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Abstract

Objective—To investigate the relationship between spinal cord damage and specific motor 

function in participants with incomplete spinal cord injury (iSCI).

Design—single-blinded cross-sectional study design.

Setting—University setting research laboratory.

Participants—Fourteen individuals with chronic cervical iSCI (1 female and 13 males, average 

age = 43 ± 12 years old).

Interventions—Not applicable.

Main Outcome Measures—Axial T2 MRI of spinal cord damage was performed in 14 

participants with iSCI. Each participants’ damage was processed for total damage quantification, 

lateral corticospinal tract (LCST) and gracilis fasciculus (GF) analysis. Plantarflexion and knee 

extension were quantified using an isokinetic dynamometer. Walking ability was assessed using a 

6-minute walk test.

Results—Total damage was correlated with plantarflexion, knee extension, and distance walked 

in 6 minutes. Right LCST damage was correlated with right plantarflexion and right knee 

extension, while left LCST damage was correlated with left sided measures. Right and left GF 

damage were not correlated with the motor output measures.
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Conclusions—MRI measures of spinal cord damage were correlated to motor function, and this 

measure appears to have spatial specificity to descending tracts, which may offer prognostic value 

following spinal cord injury.
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spinal cord injury; magnetic resonance imaging; lateral corticospinal tract; Spinal Cord Toolbox

The potential to recover at least some standing or basic walking ability in patients with 

motor incomplete spinal cord injury (iSCI) is variable and depends on a number of factors 

including, but not limited to, the severity of the injury, age, and the spatial extent and 

location of the spinal cord lesion.1 While the recovery of volitional walking ability is often a 

primary goal in rehabilitation, there remains a paucity of available evidence towards 

predicting which patients will, and to which extent, recover walking function.2

Conventional magnetic resonance imaging (MRI) in the acute stages after SCI can help 

define the spatial extent of a lesion.1,3–11 Sagittal T2-weighted imaging is commonly used 

clinically to provide estimates of the extent of damage (as identified by signal hyperintensity 

on T2-weighted images) along the superior-inferior axis and can be used to assign patients 

into qualitative prognostic categories (i.e. fair, poor).4,5,7 Recently, the amount of spared 

spinal cord tissue bridging, measured using sagittal T2-weighted imaging of spinal cord 

damage, proved to be predictive of neurological and functional recovery after SCI.12 

However, two-dimensional (2D) sagittal sequences typically lack spatial information in the 

axial plane,13 making measurement of the highly specific somatotopic organization of spinal 

cord pathways a challenge. Standard axial T2-weighted images using 2D sequences have yet 

to demonstrate prognostic value for motor recovery.7 This may be due to challenges with 

quantifying the spatial extent and precise location of the spinal cord damage secondary to 

poor spatial coverage along the superior-inferior axis and/or partial volume artifacts.13

Continual advancements in MR technology such as high-resolution three-dimensional (3D) 

T2-weighted sequences and the open-source spinal cord image processing application, the 

Spinal Cord Toolbox, are, however, providing a means to quantitatively assess spinal cord 

damage and its relation to the spinal cord pathways.14,15 Based on a standard spinal cord 

anatomical atlas, a spinal cord template-based white-matter (WM) pathway atlas has been 

created for use within the Spinal Cord Toolbox.16 The WM atlas was created using 

probabilistic modeling and validated using five healthy controls, yet its clinical utility in 

individuals with spinal cord injury has not been explored.16

In this pilot study, we take advantage of these recent innovations and explore the validity of 

using the WM atlas and a novel semi-automated method for quantifying the extent and 

spatial location of the cross-sectional spinal cord damage in participants with iSCI. Before 

the predictive usefulness of such approach can be explored, the correlational value to 

specific motor function in a cross-sectional design must be established.

The purpose of this single blind cross-sectional study was to investigate the relationship 

between spinal cord damage and specific motor function in 14 participants with iSCI. We 

hypothesized that overall total spinal cord damage would be negatively correlated with 
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motor output (ankle plantarflexion and knee extension) and walking ability. We then 

investigated how the extent of damage to two specific white matter tracts were related to 

these measures. As the lateral corticospinal tract (LSCT) conveys descending motor signals 

and the gracile fasciculus (GF) conveys sensory information during walking, we 

hypothesized that the extent of damage to the LCST, but not the GF, would be negatively 

correlated to motor output in an ipsilesional manner. Finally, since both motor output and 

sensory feedback are important for walking performance, we hypothesized that damage to 

these tracts would be negatively correlated with walking ability.

