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Abstract

Cervical spondylotic myelopathy (CSM) is the most
common cause of spinal cord dysfunction and is caused
by static or dynamic repeated compression of the spinal
cord resulting from degenerative arthritis of the cervical
spine and some biological injuries to the cervical spine.
The T2 signal change on conventional magnetic reso-
nance imaging (MRI) is most commonly associated with
neurological deficits. Diffusion tensor imaging and MR
spectroscopy show altered microstructure and biochem-
istry that reflect patient-specific pathogenesis and can
be used to predict neurological outcome and response
to intervention. Functional MRI can help to assess the
neurological functional recovery after decompression
surgery for CSM.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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nance imaging

Core tip: This article attempts to investigate the appli-
cation of magnetic resonance (MR) technology to the
management of cervical spondylotic myelopathy (CSM)
patients and discusses recent and future advances in
both conventional and novel MR techniques. The novel
MR techniques, including diffusion tensor imaging,
MR spectroscopy and functional MR imaging, have all
played an essential role in the management of patients
with CSM.
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INTRODUCTION

Magnetic resonance imaging (MRI) plays an essential role
in the management of patients with cervical spondylotic
myelopathy (CSM). There have been many advances in
MR technology over the past few years and the resolu-
tion and image quality have improved greatly. With these
improvements, the application of MRI in CSM has pro-
gressed in parallel. The novel MR techniques not only of-
fer a diagnostic modality, but also can be used to predict
neurological outcome and response to intervention.

In addition to conventional MRI, recent application
of novel techniques in CSM, such as diffusion tensor im-
aging (DTN, MR spectroscopy (MRS)™ and functional
MR imaging (fMRI)", further highlights the potential
influence of MR technology on the disease process. By
providing pertinent information about the spinal cord
microstructure and metabolism, and assessing the neu-
rological function after surgery, these novel techniques
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provide increased sensitivity to diagnosis of spinal cord
injury, especially the cellular injury that ubiquitously oc-
curs during CSM pathogenesis™.

This article attempts to investigate the application of
MR technology to the management of CSM patients and
discusses recent and future advances in both convention-
al and novel MR techniques.

PATHOPHYSIOLOGY OF CSM

In order to be fully aware of the importance of MRI in
the management of CSM, an advance in understanding
of the complex CSM pathophysiology is necessary. CSM
is the most common cause of spinal cord dysfunction[()’gl.

CSM is caused by static or dynamic repeated compression
of the spinal cord resulting from degenerative arthritis of
the cervical spine and some biological injury to the cervi-
cal spine cord. The preceding mechanism is mechanical
injury, including compression, distraction and shear!”
and direct spinal cord compression is the most frequently
encountered mechanism. The biological injury in CSM
is likely related to a variety of mechanisms, such as free
radical-mediated cell injury, cation-mediated cell injury,
glutamergic toxicity and apoptosis“o]. Ischemia of the
cervical spinal cord is considered to be a significant con-
tributor to the pathophysiology of CSM, which includes
corn{g}ression of larger vessels and impaired microcircula-
tion' .

CONVENTIONAL MRI

Before MR technology was well developed, computed

tomography with or without myelography was commonly
used for spinal structural diagnosis in CSM patients.
These modalities could offer some useful anatomical
information in patients with CSM, but there were some
patients without myelopathy despite compression of the
spinal cord and only limited information could be di-
rectly ascertained about the condition of the spinal cord.
Therefore, there were some limitations in the assessment
of spinal cord injury.

Through providing high-resolution imaging of soft
tissue anatomy, MRI provides excellent anatomical infor-
mation about the spinal cord macrostructure and gives
insight into structural histopathological changes in CSM
patients. In order to investigate myelomalacia, edema,
gliosis and ischemic white matter changes of the spinal
cord, a large number of clinical studies have examined
changes in TI- and T2-weighted signals. Some authors
considered that these observations were caused by it-
reversible spinal cord injury“z], but others felt that these
regions represented a wide spectrum of recuperative
potentialm]. Recently, several grading systems have been
proposed to classify the spinal cord signaling change sub-
typesm, but the specific grading remains one of the most
controversial topics in the field of degenerative spinal
disease.

