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Abstract

Study Design—case-control

Objective—To understand the role of high resolution MR in identifying regional cord volume 

loss in cervical spondylotic myelopathy (CSM).

Summary of Background Data—Preliminary studies suggest that compression of the ventral 

region of the cord may contribute disproportionately to CSM symptomology, however, tract-

specific data is lacking in the CSM population. The current study is the first to use 3T MRI images 

of CSM patients to determine specific volume loss at the level of detail of individual descending 

white matter tracts.

Methods—Twelve patients with CSM and 14 age- matched were enrolled prospectively and 

underwent 3 Tesla MR imaging of the cervical spine. Using the high-resolution images of the 

spinal cord, straightening and alignment with a template was performed and specific spinal cord 

tract volumes were measured using Spinal Cord Tool-box version 3.0.7. Modified Japanese 

orthopedic association (mJOA) and Nurick disability scores were collected in a prospective 

manner and were analyzed in relation to descending spinal tract volumes.

Results—Having CSM was predicted by anterior/posterior diameter, eccentricity of the cord (OR 

0.000000621, p=0.004), ventral reticulospinal tract volume (OR 1.167, p=0.063), lateral 

corticospinal tract volume (OR 1.034, p=0.046), rubrospinal tract volume (OR 1.072, p=0.011), 

and ventrolateral reticulospinal tract volume (OR 1.474, p=0.005) on single variable logistic 

regression. Single variable linear regression showed decreases in anterior/posterior spinal cord 

diameter (p=0.022), ventral reticulospinal tract volumes (p=0.007) and ventrolateral reticulospinal 

tract volumes (p=0.017) to significantly predict worsening mJOA scores. Similarly, decreases in 

ventral reticulospinal tract volumes significantly predicted increasing Nurick scores (p=0.039).

Conclusion—High resolution 3T MRI can detect tract-specific volume loss in descending spinal 

cord tracts in CSM patients. Anterior/posterior spinal cord diameter, ventral reticulospinal tract, 
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ventrolateral reticulospinal tract, lateral corticospinal tract and rubrospinal tract volume loss are 

associated with CSM symptoms.
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Cervical Spondylotic Myelopathy (CSM), a degenerative disease characterized by 

incremental compression and injury to the cervical spine, is a common cause of morbidity in 

elderly patients.1–4 The exact pathophysiology of CSM is largely not understood.1,3 While 

cord compression is generally accepted to be associated with worse CSM symptoms, it 

however is not always predictive of CSM.1,5,6 It is not uncommon for patients with 

seemingly high-grade cord compression on MRI to present asymptomatically.1,3,6 Similarly, 

patients with seemingly no compression evidenced on MRI may present with severe and 

debilitating symptoms.1,5,6 As such, it has been hypothesized that symptoms may instead 

result from compression of specific descending white matter regions, contributing to the 

large variability in symptom severity amongst patients with compression.1,7 Preliminary 

studies suggest that compression of the ventral region of the cord may contribute 

disproportionately to CSM symptomology, however, tract-specific data is lacking in the 

CSM population.7,8

High resolution 3T MRI has been increasingly evaluated as a neuroimaging tool that may 

allow physicians to reliably predict clinical symptomology in cervical myelopathy.9,10 This 

technology provides increasingly detailed imaging capabilities for visualizing individual 

white and gray matter tracts within the spinal cord.11 As such, high resolution 3T MRI may 

have a future in helping to guide clinician decision making by assisting with the preoperative 

evaluation of patients with CSM.

The current study is the first to use 3T MRI images of CSM patients, paired with age 

matched control patients to determine specific volume loss at the level of detail of individual 

descending white matter tracts. Tract specific volume loss was additionally evaluated in 

relation to clinical symptoms. It is our hypothesis that reduction of volume in individual 

descending white matter tracts of the ventral and lateral spinal cord would prove predictive 

of worsening clinical symptoms.

Methods

We prospectively enrolled a cohort of 12 CSM patients and 14 aged-matched controls 

(matching coefficient 0.64) to undergo MRI imaging of the cervical spine. All CSM patients 

included were diagnosed at a single large academic institution based upon a combination of 

both clinical and radiographic findings. Inclusion criteria for entry included the following in 

all patients diagnosed with CSM: classic CSM symptoms, including exam findings of 

weakness, hyperreflexia, or change in coordination; radiographic signs of spinal 

compression; Nurick grade I-IV12; and modified Japanese Orthopedic Association (mJOA) 

scores of <1813. Exclusion criteria included the following: age <21 or >80, comorbid neural 
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disease (e.g., multiple sclerosis), pregnant or nursing, active systemic rheumatological 

disease, active peripheral or vascular neuropathy, urgent need for surgery. The study was 

conducted with the approval of the university’s Institutional Review Board (IRB).

