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Abstract 
 
Objectives:  Degenerative cervical myelopathy (DCM) involves extrinsic spinal cord (SC) 
compression causing tissue injury and neurological dysfunction. Asymptomatic SC 
compression (ASCC) is more common but its significance is poorly defined. This study 
investigates if: 1) ASCC can be diagnosed using SC shape analysis; 2) multi-parametric 
quantitative MRI (qMRI) can detect similar SC tissue injury as previously observed in DCM. 
 
Design: Prospective longitudinal cohort study. 
 
Setting: Single centre, tertiary care and research institution. 
 
Participants: 40 neurologically intact subjects (19 female, 21 male) recruited by 
convenience sampling. 
  
Interventions:  Subjects underwent 3T MRI to calculate cross-sectional area (CSA), 
diffusion fractional anisotropy (FA), magnetization transfer ratio (MTR), and T2*-weighted 
imaging white to grey matter signal intensity ratio (T2*WI WM/GM). qMRI data were 
extracted from rostral (C1-3), caudal (C6-7), and maximally compressed levels (MCL). 
Diagnosis of SC compression was performed with automated shape analysis of flattening, 
indentation, and torsion. Ten qMRI measures were analyzed individually and as a composite 
(averaged z scores). Subjects were followed longitudinally for 1-2 years for symptoms and 
signs of myelopathy development. 
 
Outcome Measures: SC CSA, FA, MTR, and T2*WI WM/GM. 
  
Results:  ASCC was present in 20/40 subjects. Shape analysis provided diagnostic 
accuracy > 97%. Five qMRI metrics demonstrated evidence of tissue injury in ASCC 
(p<0.05), while composite score showed stronger differences (p=0.002). At follow-up 
(median 21 months), two ASCC subjects developed DCM. 
  
Conclusions: Myelopathy occurs prior to the onset of neurological symptoms and signs, 
with SC compression causing subclinical tissue injury. ASCC is a prevalent age-related 
preclinical state that can be objectively diagnosed with shape analysis. ASCC appears to 
carry an increased risk of symptomatic myelopathy development, and these subjects should 
be educated and monitored for symptom development. These findings offer the intriguing 
possibility of pre-symptomatic diagnosis and treatment of DCM and other spinal pathologies. 
 
Registration: Not applicable. 
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Strengths and Limitations of this Study 
 
Strengths: 

• The development of novel spinal cord shape analysis to objectively define and detect 
subtle spinal cord compression 

• Use of cutting-edge MRI techniques that are suitable for clinical translation to detect 
pre-symptomatic spinal cord tissue injury  

• Multiple measures of tissue injury that cross-validate each other and can be 
combined as a composite to increase statistical power 

Limitations: 
• Lack of histopathological correlation data to confirm the presence of tissue injury 
• Modest sample size makes it difficult to draw conclusions about the clinical relevance 

of asymptomatic cord compression because the rate of progression to symptomatic 
myelopathy is not well defined. 
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Introduction 
 
Degenerative cervical myelopathy (DCM) involves age-related degeneration of the discs, 
ligaments, and vertebrae leading to extrinsic spinal cord (SC) compression and neurological 
dysfunction.1 The prevalence of DCM is difficult to estimate, but it has been suggested that it 
is probably the most common cause of SC dysfunction.1,2 However, asymptomatic SC 
compression (ASCC) is far more frequent, with prevalence estimates ranging from 8% to 
59%.3-8 Furthermore, SC compression may be underestimated using supine MRI, which 
misses dynamic compression that is visible with flexion/extension MRI.9 ASCC has received 
little research attention, but one study found that it confers an increased risk of myelopathy 
development.10

  
 
Emerging quantitative MRI (qMRI) techniques offer in vivo measurement of SC 
microstructural features and tissue injury.11-13 Cross-sectional area (CSA) measures SC 
compression and atrophy, the diffusion tensor imaging (DTI) metric fractional anisotropy 
(FA) measures axonal integrity, magnetization transfer ratio (MTR) reflects myelin quantity, 
and T2*-weighted imaging (T2*WI) white matter to grey matter signal intensity ratio (T2*WI 
WM/GM) is a novel biomarker that we recently introduced that correlates with demyelination, 
gliosis, calcium, and iron concentrations.12,14,15 These measures hold potential for earlier 
diagnosis of various conditions, but results to date have been modest and insufficient to 
drive clinical adoption.11,13  
 
Our group previously reported a clinically feasible multiparametric qMRI protocol that 
measures CSA, FA, MTR, and T2*WI WM/GM across the cervical SC.14,15 In DCM patients, 
these metrics reveal macro- and microstructural changes at the maximally compressed level 
(MCL) and in the uncompressed SC above and below; significant clinical correlations and 
group differences compared with healthy subjects were found at rostral, MCL, and caudal 
levels for FA and T2*WI WM/GM, while CSA and MTR showed significant results at rostral 
and MCL levels.15 In the current study, we test the hypothesis that subjects with ASCC 
experience tissue injury compared with uncompressed subjects, based on the same ten 
qMRI measures. We establish an objective definition of SC compression and assess newly 
developed automated SC shape analysis for diagnostic accuracy. Finally, we investigate the 
rate of symptomatic myelopathy development at follow-up and associated risk factors. 
 
 

Methods 
 
Study Design and Subjects 
 
This study involved a secondary analysis of prospectively collected data that has been 
previously reported,14,15 and received institutional approval from University Health Network 
(UHN, Toronto, Ontario, Canada). 42 subjects were recruited between October 2014 and 
December 2016 by convenience sampling and provided written informed consent. All clinical 
data collection and physical examinations were performed by a physician member of the 
UHN Spine Program. Subjects were examined to rule out neurological symptoms 
(numbness, weakness, fine motor dysfunction, gait/balance difficulties, urinary 
urgency/incontinence) and signs (hyperreflexia, weakness, sensory deficits, Romberg sign, 
gait ataxia). Neck pain was not considered a neurological symptom. Subjects were also 
required to have 18/18 on the modified Japanese Orthopedic Association score. Two 
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subjects were excluded during screening; one showed gait ataxia and both had sensory 
deficits, hyperreflexia, and MRI evidence of SC compression consistent with DCM. Follow-
up assessments were performed by telephone, including mJOA administration. Subjects that 
reported any neurological symptoms underwent a complete neurological examination in 
person. 
 
MRI Acquisitions 
 
Subjects underwent T2-weighted imaging (T2WI), DTI, magetization transfer (MT), and 
T2*WI at 3T (GE Signa Excite HDxt) covering C1-C7, as previously described.14 DTI, MT, 
and T2*WI images were acquired with 13 axial slices from C1 to C7. T2WI was performed 
with a FIESTA-C sequence with 0.8x0.8x0.8 mm3 isotropic resolution. DTI used spin-echo 
single shot echo planar imaging (ssEPI) with 3 acquisitions averaged offline, b = 800 s/mm2 
in 25 directions, 5 images with b=0 s/mm2, and resolution of 1.25x1.25x5 mm3. MT used 2D 
spoiled gradient echo ± MT pre-pulse, with 1x1x5mm3 voxels. T2*WI acquisition used multi-
echo recombined gradient echo (MERGE) with 3 echoes at 5,10,15 ms and resolution 
0.6x0.6x4 mm3. Total imaging time was 30-35 minutes including patient positioning, slice 
prescription, and 2nd order localized shimming (prior to DTI). 
 
Image Analysis 
 
Images were inspected and excluded from analysis if image quality was poor or artifacts 
were present. Quantitative imaging data were analyzed using Spinal Cord Toolbox (SCT) 
v3.0,16 including SC segmentation, registration to the probabilistic SCT template, and 
extraction of metrics with partial volume correction, as previously described.14,15 
Segmentations and registered images were reviewed, and if necessary segmentations were 
manually edited to correct inaccuracies. 
 
Diagnosis of SC compression followed a 3-step process. First, anatomical images (T2WI 
and T2*WI) were independently examined by 2 raters (ARM, AN) for indentation, flattening, 
torsion, or circumferential compression from extrinsic tissues (disc, ligament, or bone). 
Discrepancies were resolved by consensus. Effacement of the cerebrospinal fluid (CSF) was 
noted but not considered compression. Second, automated shape analysis was performed 
on each axial section of the T2*WI SC segmentation mask. 2D principle component analysis 
(PCA) identified the long and short axes, representing transverse and anterior-posterior (AP) 
directions, respectively (Figure 1). Flattening was measured with compression ratio (CR) = 
AP/transverse diameter.17 Indentation was measured using solidity = the percentage of area 
representing SC within the convex hull that subtends the SC. Torsion was measured with 
relative rotation, which was calculated as the angle between transverse axis and horizontal, 
relative to adjacent slices (difference from the average rotation of above and below slices). 
Circumferential compression was not specifically measured with a shape metric, as it 
typically coincides with flattening. Receiver operating characteristic (ROC) curves were 
plotted to determine diagnostic accuracy of shape metrics at each intervertebral level 
compared with consensus ratings. Third, discrepancies were discussed and diagnoses were 
revised if necessary. Normative values for shape parameters were calculated in 
uncompressed subjects. ROC curves were utilized to calculate revised diagnostic accuracy 
and optimal diagnostic thresholds (using Youden’s Index). Analysis of variance (ANOVA) 
and Levene’s test assessed if mean and variance of shape metrics varied among rostro-
caudal levels, respectively. Pooled mean, SD, and diagnostic thresholds were calculated if 
levels showed no differences. 
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Tissue injury was measured with CSA of the SC, and FA, MTR, and T2*WI WM/GM 
extracted from WM. Metrics were normalized for rostro-caudal level and averaged across 
rostral (C1-3), middle (C4-5 in uncompressed subjects or maximally compressed level, MCL, 
in ASCC subjects), and caudal (C6-7) levels. The MCL for subjects with multilevel 
compression was determined by consensus ratings after considering automated shape 
results. For MCL measurements, data from a single level was used for CSA, whereas 3 
slices centered at MCL were averaged for FA, MTR, and T2*WI WM/GM. Non-CSA metrics 
were also extracted from the ventral columns (VCs), lateral columns (LCs), dorsal columns 
(DCs) and GM averaged across C1-C7 to identify focal injury. Metrics were normalized for 
age, sex, height, weight, and cervical cord length, similar to our previous approach,14 based 
on multiple linear regression with backward stepwise variable selection. However, the 
presence of SC compression was included to measure independent effects of other 
variables, and age was retained regardless of significance to mitigate the discrepancy 
between groups. Ratios of MCL/rostral metrics were also calculated.18 
 
Statistical Analysis 
 
Statistical analysis was performed with R v3.3. Numerical data were summarized by mean ± 
standard deviation (SD). Binary variables were compared using Fisher exact tests, whereas 
numerical variables used two-tailed Welch’s T tests (demographic data) or Wilcoxon tests 
(normalized qMRI metrics). 95% confidence intervals (CIs) for frequencies were calculated 
using the Wilson procedure with continuity correction. The z scores of individual qMRI 
metrics (using negative values for T2*WI WM/GM) were averaged to yield a composite 
score, following a t distribution with 10 degrees of freedom (t10). A binomial test compared 
the pattern of differences in ASCC with that in DCM.15 Logistic regression with backward 
stepwise elimination was used to develop a model for detecting tissue injury, retaining a 
maximum of 4 qMRI metrics as independent variables. Age, sex, and baseline qMRI metrics 
were analyzed for prediction of myelopathy development using Wilcoxon tests, Fisher exact 
tests, and logistic regression. Significance was set at p < 0.05, including individual 
measurements of |z| > 1.96, |t10| > 2.23, and |t9| > 2.26. 
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Results 
 
Subject Characteristics 
 
Subject characteristics are listed in Table 1. Individuals with ASCC were older (54.9 vs. 39.4, 
p=0.0007) and weighed more (79.8 vs. 71.1, p=0.03) than subjects without cord 
compression, while other characteristics (sex, height, and neck length) did not differ. 
 
