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Abstract

Despite widespread use, the efficacy of epidural corticosteroid injections (ESI) for osteoarthritis-
associated neck or radicular pain remains uncertain, so even rare serious complications enter into
discussions about use. However various factors impede investigation and publication of serious
adverse events. To that end, we developed new magnetic resonance imaging (MRI) techniques for
spinal cord white-matter quantification and employed best-available physiological tests to
characterize a cervical spinal cord lesion caused by inadvertent intramedullary injection of Depo-
Medrol. A 29-year-old woman with mild cervical osteoarthritis had 2 years of headache and neck
pain (concussion and whiplash) after two minor motor-vehicle accidents. During C5-6 ESI, she
developed new left-sided motor and sensory symptoms and MRI demonstrated a new left dorsal
spinal cord cavity. Mild left-sided motor and sensory symptoms have persisted for more than 2
years, during which time we performed serial neurological examinations, standard
electrodiagnostics, somatosensory evoked potentials, and transcranial measurement of
corticospinal central motor conduction time (CMCT). We used 3 tesla MRI with a 32-channel coil
developed for high-resolution cervical spinal cord structural imaging, diffusion tensor imaging
(DTI) and magnetization transfer (MT). T,*-weighted signal, DTl and MT metrics showed
delayed spread of the lesion across four vertebral levels rostrally, consistent with Wallerian
degeneration within the ascending left dorsal columns. However only CMCT metrics detected
objective correlates of her left hemiparesis and bilateral hyperreflexia. DTl and MT metrics may
better distinguish between post-traumatic demyelination and axonal degeneration than
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conventional MRI. These tests should be considered to better characterize similar spinal cord

injuries.

1. Introduction

Two prospective [18,49] and a half-dozen retrospective studies (vide infra) find
complications rare but relatively more frequent after cervical than lumbar epidural-steroid-
injection (ESI) [47]. Intramedullary injection can only complicate cervical or the rare
thoracic injections because lumbar-ESI is performed below the conus medullaris. Usually-
minor complications of cervical-ESI include vomiting, flushing, hypotension, neck pain,
dural puncture causing intracranial hypotension, and systemic corticosteroid effects [1,14].
Variably severe complications include subdural and intra-arterial injection, abscesses and
granulomas, meningitis, osteomyelitis, plus nerve-root injury from needle, injectate,
infection, or scarring. Spinal cord and brain injury are universally considered serious
adverse events. Cervical spinal cord injury (SCI) is considered particularly serious because
of potential involvement of the arms as well as the legs (quadriparesis), cardiorespiratory
compromise, and sudden death.

In this article we present a case of intramedullary injection during interlaminar ESI
procedure. Literature search in 2011 revealed some dozen published cases of cervical-SCI
after interlaminar approach to cervical-ESI [1], plus several cases after nerve-root-sheath
injections. Serious complications include two epidural abscesses (approach unspecified,
presumed interlaminar) [23,50], six epidural hematomas between 1996 and 2005 (reviewed
in [1]) and one subdural hematoma [38], with outcomes ranging between full recovery to
paraplegia. We identified only 3 prior cases of injection into or through the cervical cord
during cervical-ESI; one from transforaminal approach [28] and two from interlaminar
approach 1-1.5 cm lateral to the midline [22]. These two occurred in sedated patients and
prompted recommendation to keep patients alert and able to report any new symptoms [22].

For new neurological complaints after spinal injection, imaging, which defines diagnosis
and treatment, should be performed urgently and compared to pre-procedure studies (Figure
1). Conventional magnetic resonance imaging (MRI), including T1-weighted (T1w), Tow
and To*w sequences identify necrosis, edema, ischemia and compression, but have low
specificity and sensitivity for white-matter tract integrity.