Methods

Participant characteristics

Participants were recruited from an academic hospital’s spinal cord injury database, in 

accordance with Institutional Review Board approval and the Declaration of Helsinki. 

Fourteen individuals with chronic cervical iSCI participated (1 female and 13 males, average 

age = 43 ± 12 years old), and other data from these participants have been previously 

reported.17 See Table 1 for details on the participant characteristics, including time since 

injury.

We certify that all applicable institutional and governmental regulations concerning the 

ethical use of human volunteers were followed during the course of this research according 

to the Declaration of Helsinki, including obtaining informed consent.

Image Acquisition

Imaging of the cervical spinal cord was performed with a 3.0 T Siemens (Munich, Germany) 

Prisma magnetic resonance scanner equipped with a 64-channel head/neck coil. With the 

assistance of trained study personnel, the patients were transferred to the scanner bed and 

placed supine. Following localizer scans, a high-resolution 3D image of the cervical and 

upper thoracic spine was acquired using a T2-weighted single slab 3D turbo spin echo 

sequence with a slab selective, variable excitation pulse (SPACE, TR=1500 ms, TEeff=115 

ms, echo train length=78, flip angle=90°/140°, effective resolution=0.8 × 0.8 × 0.8 mm3, 

interpolated resolution=0.8 × 0.4 × 0.4 mm3).15,18 Patient comfort and safety was monitored 

throughout the imaging session.

Image Processing

An assessor blinded to the clinical history and experimental measures of the patients 

performed image processing using the open-source Spinal Cord Toolbox.14 The first step in 

the processing pipeline was the registration of the images to the MNI-Poly-AMU T2-

weighted spinal cord template. To accomplish this, a binary mask of the spinal cord 

including the lesion was generated to identify the spinal cord in the image. To permit 

accurate registration of the lesioned spinal cord images to the template, the superior and 

inferior boundaries of the spinal cord lesion were identified, and the spinal cord within the 

boundaries of the lesion was filled with the average voxel intensity from the non-lesioned 

cord. The images were then straightened along the spinal cord and non-linearly registered to 

the template. The transformation from this registration was then applied to the lesioned 
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spinal cord images to register the lesion images to the template. To quantify the extent of 

axial cord lesion, the maximum values within the boundaries of the lesion were then 

projected onto the axial plane, and the images were thresholded based on the voxel 

intensities within a non-lesioned 1 cm axial cross-section of the spinal cord immediately 

superior to the lesion. A threshold of two standard deviations above the mean was used to 

define lesioned tissue versus non-lesioned tissue. The extent of spinal cord damage was then 

quantified in the axial plane as the ratio of the spinal cord that was lesioned across the total 

cord and within the right and left LCST and GF using the WM atlas (i.e., damage = lesioned 

area/(lesioned area + non-lesioned area)). The images from each step of the processing and 

analysis pipeline were manually inspected for quality assurance, see Figure 1.

Plantarflexion Torque

All torque measurements were performed under the supervision of a licensed physical 

therapist that was blinded to the imaging findings. For the right and left isometric ankle 

plantarflexion torque measurement, participants were sat in a comfortable position with 

ankles at neutral, knees flexed at 20°, and hips flexed at 75°. Each participant’s trunk was 

secured in the testing seat using both lap belts and shoulder straps, while the participant was 

instructed to rest their hands on the handle bars (near the hips), but to not grip down. 

Maximum volitional torque was quantified following three maximal isometric contractions 

of ankle plantarflexion, each contraction held 3–4 seconds duration in an isokinetic 

dynamometer, each ankle tested separately (Biodex Rehabilitation System v3, Shirley NY 

USA). Verbal encouragement to facilitate maximum torque production was provided during 

each trial.19 Torque traces were monitored online using a biofeedback screen.

Knee Extension Torque

Right and left knee extension torque measurement proceeded in a similar fashion as the 

ankle torque testing (above). Participants were secured in sitting with the feet unsupported, 

knees flexed at 90°, and hips flexed at 75°, with each knee tested separately in an isokinetic 

dynamometer (Biodex Rehabilitation System v3, Shirley NY USA).

6-Minute Walk Test

Each participant completed the standard over ground 6-minute walk test,20 under the 

supervision of a licensed physical therapist who was blinded to the imaging findings. 

