].

Surgery is the primary treatment modality for astrocytoma. As there are often no 
clear surgical margins around the tumor, maximum safe resection is the goal [17]. 
Attempted gross total resection of these tumor can lead to significant morbidity, 
with up to 40% of patients having decreased neurological function post-operatively 
[3]. Surgical outcomes vary, with one study reporting approximately 65% of patients 
had progression of disease at a median follow up of 28 months or a progressive free 
survival of 35% at 2 years [13]. Higher grade and older age at presentation are asso-
ciated with worse prognosis [13].

There is a lack of consensus regarding the efficacy of either primary or adjuvant 
radiotherapy and/or chemotherapy in these tumors [3]. Often these modalities are 
reserved for patients with unresectable tumor or disease recurrence [3, 10].

 Hemangioblastoma

Hemangioblastomas rarely occur in the spinal cord, accounting for approximately 
5% of all spinal cord tumors [2]. They can occur either sporadically or as part of a 
genetic syndrome. If sporadic, the peak incidence of these tumors occurs in adults 
in the third and fourth decades of life. The majority of spinal hemangioblastomas 
are diagnosed in patients with von-Hippel-Lindau disease (VHL) [18].

VHL is an autosomal dominant a genetic disorder involving the VHL tumor sup-
pressor gene on chromosome 3 [19]. The downregulation of this gene leads to 
malignancies of the CNS including the eyes (retinal capillary hemangioblastoma), 
pancreas (cysts and neuroendocrine tumors), kidney (renal cell) and adrenal glands 
(pheochromocytoma), as well as the epididymis in males (cystadenomas) [19]. 
Patients who have VHL and are found to have a spinal cord hemangioblastoma tend 
present earlier than their sporadic counterparts, usually in their second and third 
decade of life [20]. They often will have tumors found not only in the spinal cord, 
but also in the cerebellum.

While most spinal cord tumor patients present with gradual onset of neurologic 
deficits, patients with hemangioblastomas may present with acute symptoms due to 
tumor hemorrhage. This hemorrhage can be confined solely to the spinal cord 
parenchyma or extend into the subarachnoid space, which can lead to clinical men-
ingismus [18]. In general, patients with hemangioblastomas tend to have a more 
rapid progression of symptoms than those of other primary spinal cord tumors due 
to their inherent vascularity.
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The diagnosis of hemangioblastoma requires pathological confirmation but can 
be strongly suggested by clinical history, particularly VHL patients, as well as 
pathognomonic imaging findings. Patients with a strong family history or multiple 
suggestive lesions of the brain and spinal cord on imaging should undergo genetic 
testing for VHL. Screening for associated malignancies in aforementioned organ 
systems should also be conducted. Diagnosis of VHL is made clinically but can be 
confirmed with genetic testing.

Hemangioblastomas originate from embryonic remnant tissues of mesodermal 
origin, likely undifferentiated mesenchymal cells [2]. They are composed of a dense 
network of capillary channels which contain endothelial cells, pericytes, and lipid- 
laden stromal cells. Histology shows reticular pattern of small capillaries and foamy 
stromal cells.

MRI reveals an iso-intense lesion on T1 weighted imaging and hyperintense 
lesion on T2 weighted imaging [9, 18]. There is homogeneous enhancement with 
gadolinium administration. Other distinguishing MRI findings include: presence 
of flow voids, a homogeneously enhancing hyper vascular nodule with cyst, or 
syrinx (seen in up to 50% of cases) [9, 18] (Fig. 9.4). Some institutions utilize 
preoperative angiography, whether CT or DSA, for planning and even preopera-
tive embolization prior to resection though this is not a ubiquitous practice 
[21–24].

Surgical resection is the primary treatment modality for spinal cord hemangio-
blastoma [25]. As these tumors are very vascular, piecemeal resection is not recom-
mended. The tumor capsule should be preserved, and gently dissected from the 
surrounding spinal cord parenchyma. Pre-operative embolization of the tumor can 
be attempted before surgery to decrease the risk of significant blood loss in the 
operating room.

Surgical outcomes data is limited as hemangioblastomas are rare. In a large 
series of 108 predominantly adult patients with VHL associated hemangioblastoma, 
approximately 70% of patients who underwent surgery had stable neurological 
exams at 6 months post-surgery [18]. 15% of patients experienced dramatic perma-
nent decline after surgery while fewer, 6%, showed an improvement in their neuro-
logical exam [18]. Reported surgical outcomes in patients with sporadic 
hemangioblastomas suggest that surgical resection results in improved outcomes in 
most patients [23]. Stereotactic radiosurgery (SRS) is reserved for patients with 
recurrent or unresectable tumors [26].

 Metastases

Metastases to the spinal cord represent 4–8% of CNS metastases and 1–3% of all 
intramedullary tumors [27, 28]. The majority of patients with spinal cord metastases 
are adults, typically in the fifth and sixth decades of life [28]. Lung and breast can-
cer are the most common spinal cord metastases due to the overall incidence of 
these primary malignancies in the adult population [27, 28]. Other common prima-
ries include renal cell, melanoma, and lymphomas [28].
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Fig. 9.4 Hemangioblastoma; axial (a) and sagittal, (b) T1 post-contrast images, axial (c) T2 and 
sagittal (d) T2. Note the nodular enhancement on T1 post contrast imaging and presence of cervical 
syrinx on T2 imaging

Patients with spinal cord metastases primarily present with sensorimotor deficits 
[27, 28]. Back pain is seen in only seen in 20–30% of patients [28]. Rapid progres-
sion of symptoms over days to weeks is more associated with metastases than other 
primary spinal cord tumors. It is important to note that while the majority of patients 
have a pre-existing primary malignancy, for some the intramedullary metastasis is 
the first presenting source of their systemic disease [28].
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Imaging findings of spinal cord metastases are generally non-specific. MRI T1 
and T2 weighted imaging may have varying levels of intensity. T2 imaging will 
often reveal peritumoral edema [28]. Most spinal cord metastases demonstrate avid 
contrast enhancement [28]. In addition to imaging of the affected spinal region, the 
entire neural axis should be scanned to look for other metastatic foci. CT of the 
chest, abdomen, and pelvis with and without contrast is recommended to either 
identify the possible primary source of disease and/or the extant of disease.

The primary treatment for spinal cord metastases is controversial [27, 29]. With 
advanced microsurgical techniques, surgical resection has been shown to have rela-
tively low morbidity [28, 30]. Factors affecting the decision to proceed with surgery 
are patient age, degree of neurologic impairment, rapidity of symptom onset, func-
tional performance status, medical comorbidities, tumor radiosensitivity, and pres-
ence/absence of leptomeningeal disease [27, 28]. Some surgical series suggest at 
least some neurological symptomatic improvement or at least preservation of func-
tion [28, 31]. In the majority of cases patients with metastases to the spinal cord 
have mean prognosis of 3–4 months though some studies report rare survival up to 
1–2  years or longer [26–29, 31]. A recent case series from MD Andersen has 
stressed that neurological outcomes and durability of survival is likely tied to the 
histology of specific metastases and the ability to achieve gross total resection [31]. 
The authors argue that for radio resistant tumors, in patients with single site involve-
ment and no known leptomeningeal disease, resection results in increased length of 
neurological preservation, as well as potentially improved overall survival [31].

However many continue to advocate for primary radiation therapy [27]. 
Stereotactic radiosurgery is increasingly being used and mean survival has ranged 
from 6–30  months, with mean survival of 17  months [26]. There are no clearly 
defined guidelines for dosing and fractionation and various strategies have been 
used such as single doses at 20gy versus 40–50gy given over 10+ fractions [26].

 Conclusion

Spinal cord tumors are generally rare entities that typically present with back pain. 
A high degree of clinical suspicion is necessary to arrive at the appropriate diagno-
sis, with the utilization of imaging, and ultimately pathology, to confirm the diagno-
sis. Primary treatment of these tumors consists, for the most part, of maximal safe 
surgical resection. Radiotherapy is reserved for either partially resected or unresect-
able tumors.
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 Introduction

Hereditary myelopathies are genetic disorders in which major symptoms and neu-
rologic findings arise from impaired function of neurons whose cell bodies or axons 
are within the spinal cord. In addition to spinal cord localization, hereditary myelop-
athy syndromes often involve neurologic signs due to pathology outside the spinal 
cord (e.g. cerebellum or peripheral nerve). Neuronal dysfunction may arise from an 
abnormality within neurons or from primary extra-neuronal disturbance (e.g. pri-
mary glia or blood vessel abnormality) leading to neuron injury.