Advanced MRI techniques more specific to white matter structure have altered
understanding of common brain diseases including stroke and multiple sclerosis [34,45],
however they are not yet common in spinal cord imaging. Magnetization transfer (MT) is
sensitive to demyelination [33,36], while diffusion tensor imaging (DTI) is sensitive to both
demyelination and axonal degeneration [43]. Their relative value is debated [32,51], but
combining them may improve spinal cord assessment [8,37]. Here, we evaluated the utility
of multi-parametric MRI in SCI by combining T1w, Tow, To*w, DTl and MT. We
developed a new coil [11] that enables very high resolution (300 microns). Radiological
examination was correlated with serial neurological examination and comprehensive
physiological tests of spinal cord integrity.

2. Methods

2.1. Design

Using an approved IRB protocol, clinical and radiological data were collected from a 29
year-old woman after cervical ESI. In addition to the experimental MRI technique
developed for this case, she was also evaluated with conventional diagnostic MRI and all
available tests of integrity of peripheral and spinal motor and sensory pathways, specifically
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conventional electromyography and nerve conduction study, upper- and lower-limb
somatosensory evoked potentials, and measurement of upper- and lower-limb central motor
conduction time (CMCT) using transcranial magnetic stimulation (TMS) of the motor cortex
[16]. Comprehensive medical records from before and post-injury records for up to 28
months were analyzed. Data from other providers were obtained through IRB-approved
retrospective medical-record review.

2.2. Subject Case History

This young woman had two low-speed motor vehicle accidents in 2008 that caused whiplash
and concussion, including chronic neck pain and cervicogenic headache. These were treated
unsuccessfully by outside practitioners with physical therapy, chiropractic manipulation,
multiple medications and multiple injections. Two diagnostic local-anesthetic medial-branch
blocks at C2 and C3 gave temporary pain relief so she underwent radiofrequency ablation of
the primary ramus of the left and right C2 and C3 roots. This improved left occiput pain but
worsened right occiput pain. This was treated with local-anesthetic blocks of the greater and
lesser occipital nerves (side unspecified) and two sets of injections of local anesthetic and
methylprednisolone acetate into 12 bilateral trigger points at one-month interval. The plan
was for 3 subsequent cervical-ESI.

The first ESI was performed on 11/23/09 at the C4-5 intervertebral space. 1.5 cc of 1%
lidocaine was administered subcutaneously with a 1.5” 25G needle. A 20G Tuohy needle
was then advanced via a midline approach under fluoroscopic guidance using the hanging-
drop technique. Two cc of Omnipaque-180 were injected for fluoroscopic visualization prior
to injecting 80 mg of Depo-Medrol (methylprednisolone acetate injectable suspension;
Pharmacia and Upjohn Division of Pfizer, New York, NY) in an unspecified volume after
negative aspiration. This was well tolerated, and ESI was repeated on 12/16/09 at the C5-6
intervertebral space after subcutaneous administration of 1.5 cc of 1% lidocaine with a 1.5”
25G needle via a midline approach. After negative aspiration, an 18G Tuohy needle was
used to inject 1 cc of Omnipaque-180 and then 2 cc of preservative-free normal saline
containing 80 mg of Depo-Medrol. The records document that the patient complained of
sudden left arm and leg muscle spasms after the subcutaneous lidocaine; these remitted and
the procedure was completed. Post-procedure examination documented that “sensation was
diminished on the left side of her body from her elbow down her left arm and down the
trunk from the shoulder through her left leg and foot. Tone was increased in the upper left
and lower extremity. Arm and leg reflexes were not tested; Babinsky (sic) reflex was
negative.” 500 cc of normal saline and 2 mg of midazolam were administered intravenously.
Between 20-45 minutes post-procedure, the tone and sensation in her left hand and then left
leg were reported to normalize. She was discharged to home with a Medrol Dosepak
reporting only sensory loss in the left lower extremity between the groin and knee. Review
of the fluoroscopic records by the proceduralist reported contrast in the epidural space
without intrathecal or intravascular spread.