Table 1: Subject Characteristics. Demographics and clinical measures are tabulated for 
subjects with and without cervical spinal cord compression. ** denotes significant differences 
(p < 0.05) between groups. 
 

Characteristic 

Uncompressed 
Subjects 
(N=20) 

Compressed 
Subjects 
(N=20) P value 

Age 39.4 ± 12.8 54.9 ± 13.8 0.0007** 
Sex (M:F) 10:10 11:9 1.0 

Height (cm) 172.7 ± 9.4 170.5 ± 8.0 0.43 
Weight (kg) 71.1 ± 10.4 79.8 ± 13.3 0.03** 
Neck Length 

(mm) 
106.3 ± 9.6 107.0 ± 9.4 0.81 

 
Diagnosis of Spinal Cord Compression 
 
Consensus ratings identified 19 subjects with SC compression at 41 levels (flattening: 20 
levels, indentation: 30 levels, torsion: 8 levels, circumferential compression: 1 level). Relative 
to these ratings, automated shape analysis achieved AUC=99.2% for flattening, AUC=97.3% 
for indentation, and AUC=97.7% for torsion (Table 2). After reviewing shape analysis results, 
3 levels were reclassified as flattened (total: 23 levels) and 1 level as indented (total: 31 
levels). Remaining discrepancies were mostly at adjacent levels, which showed a transition 
between normal and abnormal shape. Using revised diagnoses and excluding adjacent 
levels, diagnostic accuracy of shape analysis improved to 99.8% for flattening, 99.3% for 
indentation, and 98.4% for torsion. CR differed across rostrocaudal levels, whereas solidity 
and relative rotation appeared to be invariant, yielding pooled normative values of 96.52 ± 
0.56% and 0.3 ± 1.5 degrees, respectively. 
 
Table 2: Shape Metrics. Data for CR, solidity, and relative rotation are displayed for each 
intervertebral level from C2-C7. Normal data are derived from 20 subjects with no cord 
compression and reported as mean ± SD. Diagnostic accuracy is reported as AUC relative 
to consensus ratings (prior to revision incorporating these results). AUC: area under the 
curve, CR: compression ratio, ROC: receiver operating characteristic function, SD: standard 
deviation. 
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Shape 
Parameter 

Statistic C2-3 C3-4 C4-5 C5-6 C6-7 
Pooled 
Values 

CR (%) 

Normal 
Mean ± SD 

67.2 ± 
6.4 

62.6 ± 
5.1 

59.3 ± 
4.5 

59.2 ± 
4.2 

58.7 ± 
4.5 

- 

Flattened 
Frequency 

0/40 3/40 5/40 9/40 6/40 23/200 

AUC - 1.00 0.989 1.0 0.977 0.992 
Diagnostic 
Threshold 

- 53.1 52.0 49.9 50.5 - 

Solidity 
(%) 

Normal 
Mean ± SD 

96.52 ± 
0.47 

96.25 ± 
0.53 

96.74 ± 
0.59 

96.64 ± 
0.46 

96.45 ± 
0.76 

96.52 ± 
0.56 

Indented 
Frequency 

0/40 6/40 11/40 9/40 5/40 31/200 

AUC - 0.979 0.964 0.971 0.978 0.973 
Diagnostic 
Threshold 

- - - - - 95.5 

Relative 
Rotation 

(Degrees) 

Normal 
Mean ± SD 

0.0 ± 1.3 0.5 ± 1.6 0.5 ± 1.3 0.4 ± 1.4 0.3 ± 1.5 0.3 ± 1.5 

Rotated 
Frequency 

0/40 1/40 0/40 3/40 4/40 8/200 

AUC - 0.982 - 0.978 0.971 0.977 
Diagnostic 
Threshold 

- - - - - 3.3 

 
Final diagnostic ratings identified ASCC in 20/40 subjects (50%, 95% CI: 34.1-65.9%). Six 
additional subjects (15%) without compression had effacement of the CSF. The frequency of 
ASCC increased with age (Figure 2), including 15/21 (71.4%, 95% CI: 47.7-87.8%) among 
subjects aged ≥ 50.  
 
Details of SC compression and shape metrics for each of the 20 ASCC subjects are 
provided in Supplemental Table 1. SC compression was primarily anterior at all compressed 
levels, related to disc ± osteophyte complexes (DOCs), with an element of posterior 
compression due to ligamentum flavum (LF) hypertrophy at 9 levels. T2WI hyperintensity 
was not present in any subject, although 1 had a prominent central canal (1mm diameter, 
within normal limits). 
 
Variation of MRI Metrics with Age and Other Characteristics 
 
CSA varied with cervical cord length and MTR varied with height at rostral and MCL levels, 
independent of the effect of cord compression (Supplemental Table 2). None of the metrics 
varied significantly with age. 
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Quantitative MRI Measures of Tissue Injury 
 
Eight out of ten qMRI metrics showed the same direction of differences in ASCC as 
previously seen in DCM (p=0.11), including significant differences in five metrics: increased 
T2*WI WM/GM at all levels (rostral: p=0.03, MCL: p=0.005, caudal: p=0.01), decreased MCL 
FA (p=0.04), and decreased rostral MTR (p=0.046) (Table 3). CSA measures varied in the 
opposite direction from DCM, including significantly higher rostral CSA in ASCC (p=0.02). 
Ratios of MCL:rostral qMRI metrics showed trends toward decreased FA ratio (p=0.06) and 
CSA ratio (p=0.09) in ASCC subjects (Table 4).  
 
Table 3: Comparison of Normalized Quantitative MRI Metrics. Normalized MRI metrics 
were compared between subjects with and without cord compression. A composite Z score 
was used as an overall measure of tissue injury. Data extracted at the MCL were converted 
to Z scores to normalize for rostrocaudal variations prior to comparison and then converted 
back to values at C4-5 for convenience of interpretation. The direction of differences were 
compared to findings in DCM patients compared to asymptomatic subjects. Caudal CSA and 
MTR were not analyzed because they did not show significant results in our prior DCM 
study.15 * denotes significance (p<0.05). 
 

Region 
MRI 
Metric 

Uncompressed 
(N=20) 

Compressed 
(N=20) 

P 
Value 

Direction 
Matches 
DCM 

Rostral  
(C1-C3) 

CSA 75.4 ± 4.7 81.7 ± 9.6 0.02** N 
FA 0.731 ± 0.031 0.720 ± 0.037 0.48 Y 

MTR 53.6 ± 3.0 51.9 ± 1.8 0.046** Y 
T2*WI 

WM/GM 
0.838 ± 0.029 0.863 ± 0.031 0.03** Y 

Mid 
(MCL or 

C4-5) 

CSA 79.2 ± 7.7 81.9 ± 12.8 0.34 N 
FA 0.670 ± 0.044 0.631 ± 0.043 0.04** Y 

MTR 51.1 ± 3.3 49.8 ± 2.4 0.35 Y 
T2*WI 

WM/GM 
0.842 ± 0.019 0.864 ± 0.026 0.005** Y 

Caudal  
(C6-C7) 

FA 0.616 ± 0.046 0.595 ± 0.051 0.24 Y 
T2*WI 

WM/GM 
0.845 ± 0.037 0.881 ± 0.050 0.01** Y 

Composite Score 0 ± 1 -0.984 ± 1.259 0.002** Y 

 
Table 4: Comparison of Metric Ratios. Ratios were calculated by dividing MCL metric 
values by rostral values. * denotes trend (p<0.10) and ** denotes significance (p<0.05). 
 

MCL: 
Rostral Ratio 

Uncompressed 
(N=20) 

Compressed 
(N=20) 

P 
Value 

CSA 1.050 ± 0.060 1.003 ± 0.106 0.09* 
FA 0.917 ± 0.054 0.878 ± 0.056 0.06* 

MTR 0.954 ± 0.042 0.960 ± 0.033 0.56 
T2*WI WM/GM 1.005 ± 0.029 1.001 ± 0.025 0.67 
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Multivariate Results 
 
The qMRI composite score showed stronger differences than single metrics (p=0.002; Table 
3), including abnormal results (t10 score < -2.23) in 6/20 compressed subjects (Figure 3). 
Replacing CSA measures with CSA ratio, a revised composite score showed even stronger 
results (p=8x10-5), including 9/20 compressed subjects with abnormal results (t9 score < -
2.26; Figure 3). A logistic regression model retaining MCL T2*WI WM/GM (p=0.006), FA 
ratio (p=0.06), CSA ratio (p=0.11), and rostral MTR (p=0.34) yielded discrimination of 0.941 
between compressed and uncompressed subjects (p=2x10-5). 
 
 
Tissue Injury by Anatomical Structure 
 
Compressed subjects had decreased FA and MTR in the VCs (p=0.01, 0.02, respectively), 
while the LCs, DCs, and GM did not show significant differences in these metrics (Figure 4). 
In contrast, T2*WI WM/GM was increased in the LCs and DCs (p=0.009, 0.0004, 
respectively) in compressed subjects, while the VCs showed no difference. 
 

Clinical Follow-up 
 
All 20 ASCC subjects had follow-up assessments (median: 21 months, range: 3-27 months). 
Four subjects reported concerning new symptoms, and following physical examination two 
were diagnosed with DCM (10%, 95% CI: 1.8-33.1%) and referred for surgical consultation. 
One experienced neck pain, intermittent right hand numbness, and gait imbalance 
(mJOA=17), and examination showed marked gait ataxia, asymmetric hyperreflexia, and 
positive left Hoffman sign. The other had neck pain, left hand numbness, and mild gait 
instability (mJOA=16), and examination revealed symmetric hyperreflexia and mild gait 
ataxia. This individual sought medical attention with her family physician, but no diagnosis 
was made after a new MRI was reported as “normal degenerative changes”.  
 

