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Abstract

Study Design—A single center magnetic resonance imaging and spectroscopic study involving
twenty-one patients with advanced cervical spondylosis and eleven healthy controls.

Objective—We assessed the utility of MR spectroscopy to quantify biochemical changes within
the spinal cord and serve as a potential biomarker in patients with cervical spondylosis with or
without T2 hyperintensity within the cord.

Setting—Los Angeles, California, USA

Methods—Twenty-one patients with cervical spondylosis and eleven healthy controls were
evaluated. Single voxel MR spectroscopy was performed in the cervical cord. Morphometry of the
spinal canal space was measured. NAA, choline, myo-inositol, glutamine-glutamate complex and
lactate metabolite concentration ratios with respect to total creatine were quantified using an LC
model algorithm and compared between healthy controls and spondylosis patients. Correlation of
MRS metabolites with mJOA score was also performed.

Results—The spinal canal space was significantly different between patients and controls
(ANOVA, P<0.0001). Total choline-to creatine-ratio was significantly elevated in patients with
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spondylosis and T2-hyperintensity compared with healthy controls (ANOVA, P<0.01). A
significantly higher choline-to-NAA ratio was observed in spondylosis patients compared with
healthy controls (ANOVA, P<0.01). Slightly elevated glutamine-glutamate complex and myo-
inositol was encountered in patients with stenosis without T2 hyperintensity. A linear correlation
between Cho-NAA ratio and mJOA was also observed (P<0.01).

Conclusion—MRS appears sensitive to biochemical changes occurring in advanced cervical
spondylosis patients. The choline/NAA ratio was significantly correlated with the mJOA score,
providing a potentially clinical useful radiographical biomarker for the management of advanced
cervical spondylosis patients.
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Introduction

Cervical spondylotic myelopathy (CSM), is the most common cause of nontraumatic spastic
paresis (1), the most common cause of spinal dysfunction in the elderly (2), and it is the
most common primary diagnosis for patients over 64 years who undergo cervical spine
surgery (3). In order to prevent neurological deterioration in patients with symptomatic
cervical spondylosis, surgery is often performed early after diagnosis. Some studies have
suggested surgical intervention after significant neurological decline in these patients may
not result in neurological improvement (4); therefore, surgical intervention may be
considered in some cases on the basis of diagnostic imaging even in the absence of overt
clinical symptoms (5). The value of traditional imaging technologies in diagnosing and
predicting early response to treatment, however, remains controversial.

Magnetic resonance imaging (MRI) is currently the gold standard for the assessment of the
cervical spinal cord. As such, many studies have attempted to investigate the relationship
between pathophysiological changes found on MRI and the patient clinical condition.
Although abnormal signal on routine T1- and T2-weighted MRI are correlated with
morphological changes and cavitation in experimental canine models of compressive
myelopathy (6), and with edema and gliosis in humans (7), clinical studies have not shown
consistent correlation between T1- and T2-weighted MRI findings and patient clinical
status, or outcome after either surgical or medical treatment (8, 9).

Preliminary studies have suggested MR spectroscopy (MRS) may be useful for
quantitatively assessing subtle biochemical changes within the spinal cord that may precede
morphologic changes observed with traditional imaging techniques (10,11,12) Our, previous
investigations using a 1.5T MR scanner confirmed the feasibility of accurately performing
MRS in symptomatic CSM patients (10). In the current study, we explore the use of
quantitative MRS in the cervical spinal cord in healthy control participants and a spectrum
of patients with cervical spondylosis using a 3T MR scanner. We hypothesize MRS may be
a useful technique for evaluating spinal cord biochemistry in both symptomatic and
asymptomatic patients, and help to elucidate pertinent information about cellular metabolic
function not provided by conventional MRI.
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Materials and Methods

Patient Population

The study group was composed of twenty-one patients who were evaluated at a
Neurosurgery clinic for signs and symptoms related to cervical spondylosis. There were
twelve women and nine men, and the mean age was fifty-nine years. Baseline history and
physical examinations were performed on each patient. Conventional MRI demonstrated
advanced cervical spondylosis, with at least moderate central spinal canal stenosis in each
case. Ten of the patients had increased T2 weighted signal within the spinal cord (Fig. 1A),
and the other eleven had normal signal intensity throughout the spinal cord (Fig. 1B).