On the following day the patient went to the Emergency Department of an outside hospital
because of left-sided weakness and sensory abnormalities. Conventional cervical MRI
(Figure 1B) identified a linear T, hyperintensity within the C5-6 left dorsal cord that had
not been present on the cervical MRI of 10/15/2009 (Figure 1A). This prompted admission
to the hospital and examination identified left foot-drop that was attributed to acute cervical
myelopathy. This diagnosis was treated with intravenous dexamethasone and the patient was
transferred to the Massachusetts General Hospital Neurology service. Here, neurological
examination on 12/19/2009 identified left-only weakness of flexion and extension at the hip
(4+/5), knee (4/5), and foot (4+/5). The sensory and reflex exams were normal and her gait
had excess knee elevation consistent with foot drop (weakness of foot dorsiflexion). On
12/20/2009 neurological examination corroborated this weakness and documented reduced
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left-leg temperature sensation. Flexion/extension neck X-rays were normal and cervical MRI
(not shown) documented the prior mild degenerative changes and a 2 mm-diameter, To-
hyperintense, non contrast-enhancing, signal in the posterior cord to the left of midline
extending between the C5-6 level and mid C7. On 12/22/2009 examination revealed mild
sensory deficit in the C5 dermatome of the left upper extremity and 41 and 5™ finger,
markedly reduced touch sensation from the mid-abdomen down to her knee and mild loss of
touch on the left calf and bottom of left foot. Proximal and distal strength was 3+/5 in the
left leg, reflexes were 3+, more brisk on the left, and rectal tone was normal. She was
discharged to home with outpatient follow-up.

At 6 weeks post-injury, repeat conventional MRI (not shown) revealed a slightly larger (3
mm diameter) C5-6 CSF-intensity cavity. Examination at 8 weeks post-injury showed that
she used an ankle-foot orthotic and cane to walk, had 5-/5 left-arm weakness, 4/5 left-leg
weakness with foot drop, and early left-leg spasticity without Babinski reflex or ankle
clonus. She reported onset of sharp pain and tingling radiating distally along her left arm and
leg. She denied bladder or bowel changes. Her recovery was complicated by depression
requiring hospitalization.

At 7.5 months post-injury her left hemiparesis persisted and she reported new occipital
numbness (sensory loss) triggered by neck extension and relieved by neutral positioning of
her head. With the prolonged neck extension of MRI, even her ears became numb, a
phenomenon interpreted as similar to I’Hermitte’s sign. Sensory testing with a pin
documented mild bilateral occipital sensory loss with neutral neck position, which worsened
and spread to the vertex during neck extension. Her reflexes were bilaterally brisk below the
jaw, more so in the legs and on the left, with a left-only Babinski reflex.

At 12.5 months post-injury constant headache, left foot drop and intermittent occipital
numbness persisted and intermittent left leg and foot muscle cramps along with left hand
tingling and “slowness”. Examination found left-only reduced occipital pin sensation, mild
left-leg increased tone and mild distal-predominant left-sided weakness in her upper and
lower extremities. Her reflexes remained bilaterally brisk in the legs and on the left, with
both plantar reflexes flexor. At 16 months post-injury the above signs and symptoms
persisted (Figure 2). Walking had improved with physical therapy and baclofen but she still
used an ankle-foot orthotic and cane, and left foot and toe flexion remained weak. She still
reported patchy sensory loss affecting her entire left leg up to the hip. She noted a
“hypersensitive” spot on her left instep. At 28 months post-injury her examination was
unchanged.

2.3. Radiological Methods

The subject underwent two MRI sessions: at 32 weeks and at 51 weeks post-injury. We used
a 3T system (Tim Trio, Siemens Healthcare) with a custom-made 32-channel head/spine
receive coil [11]. The coil was designed to optimize spatial resolution (due to a two-fold
increase in sensitivity compared with the standard coil) and low susceptibility-related
distortions in DTI (due to higher achievable acceleration factors). The 48-minute protocol
included:

1. Sagittal 3D T1w magnetization-prepared rapid acquisition with multiple gradient
echoes [48]. TR/TI = 2530/1200 ms, TE =[1.8; 3.7; 5.7; 7.6] ms, flip angle = 7°,
field of view (FOV) = 230x230 mm?, voxel size = 0.8x0.8x0.8 mm3, bandwidth
(BW) = 651 Hz/pix.