Assessment of the utility of MRI to predict neuro-
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logical outcome following decompression surgery for
CSM has attracted much attention. In 2009, the Guide-
lines for the Surgical Management of Cervical Degen-
erative Disease were published by an expert group that
represents the Joint Section on Disorders of the Spine
and Peripheral Nerves of the American Association of
Neurological Surgeons and Congress of Neurological
Surgeons“ﬂ. They established the relationship between
spinal cord signal changes and clinical outcome in CSM
patients. According to their extensive literature review,
they concluded that multilevel T2 hyperintensity, T1 fo-
cal hypointensity combined with T2 focal hyperintensity,
and spinal cord atrophy each indicate poor prognosis fol-
lowing surgical intervention. This has been confirmed by
other authors. For example, Uchida ez al™® reported that a
T1/T2 low signal/high signal imaging pattern was associ-
ated with poor neurological recovery. On the contrary, a
study has shown that the regression of high signal chang-
es on T2 postoperatively correlates with better functional
outcomes'' . Furthermore, some studies have suggested
that if surgeons use MRI signal intensity to estimate the
risk of poor outcome after surgery, they should use high
signal changes in T2 in combination with other signal
intensity parameters and not in isolation'”. Therefore,
morte robust and objective modalities for assessment of
the condition of the spinal cord need to be developed.

DTI

Principles and parameters of DTI

DTT is a noninvasive MRI technique that measures the
random motion of water molecules and provides in-
formation about the cellular integrity and pathology of
anisotropic tissues' ). DTI can provide unique quantita-
tive information on the microstructural features of white

matter in the central nervous system"". Diffusion proper-
ties can be evaluated using quantitative indices such as the
apparent diffusion coefficient (ADC), mean diffusivity
(MD) and fractional anisotropy (FA). The ADC reflects
the average diffusivity of water molecules in all directions.
The stronger water molecules diffuse within a tissue, the
larger the ADC. In contrast, the weaker water molecules
diffuse within a tissue, the lower the ADC. Therefore, tis-
sues with high water mobility and few boundaries to wa-
ter motion have high ADC values, such as cerebrospinal
fluid and vasogenic edema, whereas tissues with a high
degree of complexity and boundaries to diffusion have a
relatively lower ADC, such as white matter fiber bundles
and tumors™., MD represents the degree of diffusional
motion of water molecules (regardless of direction) and
is measured in rnmz/ s. FA represents a rotationally invari-
ant parameter, where 0 represents completely isotropic
diffusion and 1 represents extremely limited diffusion in
only one direction'”

Main features of DTI

An increasing number of studies has indicated the sig-
nificance of ADC and FA and has defined the character-
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istics of the two measurements within CSM patients. At
the site of compression in the cervical spinal cord, FA is
significantly lower and ADC significantly higher[23]. These
two measurements of D'TT are more sensitive and specif-
ic than conventional MRI and can detect damage of the
white matter tracts before a high signal lesion appears on
T2 imaging[zﬂ. This theory has been demonstrated by Lee
et al™. In that study, four patients who had no abnormal
signal changes on MRI also had lower FA and higher
ADC. In addition, there was another view about the ef-
fects of DTI. Some researchers consider that it may have
the potential to distinguish between a symptomatic and
asymptomatic group of patients. This view has also been
proposed in a study by Kerkovsky ez 4" in which FA
was significantly lower and ADC significantly higher in a
symptomatic group than in an asymptomatic spondylotic
cervical cord encroachment subgroup.