Participants were allowed to use assistive devices and braces as necessary and were 

instructed to walk at their regular, self-selected gait velocity, while the distance walked 

within the 6-minute time frame was recorded. The 6-minute walk test has been shown to be 

a valid and reliable measure in the iSCI population20,21.

Statistical Analysis

All statistical analyses of the data were performed using IBM SPSS (Version 21, Armonk, 

NY, USA). All data were tested for normality using Kolmogorov-Smirnov (KS) statistical 

analyses. As the identification of the superior and inferior borders of the spinal cord lesion 

was performed manually, we assessed the inter-rater reliability of identifying the lesion 

borders between two independent raters using intra-class correlation coefficients (ICC 2,1). 
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Pearson correlations were chosen to examine linear relationships between the spatial 

distribution of spinal cord damage and plantarflexion torque production, knee extension 

torque production, and distance walked in 6 minutes. Significance was set at an alpha = 

0.05.

Results

All data met assumptions of normality using KS statistical analyses. Potential confounding 

variables (age, height, weight, time since injury, and level of injury) were not significantly 

correlated with walking ability. Individual data are presented in Tables 2 and 3.

High inter-rater reliability was present for the identification the superior and inferior borders 

of the spinal cord lesion (Intra-class correlation coefficients (ICC 2,1) = 0.998 for both 

superior and inferior borders). Total spinal cord damage was significantly correlated with 

averaged plantarflexion torque (r = −0.54, p < 0.05), averaged knee extension torque (r = 

−0.59, p < 0.05), and distance walked in 6 minutes (r = −0.61, p < 0.05), see Figure 2.

Right sided LCST damage was significantly correlated with the right sided motor output 

measures (right plantarflexion torque: r = −0.67, p < 0.01, right knee extension torque: r = 

−0.54, p < 0.05) but not significantly correlated with left sided motor output measures, see 

Figure 3. Left sided LCST damage was significantly correlated with the left sided motor 

output measures (left plantarflexion torque: r = −0.56, p< 0.05, left knee extension torque: r 

= −0.68, p < 0.01), but not significantly correlated with right sided motor output measures 

(see Figure 3).

Both right and left LCST damage was significantly correlated with distance walked in 6 

minutes (right: r = −0.64, p = 0.01, left: r = −0.60, p = 0.02). The right sided GF damage was 

not significantly correlated with right sided motor output measures (right plantarflexion 

torque: r = −0.41, p = 0.14, right knee extension torque: r = −0.31, p = 0.27) and similarly, 

the left sided GF damage was not significantly correlated with motor output measures (left 

plantarflexion torque: r = −0.01, p = 0.97, left knee extension torque: r = −0.22, p = 0.45). A 

trend was found when correlating right and left GF damage to distance walked in 6 minutes 

(r = −0.51, p = 0.06 for both sides).

Discussion

Results of this preliminary study demonstrate the potential value of high resolution 3D 

imaging sequences and advanced analysis methods to quantify the spatial extent and location 

of spinal cord damage. There appears to be spatial specificity of the measure, which adds a 

level of validation in using the WM atlas in individuals with spinal cord injury. Right LCST 

damage was significantly correlated with each of the right-sided motor output measures, and 

left LCST damage was significantly correlated with the left-sided motor output measures. 

Furthermore, the measure appears to be tract-specific as the LCST damage was significantly 

correlated with its ipsilateral motor output, while the GF damage was not.

Previous work, using transcranial magnetic stimulation, demonstrated a correlation between 

the integrity of the lateral corticospinal tract and clinical measures of walking in the iSCI 
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population22. In accordance with our MRI-based work, both the right and left lateral 

corticospinal tract damage measures were significantly correlated with distance walked in 6 

minutes. A recent case study involving isolated spinal cord dorsal column damage due to a 

spinal tumor, the patient reported gait clumsiness amongst other symptoms.23 Similarly, 

animal studies show that isolated dorsal column lesions contribute to poorer performance on 

measures of walking.24 While not statistically significant, we found our dorsal column 

measure, that is GF damage, showed a negative linear trend with walking ability. In our 

participants, the fact that dorsal column injury was not in isolation likely contributed to the 

lack of statistical significance, as other ascending and descending pathways are involved 

with locomotion.25 GF conveys proprioception and light touch information from the lower 

limbs and provides important feedback during walking. Disruption of sensory feedback from 

injury could certainly result in gait deficits. In addition to GF, the spinothalamic and 

spinocerebellar tracts also convey sensory feedback to the brain. The lack of a statistical 

significance between GF damage and locomotion in the present sample may be due to 

compensation from these other sensory pathways. Future studies with larger population of 

patients with varying levels of motor and sensory deficits could quantitatively assess the 

relationship between spinal cord tract damage and specific motor and sensory deficits.

