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Spinal cord perfusion MR imaging implicates both ischemia and
hypoxia in the pathogenesis of cervical spondylosis
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California Los Angeles, Los Angeles, CA

3Dept. of Neurosurgery, David Geffen School of Medicine, University of California Los Angeles,
Los Angeles, CA

4Dept. of Psychiatry and Biobehavioral Sciences, David Geffen School of Medicine, University of
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Abstract

Objectives: Although a number of studies have implicated ischemia and hypoxia in the
pathogenesis of cervical spondylosis (CS), quantification remains difficult and the role of ischemia
and hypoxia on disease progression and disease severity in human CS remains largely unknown.

Therefore, the objective of this study was to assess spinal cord perfusion and oxygenation in
human CS and examine the relationship between perfusion, degree of spinal cord compression,
and neurological status.

Methods: Twenty-two patients with cervical spondylosis with or without myelopathy received

a dynamic susceptibility contrast (DSC) perfusion MRI exam consisting of a novel spin-and-
gradient echo echoplanar (SAGE-EPI) acquisition before, during, and following gadolinium-based
contrast injection. Estimation of relative spinal cord blood volume (rSCBV), the reversible
relaxation rate (/,’), and relative oxygen extraction fraction (rOEF=R,’/rSCBV) was performed at
the site of compression and compared with anterior-posterior spinal cord diameter and mJOA, a
measure of neurological impairment.

Results: rSCBV was linearly correlated with both anterior-posterior cord diameter (R2=0.4667,
P=0.0005) and mJOA (R?=0.2274, P=0.0248). R,’was linearly correlated with mJOA
(R?=0.3998, P=0.0016) but not cord diameter (R2=0.055; P=0.2950). Also, rOEF was correlated
with both cord diameter (R= 0.3440, P=0.0041) and mJOA (R?=0.4699, P=0.0004).
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Conclusions: Results support the hypothesis that spinal cord compression results in ischemia
and hypoxia, and the degree of ischemia and hypoxia is proportional to the degree of neurological
impairment.

INTRODUCTION

Cervical spondylosis (CS) is a potentially devastating neurological condition, and the

most common cause of spinal cord impairment in older patients. 1-3 Although it is

well established that CS is caused by both primary mechanical and secondary biological
injury®8, some critical questions remain regarding the specific cellular changes that

occur during disease pathogenesis. Most notably, despite being hypothesized as a critical
pathophysiological mechanism in CS 4, spinal cord ischemia has not been directly observed
or quantified /7 vivoin CS patients. A number of studies have documented histological
changes 47 and angiography data 89 in CS consistent with ischemia, and experimental work
using animal or preclinical models has demonstrated indirect evidence of ischemia 10:11,
However, quantification of ischemia and hypoxia in CS remains elusive, and the potential
role of spinal cord ischemia and hypoxia on disease progression and severity is prime for
investigation.

In the current study, we use a novel approach to simultaneously estimate relative spinal cord
blood volume (rSCBV) in CS at the site of compression, then measure hypoxia through
relative oxygen extraction fraction (rOEF) by quantifying the MR “reversible transverse
relaxation rate” (R»’), which is the basis for blood oxygen level dependent (BOLD)
functional imaging 12, has been shown to be proportional to oxygen extraction 13-15 and
has been used to characterize hypoxia in both human brain tumors 16:17and stroke 1819, The
goal of this investigation was to assess spinal cord perfusion in CS patients and examine the
relationship between perfusion, degree of spinal cord compression, and neurological status.

METHODS

Patient Population

A total of 22 patients with cervical spondylosis with or without myelopathy were
prospectively enrolled in a cross-sectional study involving advanced MRI and evaluation

of neurological function. Patients were recruited from an outpatient neurosurgery clinic, and
each had at least moderate cervical stenosis on standard cervical MRI, defined as no visible
cerebrospinal fluid signal around the spinal cord at the site of maximal compression. All
patients signed Institutional Review Board (IRB) approved consent forms, and all analyses
were done in compliance with the Health Insurance Portability and Accountability Act
(HIPAA). The cohort included 19 males and 3 females, with a mean age of 56 years

old (range = 40-73 years old). The modified Japanese Orthopedic Association (mJOA)
score was used as a measure of neurological function??. The mean mJOA score for the
patient cohort was 15.4 (range= 10 to 18). Additionally, anterior-posterior cord diameter was
measured on anatomic images to quantify the degree of cord compression. Mean diameter
was approximately 5.1/mm and the range was between 3.3mmand 7.8mm. Supplementary
patient information is summarized in Table 1.
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Conventional Magnetic Resonance Imaging

MRI was obtained on a 3T MR scanner (3T Prisma; Siemens Healthcare, Erlangen,
Germany) using a standard spine coil array for radiofrequency reception. Routine clinical
MRI scans consisted of T1-weighted and T2-weighted sequences in the sagittal plane
and T2-weighted images in the axial orientation. All patients had radiographic evidence
of stenosis, including spinal canal narrowing related to advanced cervical spondylosis
manifested by a combination of facet arthropathy, ligamentum flavum hypertrophy, and
varying degrees of ventral disc-osteophyte compression.