Why classify extremely diverse disorders, which primarily affect disparate 
cell types (neurons and glia) by a wide variety of molecular processes simply 
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because major (but not all) signs and symptoms localize to spinal cord distur-
bance? The value of classifying disorders as hereditary myelopathies lies in its 
clinical utility. These are rare disorders (Table 10.1) with extensive phenotypic 
variability with which most clinicians have little direct experience. Recognizing 

Table 10.1 Syndromic classification of hereditary myelopathies and representative examples

Major syndrome Representative examples Diagnostic testing
Spinocerebellar 
ataxias

SCA 1 through 36 Genetic testing for specific SCA 
gene mutation; neuroimaging to 
demonstrate cerebellar atrophy

Machado-Joseph disease (SCA3) Genetic testing for specific SCA 
gene mutation; neuroimaging to 
demonstrate cerebellar atrophy

Friedreich ataxia FRDA gene analysis
Familial vitamin E deficiency Serum vitamin E
Abetalipoproteinemia 
(Bassen-Kornzweig)

Lipoprotein electrophoresis

Charlevoix-Saguenay ARSACS gene analysis
Partial hexosaminidase deficiency Leukocyte hexosaminidase assay

Motor neuron 
disorders

Familial ALS SOD1 and C9ORF gene analysis
Consider gene panels or whole 
exome sequencing for additional 
gene analysis

Spinal muscular atrophy Survival motor neuron gene 
analysis
Additional gene analysis including 
BICD2, AR, UBA1, DYNC1H1, 
and VAPB

Primary lateral sclerosis (rarely 
familial)

ALSin gene analysis (for juvenile 
familial PLS); consider gene 
panels or whole exome 
sequencing for additional gene 
analysis (e.g. C9ORF72, SPG7, 
DCTN1, PARK2, FIG4)

Spinobulbar muscular atrophy 
(Kennedy syndrome)

Androgen receptor gene mutation 
(CAG repeats)

Leukodystrophies Subacute combined degeneration 
(rarely familial)

Serum B12

5,10 MTHFR deficiency Plasma homocysteine and 
methionine, serum folate and 
vitamin B12

Multiple sclerosis (occasionally 
familial)

MRI of brain and spinal cord; 
CSF analysis; clinical course

Krabbe disease Leukocyte β-galactosidase assay
Metachromatic leukodystrophy Leukocyte arylsulfatase assay
Pelizeaus-Merzbacher [1] Proteolipid protein gene analysis
Cerebrotendinous xanthomatosis Serum cholestanol

CNS predominant, 
motor-sensory 
axonopathies

Hereditary spastic paraplegia HSP gene analysis through gene 
panels or whole exome 
sequencing

Adrenoleukodystrophy, 
Adrenomyeloneuropathy

Serum very long chain fatty acid 
analysis, ABCD1 gene analysis
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Table 10.1 (continued)

Major syndrome Representative examples Diagnostic testing
Other disorders Myelopathy related to Leber optic 

atrophy and other mitochondrial 
diosrders

Mitochondrial gene sequencing, 
analysis of nuclear-encoded 
mitochondrial genes, lactate, 
pyruvate muscle biopsy.

Early-onset Alzheimer disease with 
spastic paraplegia

Presenilin 1, Presenilin 2, APP 
gene analysis

Hypocupremia Serum copper, serum zinc
Neurofibromatosis type 2 MRI scan
Hereditary exostosis with spinal 
cord compression

CT and MRI scans

Hereditary hemorrhagic 
telangiectasia

MRI scan

Von Hipple Lindau (vHL) MRI scan and VHL gene analysis
Tropical spastic paraplegia (due to 
human T-lymphotropic virus type 1 
[HTLV1] infection; may occur in 
familial clusters)

HTLV1 antibody testing

Arginase deficiency Increased plasma arginine, 
reduced red blood cell arginase

Biotinidase deficiency Reduced serum biotinidase
Syringomyelia (rarely familial) MRI scan
Sjögren-Larsson syndrome (SPG54) DDHD2 gene analysis

their myelopathic localization is an important first step to establishing and priori-
tizing the differential diagnosis.

Note that discussions of hereditary myelopathies do not usually include spinal dys-
raphisms such as spina bifida and other neural tube defects. These disorders have 
low-hereditability, have been attributed to folic acid deficiency, [2] are occasionally 
due to chromosome abnormality (e.g. [3], discoverable through karyotype and chro-
mosome microarray analysis), and are usually not due to single-gene mutation [4].

 Recognize Hereditary Myelopathy by a Patterns of Motor 
and Sensory Impairment

The first consideration is whether there are myelopathic symptoms and signs for 
which secondary causes have been excluded. Note that family history of similar 
disorder is not the first or most critical question during acquisition of a patient’s his-
tory. For reasons discussed below, family history may be present, absent, unavail-
able, or ambiguous. Instead, the first question is whether myelopathic localization is 
“yes/likely” or “no/unlikely” rather than the magnitude of involvement (mild or 
severe).

Clinical localization to the spinal cord (myelopathy) can be deduced with highest 
probability when one of the following patterns exists: a) “spinal sensory 
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disturbance” (described below); b) length-dependent axonopathy (described below); 
or c) evidence of anterior horn cell involvement. Although other neurologic signs 
(e.g. focal, segmental, or hemi-upper motor or sensory deficits certainly could result 
from a spinal cord disturbance (e.g. due to focal or eccentric lesions), their clinical 
localization to the spinal cord is less certain.

Four patterns of “spinal sensory disturbance”. Patterns of spinal sensory distur-
bance conform to (a) spinal level (all sensory modalities [light touch, vibration and 
proprioception, pain and temperature] are lost in a relatively uniform pattern below 
a dermatome (in contrast to a pattern of gradient, distal-greater-than-proximal 
impairment); (b) central cord sensory impairment (“suspended-dissociated” pattern 
of band-like loss of spinothalamic sensation [pain and temperature] with preserva-
tion of dorsal column function [vibration perception and proprioception]; (c) spinal 
hemi-section sensory loss (“Brown-Sequard syndrome”) in which a hemi-spinal 
sensory level (all modalities on half the body below a dermatome) occurs with con-
tralateral hemiplegia; (d) isolated dorsal column impairment (reduced vibration and 
position sensation with preservation of other sensory modalities).

The likelihood of spinal cord localization is greatest when sensory symptoms 
conform to one of these patterns. Nonetheless, spinal cord localization cannot be 
excluded in subjects with other some sensory disturbances that could be explained 
by multiple lesions and small, focal, eccentric lesions.

Length-dependent CNS motor axonopathy manifests as corticospinal tract (CST) 
signs involving upper and lower extremities in a gradient manner: Lower extremi-
ties are more affected than upper extremities. For example, upper extremities may 
exhibit asymptomatic, mild hyperreflexia (3+ deep tendon reflexes and Hoffman 
and Tromner signs) without spasticity or impaired dexterity; while lower extremi-
ties exhibit 3+ reflexes at the knees, hamstrings, quadriceps, and adductor spasticity, 
and sustained ankle clonus (4+ DTRs), with variable lower extremity weakness 
(particularly in iliopsoas, hamstrings, gluteus medius, and tibialis anterior muscles). 
With even more mild involvement, upper extremities may be entirely normal, but 
hyperreflexia is more prominent at the ankles (e.g. 4+) compared to the knees 
(e.g. 3+).

Clinical Pearl The occurrence of length-dependent CNS motor axonopathy 
together with length dependent dorsal column impairment (diminished vibration 
sensation in the toes but not more proximally) is highly suggestive of myelopathy. 
This pattern is analogous the pattern of distal-greater-than-proximal motor-sensory 
impairment in subjects with Charcot-Marie-Tooth type II (inherited neuropathy due 
to primary axon degeneration) in which distal lower extremities are particularly 
affected.

Anterior horn cell (AHC) involvement is marked by muscle weakness and 
atrophy with preservation of sensation. Electromyography and nerve conduction 
studies are valuable in defining anterior horn cell involvement, distinguishing it 
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from peripheral motor neuropathy, and determining whether there is peripheral 
sensory neuropathy.

 Hereditary Myelopathies Often Involve Extra-Spinal Structures 
Such as the Cerebellum and Peripheral Nerves

In fact, the magnitude of extra-spinal disturbance may equal or exceed myelopathic 
involvement. Indeed, spinal cord-localized symptoms may represent a phase in an 
evolving disorder that latter is predominated by extraspinal disturbance (e.g. spastic 
gait may be a feature of Alzheimer’s disease due to presenilin 1 gene mutation (e.g. 
[5, 6] and sometimes may precede dementia).

As a result, disorders may be classified variably in different schema. For exam-
ple, inherited cerebellar ataxias with spinal cord involvement (i.e. those with dorsal 
column or corticospinal tract disturbance) could be classified as “ataxias” (and more 
specifically as “spino-cerebellar ataxias”; or as myelopathies (more specifically, 
“myelopathy with cerebellar involvement”.

 Family History: Consider a Genetic Etiology Even When There 
Is No Family History of Similar Disorder

While the occurrence of family history of similar disorder suggests both a genetic 
disorder and potential mode of transmission (dominant, recessive, X-linked, mater-
nal inheritance), the absence of family history does not exclude a genetic disorder. 
Family history may be absent in X-linked disorders (e.g. adrenomyeloneuropathy), 
autosomal recessive disorders (e.g. Friedreich’s ataxia), mitochondrial disorders 
with maternal inheritance; subjects with de novo mutations for autosomal dominant 
disorders; and in disorders with incomplete genetic penetrance (“skipping genera-
tions”), forme fruste manifestations, and variable age-of-symptom onset (including 
disorders with anticipation in which children may be affected before their parents).

 Insidious Onset and Slowly Progressive Course

With several exceptions, hereditary myelopathies have insidious onset (it is not pos-
sible to state the month and often not the year when symptoms began) and slow 
progression (usually over years). Important exceptions are (1) inherited disorders 
causing hypoxic-ischemic injury or impaired oxygen utilization (vascular disorders 
and some mitochondrial disorders); (2) inherited disorders associated with focal, 
space-occupying lesions (e.g. hamartomas, neurofibromas) in which insidious 
expansion may cross a threshold (often by focal vascular compromise, inflamma-
tion, and edema) and cause symptoms to worsen quickly; and (3) disorders associ-
ated with seizures, myoclonus, or other paroxysmal event.
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 Recognize Four Hereditary Myelopathy Paradigms: 
Spinocerebellar Degeneration, Motor Neuron Disease, 
Length- Dependent Central Axonopathy, Leukodystrophy

These syndromes arise from variable combinations of deficits involving corticospi-
nal tracts, anterior horn cells, dorsal columns, and spinothalamic tracts. There is 
overlap between and extreme diversity within these syndromes owing to variation in 
severity, relative onset, and rate of progression of individual elements and because 
of variable occurrence of extra-spinal pathology (e.g. peripheral neuropathy, cere-
bellar ataxia, dementia).