Exclusion criteria included 1) spinal cord compression at the C2 level or cervicomedullary
junction, 2) previous cervical spine surgery, 3) acute change in neurological function related
to central cord syndrome or other traumatic event, 4) cardiac pacemaker or other non-MRI
compatible implant, 5) severe claustrophobia. Eleven healthy volunteers without evidence of
neurological symptomatology underwent cervical spine MRS using the same protocol and
served as the control group. The Office for the Protection of Research Subjects at our
Institution approved the protocol for this study.

Clinical Presentation

Motor dysfunction was the most commonly encountered symptom in the stenosis with signal
change cohort, as five of the patients presented with gait/and or hand incoordination. Of the
remaining patients in the group, four presented with a primary complaint of neck pain, and
two with paresthesias in the upper extremities.

In the cervical spondylosis cohort without T2 signal change, four patients presented with a
primary complaint of neck pain. An additional four patients noted paresthesias in the upper
extremity as their primary symptom. One patient had complained of gait/hand dysfunction,
and the remaining patient was asymptomatic.

Clinical Functional Assessment

The Japanese Orthopaedic Association (JOA) score is the most commonly used functional
outcome assessment instrument in CSM patients, and has been demonstrated to be a valid
and reliable outcome measurement in this population (11). This study uses the modified
JOA (mJOA) scale, a slightly modified version that accounts for differences in western
culture (12). The scale ranges from 3-18 points, and evaluates motor and sensory function in
the extremities as well as sphincter function. Ascending point values represent better
neurological function.

Proton MR Spectroscopy

All patients and control underwent cervical imaging using a same Trio Tim 3.0T Siemens
system (Siemens Medical Solution, Erlangen, Germany) running on a vb17 platform. The
subjects underwent conventional T2 sagittal (TR/TE=4000/103ms), T2 axial (TR/
TE=3500/82ms) and coronal HASTE images. Single voxel MR spectroscopy was obtained
with point resolved spectroscopy sequence (PRESS) with water suppression: TR/TE=
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2000ms/30ms, 256 Averages, voxel size 1.72ml (7x7x35mm3). Water enhanced T1 (WET)
saturation effects were applied prior to the selected localization technique. Three frequency
selective pulses are applied along with a dephasing gradient to suppress the water. A non-
water suppressed spectrum with 4 averages was also obtained for eddy current correction.
The voxel was placed at the posterior portion of the C2 vertebral body, using sagittal T2
weighted images. For the outer volume saturations, six bands were applied for presaturation
of fat containing regions on each side of the voxel. Manual shimming was performed to
calculate optimal shim currents. All MRS metabolites were quantified by fitting
experimental data in the frequency domain using the LC model algorithm (13, 14). Ratios of
the following metabolite concentrations were calculated with respect to total creatine (Cr)
concentration (i.e. creatine plus phosphocreatine): N-acetyl-aspartate and N-acetyl
aspartylglutamic acid (NAA), glutamine and glutamate complex (Glx),
glycerophosphorylcholine and phosphocholine (Cho) and myo-inositol (Myo-1).

Anterior-Posterior Canal Space

Anterior-posterior (A-P) canal space, also referred to as the “space available for the cord
(SAC)”, reflects the total A-P distance between the spinal cord and vertebral body. This
value was calculated by measuring the A-P diameter of the spinal canal, then subtracting the
measured A-P diameter of the spinal cord on midline sagittal T2-weighted images at each
intervertebral level in the cervical spine. This technique has been used extensively as a
measure of spinal cord compression (15-17).

Statement of Ethics

We certify that all applicable institutional and governmental regulations concerning the
ethical use of human volunteers were followed during the course of this research.