Dynamic Susceptibility Contrast (DSC) Perfusion Imaging Using Multi-Echo Spin-and-
Gradient Echo Echoplanar Imaging (SAGE-EPI)

Dynamic susceptibility contrast (DSC) perfusion imaging was collected using a custom
SAGE-EPI MRI sequence before, during, and after contrast injection (Fig. 1A). To
accomplish this, SAGE-EPI was initiated 15 seconds (10 time points) prior to an injected
bolus dose of 0.1 mmol/kg of Gd-DTPA infused at a rate of 3-5 mL/sec and up to 2 minutes
following injection and saline flush. The SAGE-EPI readout consisted of two gradient
echoes (TE1=14.0ms; TE»=34.1ms), an asymmetric spin echo (TEz= 58.0ms) and a spin
echo (TE4=92.4ms) EPI train in order to acquire quantitative estimates of transverse MR
relaxation rates. The repetition time was 1500ms with a slice thickness of 5mmand no
additional spacing between slices. The resolution was set to 1.875x1.875mm (in-plane) with
a total matrix size of 240x240mm. The total number of repetitions (temporal time points)
was 120 and were isolated to 23 axial slices through the site of compression.

Perfusion Post-Processing

Dynamic perfusion data were first motion corrected using FSL (FMRIB; https://
fsl.fmrib.ox.ac.uk/fsl/; “mcflirt”). Then, regions of interest were drawn around the spinal
cord at the sites of maximum compression (Fig. 1B). All voxels with temporal signal-
to-noise ratio (TSNR) greater than 10 were included to isolate the spinal cord on the
motion-corrected T2-weighted echo (TE,=34.1ms) and averaged together (Fig. 1C-D).
Next, AR,*(t), the dynamic change in transverse relaxation rate, was calculated as:

AR ¥ () = — (TEZ)_] In(S(1)/S(0)) using the average temporal dataset from the 2"d echo from

the dynamic SAGE-EPI time series data within the area of compression, where 7Eis the
echo time from the 2" echo, S(%) is MR signal intensity over time, and S(0) is the baseline
MR signal intensity prior to contrast administration (Fig. 1E). Lastly, a gamma-variate
function was fit to the resulting DSC perfusion time-series data in the form?1:22;

ok o w Ea. 1
AR () =A-(t—10)" e F 31>t (Eq.- 1)

Where A is a scaling factor, aand & determine the bolus shape, and #;is the bolus arrival

time. Lastly, relative spinal cord blood volume (rSCBV) was estimated by integrating the
resulting gamma-variate model fit to 4R, * (r) time series (Fig. 1E).
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rSCBV = / A R3(1)dt (Eq. 2)

Estimation of Hypoxia and Oxygen Extraction Using Ry’ from SAGE-EPI Baseline and
rSCBV

Within the same ROI (Fig. 1B), measurements of R,*and R,were performed by averaging
the SAGE-EPI data acquired prior to and following bolus injection of gadolinium (Fig. 1D).
Data from all four echoes (Fig. 2) were used to estimate R,*and R, which represent the
change in the transverse relaxation rates, by solving the following linear equation?’:

A=Y's (Eq.3)
where
ln(Sl) 10 —TEl 0 ln(SO)
In(S») 10 —TE, 0 In(8)
= Y = LA = % (Eq. 4)
In(S3) 1 —1 —TE4+TE; TE;—2-TE;3 R5
ln(S4) 1 -1 O —TE4 R2

where S, is signal magnitude for the n' echo and & is the differences in residual signal
differences introduced from imperfectly matched slice profiles. Average R’ was then
estimated using Ry, = Ry x — Ry. Lastly, the relative oxygen extraction fraction (rOEF) was

estimated as:

’