Note that these four patterns do not include presentations for all hereditary 
myelopathies. Important exceptions are those disorders causing focal or multifocal 
myelopathy whose presentations may include markedly asymmetric or unilateral 
spinal motor (upper and/or lower motor neuron deficits) either alone or in combina-
tion with spinal sensory impairment. These disorders include familial ALS and dis-
orders mediated through structural abnormalities (e.g. neurofibromatosis), 
hemangioblastoma (e.g. due to von Hipple-Lindau disease [see [7]]), other vascular 
malformation, or hypoxia-ischemia including disturbance of oxygen utilization 
(e.g. some mitochondrial disorders, e.g. [8, 9]).

Spinocerebellar ataxias (SCAs) [10, 11] are recognized by deficits involving 
(1) cerebellum and (2) corticospinal tracts and/or dorsal columns. Typically, cere-
bellar midline structures (controlling eye movements, speech, trunk, and legs) are 
involved more than the cerebellar hemispheres. Corticospinal and dorsal column 
deficits typically are worse in the legs than the arms. In addition to cerebellar, corti-
cospinal, and/or dorsal column involvement, spinocerebellar degenerations fre-
quently involve motor-sensory peripheral neuropathy (with greatest involvement in 
the legs). Often, all deficits are not present at the beginning of symptoms but emerge 
asynchronously as the disorder evolves (for example, lower extremity spasticity and 
hyperreflexia may be replaced by hypotonia and arreflexia as neuropathy advances). 
Serial examination, sometimes over two or more years is necessary to appreciate the 
syndrome and reach a diagnosis.

Gait impairment is typical in spinocerebellar syndromes and usually is wide- 
based (owing to cerebellar ataxia and various degrees of sensory ataxia from dorsal 
column impairment and peripheral neuropathy (of variable presence and magni-
tude). Depending on the degree of corticospinal tract impairment gait disturbance 
may also have a “spastic gait” pattern (i.e. forward-shifted foot strike, adducted 
knees, reduced foot dorsiflexion, circumduction, reduced or delayed hip flexion and 
knee extension).

 Case Example (Modified from [12])

A 24 year-old woman presented for evaluation of insidiously progressive gait dis-
turbance that began at ~12 years. There was no family history of similar disorder. 
The earliest and predominant symptom was balance impairment. Classmates 
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commented that she walked as though intoxicated. There was no dysarthria and no 
symptoms involving the upper extremities. Slowly, balance impairment became 
accompanied by paresthesiae in both legs, and subsequently by bilateral foot drop.

Neurologic examination at age 24 revealed normal speech. Saccadic intrusions 
into smooth pursuit were noted but there was no ocular dysmetria. Upper extremity 
muscle bulk, tone, and strength and fine motor dexterity were normal. Finger-to- 
nose testing was normal. There was spasticity in hamstring and quadriceps and 
weakness in tibialis anterior and iliopsoas muscles. Proprioception was markedly 
impaired and vibration perception was absent in the toes. In contrast, perception of 
distally-applied light touch was preserved and pinprick sensation was only mini-
mally impaired. Deep tendon reflexes were normal in upper extremities, hyperactive 
at the knees, and absent at the ankles. Plantar responses were extensor bilaterally. 
Gait was wide-based with foot drop bilaterally. Brain magnetic resonance imaging 
(MRI) was normal. Nerve conduction studies and electromyography were consis-
tent with sensory-motor polyneuropathy.

 Neurologic Formulation

The clinical syndrome can be reduced to adolescent-onset, insidiously progressive 
balance and gait impairment. Neurologic examination identified deficits referable to 
(a) corticospinal tracts; (b) dorsal columns; (c) peripheral motor-sensory nerves 
(diminished pinprick sensation and findings and reduced nerve conduction veloci-
ties); (d) and subtle deficits involving midline cerebellum (saccadic intrusions into 
smooth pursuit).

 Diagnosis: Friedreich’s Ataxia (FA)

Genetic testing demonstrated compound heterozygous frataxin gene mutations: 
expanded GAA repeat ([GAA]962) on one allele and a point mutation on the other 
allele resulting in amino acid substitution (G130V).

 Discussion

FA is the most common form of hereditary ataxia [13, 14]. There is marked vari-
ability of age-of-symptom onset (usually in adolescence but may occur later), sever-
ity, and degree of peripheral neuropathy, cerebellar involvement, and corticospinal 
tract involvement. For example, although historically recognized as a form of auto-
somal recessive ataxia with areflexia (the latter owing to a combination of periph-
eral neuropathy and dorsal root ganglia impairment), it is now recognized that 
subjects with FA may have retained reflexes and even hyperreflexia and lower 
extremity spasticity [15]. This underscores the comment that it is the occurrence of 
the neurologic sign (e.g. corticospinal tract impairment) rather than deficit 

10 Hereditary Myelopathy: A Clinical Approach



210

magnitude (mild to severe) that defines a syndrome and helps establish the differen-
tial diagnosis. Non-neurologic involvement including diabetes, skeletal abnormali-
ties, and cardiomyopathy may occur [16]. All FA subjects should be evaluated for 
hypertrophic cardiomyopathy which may be severe (absent in the patient presented).

More than 95% of subjects with FA are homozygous for expanded trinucleotide 
repeat in a non-coding portion of the frataxin gene. The remaining subjects have 
either missense mutations or a combination of one missense mutation and one 
expanded repeat (like subject). Frataxin trinucleotide repeat (GAA) expansions dif-
fer from the more common expanded repeats (CAG, encoding polyglutamine) 
responsible for Huntington chorea, Machado-Joseph disease (spinocerebellar ataxia 
type 3), and many other spinocerebellar degenerations [17]. Furthermore, frataxin 
repeat expansions occur in the non-coding portion (intron) are considered to be 
pathogenic by reducing frataxin mRNA (possibly through locally increased DNA 
methylation leading to reduced transcription) [49]. Because they occur in introns, 
pathogenic frataxin mutations may not be reliably detected by whole exome 
sequencing (which studies transcribed exons) and require specific methods for their 
detection [13].

 Case Example (Modified from [12])

This individual experienced insidious onset, very slowly progressive gait distur-
bance due to weakness and tightness in his legs and turning-in of his feet. After 
more than a decade, these symptoms were accompanied by slowly progressive dif-
ficulty slurred speech, reduced speech volume, and generalized slowness of all 
movements. The patient’s father, paternal half-brother, and paternal half-sister were 
similarly affected.

Neurologic examination (age 52, ~14 years after symptom-onset) demonstrated 
facial bradykinesia, saccadic intrusions into smooth pursuit eye movements, fas-
ciculations in all extremities and the tongue, atrophy of distal upper and lower 
extremity muscles, and a combination of spasticity (symmetrical) in upper and 
lower extremities and hyporeflexia in the legs. He was no longer ambulatory after 
age 55. Re-examination (age 57) showed hypophonia, spastic and hypokinetic dys-
arthria; lid retraction; saccadic intrusions; sustained end-gaze nystagmus; facial 
myokymia; and masked facies. There was generalized bradykinesia but no ataxia on 
finger-to-nose testing. There was atrophy of distal upper and lower extremity mus-
cles and diffuse fasciculations. Weakness of intrinsic hand muscles, and marked 
lower extremity weakness (worse distally) were also noted. Spasticity, which previ-
ously had been a prominent feature, was no longer present. There was a distal- 
greater- than proximal sensory loss (all modalities) in upper and lower extremities. 
Deep tendon reflexes were hypoactive in the upper extremities and absent in the 
lower extremities. Electromyography (at age 52 and 53) revealed chronic, severe, 
progressive sensorimotor neuropathy primarily of the axonal type. Sural nerve 
biopsy showed a moderate to severe axonal neuropathy.
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Neurologic Localization Deficits were localized to corticospinal tracts (spastic-
ity), peripheral motor-sensory nerves (sensory impairment, hyporeflexia), lower 
motor neurons (distal atrophy and fasiculations); nigro-striatal pathways (bradyki-
nesia), and a minor degree of midline cerebellar impairment (saccadic intrusions 
into pursuit eye movements and nystagmus).

The differential diagnosis includes Machado-Joseph disease (MJD, also known 
as spinocerebellar ataxia type 3, SCA3); other spinocerebellar ataxias associated 
with peripheral neuropathy (although this would not explain bradykinesia); olivo-
pontocerebellar degeneration (although this would not explain peripheral neuropa-
thy); multisystem atrophy, cerebellar type (although this not explain peripheral 
neuropathy), mitochondrial encephalomyopathy with peripheral neuropathy; and 
forms of hereditary spastic paraplegia that also include peripheral neuropathy and 
cerebellar ataxia (e.g. SPG7, which may have extrapyramidal features).

 Diagnosis: Machado-Joseph Disease

Genetic testing demonstrated one expanded SCA3 allele (69 CAG repeats) and one 
normal SCA3 allele (30 CAG repeats).

 Discussion

MJD/SCA3 phenotypes (reviewed in [18]) are highly variable both within and 
between families. Some phenotype variability (such as age-of-symptom onset and 
to some extent, symptom severity) correlate with repeat expansion size (earlier 
onset and more severe symptoms tend to occur in subjects with larger repeat expan-
sions). However, there may also be significant variation in the nature of symptoms. 
For some subjects, the disorder is predominated by peripheral neuropathy. In con-
trast, some subjects have less severe neuropathy and the disorder manifests primar-
ily as cerebellar ataxia or spastic paraplegia. Other individuals, such as the one 
described above, have a complex syndrome including deficits involving corticospi-
nal tracts, peripheral nerve, basal ganglia, and cerebellum.

Clinical Pearl Note that initially prominent spasticity and hyperreflexia gradually 
resolved and were replaced by areflexia as neuropathy advanced.