Prediction of Symptomatic Myelopathy Development 
 
Demographic variables and baseline qMRI metrics were not predictive of myelopathy 
development in univariate or multivariate analyses. 
 

Discussion 
 
Summary of Findings 
 
This study establishes an objective definition of SC compression and finds that 
asymptomatic compression is common, affecting approximately half of healthy adults and 
increasing in frequency with age. Multiparametric quantitative MRI provides compelling 
evidence that ASCC involves a mild degree of SC tissue injury. Significant differences were 
found with five qMRI metrics (rostral, MCL, and caudal T2*WI WM/GM, rostral MTR, and 
MCL FA), with T2*WI WM/GM and MTR results suggesting that demyelination is the 
predominant pathophysiological mechanism in this preclinical state.12,13,19 The finding of 
decreased MCL FA confirms two previous reports,18,20 and may be indicative of axonal injury 
but could alternatively be related to demyelination.21 However, this result could be artifactual, 
as DTI metrics can be biased in the compressed SC by increased susceptibility artefact,12,21 
and thus it was reassuring that other measures showed changes away from the compressed 
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region. Furthermore, the study by Lindberg et al. (2016) included only five ASCC subjects, 
who showed functional deficits, while the Kerkovsky et al. (2012) study included subjects 
with radiculopathy, which can localize within the SC GM (i.e. myeloradiculopathy). In 
contrast, our cohort was carefully screened to ensure the absence of neurological symptoms 
and signs. Recently, a larger study was completed with 92 ASCC and 71 uncompressed 
subjects, but DTI differences between these groups were not reported.22 Our finding that 
rostral CSA was significantly greater among ASCC subjects suggests that atrophy does not 
occur in this condition, but rather, having a larger SC is a predisposing factor for 
compression, in keeping with a prior report that investigated SC occupation ratio.7 MCL CSA 
was also (non-significantly) larger in uncompressed subjects, but the ratio of MCL to rostral 
CSA showed a trend toward a decrease in ASCC, indicating that compression has a minor 
effect on CSA and normalization by rostral values helps to mitigate the high inter-subject 
variability of this measure.7,14 Although the groups with and without cord compression 
differed significantly in age and weight, all qMRI metrics were corrected for age and none 
showed significant variation with weight. In fact, MTR and FA have previously been shown to 
vary with age,11,14 but these relationships became non-significant when compression was 
included in the analysis, confirming a recent DTI study,22 suggesting that earlier studies 
overestimated the effect of age.14,23,24 SC compression was primarily anterior in all subjects, 
and this appeared to preferentially cause injury to the VCs, as measured by reduced FA and 
MTR. T2*WI WM/GM demonstrated conflicting results with significant changes in LCs and 
DCs and no significant effect in the VCs; we suspect that this is attributable to ventral 
artifacts on T2*WI, including chemical shift at the CSF-cord interface and blooming artefact 
from prominent anterior veins, but histopathological correlation is required. The GM did not 
show significant differences for FA or MTR, which is likely a limitation of these metrics as 
they are better at detecting WM pathology.12 Follow-up clinical data showed development of 
clinical myelopathy in 10% of subjects, similar to a prior report,10 indicating that ASCC is a 
meaningful preclinical condition. Prediction of myelopathy development was not successful 
given the small ASCC sample and number of events, but further investigation is warranted to 
identify prognostic factors. 
 
Our results highlight the value of multiparametric qMRI and multivariate analysis; the 
combination of multiple tissue injury measures into composite scores reduces the standard 
error of effect estimation by approximately 1/ √n, revealing robust group differences. Post 
hoc analysis identified an even greater effect of compression, with the revised composite 
score finding abnormal results in nine ASCC subjects, and logistic regression results 
suggesting that the vast majority with ASCC experience tissue injury. However, such data-
driven analysis may suffer from overfitting and must be interpreted with caution. In fact, 
without histopathological studies, the ground truth is unknown regarding microstructural 
changes that occur in ASCC, and to our knowledge no cadaver studies have investigated 
this topic. Overall, the results support our hypothesis at a group level, indicating that SC 
tissue injury occurs in subjects with only a mild degree of compression who lack any 
manifestation of clinical symptoms or signs. This offers the intriguing possibility of 
diagnosing SC tissue injury prior to the onset of neurological impairment in this condition and 
others, with far-reaching clinical implications. 
 
 
An Objective Definition of Spinal Cord Compression 
 
The prevalence estimates in our data are similar to the range of 51.5-66.2% (for age 40-80) 
reported by Kovalova et al. (2016),8 but far higher than earlier reports of 8-26%.3-7 These 
differences are primarily due to vague and subjective definitions of SC compression in prior 
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studies, which used the terms impingement, encroachment, and compression without strict 
criteria.3-7 Kerkovsky et al. (2012) provided a more precise definition of SC compression: a 
concave defect adjacent to a bulging disc or osteophyte and/or CR < 0.4;18 however, their 
threshold for CR was very low, at 4.5 SDs below the mean (based on our normative data at 
C5-6) and did not account for normal variations of CR across levels. Furthermore, the error 
associated with manual CR measurement has not been characterized, and visual 
assessment of concavity is subjective. Kovalova et al. (2016) provided detailed descriptions 
of indentation, flattening, and circumferential compression, but did not establish quantitative 
criteria.8 Instead, we use automated analysis to reduce bias and define SC compression as 
deviation from normal SC morphology in 3 quantitative parameters that reflect flattening, 
indentation, and torsion (due to lateral bulging discs). This approach identified four levels of 
subtle compression missed by two expert raters and achieved diagnostic accuracy 
approaching 100%. 2D PCA readily detects the transverse axis of the SC, allowing 
calculation of CR and relative rotation, while indentation is robustly calculated using convex 
hulls. Several additional shape parameters are also under investigation including asymmetry 
indices to detect lateral compression and relative CSA to detect circumferential 
compression, but these were not necessary in this cohort. Automatic analysis is fast and 
straightforward using the free open-source Spinal Cord Toolbox,16 and the only manual step 
is reviewing and editing the segmentation. Our results define normative data for each shape 
parameter across cervical intervertebral levels, and ROC analysis identified diagnostic 
thresholds that were close to 2 SDs from the mean of each metric. Many of our ASCC cases 
showed CSF intervening between the compressive process (e.g. disc osteophyte complex) 
and the ventral spinal cord surface, as the SC shifts posteriorly when the subject is supine. 
This indicates that the cord deformity is observed in the absence of visible compression, 
suggesting that shape analysis can detect dynamic SC compression, which has previously 
only been possible with flexion/extension MRI.25 
 
 
Contemplating the Definition of Myelopathy 
 
Dictionaries typically define myelopathy as “a disease or disorder of the spinal cord”, and our 
results suggest that individuals with ASCC meet this description. In contrast, clinicians have 
historically favoured functional criteria: the presence of neurological symptoms and signs 
that localize to the SC.26 This clinical definition most likely originated due to the lack of 
diagnostic investigations that can accurately detect early pathological changes within the 
cord. It appears that symptoms and signs of myelopathy only emerge once a considerable 
degree of tissue injury occurs, and homeostatic mechanisms of neuroplasticity and 
behavioural adaptation may mask early changes. Technological advances have led to the 
emergence of in vivo diagnostic tools, including qMRI, that have the potential to surpass 
clinical assessments by taking direct measurements from the SC. Similar progress has been 
made in electrophysiology with the development of contact heat evoked potentials 
(CHEPs),27 which appear to be more sensitive than motor and sensory evoked potentials for 
myelopathy.18 As these tools become more sophisticated and refined, they will allow 
progressively earlier detection of tissue injury in this condition, in which the ground truth 
likely constitutes a continuum between normal and abnormal without a clear division, similar 
to degenerative processes in the aging brain.  
 
Clinical Implications 
 
Our results suggest that the widely held paradigm – that mild SC indentation and flattening 
represent “normal degenerative changes” – is incorrect. Rather, ASCC represents a highly 
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prevalent preclinical diagnosis with microstructural tissue changes, akin to the pre-diabetic 
state of insulin resistance, and these patients are at risk for progression to clinical 
myelopathy. A prior study found that 8% of individuals with ASCC experience progression to 
symptomatic myelopathy at 1 year and 22.6% at 4 years, with risk factors including presence 
of radiculopathy, T2WI hyperintensity, or prolonged conduction on electrophysiology 
studies.10 Thus, individuals with ASCC should be educated about myelopathy symptoms 
periodically examined by a clinician. Unfortunately, patients often ignore early neurological 
symptoms, as was evident in two excluded subjects with evidence of mild DCM, of which 
they were not aware. Furthermore, primary care clinicians sometimes miss the diagnosis of 
DCM, as in one of our ASCC subjects that developed myelopathy, or diagnose it only after 
debilitating symptoms have developed, at which point surgical treatment rarely restores 
normal ambulation and hand function. Earlier diagnosis of DCM would allow earlier 
treatment, and surgery is associated with reduced morbidity in all severity categories 
including mild DCM.28 Preliminary results suggest that serial qMRI assessments may also be 
helpful in detecting progression of tissue injury 29, and long-term clinical and qMRI 
monitoring of this cohort of ASCC subjects is planned. Multiparametric qMRI may also hold 
potential for earlier diagnosis of other spinal conditions, which share pathophysiological 
mechanisms of demyelination, axonal injury, gliosis, and atrophy.13 
 
Limitations 
 
The sample size was large enough to demonstrate the presence of tissue injury in ASCC, 
but larger studies are needed to provide more accurate estimates of prevalence and rate of 
myelopathy development. Our normalization approach for age and other subject 
characteristics may be inaccurate, and ideally groups would be matched for these variables 
(although this is difficult because ASCC is age-related and its presence is typically unknown 
at time of recruitment). Quantitative shape analysis is dependent on an accurate SC 
segmentation, and manual editing of segmentations was necessary in most subjects. 
Automatic segmentation of the compressed SC is challenging due to anatomical distortion 
and reduced contrast with surrounding tissues, and alternative approaches are under 
investigation by the SCT developers. Shape analysis would be enhanced by using an 
optimized high-resolution T2WI acquisition, but our T2WI had only moderate resolution and 
frequently showed motion artifacts.  
 