Our approach of targeting the damage in specific spinal cord regions is similar to recent 

literature using the Spinal Cord Toolbox and the advanced spinal cord MR imaging 

techniques of diffusion tensor imaging (DTI) and magnetization transfer imaging (MTR) in 

patients with degenerative cervical myelopathy26. These researchers found specific white 

matter changes rostral to the spinal cord compression26. It is plausible that applying a 

measure of region-specific and tract-specific damage quantification in the acute stage may 

be used to predict motor deficits, which could improve the clinical assessment and 

management of patients with spinal cord disorders.

Limitations

An inherent limitation of this cross-sectional design is that causal inference for spinal cord 

damage measure and deficits in motor output cannot be determined. With only one female 

participant and our male participant who sustained his spinal cord injury 31 years ago, our 

research sample certainly could have been more homogenous. A larger, prospective study 

involving participants with varying levels of motor impairment is warranted to investigate 

the prognostic value of this MRI measure of spinal cord damage for predicting motor output 

following spinal cord injury. Other variables such as spasticity may have influenced the 

results of motor output and ambulation as it has been demonstrated in people with 

neuromuscular disorders27,28 however we did not quantitatively assess spasticity in this 

present study. Because our pilot study was exploratory in nature, we made necessary 

assumptions that our spinal cord damage measured was valid, yet MR artefact could have 

played a role in terms of accuracy and sensitivity considering the wide range of cord damage 

in our participants classified as AIS D (0.54 – 0.91). The Spinal Cord Toolbox and WM atlas 

were created and validated using healthy control imaging data. Although our preliminary 

results suggest that these image processing tools may be valid for use in participants with 

spinal cord injury, further research is needed to corroborate these findings. For future 

studies, a larger sample size will allow us to build more advanced predictive models to better 
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assess the interaction between damage variables and function. A larger, prospective study 

tracking participants with varying levels of motor impairment in longitudinal fashion is 

warranted. Such investigation would aim to identify the prognostic value of this MRI 

measure of spinal cord damage for motor output and recovery following spinal cord injury.

Conclusion

MRI measures of spinal cord damage were significantly correlated with motor output in a 

tract-specific manner, and this measure also appears to have spatial specificity. With future 

research, this imaging method may offer prognostic value following spinal cord injury.
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Highlights

• Structural MRI of spinal cord damage is negatively correlated with walking 

output in people with motor incomplete spinal cord injury.

• Lateral corticospinal tract damage is related to specific lower extremity motor 

deficits, in an ipsilesional manner, in these participants.

Smith et al. Page 10

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Methods. A) Prior to registering the images to the MNI-Poly-AMU spinal cord template, the 

superior and inferior boundaries (shown in green) of the spinal cord lesion were identified 

(1), and the lesioned cord was then filled (2 and 3) to permit accurate registration of the 

lesioned spinal cord images to the template. B) The lesion filled image was then straightened 

along the spinal cord and registered to the spinal cord template (4). The transformation from 

this registration was then applied to the lesioned spinal cord images to register the lesion 

images to the template (5). C) To quantify the extent of axial cord lesion, the maximum 

values within the boundaries of the lesion were then projected onto the axial plane to create 

a maximum intensity projection image (6). The mean and standard deviation (SD) of the 

voxel intensities were then calculated within a non-lesioned 1 cm axial cross-section of the 

spinal cord immediately superior to the lesion (shown in light blue) (7). The maximum 

intensity projection image was then thresholded at two standard deviations above the mean 

to define the lesion (8). The extent of spinal cord damage was then quantified in the axial 

plane as the ratio of the spinal cord that was lesioned across the total cord and within the 

right and left lateral corticospinal tracts (LCST) and gracile fasciculi (GF) (9). Participant 
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iSCI11 is shown. The right and left LCST and GF are shown in green and light blue, 

respectively. D = dorsal, V = ventral, S = superior, I = inferior.
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Figure 2. 
Total spinal cord damage was significantly correlated with averaged plantarflexion torque 

(left), averaged knee extension torque (middle), and distance walked in 6 minutes (right).
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Figure 3. 
The lateral corticospinal tract (LCST) damage is depicted in green in participant iSCI11 

(top). Correlation table for LCST damage and torque output (bottom).
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