 Motor Neuron Disorders

Amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), and primary 
lateral sclerosis (PLS) are not usually considered myelopathies but typically classi-
fied as a “motor neuron disorders”. Nonetheless, primary clinical signs in ALS 
(weakness, atrophy, variable spasticity and hyperreflexia), PLS (weakness, 
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spasticity, hyperreflexia, without atrophy); and SMA (weakness and atrophy with-
out spasticity or hyperreflexia) localize to spinal cord disturbance. Recognizing the 
myelopathic feature ALS, PLS, and SMA helps expand the differential diagnosis 
for these syndromes.

Rather than being a single etio-molecular-pathologic entity, the ALSs (plural) are 
etiologically heterogeneous syndromes in which neuro-degeneration is maximal in 
spinal and bulbar motor neurons and corticospinal tracts (ALS), involving neurons 
in the motor cortex and frontotemporal cortex to variable and generally lesser extent. 
~10% of ALS subjects have affected first-degree relatives (“familial ALS”). Among 
these, autosomal dominant inheritance is most common. 25 genes have been impli-
cated in ALS (see review [19]). Among subjects with familial ALS, mutations in 
C9ORF72 (45%) and SOD1 (20%) are most common [19]. Note that genetic muta-
tions associated with ALS have been identified not only in familial ALS subjects, 
but sometimes in subjects with no family history of ALS. Identifying a probably 
pathogenic gene mutation that has been implicated in ALS informs genetic counsel-
ing and provides insight into disease mechanisms, but thus far does not impact treat-
ment considerations.

Clinical Pearl Whether identified as an inherited or an “apparently sporadic” dis-
order, the course and distribution of neurologic signs in ALS are usually quite dif-
ferent than in other inherited myelopathies. As noted above, inherited myelopathies 
typically begin insidiously, progress slowly, and usually cause relatively symmetric 
clinical signs. In contrast, particularly early in the disorder, symptoms and signs in 
ALS may be markedly asymmetric (even localized) and progress relatively faster 
than other myelopathies. In addition to ALS, inherited disorders causing multifocal 
myelopathy involving both upper and lower motor neurons and include multiple 
sclerosis (rarely causes lower motor neuron signs), multifocal structural abnormali-
ties, mitochondrial disorders, and vascular malformations (e.g Von Hipple Lindau 
disease). Unlike ALS, multifocal spinal cord structural abnormalities would be 
expected to have sensory deficits which are not present in ALS.

Spinal muscular atrophy (SMA) is an important genetic cause of infant mortality, 
with pan-ethnic incidence of ~1/10,000 [20]. In spinal muscular atrophy (SMA), 
neurodegeneration is limited to spinal motor neurons and their peripheral axons. 
SMA is classified by age-of-symptom onset (infantile, late infantile, juvenile, late 
onset, types 1 through 4, respectively). Mutations in the survival motor neuron 
(SMN1) gene are the major cause SMA. These mutations (often deletions) reduce 
SMN abundance. All subjects have least one (and sometimes more copies) of an 
SMN pseudogene (SMN2), from which a nearly identical transcript arises and 
which partially compensates for SMN1 mutation. However, mRNA splicing causes 
SMN2 transcripts to have markedly reduced stability. Promising therapy is emerg-
ing that can correct SMN2 splicing pattern and partially compensate for SMN1 
deficiency [21, 22].

Although autosomal recessive SMA due to mutations in survival motor neuron 
(SMN) gene are the most common cause of the “SMA syndrome”, mutations in 
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other genes can also cause similar clinical presentations. Therefore, like ALS, SMA 
is a genetically heterogeneous syndrome. In addition to SMN, these genes include 
BICD2, [23] androgen receptor (X-linked spinal bulbar atrophy, [24] also known as 
Kennedy syndrome), UBA1 (X-linked), [25] DYNC1H1, [26] and VAPB [27].

Primary lateral sclerosis (PLS) typically manifests as insidious-onset in adult-
hood (most commonly in the mid-50’s although sometimes earlier), slowly progres-
sive spasticity and weakness in the legs that later involves the arms and hands, 
speech (spastic dysarthria), and swallowing. In some subjects, symptoms first affect 
bulbar or upper extremity muscles before lower extremity muscles [28]. 
Neuropathologic studies demonstrate corticospinal and corticobulbar tract degen-
eration and to a lesser extent, reduced number of cortical motor neurons [29]. Spinal 
motor neurons are relatively preserved, there is no (or minimal) atrophy, and EMG 
is either normal or, late in the course, may show a mild degree of chronic denerva-
tion. These features distinguish PLS from ALS. Like ALS, the diagnosis of PLS is 
based on clinical features and EMG findings, and exclusion of other disorders. PLS 
diagnostic criteria proposed in 1982 [28] (primarily, an progressive upper motor 
neuron disorder without lower motor neuron involvement for which other disorders 
are excluded), are challenged by variable presentations and the occurrence of a mild 
degree of lower motor neuron involvement [30].

Previously, the occurrence of dorsal column impairment in HSP was considered 
to distinguish hereditary spastic paraplegia (HSP) from PLS [31]. The observation 
that some subjects with PLS have impaired vibration sensation, [32] challenges the 
concept that PLS is exclusively a disorder of corticospinal tracts and corticobulbar 
axons (and therefore classified as a motor neuron disorder), but instead is actually a 
length-dependent, motor-sensory central axonopathy (similar to HSP, described 
below) [33].

In addition to typical, adult-onset PLS, there is a rare childhood-onset, autosomal 
recessive form of PLS due to ALS2 gene mutation [34]. Depending on the precise 
location, ALS2 gene mutations either pure upper motor neuron impairment (PLS 
phenotype); or a combination of upper and lower motor impairment (juvenile-onset, 
autosomal recessive ALS phenotype). The occurrence of some families with juve-
nile PLS for whom ALS2 gene mutations are not identified suggests that juvenile 
PLS is genetically heterogeneous.

PLS is ascertained as an apparently sporadic (non-familial and apparently non- 
genetic) condition for the vast majority of subjects. Nonetheless, potentially patho-
genic mutations in a number of genes (including C9ORF72, SPG7, DCTN1, 
PARK2, and FIG4) have been identified in “apparently sporadic” PLS subjects [35, 
36]. This suggests that PLS, like ALS, is an etiologically heterogeneous syndrome 
and that a number of different genes (and variable molecular abnormalities) can 
contribute to the disorder even when there is no family history. Furthermore, 
among gene mutations identified in PLS subjects, note that C9ORF, FIG4, and 
ALS2 gene mutations also are identified in subjects with ALS; and that SPG7 gene 
mutation is associated with HSP; and DCTN1 is associated with distal hereditary 
motor neuropathy and rarely with SMA syndrome. This observation indicates that 
for some subjects, PLS may be in the same clinico-pathologic spectrum as ALS; in 
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the HSP spectrum for other subjects; and that the cause of PLS for the majority of 
subjects is not known.

Clinical Pearl Insidiously progressive spastic gait is a common feature of many 
myelopathies including those that are potentially treatable (e.g. cervical stenosis, 
B12 deficiency, cerebrotendinous xanthomatosis, 5-methyltetrahydrofolate defi-
ciency) and those that are not yet treatable (e.g. ALS and PLS) [32]. When cortico-
spinal tract deficits (spasticity, weakness, and hyperreflexia) occur in the absence of 
other signs, it may not be possible to determine on the first evaluation which sub-
jects with insidiously progressive spastic gait a) actually have upper motor neuron 
predominant ALS and later will develop lower motor neuron findings and be diag-
nosed with ALS; b) develop family history or evidence of dorsal column impair-
ment, or have an identified HSP gene mutation and be diagnosed as having HSP; c) 
will develop upper extremity and bulbar muscle involvement and be diagnosed as 
having PLS; or d) remain as “apparently sporadic” spastic paraplegia [32]. Serial 
examination including annual electromyography (through the fifth year of symp-
toms), thorough exclusion of alternate disorders, and caution about prognosis in the 
early stages prior to definitive diagnosis are recommended.

 Case Example

This individual experienced insidious onset of initially subtle gait disturbance in her 
early 50’s. Symptoms progressed very slowly and ~6 years later accompanied by 
progressive difficulty with fine motor control of her hands and progressively slurred 
speech. Serial EMGs (performed annually through the fourth year of symptoms) 
were normal with no evidence of lower motor neuron impairment or peripheral 
neuropathy. Neuroimaging and laboratory studies (including cerebrospinal fluid 
examination, syphilis serology, serum B12, folate, very long chain fatty acids) 
were normal.

Initial neurologic examination (age 56) demonstrated normal speech and cranial 
nerves; mild iliopsoas and hamstring weakness; spasticity in the hamstrings (mild) 
and gastrocnemius-soleus (moderate) muscles; and grade 4+ hyperreflexia at the 
knees and ankles, bilateral extensor plantar responses, and mild spastic gait. 
Neurologic symptoms continued to worsen slowly. By age 65 she had marked spas-
tic dysarthria, marked lower extremity spasticity, reduced dexterity in the hands, 
and was minimally ambulatory (required motorized scooter).

 Neurologic Localization

Neurologic findings localized to corticospinal tracts serving all extremities (the legs 
initially and most severely); and corticobulbar tracts serving speech.
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 Differential Diagnosis and Clinical Diagnosis

The absence of electrophysiologic evidence of peripheral sensory involvement or 
neuroimaging evidence of white matter disturbance argued against a generalized 
leukodystrophy; absence of lower motor neuron involvement on serial EMGs argued 
against ALS. Involvement of upper extremities and speech and the absence of dorsal 
column involvement argued against a form of hereditary spastic paraplegia.