Conclusions 
 
ASCC is a common age-related preclinical state that can be accurately and objectively 
diagnosed with automated analysis of SC morphology. This condition involves a similar 
pattern of macro- and microstructural changes as symptomatic DCM, representing 
subclinical tissue injury, and individuals with ASCC at an increased risk of myelopathy 
development. These results have important clinical implications, including the need to 
educate and monitor ASCC subjects for symptoms and signs of myelopathy, while offering 
the possibility of presymptomatic diagnosis and treatment of other spinal pathologies. 
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Figure Captions 
 
 
Figure 1: Automatic Shape Analysis. T2*WI of asymptomatic subjects showing flattening 
(A), indentation (B), and torsion (C) of the SC. D: the SC segmentation (red) is analyzed with 
2D PCA to identify the long (transverse) and short (AP) axes (green) that intersect at the 
centre of mass, and CR is calculated as ratio of AP to transverse diameters to measure 
flattening. E: a convex hull (green) is computed that surrounds the segmentation (red), and 
solidity is calculated as the ratio of segmented area to subtended area. F: the angle between 
the transverse axis and horizontal is computed, and then relative rotation is calculated as the 
ratio between the current slice and average angle in slices above and below. 
 
Figure 2: Frequency of ASCC by Decade. The frequency of ASCC is plotted against 
decade of life, with data for each decade provided in parentheses. ASCC: asymptomatic 
spinal cord compression. 
 
Figure 3: Distributions of Composite Scores. Top: histograms (bars) of composite scores 
(average of the z scores of 10 qMRI metrics) are displayed for subjects with ASCC (red) and 
no cord compression (blue). The expected distribution of results based on the null 
hypothesis (t distribution with ten d.f.s) is superimposed. Six ASCC subjects had abnormally 
low composite score (t10 < -2.23) and group differences were significant (Wilcoxon test: 
p=0.002). Bottom: the same plot is displayed for a revised composite score that replaces 
rostral and MCL CSA measures with CSA ratio (selected post hoc), and the corresponding t 
distribution with nine degrees of freedom. Nine ASCC subjects had abnormal scores (t9 < -
2.26) and stronger group differences were found (p=0.00008). 
 
Figure 4: Quantitative MRI Metrics by Anatomical Structure. Images include a FA map 
(A), a MTR map (B), and a T2*-weighted image (C) of C3-4 in an uncompressed subject. 
Panels D-F show the SCT probabilistic maps of the VCs (yellow), LCs (blue), DCs (red), and 
GM (green) overlaid. DCs: dorsal columns, FA: fractional anisotropy, GM: grey matter, LCs: 
lateral columns, MTR: magnetization transfer ratio, SCT: Spinal Cord Toolbox, VCs: ventral 
columns. 
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Supplemental Tables 
 
Supplemental Table 1: Anatomical Features of Spinal Cord Compression and 
Quantitative Shape Metrics. MRI images were analyzed for degenerative changes causing 
cervical spinal cord compression, defined as indentation, flattening, or focal torsion. Levels 
with cord compression are listed with CR in parentheses, and a description of the 
degenerative changes and morphology of cord compression are provided. ASCC: 
asymptomatic spinal cord compresison, CR: compression ratio, DOC: disc ± osteophyte 
complex, LF: ligamentum flavum, MCL: maximally compressed level, RR: relative rotation, 
Sol.: solidity. 
 

# 
Age, 
Sex 

MCL 
Comp. 
Levels 

CR  
(%) 

Sol. 
(%) 

RR  
(°) 

MRI Features 

1 74M C5-6 C4-5 51.5* 95.8 -1.4 Broad DOC flattening cord 
C5-6 49.3* 96.4 0.3 Broad DOC flattening cord 
C6-7 48.6* 95.2 -2.3 Lateral DOC flattening and rotating cord 

2 55F C3-4 C3-4 53.1* 93.9* -1.0 Central DOC indenting and flattening cord, mild 
LF hypertrophy 

C4-5 51.7* 94.6* -0.7 Central DOC indenting and flattening cord, mild 
LF hypertrophy 

3 59F C5-6 C3-4 47.8* 95.3* 1.3 Broad DOC flattening and indenting cord 
C4-5 48.5* 96.1 0.5 Broad DOC flattening cord 
C5-6 45.6* 98.2 0.5 Broad DOC flattening cord 

4 28M C4-5 C3-4 57.8 95.4* -1.2 Central DOC indenting cord 
C4-5 53.4 94.4* -1.0 Central DOC indenting cord 
C5-6 51.7 95.4* -1.4 Central DOC indenting cord 

5 30M C5-6 C5-6 55.4 94.6* 2.1 Central DOC indenting cord 
C6-7 53.9 93.9* 2.1 Central DOC indenting cord 

6 52F C4-5 C3-4 56.4 94.3* -1.8 Central DOC indenting cord, mild LF hypertrophy 
at C3-4, C4-5 

C4-5 60.8 92.7* -2.9 Central DOC indenting cord, mild LF hypertrophy 
C5-6 61.1 95.4* -7.0* Lateral DOC indenting and rotating cord 
C6-7 48.6* 93.8* 1.0 Central DOC indenting and flattening cord 

7 60F C5-6 C5-6 50.4* 95.4* 0.7 Broad DOC flattening cord 
8 69M C5-6 C5-6 48.9* 97.5 -0.7 Broad DOC flattening cord 

C6-7 49.0* 95.8 2.5 Broad DOC flattening cord 
9 66F C4-5 C4-5 55.4 94.2* 0.0 Central DOC indenting cord, mild LF hypertrophy 
10 51M C6-7 C6-7 43.4* 91.6* -0.9 Central DOC indenting and flattening cord 
11 39M C6-7 C6-7 55.4 94.7* 4.5* Lateral DOC indenting and rotating cord 
12 49M C6-7 C4-5 55.2 93.7* -0.2 Central DOC indenting cord 

C5-6 49.5* 95.8 2.1 Broad DOC flattening cord 
C6-7 46.1* 92.9* -5.0* Lateral DOC indenting, flattening, and rotating 

cord 
13 50F C5-6 C4-5 55.5 94.1* 0.5 Central DOC indenting cord 

C5-6 55.0 95.3* -4.2* Broad lateral DOC indenting and rotating cord 
14 51F C4-5 C3-4 55.8 95.4* -0.8 Central DOC indenting cord 

C4-5 54.0 93.0* 1.9 Central DOC indenting cord 
C5-6 54.3 95.6 0.6 Central DOC indenting cord 

15 55F C4-5 C3-4 46.9* 96.2 0.8 Broad DOC flattening cord 
C4-5 41.3* 95.4* 0.6 Central DOC indenting cord 
C5-6 42.0* 96.0 -0.4 Broad DOC flattening cord 

16 79F C5-6 C4-5 52.3 95.5* -1.3 Central DOC indenting cord 
C5-6 46.7* 93.3* -2.0 Central DOC indenting and flattening cord 

17 77M C5-6 C3-4 53.2* 92.8* -4.0* Lateral DOC indenting and rotating cord 
C4-5 48.6* 95.8 -0.4 Broad central DOC flattening cord 
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C5-6 48.3* 93.9* -2.9* Broad DOC indenting, flattening, and rotating 
cord 

18 44M C5-6 C3-4 55.6 94.9* -0.7 Central DOC indenting cord 
C4-5 55.7 95.1* 1.4 Central DOC indenting cord 
C5-6 45.4* 93.4* 0.0 Central DOC indenting and flattening cord, mild 

LF hypertrophy 
19 56M C5-6 C5-6 53.6 94.8* -1.3 Circumferential compression, flattening from 

broad DOC and LF hypertrophy 
20 54M C6-7 C4-5 51.5 95.3* 0.1 Central DOC indenting cord 

C6-7 46.6* 96.7 -2.4* Broad DOC flattening and rotating cord 

 
 
Supplemental Table 2: Variations of MRI Measures with Subject Characteristics. The 
relationship between qMRI metrics and subject characteristics (age, sex, height, weight, and 
cervical cord length) were analyzed with backward stepwise multiple linear regression that 
also included a binary independent variable for the presence of cord compression. Age was 
retained in each model regardless of significance, and linear coefficients for age and any 
other significant relationships (CSA with cervical cord length and MTR with height) were 
subsequently used to normalize qMRI metrics. 
 

Region MRI Metric Age Sex Height Weight 
Cervical Cord 

Length 

Rostral  
(C1-C3) 

CSA β=-0.168 
(p=0.10) 

- - - β=4.81 
(p=0.002) 

FA β=-6.06x10-4 
(p=0.19) 

- - - - 

MTR β=-0.0472 
(p=0.13) 

- β=-0.181 
(p=0.0004) 

- - 

T2*WI 
WM/GM 

β=2.34x10-4 
(p=0.53) 

- - - - 

MCL or 
C4-5 

CSA β=-0.195 
(p=0.17) 

- - - β=4.90 
(p=0.02) 

FA β=-7.16x10-4 
(p=0.22) 

- - - - 

MTR β=-0.0545 
(p=0.15) 

- β=-0.146 
(p=0.01) 

- - 

T2*WI 
WM/GM 

β=3.39x10-5 
(p=0.91) 

- - - - 

Caudal  
(C6-C7) 

FA β=-0.00127 
(p=0.12) 

- - - - 

T2*WI 
WM/GM 

β=1.20x10-4 
(p=0.83) 

- - - - 
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Figure 1: Automatic Shape Analysis. T2*WI of asymptomatic subjects showing flattening (A), indentation 
(B), and torsion (C) of the SC. D: the SC segmentation (red) is analyzed with 2D PCA to identify the long 
(transverse) and short (AP) axes (green) that intersect at the centre of mass, and CR is calculated as ratio 
of AP to transverse diameters to measure flattening. E: a convex hull (green) is computed that surrounds 
the segmentation (red), and solidity is calculated as the ratio of segmented area to subtended area. F: the 
angle between the transverse axis and horizontal is computed, and then relative rotation is calculated as the 

ratio between the current slice and average angle in slices above and below.  
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Figure 2: Frequency of ASCC by Decade. The frequency of ASCC is plotted against decade of life, with data 
for each decade provided in parentheses. ASCC: asymptomatic spinal cord compression.  
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Figure 3: Distributions of Composite Scores. Top: histograms (bars) of composite scores (average of the z 
scores of 10 qMRI metrics) are displayed for subjects with ASCC (red) and no cord compression (blue). The 
expected distribution of results based on the null hypothesis (t distribution with ten d.f.s) is superimposed. 
Six ASCC subjects had abnormally low composite score (t10 < -2.23) and group differences were significant 
(Wilcoxon test: p=0.002). Bottom: the same plot is displayed for a revised composite score that replaces 
rostral and MCL CSA measures with CSA ratio (selected post hoc), and the corresponding t distribution with 

nine degrees of freedom. Nine ASCC subjects had abnormal scores (t9 < -2.26) and stronger group 
differences were found (p=0.00008).  
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Figure 4: Quantitative MRI Metrics by Anatomical Structure. Images include a FA map (A), a MTR map (B), 
and a T2*-weighted image (C) of C3-4 in an uncompressed subject. Panels D-F show the SCT probabilistic 

maps of the VCs (yellow), LCs (blue), DCs (red), and GM (green) overlaid. DCs: dorsal columns, FA: 
fractional anisotropy, GM: grey matter, LCs: lateral columns, MTR: magnetization transfer ratio, SCT: Spinal 

Cord Toolbox, VCs: ventral columns.  
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Abstract 
 
Objectives:  Degenerative cervical myelopathy (DCM) involves extrinsic spinal cord 
compression causing tissue injury and neurological dysfunction. Asymptomatic spinal cord 
compression (ASCC) is more common but its significance is poorly defined. This study 
investigates if: 1) ASCC can be automatically diagnosed using spinal cord shape analysis; 2) 
multiparametric quantitative MRI can detect similar spinal cord tissue injury as previously 
observed in DCM. 
 