2. Sagittal Tow turbo spin echo (2D TSE). TR/TE = 3500/101 ms, flip angle = 160°,
FOV = 220%x220 mm?, 0.7x0.7x3mm?3, BW = 260 Hz/Pix.
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3. Axial To*w multiecho fast low angle shot (2D FLASH). TR/TE = 781/17 ms, FOV
=192x192 mm?2, 0.5x0.5x3 mm3, flip angle = 30°, R=3 acceleration factor, BW =
260 Hz/pix, 3 repetitions. During the second session (week 51) we also acquired
images at 0.3x0.3 mm in-plane resolution.

4, Axial Tow 2D TSE. TR/TE =2000/102 ms, flip angle = 150°, FOV = 200x200
mm2, 0.6x0.6x3 mm3, R=3, BW = 284 Hz/Px, 3 repetitions.

5. Axial diffusion-weighted echo planar imaging (EPI). Slices were centered in the
middle of vertebral bodies to limit susceptibility artifacts [9] and covered C2 to T2.
TR/TE = 2020/118 ms, FOV = 83x83 mm?, 0.6x0.6x5 mm?3, R=2, 30 diffusion
gradient directions, b-value = 700 ss/mm2, BW = 758 Hz/Pix, cardiac gating, 4
repetitions. To minimize ghosting saturation bands were positioned anteriorly and
posteriorly to the spinal cord.

6. Proton density weighted 2D FLASH with and without MT pulse. TR/TE =
1070/2.52 ms, FOV = 204x192 mm?, 0.6x0.6x5 mm3, flip angle = 60°, BW = 313
Hz/Pix, Gaussian MT pulse: duration=9984 s, frequency offset=1200 Hz.

2.4. MRI Data processing

Structural images (axial To*w and T,w) were corrected for patient motion using 3D rigid-
body realignment via FSL FLIRT [24] and then averaged across repetitions. DTI data were
split along the Z direction, motion-corrected on a slice-by-slice basis, and averaged across
repetitions. Diffusion tensor and related metrics were estimated voxel-wise. Of all metrics
computed, the fractional anisotropy (FA), first eigenvalue (axial diffusivity) and the average
of the 2"d and 3™ eigenvalues (radial diffusivity) were further considered for analysis.
Proton density weighted volumes with and without MT pulses were co-registered using the
non-linear method available in FSL FNIRT [42]. The magnetization transfer ratio (MTR)
was computed voxel-wise using [(So — SmT) / So] * 100, where Sy and Syt are the proton
density weighted image without and with the MT pre-saturation pulse, respectively.
Cerebrospinal-fluid-normalized MT (MTCSF) was computed by dividing the MT image by
the mean CSF intensity of the non-MT image [53]. The mean CSF was computed for each
slice independently.

Regions of interest (ROI) were manually defined using geometry-based information [8]. To
avoid definitional bias, 7.e., circularity induced by defining ROIs based on DTI or MT
metrics, ROIs were defined on T,-weighted b=0 EPI (for DTI analysis) and proton density
weighted images (for MT analysis). Lateral portions of CST and dorsal columns were
isolated from C2 to T3.

2.5. Statistical Analysis

Statistical analysis was performed using Matlab (The Mathworks, MA, USA). Gaussian
distribution of DT and MT metrics was first assessed using a chi-square goodness of fit.
This test passed for each metric (P < 0.05). Two-way ANOVA was performed for metrics
rostral to the primary lesion (C2—C5). The primary lesion was excluded to study white-
matter changes distal from the lesion epicenter. Independent variables were: ROIs (dorsal
left, dorsal right) and session (week 32 and week 51). Post-hoc analyses included 2-tailed
Student’s #test paired for vertebral levels to test the effect of laterality (right versus left
ROIs). Tests were Bonferroni-corrected for comparison between the two sessions. To test
changes between sessions, we computed the ratio between right and left ROIs and
performed two-tailed Student’s #test paired by vertebral level.