Role of ADC and FA in identification of acute and
chronic compression

In addition to the above-mentioned effects, the two mea-
surements were also commonly used in the identification
of acute and chronic compression in CSM. Some studies
have suggested that acute compression of spinal cord
tissue may result in a focal decrease in ADC as well as a
focal increase in FA. Through the establishment of dif-
fusion MR simulations, Ford ez a/*” have suggested that
compression of axon fibers results in a decrease in ADC,
which may lead to a slight increase in FA. Nilsson e7 al™
have cleatly demonstrated decreased ADC with increas-
ing compression of spinal cord white matter. Facon
et al”" explored acute spinal cord compression in two
patients and noted a slightly elevated FA at the level of
compression compared to normal controls (0.80-0.83 s
0.75 in healthy volunteers). Compared with the diffusion
characteristics of acute compression of the spinal cord,
clinical studies have clearly documented a significant in-
crease in ADC and decrease in FA in the late stages of
chronic compression of the spinal cord™. Through the
establishment of an animal model of chronic compres-
sion, Cheung ef al”” illustrated a characteristic increase in
ADC and decrease in FA as late as 9 mo after the start
of compression. Specifically, the changes in diffusion
characteristics may result from chronic, repeated isch-
emic insults to the spinal cord, leading to downstream
histopathological changes, including gliosis, loss of mo-
tor neuron function, vasogenic edema and ultimately ne-
crosis and cavitation™. All the pathological changes lead
to elevation of ADC due to the increase in extracellular
water and suppression of FA due to lack of directional
organization within the spinal cord.

Significance of MD

Some studies have indicated that an increase in MD and
decrease in FA have diagnostic utility in myelopathy and
the sensitivity and specificity for prediction are higher
with MD than with FA. After using the following pa-
rameters: TE: 80 ms; image matrix of 256 X 195 pixels;

JBaishideng® W]R I WWW.ngnet.COm

828

nominal voxel size of 0.9 mm X 1.17 mm, three sections
5-mm thick and a gap of 1 mm, Demir ez al? suggested
approximately 80% sensitivity and 53% specificity for
detecting myelopathy in patients with spinal cord com-
pression. Furthermore, when using a single-shot fast
spin-echo-based sequence with the following parameters:
TE/TR, 80/6000 ms; number of excitations, 1; field of
view, 240 mm”; matrix size, 160; voxel size, 1.5 mm’ X 1.5
mm’ in-plane; slice thickness, 3 mm; gradient directions,
15; and b values, 0 and 1000 s/mm’, and from the results
of receiver operating characteristic (ROC) curve analysis,
when using the optimal cutoff point (an MD z score of
1.40 at the most compressed spinal level), Uda ez al”
indicated that myelopathy could be predicted with a sen-
sitivity of 100% and specificity of 75%. In conclusion,
MD should receive more attention in the management of

CSM patients.

MRS
Background to application of MRS

Although chronic spinal cord has been accepted as a ma-
jor feature of CSM, the time course and evolution of cel-
lular and microstructural damage are yet to be understood
clearly. This is largely because conventional MRI, despite
providing excellent macroscopic anatomical detail, pro-
vides constrained information about spinal cord cellular
function and microarchitecture. Some authors postulate
that there is a spectrum of cellular and microstructural
changes that occur within the spinal cord as patients with
cervical spondylosis progress from being asymptomatic to
manifesting neurological impairment”". Surgical interven-
tion of the spinal cord in its reversible state (7.e., before
the onset of irreversible injury) confers better neurological
outcomes. Therefore, understanding of progressive cellu-
lar alteration of the spinal cord as the patient advances to
a symptomatic state would be a compelling achievement
in the treatment of cervical spondylosis.

Principles and characteristics of MRS

Compared with DTT, the application of MRS to CSM has
more advantages. MRS can provide metabolic informa-
tion about the cellular biochemistry and function of the
neural structures within the cervical spinal cord™. MRS
also can be used to assay a series of pertinent biochemi-
cal markers, such as N-acetyl aspartate (NAA), lactate,
choline (Cho), myo-inositol (Myo-I), glutamine-glutamate
complex (Glx) and creatinine (Cr), with particular sensi-
tivity to NAA and lactate”. Some studies have indicated
that NAA is only found in axons and neurons and is con-
sidered an indicator of axonal integritym]. Although little
is known of the specific mechanism, lactate is considered
to play a central role in metabolic dysfunction after cen-
tral nervous system injury and may be related to ischemia
and mitochondrial dysfunction.