Statistical Analysis

Results

SPSS (Statistical Package for Social Sciences, SPSS Inc, Chicago, IL, USA) version 15.0
and GraphPad Prism version 4.0 (GraphPad Software, Inc, La Jolla, CA, USA) was used for
statistical analyses. Comparisons between the groups were performed using an analysis of
variance (ANOVA). Pearson’s correlation coefficient was used for correlation analysis. A P
value of less than 0.05 was considered to be significant.

Morphometric analysis of standard MR images demonstrated significantly greater
compression of the spinal cord (lower A-P spinal cord space) in both groups of spondylosis
patients compared to healthy control participants (Fig. 2; Two-way ANOVA, P < 0.0001).
There was no significant difference between the A-P spinal cord space between cervical
stenosis patients with T2 signal change and those without spinal cord signal change. The
mean mJOA score was not significantly different in cervical stenosis patients with T2 signal
change compared with patients lacking observable T2 signal change within the cord,
although patients with T2 hyperintensity trended toward lower mJOA scores (14.7 vs. 16.6,
t-test, P = 0.0984).
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Quantitative MRS of the cervical spinal cord was successfully obtained in eleven healthy
controls (Figure 3) and all twenty-one cervical spondylosis patients (Figure 4).
Implementation of short echo time (TE=30ms) in PRESS MRS acquisition allowed for clear
identification of NAA, creatine, choline, lactate, lipids, and myo-inositol peaks along with
quantification of concentrations using the LC model algorithm fitted to experimental data in
the frequency domain. The relative concentration of total choline to total creatine (Cho/Cr)
was significantly lower in healthy controls (0.309 £ 0.083) than cervical stenosis patients
with T2 signal change within the cord (0.486 + 0.167) (One-way ANOVA, P = 0.0065;
Tukey’s test for multiple comparisons, control vs. cervical stenosis with T2 changes, P <
0.01); however, no significant differences in Cho/Cr were observed between healthy
controls and patients with cervical stenosis without T2 signal changes within the spinal cord
(Tukey’s test, P > 0.05) (Fig. 5A).

We observed significantly lower Cho/NAA in healthy controls compared with both cervical
stenosis patients with T2 signal changes (Fig. 5B; Tukey’s test, P < 0.01) and those without
appreciable T2 signal changes within the cord (Tukey’s test, P < 0.05). Linear regression
between Cho/NAA and mJOA score verified this relationship, showing a correlation
between a lower Cho/NAA and higher mJOA score (Pearson’s correlation coefficient, R =
—0.45, P = 0.013). Although the NAA/Cr was higher in control subjects than the cervical
stenosis patients, this relationship did not reach significance. Both glutamine and
myoinositol levels relative to creatine were highest in the stenosis without myelomalacia
cohort, but these ratios were not significantly different between groups.

Discussion

Degenerative disc disease occurs as part of the normal aging process and its treatment costs
run in the many billions of dollars per year (20). CSM is the most debilitating form of
degenerative disc disease, and is caused by progressive abnormalities of the vertebral
column that result in spinal cord damage due to both primary mechanical and secondary
biological injury. Not uncommonly, deterioration can progress from ambulating without
assistance, to requiring a cane, to a walker, and ultimately become wheelchair bound over a
period of 6 months to a year from onset of symptoms.

Although chronic spinal cord injury is a widely studied hallmark of CSM, the time course
and evolution of the cellular and microstructural damage is poorly understood. This is in
large part due to the fact that standard MRI provides excellent macroscopic anatomical
detail, yet extremely limited specific information regarding the spinal cord cellular function
and micro-architecture. We 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. It is well established that
surgical intervention prior to the onset of irreversible spinal cord injury is associated with
better neurological outcomes. Thus an understanding of the real time spinal cord cellular
alterations that occur as patients progress to a symptomatic state would be a significant
advancement in the treatment of cervical spondylosis patients.
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MRS is able to provide pertinent information regarding cellular biochemical function, and
therefore may be able to provide novel insight into the cellular derangements associated with
CSM. We previously studied the ability of MRS to identify axonal injury by measuring
NAA/Cr levels in a series of symptomatic CSM patients using a 1.5 T MRI scanner (10). In
the present study we evaluated not only symptomatic CSM patients, but also asymptomatic
advanced cervical spondylosis patients with evidence of spinal canal stenosis, in order to
obtain a broad sampling of clinical condition and radiographical findings. The cervical
stenosis with and without signal change cohorts has a similar degree of spinal canal stenosis
which was significantly greater than the control group. The major objectives of this study
were to examine the cellular changes that occur in patients with advanced cervical
spondylosis, and to assess the feasibility of MRS to provide cellular biomarkers that could
be utilized to discern neurological status in this patient population.