Pain. Author manuscript; available in PMC 2013 November 01.
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3. Results

3.1. Non-radiological test results

Somatosensory evoked potentials were assessed at 13 months post-injury. Stimulation
applied over the median nerves at the wrist (200 ps; 5/s, minimum 500 superimposed
stimuli) elicited normal amplitudes, latencies, inter-peak latencies and no right-left
differences. Stimulation applied over the posterior tibial nerves at the medial malleolus (11
mA, 200 ps; 2-5/s, minimum 500 superimposed stimuli) elicited symmetrical normal
peripheral and central latencies and was interpreted as normal. Electromyography and nerve
conduction study performed at 15 months post-injury excluded potential peripheral causes of
her continuing hemiparesis — most importantly nerve-root compression, which commonly
accompanies spinal osteoarthritis. Motor and sensory nerve conduction was normal in both
legs, as was muscle activity in proximal and distal left-leg muscles.

Central motor conduction time (CMCT) was performed by applying transcranial magnetic
stimulation (TMS) to both motor cortices and measuring the latency of spread of compound
action potentials down the corticospinal tract to specific muscles. When tested at 16 months
post-injury, CMCT was slightly prolonged (8 ms, normal defined as 5 + 2 ms) for
conduction to both the left and right biceps (innervated by C5-6). Conduction to the first
dorsal interossei bilaterally was minimally prolonged on the left (8 ms) as compared to the
right (7 ms, normal value 6 £ 1 ms), although the clinical report interpreted all of the above
as normal. CMCT was abnormally prolonged to the right (21 ms) and more so the left (26
ms) tibialis anterior muscles (normal <13 ms) interpreted as conduction delay below cervical
spinal levels.

3.2. Radiological results

3.2.1. Conventional MR imaging—MRI performed one day post-procedure revealed a
new linear T, hyperintense lesion in the left dorsal cord at C5-6 (Figure 1B). Its
configuration implicated injectate injury rather than infarction or needlestick alone. It was
1.6” inches deep to the posterior skin surface, 2.1 cm in rostrocaudal length, and 0.24 cm in
transverse diameter, with an estimated volume of 0.063 cc (63 mm3) assuming an ellipsoidal
shape. At six weeks post-procedure, the lesion was larger in all dimensions. At 32 weeks
post-procedure, it had diminished and had become isointense to CSF on strongly T1- and T»-
weighted images, consistent with evolution of cavitary myelomalacia (Figure 3A,B). New
increased T,- and T,o*-weighted signal had appeared within the left dorsal cord rostral to the
primary lesion, extending from C5 to at least C2 (the rostral margin of the field of view),
consistent with Wallerian degeneration of the ascending dorsal-column somatosensory tract
(Figure 3C, D). T»- and T,*-weighted signal were normal caudal to the primary lesion
extending to T3 (the inferior margin of the field of view), providing no evidence of
Wallerian degeneration of the descending lateral corticospinal tracts. At 51 weeks post-
procedure, these findings were unchanged (Figure 3C, D). Gray-white differentiation and
lesion conspicuity were greater on To*-weighted sequences than T,-weighted sequences.