The exclusion of other disorders and the limitation of neurologic symptoms to 
corticobulbar and corticospinal tracts is consistent with clinical diagnosis of pri-
mary lateral sclerosis.

 Case Example (Modified from [12])

Two sisters began having progressive gait impairment at age 2 years, with scissoring 
and a tendency to drag their toes. Each was the product of uncomplicated full-term 
gestation, labor, and delivery and each attained developmental milestones normally. 
Wheelchairs became necessary at ages 10 and 7, respectively. Soon thereafter, each 
patient began to experience insidiously progressive, upper extremity spasticity, 
weakness, and decreased dexterity along with dysarthria and dysphagia (which later 
required gastrostomy tubes). Intelligence was not affected, and using motorized 
wheelchairs and communicating via typing on keyboards they attended school, ulti-
mately however, upper extremity involvement prevented any functional use of the 
hands and arms.

Each sister was evaluated for more than 10 years. Examination of the younger 
(age 20) and older (age 22) sister showed that they were alert, attentive, able to close 
or move their eyes on command but unable to speak or move their extremities. Each 
patient had weakness of facial muscles, limited tongue movements, brisk jaw jerk, 
and drooling. Slowing of downward saccadic eye movements was noted. They had 
marked spasticity of upper and lower extremities, generalized hyperreflexia, and 
extensor plantar responses. There was no muscle atrophy or fasciculation. Light 
touch, pinprick, and vibratory sensations were normal. MRI scans of the brain and 
spinal cord, EMG, and nerve conduction studies were normal.

 Neurologic Localization

Neurologic deficits were referable to corticospinal tracts serving all extremities, 
corticobulbar tracts serving the face, speech, and swallowing; and to a limited 
extent, supranuclear control of downward eye movements.

 Clinical Diagnosis

Juvenile, familial PLS (also referred to as “infantile ascending spastic paraplegia”).
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 Discussion

These patients, including the occurrence of supranuclear gaze disturbance, are very 
similar to the juvenile PLS subjects in whom ALS2 mutations were identified [34]. 
However, genetic evaluation of the patients herein described did not identify homo-
zygous or compound heterozygous mutations in the ALS2 gene. Additional muta-
tions (such as deletions or mutations in non-coding regions) cannot be excluded. 
Nonetheless, these findings suggest that juvenile-onset, autosomal recessive PLS 
may be genetically heterogeneous.

Hereditary central motor-sensory axonopathy (CSMA), more commonly 
known as hereditary spastic paraplegia (HSP), is a group of >80 genetic disorders in 
which the major, but often not only symptoms are lower extremity spasticity and 
weakness (occurring in variable proportions and to variable extent) (see reviews 
[37–39]).

When spasticity and weakness begin in early childhood, symptoms may be non- 
progressive and resemble spastic diplegic cerebral palsy. When symptoms begin 
later (e.g after age 5 years) they typically worsen gradually over a period of years, 
following which the rate of functional decline appears to become slower for many 
(not all) subjects. “Uncomplicated” syndromes manifest as lower extremity spastic-
ity and weakness frequently accompanied by urinary urgency. “Complicated” syn-
dromes are those in which these symptoms are associated with other systemic or 
neurologic abnormalities (e.g. peripheral neuropathy, ataxia, intellectual disability, 
dementia, or muscle wasting). Peripheral neuropathy is a typical or variable feature 
of ~25% of genetic types of hereditary CSMA/HSP. “Complicated” and “uncompli-
cated spastic paraplegia syndromes may occur within the same genetic type and 
sometimes in the same family.

Neurologic examination of subjects with uncomplicated CSMA/HSP demon-
strates extremity spasticity, hyperreflexia, and often (not always) weakness in the 
lower extremities and usually mildly reduced vibration perception in the toes. In 
uncomplicated spastic paraplegia syndromes, upper extremity strength, tone, and 
distal dexterity are normal. Nonetheless, it is common to note mild upper extremity 
hyperreflexia and Hoffman and Tromner signs (correlating with length-dependent 
axon degeneration, discussed below).

The term “hereditary CMSA” emphasizes neuropathologic findings (reviewed in 
[38]) shared by a number of different genetic types (e.g. SPG4): distal degeneration 
of the longest motor and sensory axons in the central nervous system (corticospinal 
tracts and fasciculus gracillis fibers, respectively). Myelin loss is considered sec-
ondary to axon degeneration. Whereas relatively shorter corticospinal tracts (those 
terminating in the cervical region and supplying the upper extremities) are affected 
to a minor degree (evident as asymptomatic upper extremity hyperreflexia), longer 
corticospinal tracts (those terminating in the thoracic region and supplying the legs) 
are more severely affected, causing spasticity and weakness. Sensory disturbance in 
uncomplicated CSMA/HSP manifests as mildly reduced perception of distally- 
applied vibration. This correlates with fasciculus gracilis axon degeneration that is 
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maxima at their rostral terminals (in the cervicomedullary region). In contrast, there 
is much less axon degeneration involving relatively shorter fasciculus cuneatus.

The length-dependent, motor-sensory axon degeneration in the CMSAs (also 
known as HSPs) is analogous to length-dependent, motor-sensory axon degenera-
tion occurring in Charcot-Marie-Tooth type 2 (CMT-2) disorders. In fact there is 
molecular overlap between some types of CMT-2 and CMSA/HSP. For example, 
mutations in kinesin subunits KIF1A and KIF5A cause CMSA/HSP (SPG30 and 
SPG10, respectively); mutations in KIF1A also cause hereditary sensory neuropa-
thy; mutations in KIF1B cause CMT2; and mutations in BSCL2 cause hereditary 
distal motor neuropathy and autosomal dominant HSP associated with distal wast-
ing (SPG17).

Clinical Pearl Reduced distal lower extremity vibration perception in CSMA/HSP 
is very frequent, almost always very mild, and may contribute to balance impair-
ment. Finding marked vibration and proprioception impairment would suggest 
alternate diagnosis including Friedreich’s ataxia, B12 deficiency, folate deficiency, 
or copper deficiency [40, 41]).

Clinical Pearl For some subjects spasticity (rather than weakness) is the major fac-
tor impairing the ability walk. In fact, many subjects are not weak at all. The relative 
proportions of spasticity and weakness influence symptomatic treatments. 
Spasticity-reducing medications (such as oral or intrathecal Baclofen) are most 
helpful when spasticity is the major factor disturbing gait. Conversely, when weak-
ness is the major factor, reducing spasticity may worsen gait.

 Case Example

This former college football player experienced insidious onset, progressive gait 
impairment beginning in his late 20’s. There was no family history of similar disor-
der and no parental consanguinity. Neurologic examination demonstrated normal 
cranial nerves, normal upper extremity muscle strength, tone, and dexterity; bilater-
ally symmetric lower extremity spasticity (hamstrings, quadriceps, adductors) with-
out weakness; minimally reduced distal lower extremity vibration sensation with 
normal light touch perception; lower extremity hyperreflexia; and marked spastic 
gait. Brain and spinal cord MRI were normal.

 Neurologic Localization

Examination showed neurologic deficits referable to corticospinal tracts serving 
bilateral lower extremities; and to a lesser extent, dorsal column fibers serving bilat-
eral lower extremities.
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Diagnosis This individual had adult-onset, apparently sporadic “uncomplicated” 
spastic paraplegia. Genetic testing identified SPG4/spastin mutation.

 Comment

Genetic testing demonstrated potentially pathogenic mutation in the SPG4/spastin 
gene. This mutation was absent in his parents. This suggests that this individual’s 
adult-onset, “apparently sporadic” spastic paraplegia was due to de novo spastin 
gene mutation. Therefore, as an autosomal dominant disorder, there is a 50% risk of 
transmitting this mutation to each child. SPG4/spastin-mutation is the single most 
common form of autosomal dominant CMSA/HSP, responsible for 35–50% of such 
patients (see reviews[37–39]). Pathogenic SPG4/spastin mutations usually (not 
always) present as “uncomplicated” progressive spastic paraplegia with onset after 
childhood. Occasionally, SPG4/spastin mutation-related spastic paraplegia syn-
dromes are complicated, most commonly by peripheral neuropathy or ataxia and 
rarely other neurologic impairments. Like SPG3/atlastin mutations, onset may 
occur in infancy and be “non-progressive”.

 Case Example

The proband had mild, non-progressive, childhood-onset intellectual disability and 
childhood onset, very slowly progressive spastic gait. Despite cognitive and gait 
impairment, he was married and worked part-time. Cranial nerves, speech, and 
upper extremity strength, tone, and dexterity were normal. His son and daughter 
also had a much greater degree of intellectual disability and more severe lower 
extremity spasticity than he did. His daughter, who additionally had ataxic dysar-
thria, late-adolescent onset, upper extremity ataxia, and a degree of upper extremity 
dystonia, was non-ambulatory.

 Neurolocalization

For each subject, neurologic deficits were referable to cerebral hemispheres bilater-
ally serving cognition; corticospinal tracts serving bilateral lower extremities. In 
addition, the proband’s daughter had deficits referable to midline cerebellum and 
basal ganglia.

 Diagnosis

The syndrome was autosomal dominant spastic paraplegia complicated by cogni-
tive impairment and variable ataxia and dystonia. Genetic testing demonstrated 
probable pathogenic KIF1A mutation.
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 Comment

KIF1A mutations cause SPG30 HSP, characterized by cognitive impairment, 
peripheral sensory neuropathy, and spastic gait. Note that KIF1A mutation-related 
spastic paraplegia may be transmitted as either autosomal recessive or autosomal 
dominant disorders [42, 43]. In addition to spastic paraplegia, KIF1A mutations 
cause autosomal dominant mental retardation (Mendelian Inheritance in man 
[MIM] phenotype number 614255) and autosomal recessive, hereditary sensory 
neuropathy type IIC (MIM phenotype number 614213).