MRS features of CSM

In recent years, spinal cord MRS has been most frequent-
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ly used to investigate multiple sclerosis lesions™. Many
studies have demonstrated suppressed levels of NAA
in multiple sclerosis patients when compated to normal
volunteers and some correlation between NAA levels
and clinical status™. Although less studied, cervical spine
MRS has recently been used in CSM. In a cohort of 21
CSM patients, Holly ez 4/ indicated that the NAA/Cr
ratio was significantly lower in CSM patients than in nos-
mal volunteers, which suggested increased neuronal and
axonal injury. Neatly one-third of CSM patients appeared
to have an abnormal lactate signal and the control sub-
jects did not, which further supports the importance of
ischemia in the pathogenesis of CSM.

Early and late changes in MRS metabolites

In a study of 21 patients with cervical spondylosis and 11
healthy controls, Salamon ez a/’" discussed the eatly and
late changes in MRS metabolites. In the early changes, the
observation of a cervical stenosis patient without spinal
cord signal changes showing slightly higher Myo-I and
Glx compared to that of the control group suggested
Myo-I as a potential early marker for spinal cord inflam-
mation and early stage demyelination in cervical stenosis
before neurological impairment. In the late changes,
while the patient with spinal cord signal changes had a
significantly higher Cho/Cr ratio than the control, the pa-
tient without spinal cord signal changes had no significant
difference compared to the control. These results show
that increased Cho levels appear later than the aforemen-
tioned cellular metabolic changes as cervical spondylosis
progresses to a symptomatic state. In addition, they also
found that higher Cho/NAA ratio was significantly asso-
ciated with poorer neurological function and Cho/NAA
had a significant correlation with the Modified Japanese
Orthopedic Association score (mJOA), providing a po-
tential clinically useful radiographic biomarker in the
management of cervical spondylosis.

fMRI
Principle and features of fMRI

fMRI is a functional neuroimaging procedure using MRI
technology that measures brain activity by detecting as-
sociated changes in blood flow™. This technique relies
on the coupling of cerebral blood flow and activation of
neurons. When an area of the brain is active, the flow of
blood in the region also increases””. Discovered in 1990
by Ogawa ef al’, fMRI uses blood oxygenation level
dependent (BOLD) contrast. BOLD fMRI is a noninva-
sive and repeatable imaging modality capable of detect-
ing changes in brain function over time. In recent years,
spinal cord injury and CSM have been shown to induce
changes in cortical activation during sensorimotor tasks.
Although these changes have not been precisely deter-
mined, they can reflect part of the relationship between
the recovery of limb motor function and the volume of
cortical activation area after injuryps]. CSM is always com-
bined with limb motor dysfunction and pain, particularly
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in the upper limbs. fMRI is being developed to assess
neurological function after surgery.

Applications of fMRI to CSM

Compared with the clinical application of the aforemen-
tioned MR techniques, the current clinical application of
fMRI is relatively small. Some researchers consider that
spinal fMRI can reveal spinal cord function below the site
of injury and may provide objective information that can
be used for assessing retained function, designing reha-
bilitation programs, predicting the potential for recovery
of function in spinal cord injury, and for assessing new
experimental treatment strategiesm]. In addition, several
studies have assessed neurological function by fMRI after
decompression surgery. Tam e7 al™ concluded that fMRI
detected increased cortical activation in the primary mo-
tor cortex during finger tapping after decompression
surgery in a CSM patient. These changes become more
significant with the recovery of motor function. Upper
and lower extremity motor subscores of the Japanese
Orthopedic Association scale demonstrated a 40% and
43% improvement, respectively. According to their ob-
servation, they suggested that cortical reorganization or
recruitment may be associated with the recovery of neu-
rological function after spinal cord injury.