Image Acquisition and Analysis

All imaging data were collected with a 3.0 Tesla Siemens Prisma magnetic resonance 

scanner (Siemens, Erlangen, Germany) equipped with a 64-channel head/neck coil. 

Participants were placed supine on the scanner bed, and a localizer scan was obtained to 

identify the location of the intervertebral discs of the cervical spine (C2–3, C3–4, C4–5, C5–

6, C6–7, and C7- T1). Six high-resolution transverse slices with high white matter to gray 

matter contrast were acquired within the plane of each cervical intervertebral disc using a 

multi-echo gradient-echo sequence (TR=300 ms, TE=18 ms, Flip angle=30°, 

FOV=180×180, Matrix size=384×384, In-plane resolution=0.47×0.7 mm2, Slice thickness=4 

mm, number of averages=2). Image processing and analysis were performed separately for 

each transverse slice using the Spinal Cord Toolbox (version 3.0.7) and the PAM50 spinal 

cord template.11,14 To permit registration of the spinal cord template to the two-dimensional 

slices, each transverse slice was concatenated along superior-inferior axis to form a three-

dimensional volume three slices thick. The spinal cord was then manually segmented from 

the volume, and vertebral landmarks masks were generated such that the superior and 

inferior slices corresponded to the vertebral bodies immediately superior and inferior to the 

respective intervertebral disc level. The spinal cord template was then initially registered to 

the volume using the spinal cord segmentation mask to first co-register the images followed 

by column wise deformation in the transverse plane to account for any cord compression. 

The spinal cord gray matter was then segmented from the images, and the registration of the 

template was finely-tuned using the internal structure of the spinal cord. The spinal cord 

template white matter atlas was then warped to the volume, and cross-sectional 

morphometric measures (i.e., anterior-posterior spinal cord diameter and eccentricity) and 

white matter tract volumes were extracted. For the white-matter volumes, the maximum a 

posteriori (map) method was used to account for partial volume effect.15 A representative 

example of the registration and masking process is shown in Figure 1A–E.

Ad-hoc analysis of specific descending spinal cord white matter tract volumes included the 

ventral corticospinal tract, ventral reticulospinal tract, medial reticulospinal tract, lateral 

corticospinal tract, rubrospinal tract, lateral reticulospinal tract, and the ventrolateral 

reticulospinal tract. Tract measurements for each unique slice were considered each their 

own unique data point for ease of analysis. The cross-sectional morphometric measures and 

white matter volumes were compared between CSM patients and controls. Differences in 

tract volumes were further analyzed for correlation to clinical symptoms.

Statistical Methods

Statistical analysis was performed using and Stata 12.0 (StataCorp, College Station, TX, 

USA). Skewness and kurtosis tests for normality were applied to all ratings data. Parametric 

data was given as mean ± standard deviation and compared using a t-test. Non-parametric 

data was compared using Wilcoxon rank-sum test (Mann-Whitney U test), Chi-square test, 

or Fisher’s exact test, as appropriate. Regression analysis was performed using stepwise, 
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multivariable logistic regression, with an inclusion threshold for the multivariable model of 

p<0.10 for candidate variables on single-variable logistic regression. A value of p<0.05 was 

considered statistically significant. Figures were generated using Prism 6.0b (GraphPad 

Software, Inc., La Jolla, CA, USA).

Results

The patient group consisted of 13 adults (8 males, 5 females) with a mean age of 62 ± 11 

years and mean BMI of 28.23±5.8 kg/m2. Mean mJOA score was 14.3± 1.8 (ranging from 

12–17) and Nurick grade ranged from 1–4. The control group consisted of six females and 

seven males with a mean age of 51±11 years and mean BMI of 25.6±2.5 kg/m2.

Figure 2AB shows a representative comparison of a patient with CSM (63 year old female, 

reported mJOA=15) and an age and sex matched control (63 year old, Female, mJOA= 18) 

at the level of compression observed in the patient (C2-C3). A decrease in anterior/posterior 

diameter in the patient was observed (6.1mm vs. 7.5mm). Cord distortion was reflected in 

increase in eccentricity (0.88 in the patient vs. 0.80 in control). White matter tracts show 

reduction in area as highlighted- rubrospinal (red), lateral reticulospinal (green), 

ventrolateral reticulospinal (yellow), ventral reticulospinal (blue).