2
rOEF « SCBV

(Eq.5)

as rFOEF has been shown to be proportional the ratio of R,’to rSCBV/14.15.23

Statistical Analysis

As described above, the average rSCBV, R, and rOEF extracted from ROIs drawn around
the spinal cord at the sites of maximum compression for each patient were measured. A
student’s t-test was used to test whether 7SCBV, R, and rOEF were significantly different
in patinets with T2 hyperintensity within the cord at the site of compression. Pearson’s
correlation coefficient was used to test the hypothesis that 7SCBV, R, and rOEF were
linearly correlated with the degree of compression estimated from measures of anterior-
posterior spinal cord diameter and measures of mJOA. An ~test was used to determine
whether the slope of the line represented by this correlation was significantly different from
zero. P-values less than 0.05 were considered statistically significant. GraphPad Prism 7.0d
was used for statistical comparisons (GraphPad Software, La Jolla, CA).

World Neurosurg. Author manuscript; available in PMC 2022 February 01.
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The observational data suggested patients with a lesser degree of compression and better
neurological function tended to have higher estimates of rSCBV (Fig. 3A-B) and lower
estimates of R’ suggesting patients with significant compression and functional deficits
may have more ischemia (lower rSCBV) and hypoxia (higher R»?, respectively. Fig. 3A-C
illustrates sagittal T2-weighted images, axial T2-weighted images at the site of compression,
and average DSC perfusion time series in a neurologically intact 52-year-old female CS
patient with no functional deficits. In contrast, Fig. 3D-F illustrates similar images and
average DSC perfusion time series in a 67-year-old female CS patient with neurological
deficits, a high degree of cord compression, and an mJOA score of 10. The area under the
DSC perfusion time curve, or rSCBYV, is smaller in the patient with high cord compression.

Quantitative measurements of individual patients suggested patients with lower spinal cord

volume (rSCBV) had higher degrees of compression (Fig. 4A; R2=0.4667, P=0.0005), as

measured by anterior-posterior cord diameter, and lower mJOA scores (Fig. 4B; R2=0.2274,
=0.0248). No significant association was observed between R,’and degree of spinal

cord compression as estimated by anterior-posterior cord diameter (Fig. 4C; R2=0.055;
=0.2950); however, patients with higher measurements of /,’, suggesting more hypoxia,

appeared to have lower mJOA (Fig. 4D; R2=0.3998, P=0.0016).

Oxygen extraction (rOEF) was estimated using both R,’and rSCBV and correlated with
cord compression, and mJOA score. A statistically significant correlation was observed
between rOEF and anterior-posterior cord diameter (Fig. 4E; RZ= 0.3440, P=0.0041).
Additionally, a strong significant correlation was observed between rOEFand mJOA (Fig.
4F; R2=0.4699, P=0.0004), implying patients with higher oxygen extraction at the site of
compression may suffer from worse neurological function.

A total of 17 of the 22 patients (77%) exhibited some degree of T2 hyperintensity within the
spinal cord at the site of compression. No significant difference in rSCBV was observed in
patients with T2 hyperintensity (P=0.5756), although patients with T2 signal change tended
to have slightly (~8%) lower relative blood volume. Virtually no difference in Ry’ was
observed between patients with T2 signal change within the cord and those with normal
signal intensity (P=0.9651). Similarly, measures of rOEF were not significantly different
between patients with and without T2 signal change (P=0.6034), but patients with signal
change tended to have slightly higher (~10%) relative oxygen extraction fraction.

DISCUSSION

There is mounting evidence from both post mortem human and animal model investigations
that ischemia plays a significant role in CS pathogenesis, yet direct demonstration of

this mechanism in vivo has been elusive to date. Human histopathological autopsy

studies have demonstrated a consistent pattern of deleterious changes including cystic
cavitation and focal necrosis in the central gray and white matter that progresses to

lacunae, gliosis, and anterior horn dropout?4. These findings are consistent with animal
studies that have demonstrated that anterior-posterior spinal cord compression results in

World Neurosurg. Author manuscript; available in PMC 2022 February 01.
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decreased blood flow to the compressed spinal segment 2°. The decrease in microcirculation
blood flow is postulated to be caused by obstruction of the anterior sulcal arteries

and transversely coursing arteries in the central gray matter %26, Additional sources of
ischemia include impairment of the radiculomedullary arterial diameter by a sufficiently
narrowed intervertebral foramen® and vessel wall thickening and hyalinization in the anterior
spinal artery and parenchymal arterioles 4. These findings have been supported by MR
spectroscopic imaging studies showing lactate peaks in the spinal cord spectra of CS
patients2’, a sign of anaerobic metabolism providing cellular biochemical evidence of spinal
cord ischemia.