Design: Prospective observational longitudinal cohort study. 
 
Setting: Single centre, tertiary care and research institution. 
 
Participants: 40 neurologically intact subjects (19 female, 21 male) divided into groups with 
and without ASCC. 
  
Interventions: None.   
 
Outcome Measures: Clinical assessments: modified Japanese Orthopedic Association 
(mJOA) score and physical examination. 3T MRI assessments: automated morphometric 
analysis compared with consensus ratings of spinal cord compression, and measures of 
tissue injury: cross-sectional area (CSA), diffusion fractional anisotropy (FA), magnetization 
transfer ratio (MTR), and T2*-weighted imaging white to grey matter signal intensity ratio 
(T2*WI WM/GM) extracted from rostral (C1-3), caudal (C6-7), and maximally compressed 
levels (MCL).  
  
Results:  ASCC was present in 20/40 subjects. Diagnosis with automated shape analysis 
showed area under the curve > 97%. Five MRI metrics showed differences suggestive of 
tissue injury in ASCC compared with uncompressed subjects (p<0.05), while a composite of 
all 10 measures (average of z scores) showed highly significant differences (p=0.002). At 
follow-up (median 21 months), two ASCC subjects developed DCM. 
  
Conclusions: ASCC appears to be common and can be accurately and objectively 
diagnosed with automated morphometric analysis. Quantitative MRI appears to detect 
subclinical tissue injury in ASCC prior to the onset of neurological symptoms and signs. 
These findings require further validation, but offer the intriguing possibility of pre-
symptomatic diagnosis and treatment of DCM and other spinal pathologies. 
 
Registration: Not registered. 
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Strengths and Limitations of this Study 
 
Strengths: 

• The development of novel spinal cord shape analysis to objectively define and detect 
subtle spinal cord compression 

• Use of cutting-edge MRI techniques that are suitable for clinical translation to detect 
pre-symptomatic spinal cord tissue injury  

• Multiple measures of tissue injury that cross-validate each other and can be 
combined as a composite to increase statistical power 

Limitations: 
• Lack of histopathological correlation data to confirm the presence of tissue injury 
• Modest sample size makes it difficult to draw conclusions about the clinical relevance 

of asymptomatic cord compression because the rate of progression to symptomatic 
myelopathy is not well defined. 
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Introduction 
 
Degenerative cervical myelopathy (DCM) involves age-related degeneration of the discs, 
ligaments, and vertebrae leading to extrinsic spinal cord compression and neurological 
dysfunction.1 The prevalence of DCM is difficult to estimate, but it has been suggested that it 
is probably the most common cause of spinal cord dysfunction.1,2 However, asymptomatic 
spinal cord compression (ASCC) is far more frequent, with prevalence estimates ranging 
from 8% to 59%.3-8 Furthermore, spinal cord compression may be underestimated using 
supine MRI, which misses dynamic compression that is visible with flexion/extension MRI.9 
ASCC has received little research attention, but one study found that it confers an increased 
risk of myelopathy development.10

  
 
Emerging quantitative MRI techniques offer in vivo measurement of spinal cord 
microstructural features and tissue injury.11-13 Cross-sectional area (CSA) measures spinal 
cord compression and atrophy, the diffusion tensor imaging (DTI) metric fractional 
anisotropy (FA) measures axonal integrity, magnetization transfer ratio (MTR) reflects myelin 
quantity, and T2*-weighted imaging (T2*WI) white matter to grey matter signal intensity ratio 
(T2*WI WM/GM) is a novel biomarker that we recently introduced that correlates with 
demyelination, gliosis, calcium, and iron concentrations.12,14,15 These measures hold 
potential for earlier diagnosis of various conditions, but results to date have been modest 
and insufficient to drive clinical adoption.11,13  
 
Our group previously reported a clinically feasible multiparametric MRI protocol that 
measures CSA, FA, MTR, and T2*WI WM/GM across the cervical spinal cord.14,15 In DCM 
patients, these metrics reveal macro- and microstructural changes at the maximally 
compressed level (MCL) and in the uncompressed spinal cord above and below; significant 
clinical correlations and group differences compared with healthy subjects were found at 
rostral, MCL, and caudal levels for FA and T2*WI WM/GM, while CSA and MTR showed 
significant results at rostral and MCL levels.15 In the current study, we establish an objective 
definition of spinal cord compression and assess newly developed automated spinal cord 
shape analysis for diagnostic accuracy. We test the hypothesis that subjects with ASCC 
experience tissue injury compared with uncompressed subjects, based on the same ten MRI 
measures. Finally, we investigate the rate of symptomatic myelopathy development at 
follow-up. 
 
 

Methods 
 
Study Design and Subjects 
 
This study involved a secondary analysis of prospectively collected data that has been 
previously reported,14,15 and received institutional approval from University Health Network 
(UHN, Toronto, Ontario, Canada). 42 subjects were recruited between October 2014 and 
December 2016 by convenience sampling and provided written informed consent. All clinical 
data collection and physical examinations were performed by a physician member of the 
UHN Spine Program. Subjects were examined to rule out neurological symptoms 
(numbness, weakness, fine motor dysfunction, gait/balance difficulties, urinary 
urgency/incontinence) and signs (hyperreflexia, weakness, sensory deficits, Romberg sign, 
gait ataxia). Neck pain was not considered a neurological symptom. Subjects were also 
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required to have 18/18 on the modified Japanese Orthopedic Association score. Two 
subjects were excluded during screening; one showed gait ataxia and both had sensory 
deficits, hyperreflexia, and MRI evidence of spinal cord compression consistent with DCM. 
Follow-up assessments were performed by telephone, including mJOA administration. 
Subjects that reported any neurological symptoms underwent a complete neurological 
examination in person. 
 
MRI Acquisitions 
 
Subjects underwent T2-weighted imaging (T2WI), DTI, magetization transfer (MT), and 
T2*WI at 3T (GE Signa Excite HDxt) covering C1-C7, as previously described.14 DTI, MT, 
and T2*WI images were acquired with 13 axial slices from C1 to C7. T2WI was performed 
with a FIESTA-C sequence with 0.8x0.8x0.8 mm3 isotropic resolution. DTI used spin-echo 
single shot echo planar imaging (ssEPI) with 3 acquisitions averaged offline, b = 800 s/mm2 
in 25 directions, 5 images with b=0 s/mm2, and resolution of 1.25x1.25x5 mm3. MT used 2D 
spoiled gradient echo ± MT pre-pulse, with 1x1x5mm3 voxels. T2*WI acquisition used multi-
echo recombined gradient echo (MERGE) with 3 echoes at 5,10,15 ms and resolution 
0.6x0.6x4 mm3. Total imaging time was 30-35 minutes including patient positioning, slice 
prescription, and 2nd order localized shimming (prior to DTI). 
 
Image Analysis 
 
Images were inspected and excluded from analysis if image quality was poor or artifacts 
were present. Quantitative imaging data were analyzed using Spinal Cord Toolbox (SCT) 
v3.0,16 including spinal cord segmentation, registration to the probabilistic SCT template, and 
extraction of metrics with partial volume correction, as previously described.14,15 
Segmentations and registered images were reviewed, and if necessary segmentations were 
manually edited to correct inaccuracies. 
 
Diagnosis of spinal cord compression followed a 3-step process. First, anatomical images 
(T2WI and T2*WI) were independently examined by 2 raters (ARM, AN) for indentation, 
flattening, torsion, or circumferential compression from extrinsic tissues (disc, ligament, or 
bone), and the MCL was subjectively determined. Discrepancies were resolved by 
consensus. Effacement of the cerebrospinal fluid (CSF) was not considered compression. 
Second, automated shape analysis was performed on each axial section of the T2*WI spinal 
cord segmentation mask. 2D principle component analysis (PCA) identified the long and 
short axes, representing transverse and anterior-posterior (AP) directions, respectively 
(Figure 1). Flattening was measured with compression ratio (CR) = AP/transverse 
diameter.17 Indentation was measured using solidity = the percentage of area representing 
spinal cord within the convex hull that subtends the spinal cord. Torsion was measured with 
relative rotation, which was calculated as the angle between transverse axis and horizontal, 
relative to adjacent slices (difference from the average rotation of above and below slices). 
Circumferential compression was not specifically measured with a shape metric, as it 
typically coincides with flattening. Receiver operating characteristic (ROC) curves were 
plotted to determine diagnostic accuracy of shape metrics at each intervertebral level 
compared with consensus ratings. 95% confidence intervals for area under the curve (AUC) 
were calculated using the DeLong method with 2000 stratified bootstrap replicates. Third, 
discrepancies between consensus ratings and shape analysis were discussed and 
diagnoses were revised by consensus if necessary. The mean and SD of shape parameters 
were calculated in uncompressed subjects for each rostrocaudal level. Analysis of variance 
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(ANOVA) and Levene’s test assessed if these values varied across rostrocaudal levels, in 
which case they were reported separately, and otherwise pooled mean, SD, and diagnostic 
thresholds were calculated. Optimal diagnostic thresholds were then found by maximizing 
Youden’s Index. 
 