3.2.2. DTl and MT metrics—At 32 and 51 weeks post-injury, DTl and MT findings
(Figure 4) correlated with the anatomic distribution of T, and T,* signal abnormalities. In a
level-by-level analysis from C2 through T3, FA was decreased and MTCSF was increased
in the left dorsal cord compared with the right from C2 to C5 (i.e., rostral to the primary
lesion), while these dorsal cord metrics were symmetric from C7 to T3. The same trends
were observed at weeks 32 and 51. Results of the two-way ANOVA are summarized in
Table 1. Significant effects of the dorsal ROIs were detected for FA, radial diffusivity,
MTCSF and MTR. Post-hoc analyses revealed significant left-right differences in the dorsal
spinal cord between C2 and C5 for both sessions (Figure 5). In the left dorsal segment, FA
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was decreased, axial diffusivity was unchanged, radial diffusivity was increased, MTCSF
was increased and MTR was decreased. No significant left-right differences were detected
laterally. No significant between-session differences were detected in the dorsal cord for FA
(P=0.06), axial diffusivity (P=0.93), radial diffusivity (= 0.37), MTCSF (P=0.17), or
MTR (P=0.08).

4. Discussion

This is the first report of lengthy follow-up, detailed neurological testing, and advanced
spinal cord imaging of a patient with apparent intramedullary injection during cervical ESI.
We know of only 3 prior published cases [22,28]. In addition to immediate damage, the
advanced MRI techniques used, including a new highly sensitive coil and multiple
sequences able to distinguish white-matter degeneration from demyelination, revealed
previously unreported delayed radiological changes most consistent with Wallerian
degeneration of the injected ascending dorsal column. However, measurement of central
motor conduction time (CMCT) after transcranial magnetic stimulation was the only test
that identified the correlate of her motor deficits. CMCT demonstrated that the injury
extended beyond the radiologically visualized lesion to involve the corticospinal tract; thus,
radiological imaging alone may be insufficient to document the extent of such injuries.

Injecting into the spinal cord is universally contraindicated. Needlestick alone can cause
injury, but in this case there was almost certainly additional injury from injectate, based on
development of a cavitary lesion plus involvement of more than one spinal cord tract.
Injectate can injure by mechanical disruption of nearby cells, chemical toxicity, and high
osmolarity that triggers later disruption from edema. The small size of the cavity does not
necessarily predict the volume of injectate within the spinal cord because radiological/
pathological correlations are unestablished. We considered which among the specific
injections and injectates was causal. Intra-procedural fluoroscopy reportedly exonerated the
contrast. The patient reportedly first complained of symptoms during local-anesthetic
administration, but a 1.5” needle could not easily cause this lesion even with skin
depression. A needle would have to traverse 2.26” to cause a 1.6” deep injury, assuming a
45 degree caudal angle was used to penetrate between the angled spinous processes. Plus,
local anesthetics acutely cause flaccid paresis, not the muscle spasms and increased tone
documented. Thus the Depo-Medrol injection appears the most likely cause.

Intrathecal injections of various substances including water are often neurotoxic and have
caused multiple cases of human paraparesis associated with both demyelination and axonal
degeneration [17,20]. Depo-Medrol is explicitly contraindicated for intrathecal
administration and is intermediate in neurotoxicity among tested preparations [2].
Pathological study demonstrates it can cause axonal and myelin degeneration plus disruption
of the blood-nerve barrier when injected into peripheral nerves [31]; there are no data
concerning effects of injection into brain or spinal cord. Depo-Medrol contains two other
constituents in addition to methylprednisolone acetate. Polyethylene glycol is a water-
soluble polymer used as a dispersant; low concentrations are non-toxic to nerve [3]. Benzyl
alcohol (a-hydroxytoluene) is a bacteriostatic agent. When Depo-Medrol purified of its
additives was intrathecally administered to dogs, this produced focal meningeal and
intramedullary inflammation but no overt neuronal pathology [39], suggesting that the
additives are more neurotoxic than the methylprednisolone. The radiological findings in this
case are consistent with Depo-Medrol toxicity.