Morphological parameters of the spinal cord and specific white matter tract volumes were 

significantly different among patients as compared to controls (Table 1). Anterior-posterior 

cord diameter was lower in patients, while eccentricity was significantly higher. Patients 

exhibited a loss of white matter tract volumes, specifically ventral reticulospinal tract, 

ventrolateral reticulospinal tract, lateral corticospinal tract and rubrospinal tract volumes 

were significantly lower in patients than in controls.

Having CSM was predicted by anterior/posterior diameter (OR 2.497 [1.450, 4.302], 

p=0.001), eccentricity of the cord (OR 0.000000621 [0.000, 0.009], p=0.004), ventral 

reticulospinal tract volume (OR 1.167 [0.992, 1.373], p=0.063), lateral corticospinal tract 

volume (OR 1.034 [1.001, 1.069], p=0.046), rubrospinal tract volume (OR 1.072 [1.016, 

1.131], p=0.011), and ventrolateral reticulospinal tract volume (OR 1.474 [1.127, 1.927], 

p=0.005) on single variable logistic regression. No variables remained significant predictors 

on stepwise multivariate regression.

Single variable linear regression showed decreases in anterior/posterior spinal cord diameter 

(b=0.589, p=0.022), ventral reticulospinal tract volumes (b=0.334, p=0.007) and 

ventrolateral reticulospinal tract volumes (b=0.307, p=0.017) to significantly predict 

worsening mJOA scores. On stepwise multivariable linear regression, however, only ventral 

reticulospinal tract volume remained a significant predictor of worsening scores (p=0.007).

Single variable linear regression showed decreases in ventral reticulospinal tract volumes to 

significantly predict increasing Nurick scores (p=0.039). There were no significant 

predictors of worsening Nurick scores on multivariable analysis.
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Discussion

Cervical Spondylotic Myelopathy is a common cause of morbidity in elderly patients.1 The 

exact pathophysiology of CSM is largely not understood. While cord compression is 

generally known to be associated with worse CSM symptoms, it should be noted that 

compression alone is not always predictive of CSM.1,5,6 As such, it has been hypothesized 

that symptoms may instead result from compression of specific descending white matter 

regions, contributing to the large variability in symptom severity and surgical response not 

associated with presentation on clinical MRI.1,7 The current study provides insight into the 

tract-specific pathophysiologic processes contributing to symptoms associated with CSM.

In the current study, we found anterior posterior diameter and eccentricity to be significantly 

different between CSM patients and controls, consistent with previous literature suggesting 

global compression plays a role in CSM development.2–4,16 Similarly, our findings that 

tracts of the ventral cord (ventral reticulospinal tract, ventrolateral reticulospinal tract and 

rubrospinal tract respectively) differed significantly between CSM patients and controls is 

consistent with current literature suggesting anterior cord compression to be a main 

pathophysiologic driver of the disease.1,7 CSM patients classically present with hand 

weakness and hyperreflexia of the upper extremities17–20, consistent with known anatomy 

suggesting that the descending white matter tracts innervating such regions and muscles all 

pass through the anterior region of the cord at the cervical level.7 We similarly found ventral 

reticulospinal tract volume and ventrolateral reticulospinal tract volume to predict worsening 

mJOA scores and ventral reticulospinal tract volume to predict worsening Nurick scores.

To our knowledge, our findings are the first in the literature to find an association between 

descending reticulospinal white matter tract volume loss with increasing severity of CSM 

symptoms.7 Research on the function of the reticulospinal tract in humans is scarce, with the 

majority of the literature reported in non-human primate studies.21 While primarily thought 

to play a role in recovery after corticospinal injury in humans, the reticulospinal tract has 

also been shown to be associated with locomotion and postural adjustment as shown in a 

recent literature review.21–26 Furthermore, in studies on non-human primates the 

reticulospinal tract has been hypothesized to play a role in coordination of activity primarily 

performed by corticospinal tract such as reaching movements in the upper extremities and 

possibly finger movements.21,22,27–29 Exact function of such tracts in humans and their role 

in CSM symptoms remains under-investigated and further research on the topic is needed to 

better understand CSM pathophysiology.

Of particular note, our study found that anterior corticospinal tract volume loss was not 

significantly different between CSM and controls, nor did it significantly predict CSM, 

mJOA scores or Nurick scores. This differs from current literature suggesting 

pathophysiologic processes contributing to CSM symptoms are hypothesized to be most 

heavily driven by descending corticospinal tract damage.7,30 It is unclear to the authors why 

the current study is not consistent with such findings. These findings, while possibly a result 

of sampling bias, could also suggest a more prominent role played by the reticulospinal 

tracts than previously understood. Further study is indicated to determine the true relative 
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contributions of each individual descending white matter tracts and their unique relationship 

to CSM symptoms.