LIMITATIONS OF MR TECHNIQUES

In spite of these advanced imaging techniques offering
novel insights into CSM, there are some limitations. The
spinal cord is relatively small and has differences in mag-
netic susceptibility from the adjacent tissues; thus, there
will be some artifacts. In the commonly used types of
MRS, the minimum voxel size is only slightly smaller than
the cross-sectional area of the spinal cord and a signifi-
cant decrease in signal-to-noise ratio can be caused by a
suboptimally placed voxel™. Both MRS and DT are sen-
sitive in patients with CSM and the structural movement
during scan acquisition. The physiological rostral-caudal
movement of the spinal cord in response to cardiac pul-
sations and the respiratory cycle is significant and even
more marked than in the brain”. Furthermore, spinal
fMRI encounters major technical challenges with cardiac
noise being considered a major source of noise". There-
fore, cardiac gating, specialized radiofrequency coils and
MR signal suppression bands are more frequently used to
improve the quality of MRS, DTI and fMRI in the spinal
cord. In addition to the physiological noise with fMRI,
there are some other limitations; the most common are
the repeatability of examination and the veracity of spa-
tial otientation'™”

FUTURE DIRECTIONS

An increasing number of studies has suggested that DTI
and MRS play a significant role in the management of
CSM patients, not only to predict outcome following
surgical intervention, but they also have several other po-
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tential future applications. Some studies have suggested
that some patients with mild CSM can be successfully
treated nonoperatively. Advanced MRI techniques such
as DTT or MRS have the potential to serve as noninvasive
methods to monitor asymptomatic or mildly affected pa-
tients treated nonoperatively for impending neurological
deterioration. However, providing an early warning is dif-
ficult because, despite the progression of cellular spinal
cord injury and subsequent neurological symptoms, they
present with a stable radiographic appearance in a serial
standard MRI. In summary, DTI and MRS as advanced
methods to assess the progression of subclinical disease
are necessary.

In addition, a recently introduced extension of the
DTI technique called diffusional kurtosis imaging (DKI)
shows greater promise than DTT in evaluating the micro-
structure and pathological condition of neuronal tissue,
especially gray matter' ™Y, Hori ez a/* studied 13 con-
secutive patients with cervical myelopathy and concluded
that the mean diffusional kurtosis (MK) in the spinal cord
may reflect microstructural changes and damage of the
spinal cord gray matter. Although further studies of the
imaging-pathology relationship are needed, MK has the
potential to provide new information beyond that pro-
vided by conventional diffusion metrics such as ADC and
FA, which are based on the monoexponential model™.

Recently, investigation of novel molecular and bio-
chemical therapies to treat the biological injury in cells
that occurs during CSM pathogenesis has attracted more
attention. These include inhibition of apoptosis with a
Fas ligand-blocking antibody***", administration of neu-
rotropins either through genetically altered fibroblasts*”
or adenovirus-mediated retrograde spinal cord delivery™,
and diet therapy to repair injured plasma membranes and
cellular oxidative damagem. Once translated to clinical
use, all the therapy methods need a noninvasive modal-
ity to ascertain cellular response to intervention. DTI,
MRS and DKI could potentially serve as such a modality,
which can identify subtle changes in spinal cord microar-
chitecture and biochemistry.

In addition, fMRI plays an important role in assessing
neurological functional recovery after decompressive sur-
gery for CSM. According to the trend of MR techniques
development and the requirement to quantify neuronal
function, fMRI will more frequently be used to detect
functional impairment and localize regions of injury in
CSM patients in the future”, Furthermore, fMRI com-
bined with DTT can establish a functional connectivity
network diagram of active location. Perhaps this will be
used frequently to explain the relationship between neu-
rological structure and function in the future.

CONCLUSION

MR techniques play an indispensable role in the manage-
ment of CSM patients and have evolved primarily from a
diagnostic modality to a method that can potentially pre-

dict patient outcome following surgical intervention. DTT
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and MRS have further enhanced our knowledge about
the pathogenic mechanism in CSM by providing detailed
information regarding the spinal cord microstructure and
biochemistry. In addition, fMRI can help to assess the
neurological functional recovery after decompression sur-
gery in CSM. Generally speaking, these MR techniques
and others may play an expanded role in the management
of CSM patients in the future.
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