The new 32-channel receive coil, designed to maximize sensitivity in the cervical spinal
cord, doubled the signal-to-noise ratio compared to standard commercial cervical spine coils
[11]. To obtain the same signal-to-noise ratio using a commercial coil with half the
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sensitivity would require quadrupling acquisition time. The new coil enabled us to complete
multiple high resolution sequences in a clinically feasible acquisition time (48 minutes).
These revealed abnormal signal change most consistent with delayed Wallerian
degeneration of ascending sensory tracts. Similar T,* hyperintense signal was detected in
the cervical cord of a patient with chronic spinal-cord injury using ultra-high field 7T MRI
[12]. Since T, hyperintensity is not specific for pathological components, i.e. axon injury,
myelin injury, or both [25,43], DTI and MT measures were performed to better characterize
the white matter pathology. Animal [4-6,10,26,27,30,43,44,54] and human [8,13,35,46]
studies of Wallerian degeneration suggest that changes in axial diffusivity are relatively
specific for axonal degeneration and changes in radial diffusivity are relatively specific for
demyelination. The schematic in Figure 6 illustrates these changes in DTI parameters at the
acute, subacute and chronic phase of Wallerian degeneration, based on previous studies
[30,54]. Acutely (hours to weeks), axonal fragmentation creates barriers to axial water
mobility, reducing axial diffusivity. In the subacute through early-chronic phase (months to
one year), activated microglia clear axonal debris, normalizing or even elevating axial
diffusivity. In the late-chronic phase (years), astrocytic scarring can impede axial water
mobility and decrease diffusivity. Radial diffusivity increases during the subacute to early
chronic phase as myelin debris is cleared and it remains high during the late chronic phase.
During all stages, the combined changes of axial diffusivity and radial diffusivity cause
decreased FA, which is therefore less physiologically specific. Wallerian degeneration is
very slow in the CNS, and can last up to 8 years [7].

In this patient, DTI at 8 and 12 months post-injury showed increased radial diffusivity (i.e,
myelin breakdown), unchanged axial diffusivity (likely pseudonormalization after axon
degeneration), and decreased FA in the left dorsal cord from C5 to C2, rostral to the C5-6
cavitary lesion. These DTI metrics most likely identify subacute to early chronic Wallerian
degeneration. MT imaging evaluates interaction between the relatively immobile
macromolecular (i.e., myelin) protons and mobile free-water protons [19,21,52]. MTR
decreases in proportion to demyelination [15,40]. MTR measurements have been difficult in
the cervical cord because of low signal-to-noise ratio and spinal cord movement during
respiration. The alternative we used, CSF-normalized MT imaging (MTCSF), mitigates
these [41]. However, it does not normalize for variations in spin density and T1/T»
relaxation times. If spin density, T4, and T, are normal, then increased MTCSF reflects pure
magnetization transfer effects that can be specifically attributed to demyelination. In this
study, T,- and T,*-weighted signal intensity were abnormal in the left dorsal cord, so the
MTCSF hyperintensity might therefore reflect magnetization transfer, T,/spin density, or
both [41,53]. However, lower MTR at 51 weeks post-injury in the left dorsal cord confirmed
magnetization transfer effects, suggesting demyelination. Thus, both DTI and MT imaging
revealed demyelination in the left ascending dorsal cord, consistent with evolving Wallerian
degeneration.

We also evaluated the utility of other non-radiological tests for this spinal cord injury. The
normal results of electromyography and nerve conduction study served to exclude peripheral
causes. Somatosensory evoked potentials, which assess the dorsal column/medial lemniscal
pathway, were interpreted as normal. SSEP recordings are known to be relatively
insensitive, and can remain normal in patients with significant sensory deficits or lesions, as
here. However, abnormal SSEP results have high positive predictive value for
somatosensory-tract lesions. Measurement of CMCT after transcranial magnetic stimulation
was the most useful non-radiological test, providing the only objective correlate of the
patient’s persistent left-predominant corticospinal-tract damage (Figure 2). Previous studies
reported excellent correlation between CMCT measurements and intramedullary MRI
findings in patients with cervical spondylotic myelopathy [29] but here, CMCT study was
more sensitive than even the most advanced MRI for detecting subtle corticospinal-tract

Pain. Author manuscript; available in PMC 2013 November 01.
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abnormality. The current study suggests that advanced MRI techniques plus additional
physiological diagnostic tests should be considered to more fully identify the extent of injury
after focal cervical spinal cord injuries.
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Figure 1.