The current study is one of the first to use high resolution 3T MRI to look at specific white 

matter tracts within the spinal cord in a clinical setting. Currently used as standard of care in 

functional cranial neurosurgery,31,32 white matter tract mapping has yet to make a 

significant clinical contribution in spinal cord patients.33 Currently, much of the white matter 

spinal tract specific literature stems from the development of diffusion tensor imaging (DTI) 

and magnetic transfer imaging (MTI).33–35 The current study acts as a proof of concept for 

yet another potential resource capable of assessing descending white matter tracts, made 

possible by the new creation of Spinal Cord Toolbox software. Spinal Cord Toolbox 

provides software tools necessary to analyze any high-resolution MRI sequence. While the 

future of spinal cord white matter tract mapping still remains unclear, studies such as the 

current one prove promising as a prominent step forward towards identifying adoptable a 

clinically useful application of tract mapping for spinal surgeons. Further investigation, 

validation and trials are needed to better understand the usefulness of this new method.

Our study is not without limitations. With only a small cohort, our data is subject to sample 

bias. Similarly, validation data on methods used by Spinal Cord Toolbox is limited and as 

such, findings must be interpreted within context.15,36 As the quantitative spinal cord MRI is 

new and growing field much remains to be optimized in the areas of spinal cord image 

acquisition (i.e., sequence and imaging parameters) and the analysis of spinal cord images. 

Several multi-site projects are currently underway to improve and standardize the imaging 

and analysis methods for quantitative spinal cord MRI.33,37,38 Standardization and 

streamlining of the methods will facilitate multi-site, multi-vendor studies and increase the 

clinical feasibility of quantitative spinal cord MRI applications. Furthermore, the current 

method looking at individual tract volume relies heavily on high-resolution, distinct imaging 

and leading to limitations the measuring of volume loss in patients with very severe cord 

compression. This limitation is less concerning to the authors as often such severe clinical 

presentations seldom requires a further need for more pre-operative diagnostic imaging. 

Lastly, while the current study measures tract specific volume loss, it need be noted that 

volume loss may not be a perfect surrogate for tract dysfunction. As such, further study is 

indicated to understand the true relevance of tract specific volume loss and its subsequent 

correlation with tract dysfunction and myelin loss.

The current preliminary study shows promise in the use of high resolution 3T MRI for the 

characterization and further study of pathophysiologic processes of the spinal cord disease. 

As imaging technology advances and becomes more clinically available, individual tract 

measurements may play an important role in prediction and determination of responsiveness 

to surgery and further contribute to diagnostic clinical utility in equivocal patients. Next 

steps include larger, prospective trials to better elucidate which tracts and regions are most 

predictive of CSM symptoms.
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Conclusion

High resolution 3T MRI can detect tract-specific volume loss in descending spinal cord 

tracts in CSM patients. Anterior/posterior spinal cord diameter, ventral reticulospinal tract, 

ventrolateral reticulospinal tract, lateral corticospinal tract and rubrospinal tract volume loss 

are associated with CSM symptoms. Identifying tract specific injuries provides the necessary 

first steps needed to identify more robust thresholds for treatment in the CSM patient 

population.
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Figure 1. 
High resolution transverse slices with high white matter to gray matter contrast were 

acquired at the plane of each cervical intervertebral disc level (A). Image processing and 

analysis was performed using the Spinal Cord Toolbox and the PAM50 spinal cord template. 

The spinal cord template was initially registered to the volume using a spinal cord 

segmentation mask (B) to first co-register the images. The initial registration of the gray 

matter is shown in C. The spinal cord gray matter was then segmented from the images, and 

the registration of the template was finely-tuned using the internal structure of the spinal 

cord (D). The spinal cord template and white matter atlas (E) were then warped to the 

volume, and cross-sectional morphometric measures (i.e., anterior-posterior spinal cord 

diameter and eccentricity) and white matter tract volumes were extracted. The example 

images are from the C2–3 disc level.
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Figure 2. 
Morphological and tract specific changes in a patient (A) with CSM as compared to an age 

and sex matched control (B). White matter tracts highlighted- rubrospinal (red), lateral 

reticulospinal (green), ventrolateral reticulospinal (yellow), ventral reticulospinal (blue).
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