Early changes in MRS metabolites

Patients with cervical stenosis without spinal cord signal change showed slightly higher
Myo-I and glutamate-glutamine when compared with healthy controls. This is a relatively
novel finding that has not been observed in previous MRS studies of patients with spinal
traumatic or degenerative spinal cord lesions (10, 18). Marginally increased Myo-I,
however, has been detected in the spinal cord of patients with multiple sclerosis with acute
(19) and chronic lesions (20) when compared with controls. An increased Myo-1 suggests
that reactive gliosis, including proliferation and astrocytic hypertrophy, may occur in the
spinal cord rostral from the site of injury, possibly in response to the Wallerian degeneration
of injured neuronal fibers. This is in agreement with an increase in vimentin and glial
fibrillary acidic protein immunoreactivity, which is a marker of proliferation of astrocytes
and gliosis, described in animal models of acute and chronic stage after spinal cord injury
(21, 22). This suggests Myo-1 could potentially be an early marker for spinal cord
inflammation and early stage of demyelination in cervical stenosis patients prior to
neurological impairment.

GlIx is an excitatory neurotransmitter and found in early neuronal damage. Elevated GIx has
been reported in early traumatic brain injury (23), multiple sclerosis and early stage of spinal
cord injury in animal study (22). For example, Erschbamer et al (22) demonstrated change
in Glx in the rat spinal cord after traumatic injury. Together, the observation of slightly
elevated Myo-1 and GIx in cervical stenosis patients without spinal cord signal change
suggests stenosis can precipitate an inflammatory process within the spinal cord, resulting in
early demyelination and neurotransmitter metabolic dysfunction prior to myelopathy or
neuronal axonal damage, which may then ultimately lead to neurological symptoms.

Late changes in MRS metabolites

The Cho/Cr ratio was significantly higher in stenosis patients with spinal cord signal change
than the control cohort, however was not significantly different between the stenosis patients
without spinal cord signal change and the control group. This finding suggests that increased
choline levels may occur later than some of the other aforementioned cellular metabolic
changes as cervical spondylosis progresses to a symptomatic state. The increased Cho/NAA
ratio in cervical stenosis patients compared to healthy controls observed is consistent with
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previous MRS studies in other spinal disorders, such as chronic whiplash (-, 18) and in
patients with multiple sclerosis (21, 24). Reduced NAA levels indicate both axonal loss and
metabolic dysfunction (25, 26), whereas increased total choline levels suggest increased
membrane turnover from degeneration. Previous investigations have shown a cascade of
microstructural degenerative changes within the spinal cord after contusive injury, which
propagates in a predictive fashion in both the rostral and caudal directions over time (27).
Further, increased Cho and reduced NAA levels are well documented in various destructive
processes with the spinal cord and brain, including multiple sclerosis, spinal cord injury, and
neoplasm, thus supporting the use of these metabolites as a potential measure of spinal cord
viability.

In the present study, we found that a higher Cho/NAA is significantly correlated with a
poorer neurological function. This significant inverse relationship between Cho/NAA and
mJOA score is a novel and important finding. A number of different conventional MRI
characteristics (e.g. spinal cord signal change, spinal cord diameter, etc.) have been analyzed
in an attempt to find radiographical features that correlate with neurological status in CSM
patients, yet none have been able to consistently correlate with clinical condition. If proven
reliable with future study, MRS derived biomarkers such as Cho/NAA could be potentially
be utilized clinically in various capacities including the monitoring of asymptomatic or
mildly affected patients with advanced cervical degenerative spine disease for progressive
spinal cord injury, or as predictors of clinical outcome in patients undergoing surgical
intervention.