Sagittal Tow image of the cervical spinal cord (A) two months before cervical ESI shows
small posterior disc protrusions at C5-6 and C6-7. Other images disclosed no evidence of
significant cord or nerve root compression. Sagittal Tow image (B) one day after cervical
ESI shows new linear T, hyperintensity (arrow) within the dorsal aspect of the spinal cord
from approximately C5-6 through C6-7.
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Figure?2.
This patient has mild persistent left hemiparesis affecting her arm and leg, as shown here 16

months post-SCI and persisting at 28 months post-SCI. Mild left-arm pronator drift (A),
indicating relative left pyramidal (corticospinal) tract dysfunction. Continuing inability to
dorsiflex the left ankle when asked to stand on both heels (B). She required an ankle-foot
orthotic and single cane to walk.
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Figure 3.

Sagittal T;w image (A), sagittal Tow image (B), high resolution axial multiecho T,*w (C)
and high resolution axial Tow (D). Cord T hypointensity and T,/To* hyperintensity at C6
(solid arrows) suggest tissue loss. Cord To/To™* hyperintensity at C5, C4, and C3 (outline
arrows), but not at C7, suggest Wallerian degeneration of the ascending dorsal-column
somatosensory tract. (DAt week 51, a very high resolution multiecho To*w sequence was
acquired (0.3x0.3 mm? in-plane) to further improve characterization of the lesion extent.
Slight image blurring on the second scan is attributed to patient motion.

Pain. Author manuscript; available in PMC 2013 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Cohen-Adad et al.

0.9
0.8
0.7
0.6

Week 32
FA

05
04
03

0.9
08
0.7
06
0.5
0.4
03

Week 51
FA

Figure4.

Quantification of FA and MTCSF along the dorsal spinal cord from C2 to T3 vertebral
levels at week 32 and week 51. Error bars represent the standard deviation within one
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vertebral level. Significant FA reduction and MTCSF increase are detected at and rostral to
the lesion. At week 51 FA and MTCSF values are slightly higher, which could be attributed
to differences in flip angle, patient motion and partial volume effects.
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Figureb5.

ROIs defined on the mean DWI and on the axial proton density (PD) weighted image (A).
ROIls were delineated on the dorsal left (DL), dorsal right (DR), left (L) and right (R)
portions of the spinal cord rostral to the cavity, i.e., from C2 to C5. Mean +/- standard
deviation across slices for DTI and MT metrics (B). Two-tailed Student’s #test paired for
vertebral levels tested the effect of laterality (right versus left ROIs). Tests were Bonferroni-
corrected for comparison between the two sessions. *: £<0.05, **:/£<0.005, NS: Non-
Significant.
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Figure6.

Schematic depicting how DTI metrics change with time after injury. Radial diffusivity (RD)
and axial diffusivity (AD) provide more specificity to various stages of white matter
pathology compared to fractional anisotropy (FA).
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P-values resulting from the two-way ANOVA. The independent variables were: regions of interest (ROISs)

(dorsal left, dorsal right) and session (week 32 and week 51 post-injury). Metrics were quantified from

vertebral levels C2 to C5. Differences for the ROIs are seen for the FA, radial diffusivity, MTCSF and MTR.

ROIs

Sessions  ROI™ Session

FA 00038 00723 06010

Axial Diffusivity 0.8313

Radial Diffusivity 0.0264*

0.0348*  0.9537

0.9197 0.8903

MTCSF 0.0001** 0.0000 ™" 0.7569
MTR 0.0007 ™ o0.0175* 01745
*
P<0.05,
*k
/P<0.005.

P-values are truncated after the fourth decimal.
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