In contrast to the spinal cord, both blood flow and tissue oxygen demand have been well
studied elsewhere in the CNS. Cerebral autoregulation is modulated by many factors, with
the ultimate goal of maintaining cerebral perfusion and preservation of tissue oxygenation.
Cerebral blood flow measurements play a vital role in the treatment of a variety of
neurological disorders that affect the brain including stroke?1:22, subarachnoid hemorrhage
28 and traumatic brain injury2®. The ability to successfully and reliably measure cerebral
blood flow has revolutionized the manner in which these conditions are treated and greatly
improved outcomes.

The present study has elucidated a number of novel findings in the assessment of CS
patients. We found a strong correlation between decreased anterior-posterior diameter of
the spinal cord and decreased spinal cord blood volume. This is consistent with animal
studies that demonstrated that spinal cord compression is associated with decreased spinal
cord blood flow. The exact source of compromised flow in the human spinal cord
microcirculation is beyond the scope of our study, yet based on animal studies it is most
likely due to compression of the anterior sulcal and grey matter arteries. Another previously
undescribed finding is the statistically significant relationship between spinal cord blood
flow and neurological status, as measured by the mJOA score. This result further highlights
the role of ischemia in CS pathogenesis.

Consistent with the aforementioned relationship between spinal cord ischemia and
neurological function, a higher degree of hypoxia as measured by R,’was similarly
associated with a poorer neurological function. However, in contrast to spinal cord

ischemia, spinal cord hypoxia was not statistically correlated with the degree of spinal cord
compression. On first glance this finding may appear to be inconsistent with the premise that
compromised blood flow is a major component of CS pathogenesis. However, this difference
in the relationship between ischemia/hypoxia and spinal cord diameter can be explained by
the spinal cord oxygen extraction measurements (#OEF). The degree of spinal cord oxygen
extraction was significantly correlated with anterior-posterior spinal cord diameter. Of all

the measurements performed in this study, the strongest correlation was between oxygen
extraction and mJOA score, indicating that patients with a higher oxygen extraction have
worse neurological function. Thus, although a decreased spinal cord diameter was associated
with decreased blood flow, the determination of spinal cord hypoxia is in part dependent

on the ability of the tissue to extract oxygen. As the spinal cord becomes more compressed
and blood flow decreases, there is an apparent stimulus to extract more oxygen from the
compromised vasculature, likely as a method to prevent hypoxia in the face of ischemia.

World Neurosurg. Author manuscript; available in PMC 2022 February 01.
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These alterations in spinal cord oxygen extraction, along with autoregulation, can be
considered a compensatory mechanism designed to maintain tissue perfusion, and equivalent
mechanisms have been extensively studied in the brain. It is believed autoregulation,

which causes an increase in cerebral blood flow via vasodilation of resistance arterioles,

is the initial compensatory mechanism employed during a significant decrease of cerebral
perfusion pressure30. Once autoregulation is exhausted due to a critical reduction of cerebral
perfusion pressure, and cerebral blood flow further falls, increases in cerebral oxygen
extraction are utilized to maintain cerebral oxygen metabolism. An argument can be made
that a reduction of spinal cord blood flow by direct compression and chronic vessel wall
injury can similarly lead to compensatory increases in spinal cord oxygen extraction.

Itis very likely that ischemia and spinal cord compression work synergistically in the
pathogenesis of CS and should not be evaluated in isolation. In an experimental model of
compression myelopathy using dogs, Gooding et a/11 demonstrated that the neurological
sequelae of spinal cord ischemia appear additive to that of compression, such that ischemia
and compression cause a greater degree of impairment than either mechanism alone.

In addition to CS, there are other potential applications for spinal cord perfusion imaging.
There has been increasing interest in the assessment, and potential treatment of increased
intraspinal pressure following acute traumatic spine injury, with the ultimate goal of
preventing spinal cord ischemia and further injury, akin to that following traumatic brain
injury. Several different methodologies have been advocated to measure and treat increased
intrapsinal pressure including subdural probes 31-33and lumbar drainage 34:35. Although
these specific techniques have not been universally adopted, the concept of preventing

or minimizing spinal cord ischemia following traumatic SCI with techniques such as
hypertensive therapy 3¢ are widely accepted, and the ability to measure spinal cord perfusion
parameters such as blood flow and oxygen extraction could be a helpful addition to our
diagnostic and therapeutic armamentarium. Similar benefits could be actualized in the
management of other etiologies of spinal cord ischemia such as those with presumed
vascular insufficiency following abdominal aortic repair 37:38, that may undergo prophylactic
or postoperative lumbar drain placement to diminish intraspinal pressure.