Tissue injury was measured with CSA of the spinal cord, and FA, MTR, and T2*WI WM/GM 
extracted from WM. Metrics were normalized for rostrocaudal level and averaged across 
rostral (C1-3), middle (C4-5 in uncompressed subjects or maximally compressed level, MCL, 
in ASCC subjects), and caudal (C6-7) levels. The MCL for subjects with multilevel 
compression was determined by consensus ratings after considering automated shape 
results. For MCL measurements, data from a single level was used for CSA, whereas 3 
slices centered at MCL were averaged for FA, MTR, and T2*WI WM/GM. Non-CSA metrics 
were also extracted from the ventral columns, lateral columns, dorsal columns and GM 
averaged across C1-C7 to identify focal injury. Metrics were normalized for age, sex, height, 
weight, and cervical cord length, similar to our previous approach,14 based on multiple linear 
regression with backward stepwise variable selection. However, the presence of spinal cord 
compression was included to measure independent effects of other variables, and age 
correction was performed (regardless of significance) to mitigate group differences. Ratios of 
MCL/rostral metrics were also calculated.18 
 
Statistical Analysis 
 
Statistical analysis was performed with R v3.3. Numerical data were summarized by mean ± 
standard deviation (SD). Binary variables were compared using Fisher exact tests and 
numerical demographic variables were compared using two-tailed Welch’s T tests. 95% 
confidence intervals (CIs) for frequencies were calculated using the Wilson procedure with 
continuity correction. MRI metrics were assumed to be normally distributed in subjects 
without spinal cord compression, whereas these data were assumed to be non-normal in 
ASCC subjects based on the hypothesis that they experience varying degrees of tissue 
injury. Results for individual ASCC subjects were analyzed in terms of z scores (compared 
to the uncompressed population), whereas group differences between ASCC and 
uncompressed subjects were analyzed with two-tailed Wilcoxon (non-parametric) tests. The 
z scores of all 10 MRI metrics (using negative values for T2*WI WM/GM) were also 
averaged to yield a composite score, which was assumed to follow a t distribution with 10 
degrees of freedom (t10) in uncompressed subjects, and results for individual subjects were 
analyzed using t scores. A two-tailed binomial test compared the pattern of differences 
(increases or decreases) in ASCC vs. uncompressed subjects with the pattern previously 
observed in DCM vs. healthy subjects.15 Logistic regression with backward stepwise 
elimination was used to develop a model for detecting tissue injury, retaining a maximum of 
4 MRI metrics as independent variables. Significance was set at p < 0.05 without correction 
for multiplicity due to the exploratory nature of this study, including individual measurements 
of |z| > 1.96, |t10| > 2.23, and |t9| > 2.26. 
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Results 
 
Subject Characteristics 
 
Subject characteristics are listed in Table 1. Individuals with ASCC were older (54.9 vs. 39.4, 
p=0.0007) and weighed more (79.8 vs. 71.1, p=0.03) than subjects without cord 
compression, while other characteristics (sex, height, and neck length) did not differ. 
 
Table 1: Subject Characteristics. Demographics and clinical measures are tabulated for 
subjects with and without cervical spinal cord compression. ** denotes significant differences 
(p < 0.05) between groups. 
 

Characteristic 

Uncompressed 
Subjects 
(N=20) 

Compressed 
Subjects 
(N=20) P value 

Age 39.4 ± 12.8 54.9 ± 13.8 0.0007** 
Sex (M:F) 10:10 11:9 1.0 

Height (cm) 172.7 ± 9.4 170.5 ± 8.0 0.43 
Weight (kg) 71.1 ± 10.4 79.8 ± 13.3 0.03** 
Neck Length 

(mm) 
106.3 ± 9.6 107.0 ± 9.4 0.81 

 
Diagnosis of Spinal Cord Compression 
 
Consensus ratings identified 19 subjects with spinal cord compression at 41 levels 
(flattening: 20 levels, indentation: 30 levels, torsion: 8 levels, circumferential compression: 1 
level). Relative to these ratings, automated shape analysis demonstrated an average 
AUC=99.2% (95% CI: 97.3% to 100%) for flattening, pooled AUC=96.8% (95% CI: 94.6% to 
99.1%) for indentation, and pooled AUC=99.2% (95% CI: 98.0% to 100%) for torsion (Table 
2, Figure 2). After reviewing shape analysis results, 3 levels were reclassified as flattened 
(total: 23 levels) and 1 level as indented (total: 31 levels). Remaining discrepancies were 
mostly at adjacent levels, which showed a transition between normal and abnormal shape. 
ANOVA detected that CR differed across rostrocaudal levels in uncompressed subjects 
(range: 58.7% to 67.2%), whereas solidity and relative rotation were invariant, yielding 
pooled normative values of 96.52% ± 0.56% and 0.3 ± 1.5 degrees, respectively. 
 
Table 2: Shape Metrics. Data for CR, solidity, and relative rotation are displayed for each 
intervertebral level from C2-C7. Normal data are derived from 20 subjects with no cord 
compression and reported as mean ± SD. Diagnostic accuracy is reported as AUC relative 
to consensus ratings (prior to revised diagnoses incorporating these results). AUC: area 
under the curve, CR: compression ratio, ROC: receiver operating characteristic function, SD: 
standard deviation. 
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Shape 
Parameter 

Statistic C2-3 C3-4 C4-5 C5-6 C6-7 
Pooled 
Values 

CR (%) 

Normal 
Mean ± SD 

67.2 ± 
6.4 

62.6 ± 
5.1 

59.3 ± 
4.5 

59.2 ± 
4.2 

58.7 ± 
4.5 

- 

Flattened 
Frequency 

0/40 3/40 5/40 7/40 5/40 20/200 

AUC - 1.00 0.989 1.0 0.977 0.992 
Diagnostic 
Threshold 

- 53.1 52.0 49.9 50.5 - 

Sensitivity  100% 97.1% 100% 97.1% - 
Specificity  100% 100% 100% 100% - 

Solidity 
(%) 

Normal 
Mean ± SD 

96.52 ± 
0.47 

96.25 ± 
0.53 

96.74 ± 
0.59 

96.64 ± 
0.46 

96.45 ± 
0.76 

96.52 ± 
0.56 

Indented 
Frequency 

0/40 6/40 11/40 9/40 4/40 30/200 

AUC - 0.976 0.984 0.979 1.0 0.968 
Diagnostic 
Threshold 

- - - - - 95.6 

Sensitivity - - - - - 88.5% 
Specificity - - - - - 96.7% 

Relative 
Rotation 

(Degrees) 

Normal 
Mean ± SD 

0.0 ± 1.3 0.5 ± 1.6 0.5 ± 1.3 0.4 ± 1.4 0.3 ± 1.5 0.3 ± 1.5 

Rotated 
Frequency 

0/40 1/40 1/40 3/40 3/40 8/200 

AUC - 1.0 1.0 1.0 0.991 0.992 
Diagnostic 
Threshold 

- - - - - 3.3 

Sensitivity      97.4% 
Specificity      100% 

 
Final diagnostic ratings identified ASCC in 20/40 subjects (50%, 95% CI: 34.1-65.9%). Six 
additional subjects (15%) without compression had effacement of the CSF. The frequency of 
ASCC increased with age (Figure 3), including 15/21 (71.4%, 95% CI: 47.7-87.8%) among 
subjects aged ≥ 50.  
 
Details of spinal cord compression and shape metrics for each of the 20 ASCC subjects are 
provided in Supplemental Table 1. Compression was primarily anterior at all compressed 
levels, related to disc ± osteophyte complexes, with an element of posterior compression 
due to ligamentum flavum hypertrophy at 9 levels. T2WI hyperintensity was not present in 
any subject, although 1 had a prominent central canal (1mm diameter, within normal limits). 
 
Variation of MRI Metrics with Age and Other Characteristics 
 
CSA varied with cervical cord length and MTR varied with height at rostral and MCL levels, 
independent of the effect of cord compression (Supplemental Table 2). None of the metrics 
varied significantly with age. 
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Quantitative MRI Measures of Tissue Injury 
 
Eight of ten age-corrected MRI metrics showed the same direction of differences in ASCC 
vs. uncompressed subjects as previously seen in DCM vs. healthy subjects (p=0.11), 
including significant differences in five metrics: increased T2*WI WM/GM at all levels 
(rostral: p=0.03, MCL: p=0.005, caudal: p=0.01), decreased MCL FA (p=0.04), and 
decreased rostral MTR (p=0.046) (Table 3). In contrast, CSA measures varied in the 
opposite direction from DCM, including significantly higher rostral CSA in ASCC (p=0.02). 
Ratios of MCL:rostral MRI metrics showed trends toward decreased FA ratio (p=0.06) and 
CSA ratio (p=0.09) in ASCC subjects (Table 4).  
 
Table 3: Comparison of Normalized Quantitative MRI Metrics. Normalized MRI metrics 
were compared between subjects with and without cord compression. A composite Z score 
was used as an overall measure of tissue injury. Data extracted at the MCL were converted 
to Z scores to normalize for rostrocaudal variations prior to comparison and then converted 
back to values at C4-5 for convenience of interpretation. The direction of differences 
(increases/decreases) in compressed vs. uncompressed subjects was compared to previous 
findings in DCM vs. healthy patients. Caudal CSA and MTR were not analyzed because they 
did not show significant results in our prior DCM study.15 * denotes significance (p<0.05). 
 

Region 
MRI 
Metric 

Uncompressed 
(N=20) 

Compressed 
(N=20) 

P 
Value 

Direction 
Matches 
DCM 

Rostral  
(C1-C3) 

CSA 75.4 ± 4.7 81.7 ± 9.6 0.02** N 
FA 0.731 ± 0.031 0.720 ± 0.037 0.48 Y 

MTR 53.6 ± 3.0 51.9 ± 1.8 0.046** Y 
T2*WI 

WM/GM 
0.838 ± 0.029 0.863 ± 0.031 0.03** Y 

Mid 
(MCL or 

C4-5) 

CSA 79.2 ± 7.7 81.9 ± 12.8 0.34 N 
FA 0.670 ± 0.044 0.631 ± 0.043 0.04** Y 

MTR 51.1 ± 3.3 49.8 ± 2.4 0.35 Y 
T2*WI 

WM/GM 
0.842 ± 0.019 0.864 ± 0.026 0.005** Y 

Caudal  
(C6-C7) 

FA 0.616 ± 0.046 0.595 ± 0.051 0.24 Y 
T2*WI 

WM/GM 
0.845 ± 0.037 0.881 ± 0.050 0.01** Y 

Composite Score 0 ± 1 -0.984 ± 1.259 0.002** Y 

 
Table 4: Comparison of Metric Ratios. Ratios were calculated by dividing MCL metric 
values by rostral values. * denotes trend (p<0.10) and ** denotes significance (p<0.05). 
 