Clinical Pearl These patients illustrate features shared by many forms of heredi-
tary CMSA/HSP. First, mutations in a given gene may result in different phenotypes 
(intellectual disability, spastic gait, sensory neuropathy) that co-exist to variable 
degrees in each patient.

And second, there is significant variability in the extent of functional disability 
even within a family. In this family, the father was fully ambulatory without assis-
tance and worked part-time the son ambulated short distances without aids, and the 
daughter was non-ambulatory.

 Case Example

This individual had mild gait disturbance evident in early childhood. Over ~21 years, 
the gait disturbance began worsening slowly. Neurologic examination at age 47 
demonstrated mild ataxic dysarthria, saccadic intrusions into smooth pursuit, mild 
ocular dysmetria, ataxia on finger-to-nose and heel-to-shin testing. Upper extremity 
muscle bulk, tone, and strength were normal. There was bilaterally symmetric spas-
ticity in the hamstrings, quadriceps and gastrocnemius-soleus muscles but no lower 
extremity muscle weakness. Deep tendon reflexes were mildly hyperactive in the 
upper extremities, markedly hyperactive in the knees and ankles. There was reduced 
perception of vibration sensation in distal lower extremities. Gait (with a walker) 
was narrow-based and had forward-shifted heel strike (tending to walk on his toes), 
and reduced dorsiflexion. His brother was similarly affected.

 Neurolocalization

Neurologic deficits were referable to corticospinal tracts serving bilateral lower 
extremities, cerebellum (midline more than hemispheres), and dorsal columns serv-
ing bilateral lower extremities.
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 Diagnosis

Genetic testing identified heterozygous missense mutation in the SPG7/paraple-
gin gene.

 Comment

SPG7 spastic paraplegia is a relatively common form of spastic paraplegia. SPG7 
spastic paraplegia presents with variable phenotypes including uncomplicated spas-
tic paraplegia, spastic ataxia with peripheral neuropathy, optic atrophy, and other 
neurologic impairments.

Though most commonly identified as an autosomal recessive disorder, there are 
a number of reports of subjects with single-copy SPG7 gene mutations and pedi-
grees consistent with autosomal dominant transmission [44]. At least several forms 
of hereditary CMSA/HSP (e.g. SPG7, SPG11, and SPG30 [described above]) may 
be transmitted as either autosomal dominant disorders (in which heterozygous 
mutation is sufficient for disease) or autosomal recessive traits (in which homozy-
gous or compound heterozygous mutations are necessary for disease).

Leukodystrophies are disorders in which the primary abnormality is demyelin-
ation or dysmyelination of central nerves (oligodendroglia abnormality) and periph-
eral nerve (Schwann cell abnormality).

Leukodystrophies are most recognizable when there is both central and periph-
eral demyelination. They may be harder to recognize and distinguish from heredi-
tary CMSA when peripheral neuropathy is minor or absent. Brain and spinal cord 
MRI, brainstem and visual evoked potentials, and nerve conduction studies are 
valuable in evaluating subjects suspected of having leukodystrophy.

Demyelination of corticospinal and corticobulbar tracts, optic, auditory, and 
peripheral nerves cause spastic gait, spastic dysarthria, reduced distal sensation 
(n.b.: look for reduced ankle reflexes and distal sensation in subjects with more 
proximal lower extremity spasticity and hyperreflexia) as well as hearing and vision 
impairment. Cerebral hemisphere involvement causes intellectual disability, demen-
tia, and seizures (n.b.: seizures are usually late features in leukodystrophies and 
occur earlier in primary gray matter disorders [poliodystrophies]). Each of these 
symptoms vary in their intensity and time-of-onset. Therefore, some subjects with 
leukodystrophies have significant demyelinating peripheral neuropathy, while oth-
ers have normal peripheral nerve function. Similarly, cognitive impairment may or 
may not be a major factor early in the disorder.

It is important to note that primary disturbance of myelinating cells (oligoden-
droglia and Schwann cells) can lead to disturbed function of the axons (axonopa-
thy). Thus, “leukodystrophy” (i.e. primary glial abnormality) may manifest as 
“motor-sensory axonopathy”. An important example is mutation in the proteo- 
lipoprotein (PLP) gene. PLP is an oligodendroglia-expressed protein involved in 
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myelin compaction. PLP mutations cause X-linked congenital dysmyelination 
(Pelizeaus Merzbacher disease). In addition, PLP mutations cause length-dependent 
axon degeneration manifest as SPG2 HSP/CSMA. Indeed, some mouse models of 
PLP mutation show axon degeneration instead of demyelination. Other examples of 
early-onset dysmyelination and later onset length-dependent axonopathy include 
Connexin 47 (also known as gap Junction protein gamma 2) mutation which causes 
autosomal recessive hypomyelinating leukodystrophy and autosomal recessive HSP 
SPG44) [45]. Adrenomyeloneuropathy (AMN) and ALD (adrenoleukodystrophy), 
X-linked, perioxisomal disorders due to ABCD1 gene mutation were historically 
considered examples of leukodystrophy (e.g. [12]). The current consensus is that 
the “default neuropathology” resulting from ABCD1 mutation is length-dependent 
motor and sensory axon degeneration (AMN phenotype); and that central demyelin-
ation (ALD phenotype) occurring in minority of subjects is an inflammatory reac-
tion to axon degeneration [46]. It is not clear why some subjects develop 
inflammatory demyelination (ALD phenotype) and others (including their identi-
cal) develop AMN.  Subjects with AMN may not be distinguished by history or 
examination from other subjects with hereditary CMSA/HSP (noting that periph-
eral neuropathy, a common feature of AMN, is also a common feature of many 
forms of CMSA/HSP). This emphasizes the importance of measuring adrenal func-
tion and plasma very long chain fatty acids in subjects with progressive spastic 
paraplegia.

 Case Example

This 24-year-old man presented for evaluation of two-years of insidiously progres-
sive gait impairment followed by marked cognitive decline, slurred speech, impaired 
upper extremity dexterity and three probable seizures. He had mild intellectual dis-
ability since early childhood, though completed high school with educational assis-
tance and attended 2 years of community college. A former half-marathon runner, 
he was now barely ambulatory and required assistance eating: when food was placed 
on his fork he did not seem to comprehend what to do next. There was no family 
history of similar disorder.

Neurologic exam demonstrated marked cognitive impairment (for example, he 
had difficulty reciting the alphabet had difficulty naming objects). He had spastic 
dysarthria, ptosis, and impaired handwriting. Although he had full muscle strength 
throughout, there was generalized spasticity and hyperreflexia (mild in the upper 
extremities and moderate in the legs), extensor plantar responses, reduced vibration 
perception in his toes, and marked spastic-ataxic gait requiring assistance. Brain 
MRI revealed advanced cerebral and cerebellar atrophy, and bilaterally symmetric, 
confluent T2 hyperintensity involving periventricular and deep subcortical regions. 
Serum vitamin B12 and methylmalonic acid were normal as were plasma very long 
chain fatty acids, vitamin E, arylsulfatase, galactocerebrosidase, urine organic acids, 
and serum and urine copper.
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 Neurolocalization

This individual demonstrated progressive cognitive and gait impairment and had 
neurologic deficits involving corticospinal tracts and midline cerebellum, and mild 
deficits affecting dorsal column fibers. Although signs of corticospinal tract impair-
ment were most prominent in the legs, the occurrence of mild spasticity and hyper-
reflexia in the arms indicated that this was as generalized process. Co-occurrence of 
dementia suggested a leukodystrophy (confirmed on MRI) primarily involving the 
CNS (no clinical evidence of peripheral neuropathy). MRI showed cerebral and 
cerebellar atrophy and confirmed clinical suspicion of leukodystrophy (demonstrat-
ing periventricular and confluent deep white matter abnormalities).

 Diagnosis and Treatment

Laboratory testing demonstrated markedly elevated plasma homocysteine, homo-
cystinuria, and mildly reduced plasma methionine. Genetic analysis showed homo-
zygous mutations (C677T) in the 5,10-methylene tetrahydrofolate reductase 
(MTHFR) gene. Testing family members showed that each parent was heterozy-
gous and an as yet asymptomatic younger brother was homozygous for these 
mutations.

Hyperhomocysteinemia with homocystinuria and hypomethioninemia, in the 
presence of normal serum folic acid and vitamin B12 suggested 5MTHFR defi-
ciency which was confirmed by genetic testing. Betaine and 5- methyltetrahydrofolate 
were prescribed. There was marked clinical improvement over the next 12 months. 
Cognitive abilities returned to baseline and speech and walking markedly improved 
(spastic gait continued but he was able to ambulate without assistance).

 Comment

5,10-Methylenetetrahydrofolate reductase (MTHFR) converts 5,10-methyltenetra-
hydrofolate to 5-methyltetrahydrofolate, the active form of folate. 5-methyltetrahy-
drofolate is a necessary co-factor, together with vitamin B12, for conversion of 
homocysteine to methionine by methionine synthase. Symptoms and signs of B12 
deficiency, folate deficiency, and 5MTHFR overlap and include demyelination. 
5,10MTHFR deficiency phenotypes are highly variable and include psychomotor 
developmental delay, epilepsy, thrombo-occlusive disease, and treatable leukodys-
trophy presenting as adolescent and adult onset spastic paraplegia [47, 48].

Clinical Pearl Treatable leukodystrophies include cerebrotendinous xanthomato-
sis, B12 deficiency, folate deficiency, 5MTHFR deficiency, and Wilson’s disease 
(leukodystrophy occasionally occurs in Wilson’s disease) and mitochondrial disor-
ders (less treatable). For this reason, serum B12, methylmalonic acid, folate, very 
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long chain fatty acids, lactate, pyruvate, serum copper, plasma amino acids (includes 
homocysteine and methionine), urine amino acids, and serum cholestanol are mea-
sured in all subjects with spastic paraplegia and those with leukodystrophy.