While dynamic contrast enhanced (DCE) perfusion MRI has been performed to evaluate
blood spinal cord barrier integrity3940, to our best knowledge, the present study is the first
to successfully estimate relative spinal cord blood volume and oxygen extraction in human
patients with CS using dynamic susceptibility contrast (DSC) perfusion MRI. DSC-MRI
relies on fast imaging techniques to image the first past of MR contrast as it travels through
the vasculature to estimate blood volume and flow. Because of the significant magnetic
susceptibility gradients present around the spinal cord due to the nearby presence of bone
and CSF, combined with the relatively small size and potential motion of the cord, common
techniques for brain perfusion imaging (e.g. echoplanar imaging) are challenging. Due to
the difficulties with image artifacts, we chose to pool voxel data with high signal-to-noise
(SNR) inside the spinal cord throughout the site of compression for each patient, then use
these values as an estimate of spinal cord perfusion at the site of injury. Future studies aimed
at further improving the SNR and reducing susceptibility-related image distortion will allow
for maps of localized changes in blood perfusion in the spinal cord; however, this remains
difficult given current technology.

World Neurosurg. Author manuscript; available in PMC 2022 February 01.
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The present study largely serves as an initial proof of concept investigation, and is the first
to directly link spinal cord hypoxia and ischemia to degree of impairment in CS patients.
Two potential applications of this technology include the use of perfusion imaging to assess
disease progression in non-operatively treated patients, as well as the ability of perfusion
imaging to predict outcome following surgical decompression. Both of these applications
were beyond the scope of this initial investigation but will be assessed in future studies.

CONCLUSIONS

In summary, results from the current study support the hypothesis that spinal cord
compression due to CS may result in both cord ischemia and hypoxia, and the degree

of ischemia and hypoxia at the site of compression appears proportional to the degree of
neurological impairment.
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Fig. 1:

A) Spin-and-gradient echo echoplanar imaging (SAGE-EPI) MRI pulse sequence showing
acquisition of 4 echoes per repetition time (TR). RF = radiofrequency pulses. Gx, Gy,

Gz = gradients applied in the x, y, and z orientation. B) Region of interest (ROI) at the
site of compression. C) Diagram depicting MR signal intensity as a function of time for
all voxels in the spinal cord at the site of compression following contrast bolus injection
(gray lines), window of bolus injection (blue area)), and average MR signal intensity time
course (black line). D) Average MR signal intensity versus time (black line) during bolus
injection (blue area) along with baseline and post-bolus time periods (green areas) used
for Ry’ measurement. E) Average transverse relaxation rate as a function of time (R>*(2)
and gamma-variate fit (red line) used for estimation of relative spinal cord blood volume
(rSCBV).
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Fig. 2:

A) Axial T2-weighted image and corresponding SAGE-EPI images with B) echo time
(TE)1=14.0ms, C) TE,=34.1ms, D) TE3=58.0ms, and E) TE4=92.4ms at the site of
compression in a patient with CS.
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Fig. 3:

A—gC) 52-year-old female patient with mJOA=18 and anterior-posterior cord diameter of
5.1mm. D-F) 67-year-old female patient with mJOA = 10 and anterior-posterior cord
diameter of 4.5mm. A,D) A) Sagittal T2-weighted image. B,E) Axial T2-weighted image
at the site of compression. C,F) Dynamic transverse relaxation rate (R>*(t)) perfusion time
series average raw data (black line) and gamma-variate model fit (red line) during bolus
injection.
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Relative Spinal Cord Blood Volume (rSCBV)
at Site of Compression vs. mJOA
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Linear correlations between perfusion measures and clinical function at the site of
compression: A) relative spinal cord blood volume (rSCBV) and anterior-posterior spinal
cord diameter (R2=0.4667, P=0.0005); B) rSCBV and mJOA (R?=0.2274, P=0.0248);

C) reversible transverse relaxation rate (/,’) and anterior-posterior spinal cord diameter
(R?=0.055, P=0.2950); D) R,’and mJOA (R°=0.3998, P=0.0016); E) relative oxygen
extraction fraction (fOEF) and anterior-posterior cord diameter (R2=0.3440, P=0.0041); and
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F) rOEF and mJOA (R2=0.4699, P=0.0004). Solid and dashed lines represent best-fit line
and 95% confidence intervals, respectively.
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