MCL: 
Rostral Ratio 

Uncompressed 
(N=20) 

Compressed 
(N=20) 

P 
Value 

CSA 1.050 ± 0.060 1.003 ± 0.106 0.09* 
FA 0.917 ± 0.054 0.878 ± 0.056 0.06* 

MTR 0.954 ± 0.042 0.960 ± 0.033 0.56 
T2*WI WM/GM 1.005 ± 0.029 1.001 ± 0.025 0.67 
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Multivariate Results 
 
The MRI composite score showed greater differences than single metrics (p=0.002; Table 
3), including abnormal results (t10 score < -2.23) in 6/20 compressed subjects (Figure 4). 
When rostral and MCL CSA measures were replaced with CSA ratio, a revised composite 
score showed even stronger results (p=8x10-5), including 9/20 compressed subjects with 
abnormal results (t9 score < -2.26; Figure 4). A logistic regression model retaining MCL 
T2*WI WM/GM (p=0.006), FA ratio (p=0.06), CSA ratio (p=0.11), and rostral MTR (p=0.34) 
yielded discrimination of 0.941 between compressed and uncompressed subjects (p=2x10-

5). 
 
 
Tissue Injury by Anatomical Structure 
 
Compressed subjects had decreased FA and MTR in the ventral columns (p=0.01, 0.02, 
respectively), while the lateral columns, dorsal columns, and grey matter did not show 
significant differences in these metrics (Figure 5). In contrast, T2*WI WM/GM was increased 
in the lateral and dorsal columns (p=0.009, 0.0004, respectively) in compressed subjects, 
while the ventral columns showed no difference. 
 

Clinical Follow-up 
 
All 20 ASCC subjects had follow-up assessments (median: 21 months, range: 3-27 months). 
Four subjects reported concerning new symptoms, and following physical examination two 
were diagnosed with DCM (10%, 95% CI: 1.8-33.1%) and referred for surgical consultation. 
One experienced neck pain, intermittent right hand numbness, and gait imbalance 
(mJOA=17), and examination showed marked gait ataxia, asymmetric hyperreflexia, and 
positive left Hoffman sign. The other had neck pain, left hand numbness, and mild gait 
instability (mJOA=16), and examination revealed symmetric hyperreflexia and mild gait 
ataxia. This individual sought medical attention with her family physician, but no diagnosis 
was made after a new MRI was reported as “normal degenerative changes”.  
 
 

Discussion 
 
Summary of Findings 
 
This study establishes an objective definition of spinal cord compression and found a high 
frequency of asymptomatic spinal cord compression, increasing in frequency with age. 
Multiparametric quantitative MRI provided multiple lines of evidence suggesting that ASCC 
involves a mild degree of spinal cord tissue injury. Significant differences were found with 
five MRI metrics (rostral, MCL, and caudal T2*WI WM/GM, rostral MTR, and MCL FA), with 
T2*WI WM/GM and MTR results suggesting that demyelination is the predominant 
pathophysiological mechanism in these subjects.12,13,19 The finding of decreased MCL FA 
confirms two previous reports,18,20 and may be indicative of axonal injury but could 
alternatively be related to demyelination.21 However, this result could also be artifactual, as 
DTI metrics can be biased in the compressed spinal cord by increased susceptibility 
artefact,12,21 and thus it was reassuring that MRI measures also showed changes away from 
the compressed region. Furthermore, the study by Lindberg et al. (2016) included only five 
ASCC subjects, who showed functional deficits, while the Kerkovsky et al. (2012) study 
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included subjects with radiculopathy, which can localize within the spinal cord GM (i.e. 
myeloradiculopathy). In contrast, our cohort was carefully screened to ensure the absence of 
neurological symptoms and signs. Recently, a larger study was completed with 92 ASCC 
and 71 uncompressed subjects, but DTI differences between these groups were not 
reported.22 Our finding that rostral CSA was significantly greater among ASCC subjects 
suggests that atrophy does not occur in this condition, but rather, having a larger spinal cord 
appears to be a predisposing factor for compression, in keeping with a prior report that 
investigated spinal canal occupation ratio.7 MCL CSA was also (non-significantly) larger in 
uncompressed subjects, but the ratio of MCL to rostral CSA showed a trend toward being 
decreased in ASCC, indicating that the mild compression observed in ASCC subjects has 
only a minor effect on CSA, and normalization by rostral values helps to mitigate the high 
inter-subject variability of this measure.7,14 Although the groups with and without cord 
compression differed significantly in age and weight, all MRI metrics were corrected for age 
and none showed significant variation with weight. In fact, MTR and FA have previously 
been shown to vary with age,11,14 but these relationships became non-significant when 
compression was included in the analysis, confirming a recent DTI study,22 and suggesting 
that earlier studies may have overestimated the effect of age.14,23,24 Spinal cord compression 
was primarily anterior in all subjects, and this appeared to preferentially cause injury to the 
ventral columns, as measured by reduced FA and MTR. T2*WI WM/GM demonstrated 
conflicting results with significant changes in lateral and dorsal columns and no significant 
effect in the ventral columns; we suspect that this is attributable to ventral artifacts on T2*WI, 
including chemical shift at the CSF-cord interface and blooming artefact from prominent 
anterior veins, but histopathological correlation is required. The grey matter did not show 
significant differences for FA or MTR, which is likely a limitation of these metrics as they are 
better at detecting white matter pathology.12 Follow-up clinical data showed development of 
clinical myelopathy in 10% of subjects, similar to a prior report,10 indicating that ASCC is a 
meaningful preclinical condition.  
 
Our results highlight the value of multiparametric MRI and multivariate analysis; the 
combination of multiple tissue injury measures into a composite score is analogous 
(although not statistically equivalent) to taking n measurements of the same underlying 
value, which reduces the standard error by 1/ √n. This is based on the assumption that the 
MRI measures are covariant, measuring the common entity of tissue injury. The revised 
composite score showed abnormal results in nine ASCC subjects, and logistic regression 
suggested that the majority of subjects with ASCC experience tissue injury. However, such 
data-driven analysis may suffer from overfitting and must be interpreted with caution. In fact, 
without histopathological studies, the ground truth is unknown regarding microstructural 
changes that occur in ASCC, and to our knowledge no cadaver studies have investigated 
this topic. Overall, the results support our hypothesis at a group level, suggesting that spinal 
cord tissue injury begins in subjects with mild compression prior to the manifestation of 
clinical symptoms or signs. This offers the intriguing possibility of pre-symptomatic diagnosis 
in this condition and others, with far-reaching potential clinical applications. However, further 
investigation in a larger cohort of subjects with longer term follow-up is needed to confirm 
the findings of this study and to better characterize the prevalence of ASCC, relationship 
with age, rate of symptomatic myelopathy development, and specific prognostic factors. 
 
 
An Objective Definition of Spinal Cord Compression 
 
The high frequency of ASCC in our data are similar to the range of 51.5-66.2% (for age 40-
80) reported by Kovalova et al. (2016),8 but far higher than earlier reports of 8-26%.3-7 These 
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differences are primarily due to vague and subjective definitions of spinal cord compression 
in prior studies, which used the terms impingement, encroachment, and compression 
without strict criteria.3-7 Kerkovsky et al. (2012) provided a more precise definition of spinal 
cord compression: a concave defect adjacent to a bulging disc or osteophyte and/or CR < 
0.4;18 however, their threshold for CR was very low, at 4.5 SDs below the mean (based on 
our normative data at C5-6) and did not account for normal variations of CR across levels. 
Furthermore, the error associated with manual CR measurement has not been 
characterized, and visual assessment of concavity is subjective. Kovalova et al. (2016) 
provided detailed descriptions of indentation, flattening, and circumferential compression, 
but did not establish quantitative criteria.8 Instead, we use automated analysis to reduce bias 
and define spinal cord compression as deviation from normal spinal cord morphology in 3 
quantitative parameters that reflect flattening, indentation, and torsion (due to lateral bulging 
discs). This approach identified four levels of subtle compression missed by two expert 
raters and achieved excellent diagnostic accuracy. 2D PCA readily detects the transverse 
axis of the spinal cord, allowing calculation of CR and relative rotation, while indentation is 
robustly calculated using convex hulls. Several additional shape parameters are also under 
investigation including asymmetry indices to detect lateral compression and relative CSA to 
detect circumferential compression, but these were not necessary in this cohort. Automatic 
analysis is fast and straightforward using the free open-source Spinal Cord Toolbox,16 and 
the only manual step is reviewing and editing the segmentation. Our results define normative 
data for each shape parameter across cervical intervertebral levels, and ROC analysis 
identified diagnostic thresholds that were close to 2 SDs from the mean of each metric. 
Many of our ASCC cases showed CSF intervening between the compressive process (e.g. 
disc osteophyte complex) and the ventral spinal cord surface, as the spinal cord shifts 
posteriorly when the subject is supine. This indicates that the cord deformity is observed in 
the absence of visible compression, suggesting that shape analysis can detect dynamic 
spinal cord compression, which has previously only been possible with flexion/extension 
MRI.25 
 
 
Contemplating the Definition of Myelopathy 
 
Myelopathy is typically defined as “a disease or disorder of the spinal cord”, and our results 
suggest that individuals with ASCC may meet this description. In contrast, clinicians have 
historically favoured functional criteria: the presence of neurological symptoms and signs 
that localize to the spinal cord.26 This clinical definition most likely originated due to the lack 
of diagnostic investigations that can accurately detect early pathological changes within the 
cord. It appears that symptoms and signs of myelopathy only emerge once a considerable 
degree of tissue injury occurs, and we suspect that homeostatic mechanisms of 
neuroplasticity and behavioural adaptation act to mask early changes. Technological 
advances have led to the emergence of in vivo diagnostic tools, including MRI, that have the 
potential to surpass clinical assessments by taking direct measurements from the spinal 
cord. Similar progress has been made in electrophysiology with the development of contact 
heat evoked potentials (CHEPs),27 which appear to be more sensitive than motor and 
sensory evoked potentials for myelopathy.18 As these tools become more sophisticated and 
refined, they will allow progressively earlier detection of tissue injury in this condition, in 
which the ground truth likely constitutes a continuum between normal and abnormal without 
a clear division, similar to degenerative processes in the aging brain.  
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Clinical Implications 
 