Genetic testing has the highest likelihood of yielding unambiguous information 
when a clinical diagnosis is made and syndrome-specific candidate genes are ana-
lyzed. Conversely, it is often difficult to interpret the significance of variations in 
genes (such as those identified in whole genome or whole exome sequencing) that 
have little or no known association with the specific syndrome. Importantly, identi-
fying a precise genetic cause of the syndrome does often does not indicate the extent 
and severity of the individual’s symptoms. Each of these syndromes are highly vari-
able. For most conditions, little is known about genotype-phenotype correlation and 
the contribution of modifying genes and potentially modifying environmental fac-
tors. For this reason, a cautious approach to prognosis is advised.

 Conclusion

The clinical diversity of hereditary myelopathies limits generalizations about their 
recognition. Nonetheless, corticospinal tract involvement, ranging from isolated 
extensor plantar responses or mild hyperreflexia to spastic paraparesis is a common 
feature of many disorders including it the patients described above (with MJD/
SCA3, PLS, HSP, 5MTHFR deficiency, and Friedreich’s ataxia). The presence of 
additional neurologic signs (eg, dorsal column impairment, peripheral neuropathy, 
ataxia, and muscle atrophy) is essential to clinical recognition of these disorders.
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The International Classification of Functioning, Disability and Health (ICF) 
describes functioning at the body, person and societal level; components of func-
tioning and disability are divided into impairments, activity, participation [1] 
according to the domain it addresses. It is thus helpful to attempt describing a treat-
ment or intervention following this well-defined structure.

Treatment of myelopathies, a vastly inclusive term referring to neurologic 
changes related to spinal cord dysfunction, require etiology specific and deficit spe-
cific interventions as the initial damage to the spinal cord frequently results into 
long standing neurologic deficits. The etiologies of myelopathies are multiple: 
degenerative, traumatic, immune, infectious, metabolic, vascular, tumors, etc. and 
consequences can be grouped into those affecting the central nervous system (CNS), 
the autonomic nervous system (ANS), the musculo-skeletal system and metabolism.

Over the past 1.5 decades, there has been a paradigm shift in the field of neuro- 
rehabilitation, moving the focus from compensation to restoration in order to 
achieve functional goals. This shift was prompted by accruing evidence that the 
nervous system is capable of plastic changes and repair and the process is activity 
dependent [2]. Thus, activity based therapeutic interventions gained more credibil-
ity and started flooding the field. From constraint induced movement therapy 
(CIMT) or forced used therapy, utilized to improve upper limb function following 
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stroke [3] or in children with cerebral palsy [4] to activity based therapy/activity 
based restorative therapy [5] utilized to improve function in spinal cord related 
paralysis, activity based programs are becoming more common and mainstream.

The words activity and exercise have been used interchangeably in the past, but 
they are describing different concepts, with exercise being a subset of physical 
activity that is “planned, structured and repetitive” and has the objective of main-
taining or improving physical fitness [6].

Activity based therapy (ABT) has been described as any therapeutic intervention 
that is focused on improving muscle function and sensory perception below the 
level of injury [7].These structured interventions attempt to restore function via 
standardized therapeutic activities based on principles of neuroscience, with the 
primary premise that the spinal cord, as part of the central nervous system, is plastic 
and has the ability to recover function [8, 9].

Activity based restorative therapy (ABRT) [10] is defined as a life-long interven-
tion with principles based on activity-dependent neural plasticity, where changes in 
the nervous and muscular system are driven by repetitive activation of the neuro-
muscular system above and below injury level. ABRT intends to deliver repetitive, 
near-normal amount and quality of activity intended to optimize the function of the 
neurological system and offset the rapid aging, physical deterioration and secondary 
complications associated with spinal cord related paralysis.

Key components of ABRT are:

 1. Functional Electrical Stimulation (FES)
 2. Locomotor Gait Training (LGT)
 3. Weight Loading/Bearing
 4. Massed Practice
 5. Task-Specific Practice

All of the ABRT components have been independently studied in the clinical domain 
[11–15]; evaluating the combined effect of ABRT on neurologic and day to day 
function is harder to do, given the individualized application of the different ABRT 
components during the rehabilitative efforts. Activity can be used to both prime and 
train the nervous system and the role of each particular instrument varies depending 
on the timing of intervention [16].

What has consistently been well described on the continuum of impairment, 
activity limitation and participation is the effect of activity and exercise on the dif-
ferent systems affected by spinal cord disease related paralysis.

As mentioned in the beginning, myelopathies require two domains of interven-
tion and treatment; one related to the cause of the neurologic dysfunction, the other 
one addressing the consequences. This paper only addresses the latter. It should be 
noted that few, if any studies looked precisely at the effect of ABRT on the neuro-
logic dysfunction associated with myelopathies in general; most of the interventions 
have been applied and studied in the traumatic spinal cord injury (SCI) or non- 
progressive spinal cord disease related paralysis.

C. L. Sadowsky



229

The role of activity and exercise at the impairment level can be described 
throughout the cell-tissue continuum.

 A. Cellular basis for role of activity:
 1. New cell birth is activity related in most of the systems affected by the dam-

age characteristic to myelopathies.
 (a) Neurons - Trejo et al. [17] found that exercise induced changes in the 

adult rat brain, including new neuronal cell birth, is mediated through 
insulin-like growth factor IGF-I.

 (b) Oligodendrocytes - Krityakiarana et al. [18] demonstrated that 7 days of 
voluntary exercise increased both nestin-GFP expression and markers 
for immature oligodendrocytes in the white and gray matter of the intact 
thoracic cord of a transgenic mice.

 (c) Astrocytes – Chang [19] showed that in a localized model of SCI, exer-
cised rats (given pre-SCI exercise) had significantly higher levels of neu-
ronal and astroglial HSP 72, a lower functional deficit, fewer spinal cord 
contusions, and fewer apoptotic cells than did non-exercised rats. Also, 
swimming and a 5 week structured aerobic exercise both decreased neu-
ropathic pain and reversed astrocyte and microglia hyperactivity in the 
dorsal horn in mice with partial sciatic nerve injury [20].

 (d) Muscle cell – Verdijk et al. [21] found that the type II muscle fiber atro-
phy associated with normal aging was reversed and the decline in type II 
muscle fiber satellite cell content was attenuated by a resistance-type 
exercise training regimen lasting 12 weeks.

 (e) Bone - the integrity and health of the bone depends on a carefully cho-
reographed and balanced osteoblast – osteoclast – osteocyte interplay; 
exercise and mechanical stimulation play a major role at multiple stages 
of the bone metabolism: exercise prevents osteocyte death [22]; exercise 
has been shown to induce mesenchymal cells to differentiate towards 
osteoblasts [23]; exercise facilitates and conditions osteoblasts to prog-
ress toward osteogenic differentiation [24]; 2–4 weeks of exercise in the 
form of climbing decreases the number of osteoclasts and increases bone 
mass in mice [25].

 2. Myelination and re-myelination are also activity dependent; Yoon et al. [26] 
showed that exercise and high fat diet increased the amount of myelin in the 
lumbo-sacral cord in mice. Low intensity exercise even decreased diabetes 
related myelin breakdown in the peripheral, sciatic nerve in rats [27].

 B. Activity role in tissues/systems affected by myelopathies:
 1. Priming the nervous system:

It is hard to argue against the fact that exercise improves motor strength 
and endurance, but exercise also improves motor control; clinical experiments 
show that exercise can improve motor skills acquisition through a learning, 
“motor memory” mechanism [28]; in the rehabilitative and sports medicine 
field, there’s ample evidence that exercise improves gait [64, 77, 79]. In the 
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SCD related population, studies also show that training with exercise therapy, 
electrical stimulation, or functional electrical stimulation of the upper limb 
following cervical spinal cord injury leads to improvements in muscle 
strength, upper limb function and activity of daily living or quality of life [29].

Exercise also affects sensory function and could modulate pain; Sprague- 
Dawley rats with moderate, unilateral spinal cord contusion at C5 level that 
exercised exhibited decreased incidence of tactile allodynia [30]; in a periph-
eral nerve (sciatic) animal injury model, low intensity aerobic exercise regi-
men suppressed pain-like behaviors, postulated to be mediated by enhancing 
brainstem 5-HT neurotransmission [31].

Exercise plays a significant role in the modulation of the autonomic ner-
vous system function.
• Cardio-vascular system: there is convincing evidence that some of the pro-

tective and therapeutic effects of chronic exercise training are related to 
its impact on the autonomic nervous system; training induces improve-
ment in vascular function, blood volume expansion, cardiac remodeling, 
insulin resistance and renal-adrenal function [32]. In one experiment, a 
single bout of intensive, dynamic arm crank exercise eliminated ortho-
static hypotension in 10 individuals with paraplegia [33, 34].

• Genito-urinary system: Ward at al [35] demonstrated in a rat SCI model 
that repetitive sensory information generated through task-specific step-
ping and/or loading can improve non-locomotor functions, including 
bladder function.

• Gastro-intestinal system: physical activity can improve gastric emptying 
and lower the relative risk of colon cancer in most populations [36] and 
reciprocal gait orthoses (RGO) driven gait training appeared to improve 
bowel function in a group of 12 individuals with paraplegia [37].

 2. Metabolism: exercise certainly has a well-recognized effect on metabolism, 
affecting factors like weight, body composition, glucose and lipids process-
ing both in healthy individuals and those with a chronic disease. Specifically, 
in the SCI population, exercise - like using an indoor hand-bike, appears to 
be an effective modality to improve body composition, fasting insulin, and 
insulin resistance levels and fitness [38].