Study Limitations

Obtaining reliable MR spectroscopic data within the spinal cord can be challenging due to
cord or patient movement, difficulty with magnetic field shimming, and partial volume
contamination. As such, a potential limitation is lack of reliability data of obtaining MR
spectra within the spinal cord. Additionally, placement of the excitation voxel was
standardized to the C2 spinal level; however, metabolite concentrations and ratios measured
in each patient are likely to be dependent on both the severity of myelopathy and the
distance from the site of measurement to the level of injury. Future studies are needed to
address spinal cord MR spectroscopic reliability, the influence of the distance between
excitation volume position and site of injury on MRS metabolites, and MR spectroscopic
changes in patients with severe degrees of neurological dysfunction.

Conclusions

MRS may capture some of the early and late spinal cord cellular biochemical changes that
occur in patients with advanced cervical spondylosis and cervical spondylotic myelopathy.
The choline/NAA ratio has a significant correlation with the mJOA score, providing a
potentially clinical useful radiographical biomarker in the management of cervical
spondylosis patients.
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Figure 1.
A) T2 weighted sagittal MRI of a 68 year old gentleman with significant spinal cord

compression and signal change. B) T2 weighted sagittal MRI of a 56 year old patient with
significant spinal cord compression without signal change.
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Heat maps pictorially illustrating A-P space across the cervical spine in normal healthy
volunteers. B) Heat maps pictorially illustrating A-P space across the cervical spine in
patients with cervical stenosis without signal change. C) Heat maps illustrating A-P space
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average A-P spinal canal space across the cervical spine. Error bars represent standard error

of the mean (S.E.M.).
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1H-MR spectrum and voxel localization images of the upper cervical spinal cord in a 44

year-old healthy volunteer.
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1H-MR spectrum and voxel localization images of the upper cervical spinal cord in a 49
year-old patient with cervical stenosis and myelomalacia.

Spinal Cord. Author manuscript; available in PMC 2014 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salamon et al. Page 14
CholCr Cho / NAA
*¥%
*¥ |
0.6+ *
I
0.5+ E o s |
9 —— T
§ 0.4 F Sz: —
—
o - o <
5 03 : E:
2 02 : 2
O . R " o
e, m
0.14 i . :
0.0 - : SRR T
X
& &P ) o ) 3
© O 2 $ B & L
N © N o N
A oo&c}\'b S ® s> &
Q O &
2P R
X
Figureb5.

A) Metabolite levels in control (n=11), stenosis (n=11), and stenosis with signal change
(n=10) patients. A significantly higher Cho/Cr was observed in spondylosis patients with
signal change vs. control subjects (P < 0.01). B) Spondylosis patients (with or without signal
change) showed a significantly higher Cho/NAA compared to control subjects (control vs.
spondylosis without signal change, P < 0.05; control vs. spondylosis with signal change, P <
0.01).
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Spinal cord metabolite concentrations in normal control subjects, cervical stenosis patients without T2 signal

changes, and cervical stenosis patients with T2 signal changes within the spinal cord.

Cervical Cervical
Stenosis Stenosis
Normal
Control (NoT2Changes) (T2 Signal Changes)
[n=11] [n=11] [n=11]
NAA/Cr 1.373 +0.322™ 1.267 £ 0.269 1.174 £0.422
Cho/Cr 0.309 £ 0.083 0.405 + 0.088 0.486 + 0.167
GIx/Cr 1.676 + 0.998 2.024 £ 1.440 1.356 £ 0.780
(Lip/Lac)/Cr  0.189+0.133 0.274 +£0.209 0.356 + 0.383
Myo-1/Cr 1.422 +0.573 1.488 + 0.575 1.309 £ 0.672
Cho/NAA 0.245 + 0.083 0.322 +£ 0.049 0.344 + 0.069

*
Error measurements represent standard deviation.
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