 3. Bone mass: there is plenty of evidence that exercise improves bone mass and 
density in both men and women of different ages: young adult women [39], 
postmenopausal women [40], adolescent and young men [41] and even 
middle- aged and older men [42]. In individuals with SCD related paralysis, 
exercise has not been found to be very effective in preventing bone loss or 
restoring bone mass [43]; but functional electrical stimulation (ES) using 
cyclical muscle contraction has been shown to be beneficial to bone mass 
health [44, 45].

 4. Inflammation/immune response: exercise appears to play a role in modulat-
ing immune response and inflammation. Dyslipidemia and inflammation are 
frequently found in some diseases, such as obesity, type 2 diabetes mellitus, 
and spinal cord related paralysis [46]. Recent literature has identified that 
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lipids have a pivotal role in the activation of inflammatory pathways, increas-
ing the production of inflammatory cytokines. In one study, aerobic plus 
resistance training for 1 year showed a protective role in bone mineral con-
tent associated with an improvement in adiponectin and leptin concentra-
tions, favoring the control of the inflammatory state related to obesity in 42 
adolescents [47]. In addition, exercise-induced modulation of the immune 
and inflammatory system was described in cancer [48], type 2 diabetes mel-
litus [49] and SCI [50].

 5. Cellular proliferation/tumor formation: exercise appears effective in increas-
ing the birth of various stem cells, their migration and differentiation [51, 
52], including neural stem cells [53]. In addition, epidemiological data sup-
ports the concept that exercise training can reduce disease risk and mortality 
for several cancer diagnoses, including breast and colon cancer [54].

Moving to the next ICF domains, those of activity limitation and participation, 
exercise appears to play a significant role here too. The positive role of exercise 
on mental health [55, 56], cognitive function [57, 58], quality of life [59, 60] has 
been vastly documented. Exercise-induced neuroplasticity seems to be the basis 
of spatial learning and memory improvement, even under neurodegenerative 
conditions [61].

Now that the role of activity and exercise throughout the impairment-activity- 
participation continuum has been framed, utilizing ABRT, a well-structured and 
defined exercise based intervention to implement positive functional changes 
becomes easier.

In the rehabilitation field, improving function is the ultimate goal. But when 
dealing with a neurologic etiology for the loss of function, a separation between day 
to day function and neurologic function needs to be made. Traditionally, rehabilita-
tion only looked at improving the day to day functions, such as feeding, grooming, 
mobility, transfers, ambulation; the rehabilitative interventions relied heavily on 
compensatory strategies, utilizing residual neurologic function to improve day to 
day function. Activity based therapies aim to improve day to day function by restor-
ing neurologic function, taking advantage of the neuro-plastic and neuro- regenerative 
abilities of the nervous system and guiding the process along. ABRT changes neuro- 
rehabilitation from a compensatory to a restorative approach.

In 2005, a study was published concluding that in the animal model of ischemic 
unilateral stroke, behavioral experience with the less-affected forelimb early after 
unilateral lesions had the potential to increase disuse and dysfunction of the impaired 
forelimb, consistent with a training-induced exacerbation of learned non-use. These 
findings were suggestive of competitive processes in experience-dependent neural 
restructuring after brain damage [62]. In other words, it pointed to the fact that com-
pensatory training has the potential to increase disuse and dysfunction even more.

Another essential difference between traditional, compensatory rehabilitation 
and the activity based restorative one, is the amount of intervention, in both fre-
quency and length of exposure to the task. In traditional, compensatory rehabilita-
tion, the amount of practice needed to trigger neuroplastic changes is small compared 
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to animal models, thus it is possible that current doses of task-specific practice dur-
ing rehabilitation are not adequate to drive the neural reorganization [63].

Main features of the compensatory approach/traditional therapy are:

 1. Activate nervous system above the level of the lesion
 2. Low intensity practice (1 h per day)
 3. Non-patterned movements
 4. Compensates for loss function
 5. Uses compensatory devices

The restorative approach/Activity Based Restorative Therapy features:

 1. Activate nervous system above and below the level of the lesion
 2. High intensity practice (2–5 h per day)
 3. Non-patterned and patterned movements
 4. Restores lost function
 5. Minimizes or eliminates compensatory devices

 ABRT Components

 1. Electrical stimulation (estim) involves three types of therapeutic interventions:
 (a) Neuromuscular electrical stimulation (NMES), where electricity is applied 

across the surface of the skin over the intact peripheral nerve and it evokes 
an action potential in the nerve fiber which causes an exchange of ions to 
drive the muscle to contract.

 (b) Functional Electrical Stimulation (FES), where the application of electrical 
stimulus to a paralyzed nerve or muscle is made with the intention of achiev-
ing or restoring a function. FES principle also refers to orthotic substitution 
(neuroprosthesis).

 (c) Transcutaneous Electrical Nerve Stimulation (TENS), a modality using 
electricity to modulate pain by exciting the peripheral nerves. Common 
types of TENS interventions are conventional TENS (sensory), where elec-
trical current activates A beta mechano-receptors; acupuncture like-TENS 
(motor), where electrical current activates small diameter fibers (A delta or 
group III) arising from muscles and Intense TENS (noxious), where the 
electric current activates small A delta cutaneous afferents

The therapeutic applications of electrical stimulation as it pertains to 
ABRT in myelopathies are to prevent/reverse disuse atrophy, strengthen the 
muscle, modulate spasticity and provide orthotic substitution.

 2. Locomotor Gait Training (LGT) is an activity-based rehabilitative strategy 
designed to improve sensory, motor and autonomic function, health and quality 
of life. It provides sensory cues to re-train neural patterns that will result in effec-
tive locomotion and emphasizes recovery of motor function using the intrinsic 
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mechanisms of the nervous system, rather than compensatory strategies. Proven 
benefits of locomotor training in SCD related paralysis are increase in walking 
speed and gait velocity, increase in distance walked and improvements in gait 
parameters [64].

 3. Weight loading, performed by transmitting force across a joint; weight loading 
is meant to promote joint alignment, bone stress, muscle co-contraction and nor-
malize the afferent input [80, 81].

 4. Massed practice is a term used to describe an intervention in which repetitive 
practice is the primary therapeutic factor. It is meant to promote cortical reorga-
nization; can be motor and sensory driven, or better, combined [13, 14, 65]

 5. Task specific practice, also referred to as skill training, has the goal of acquiring 
new motor skills and induces substantial cortical plastic changes in both the 
injured and non-injured brain [66–68]

Other therapeutic interventions are added to ABRT’s neuro-rehabilitative arsenal as 
more evidence supporting their effectiveness translate from bench to bedside.

 (a) Vibration, specifically whole body vibration is now increasingly used to aid in 
optimizing bone health [69], improve lower limb blood flow [70, 71], modulate 
spasticity [72], improve muscle strength and tolerance to upright posi-
tioning [73]

 (b) Spinal stimulation, transcutaneous or through an implanted device, is able to 
help achieve full body weight-bearing standing [74] and voluntary movement in 
individuals with complete cord lesion [75] possibly by enhancing the excitabil-
ity state of the spinal circuitry [76]

 (c) Aquatherapy, where weightlessness and buoyancy are added to the LGT, 
massed practice and task specific training [78], has been found to improve func-
tion in individuals with SCD related paralysis, but is underutilized.

 ABRT and Technology

ABRT is heavily reliant on technology. Indeed, technology can be used for several 
reasons in individuals with neurologic paralysis:

 (a) To achieve movement/motor function:
 – External device: FES orthosis for foot drop, robotics/exoskeletons for gait 

training and community ambulation, Brain Machine Interface (BMI) for 
sailing, virtual reality for motor training/skill acquisition

 – Internal implant: FES bowel/bladder system to insure continence, BMI for 
eating, epidural implant to achieve standing/walking [2]

 (b) To insure accessibility: mobility devices/wheelchairs, robots to help Instrumental 
Activities of Daily Living (“The Butler”); voice activation for environmen-
tal control
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 (c) To allow for sustained exercise and physical activity [77]:
 – Information and communication technology for knowledge dissemination, 

to improve accessibility and compliance
 – Interactive technology for engagement, training and compliance
 – Electronic gauges for monitoring performance
 – FES driven exercise systems for motor training and endurance building

Finally, ABRT aims to facilitate integration in normal living, participation in sports, 
recreation and leisure activities, thus addressing both the ICF’s participation com-
ponent and the restorative mission included in its’ title.

Much remains to be studied in the application and benefits of utilizing an activity 
based restorative rehabilitation program when addressing consequences related to 
neurologic insults like those induced by myelopathies: the specific interventions, 
the exact dosing, the best methods to evaluate its’ effectiveness, the cost in effort 
and currency. And to have a pragmatic view of why using a restorative approach is 
better than compensating for the deficit is helpful. Lastly, specific research on the 
effectiveness of ABRT in myelopathies needs to be done; addressing each etiology 
in well-designed clinical trials might be too large of a task, but utilizing pooled, well 
collected mega-data and analyzing clinical effectiveness is in the realm of doable.
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EMG-equipped dilator, 92
Endovascular therapy, 125
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Epstein-Barr virus (EBV), 160
Exercise, see Activity based restorative 

therapy (ABRT)
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Fast imaging employing steady-state 
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Fast-twitch, fatigue intermediate (type 
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Functional imaging (fMRI), 58
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family history, 207
genetic testing, 223
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motor and sensory impairment, 205–207
motor neuron disorders, 211–216
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slow progression, 207
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Human T-cell lymphotropic virus (HTLV), 
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Iatrogenic stroke, 49
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bacterial (see Bacterial myelopathy)
causative organisms, 155, 156
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