The radiological findings of mild spinal cord indentation and flattening are of unknown 
significance and in the authors’ experience these are frequently dismissed (as seen in one 
subject that progressed to symptomatic myelopathy). However, the results of this study 
suggest that ASCC involves degradation of the tissue microstructure, likely representing a 
preclinical state akin to the pre-diabetic diagnosis of insulin resistance. Furthermore, these 
patients appear to be at increased risk for progression to clinical myelopathy, consistent with 
a prior study found that 8% of individuals with ASCC develop symptomatic myelopathy at 1 
year and 22.6% at 4 years, with risk factors including presence of radiculopathy, T2WI 
hyperintensity, or prolonged conduction on electrophysiology studies.10 Thus, individuals 
with ASCC should be educated about myelopathy symptoms, and further research is 
warranted to determine a potential role for MRI screening and longitudinal clinical follow-up. 
Unfortunately, patients often ignore early neurological symptoms, as was evident in two 
excluded subjects with evidence of mild DCM, of which they were not aware. Furthermore, 
additional efforts are needed to educate primary care clinicians so that prompt diagnosis of 
DCM can be made before debilitating symptoms have developed, at which point surgical 
treatment rarely restores normal ambulation and hand function. Earlier diagnosis of DCM 
would allow earlier treatment, and surgery is associated with reduced morbidity in all severity 
categories including mild DCM.28 Preliminary results suggest that serial quantitative MRI 
assessments may also be helpful in detecting progression of tissue injury 29, and long-term 
clinical and quantitative MRI monitoring of this cohort of ASCC subjects is planned. 
Quantitative MRI may also hold potential for earlier diagnosis of other spinal conditions, 
which share pathophysiological mechanisms of demyelination, axonal injury, gliosis, and 
atrophy.13 
 
Limitations 
 
The statistical methods used in this study (including normalization, age correction, 
regression) are somewhat complex and involve several assumptions that require validation 
(e.g. normality). Statistical correction for multiple comparisons was not performed due to the 
exploratory nature of this study, but should be incorporated into the design of future 
confirmatory studies. The sample size of 40 subjects is too small to accurately estimate 
prevalence and the rate of myelopathy development, and larger confirmatory studies are 
required. Our normalization approach for age and other subject characteristics may be 
inaccurate, and ideally groups would be matched for these variables (although this is difficult 
because ASCC is age-related and its presence was unknown at time of recruitment). 
Quantitative shape analysis is dependent on an accurate spinal cord segmentation, and 
manual editing of segmentations was necessary in most subjects. Automatic segmentation 
of the compressed spinal cord is challenging due to anatomical distortion and reduced 
contrast with surrounding tissues, and alternative approaches are under investigation. 
Shape analysis would be enhanced by using an optimized high-resolution T2WI acquisition, 
but our T2WI had only moderate resolution and frequently showed motion artifacts. The use 
of convenience sampling may constitute selection bias, as individuals that have concerns of 
spinal pathology may be more likely to volunteer for an MRI study. Follow-up physical 
examinations were only performed for subjects that reported new symptoms, which could 
constitute information bias. The presence of metallic hardware (e.g. dental) was not grounds 
for exclusion, and this could bias MRI results but was not factored into the analysis. 
Consensus ratings for the presence of compression were used as a reference but their 
validity was not investigated. 
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Conclusions 
 
ASCC appears to be a common age-related condition that can be accurately and objectively 
diagnosed with automated analysis of spinal cord morphology. Furthermore, ASCC appears 
to involve similar macro- and microstructural changes as symptomatic DCM, and this 
condition may confer an increased risk of symptomatic myelopathy development. These 
results require further validation, but they suggest a potential role for educating and 
monitoring ASCC subjects for symptoms and signs of myelopathy, while offering the 
possibility of presymptomatic diagnosis and treatment of other spinal pathologies. 
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Figure Captions 
 
 
Figure 1: Automatic Shape Analysis. T2*WI of asymptomatic subjects showing flattening 
(A), indentation (B), and torsion (C) of the spinal cord. D: the spinal cord segmentation (red) 
is analyzed with 2D PCA to identify the long (transverse) and short (AP) axes (green) that 
intersect at the centre of mass, and CR is calculated as ratio of AP to transverse diameters 
to measure flattening. E: a convex hull (green) is computed that surrounds the segmentation 
(red), and solidity is calculated as the ratio of segmented area to subtended area. F: the 
angle between the transverse axis and horizontal is computed, and then relative rotation is 
calculated as the ratio between the current slice and average angle in slices above and 
below. 
 
Figure 2: Receiver Operating Characteristic (ROC) Curves for Diagnosis of Spinal 
Cord Compression using Automated Morphometric Analysis. The results of automated 
shape analysis to diagnosis spinal cord compression were compared against consensus 
ratings and ROC curves were plotted. The optimal threshold (maximizing Youden’s Index) is 
displayed, along with the sensitivity and specificity at that level. 95% confidence intervals for 
AUC are calculated using the Delong method. 
 
Figure 3: Frequency of ASCC by Decade. The frequency of ASCC is plotted against 
decade of life, with data for each decade provided in parentheses. ASCC: asymptomatic 
spinal cord compression. 
 
Figure 4: Distributions of Composite Scores. Top: histograms (bars) of composite scores 
(average of the z scores of 10 MRI metrics) are displayed for subjects with ASCC (red) and 
no cord compression (blue). The expected distribution of results based on the null 
hypothesis (t distribution with ten d.f.s) is superimposed. Six ASCC subjects had abnormally 
low composite score (t10 < -2.23) and group differences were significant (Wilcoxon test: 
p=0.002). Bottom: the same plot is displayed for a revised composite score that replaces 
rostral and MCL CSA measures with CSA ratio, and the corresponding t distribution with 
nine degrees of freedom. Nine ASCC subjects had abnormal scores (t9 < -2.26) and stronger 
group differences were found (p=0.00008). 
 
Figure 5: Quantitative MRI Metrics by Anatomical Structure. Images include a FA map 
(A), a MTR map (B), and a T2*-weighted image (C) of C3-4 in an uncompressed subject. 
Panels D-F show the SCT probabilistic maps of the VCs (yellow), LCs (blue), DCs (red), and 
GM (green) overlaid. DCs: dorsal columns, FA: fractional anisotropy, GM: grey matter, LCs: 
lateral columns, MTR: magnetization transfer ratio, SCT: Spinal Cord Toolbox, VCs: ventral 
columns. 
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Figure 1: Automatic Shape Analysis. T2*WI of asymptomatic subjects showing flattening (A), indentation 
(B), and torsion (C) of the SC. D: the SC segmentation (red) is analyzed with 2D PCA to identify the long 
(transverse) and short (AP) axes (green) that intersect at the centre of mass, and CR is calculated as ratio 
of AP to transverse diameters to measure flattening. E: a convex hull (green) is computed that surrounds 
the segmentation (red), and solidity is calculated as the ratio of segmented area to subtended area. F: the 
angle between the transverse axis and horizontal is computed, and then relative rotation is calculated as the 

ratio between the current slice and average angle in slices above and below.  
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Figure 2: Receiver Operating Characteristic (ROC) Curves for Diagnosis of Spinal Cord Compression using 
Automated Morphometric Analysis. The results of automated shape analysis to diagnosis spinal cord 

compression were compared against consensus ratings and ROC curves were plotted. The optimal threshold 

(maximizing Youden’s Index) is displayed, along with the sensitivity and specificity at that level. 95% 
confidence intervals for AUC are calculated using the Delong method.  
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Figure 3: Frequency of ASCC by Decade. The frequency of ASCC is plotted against decade of life, with data 
for each decade provided in parentheses. ASCC: asymptomatic spinal cord compression.  
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Figure 4: Distributions of Composite Scores. Top: histograms (bars) of composite scores (average of the z 
scores of 10 MRI metrics) are displayed for subjects with ASCC (red) and no cord compression (blue). The 
expected distribution of results based on the null hypothesis (t distribution with ten d.f.s) is superimposed. 
Six ASCC subjects had abnormally low composite score (t10 < -2.23) and group differences were significant 
(Wilcoxon test: p=0.002). Bottom: the same plot is displayed for a revised composite score that replaces 
rostral and MCL CSA measures with CSA ratio, and the corresponding t distribution with nine degrees of 
freedom. Nine ASCC subjects had abnormal scores (t9 < -2.26) and stronger group differences were found 

(p=0.00008).  
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Figure 5: Quantitative MRI Metrics by Anatomical Structure. Images include a FA map (A), a MTR map (B), 
and a T2*-weighted image (C) of C3-4 in an uncompressed subject. Panels D-F show the SCT probabilistic 

maps of the VCs (yellow), LCs (blue), DCs (red), and GM (green) overlaid. DCs: dorsal columns, FA: 
fractional anisotropy, GM: grey matter, LCs: lateral columns, MTR: magnetization transfer ratio, SCT: Spinal 

Cord Toolbox, VCs: ventral columns.  
 

139x102mm (300 x 300 DPI)  

 

 

Page 22 of 26

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

Supplemental Tables 
 
Supplemental Table 1: Anatomical Features of Spinal Cord Compression and 

Quantitative Shape Metrics. MRI images were analyzed for degenerative changes 

causing cervical spinal cord compression, defined as indentation, flattening, or focal 
torsion. Levels with cord compression are listed, and a description of the degenerative 

changes and morphology of cord compression are provided. * denotes an abnormal 

value of CR, solidity, or RR. ASCC: asymptomatic spinal cord compression, CR: 
compression ratio, DOC: disc ± osteophyte complex, LF: ligamentum flavum, MCL: 

maximally compressed level, RR: relative rotation, Sol.: solidity. 

 

# 
Age, 
Sex 

MCL 
Comp. 
Levels 

CR  
(%) 

Sol. 
(%) 

RR  
(°) 

MRI Features 

1 74M C5-6 C4-5 51.5* 95.8 -1.4 Broad DOC flattening cord 

C5-6 49.3* 96.4 0.3 Broad DOC flattening cord 

C6-7 48.6* 95.2 -2.3 Lateral DOC flattening and rotating cord 

2 55F C3-4 C3-4 53.1* 93.9* -1.0 Central DOC indenting and flattening cord, mild 
LF hypertrophy 

C4-5 51.7* 94.6* -0.7 Central DOC indenting and flattening cord, mild 
LF hypertrophy 

3 59F C5-6 C3-4 47.8* 95.3* 1.3 Broad DOC flattening and indenting cord 

C4-5 48.5* 96.1 0.5 Broad DOC flattening cord 

C5-6 45.6* 98.2 0.5 Broad DOC flattening cord 

4 28M C4-5 C3-4 57.8 95.4* -1.2 Central DOC indenting cord 

C4-5 53.4 94.4* -1.0 Central DOC indenting cord 

C5-6 51.7 95.4* -1.4 Central DOC indenting cord 

5 30M C5-6 C5-6 55.4 94.6* 2.1 Central DOC indenting cord 

C6-7 53.9 93.9* 2.1 Central DOC indenting cord 

6 52F C4-5 C3-4 56.4 94.3* -1.8 Central DOC indenting cord, mild LF hypertrophy 
at C3-4, C4-5 

C4-5 60.8 92.7* -2.9 Central DOC indenting cord, mild LF hypertrophy 

C5-6 61.1 95.4* -7.0* Lateral DOC indenting and rotating cord 

C6-7 48.6* 93.8* 1.0 Central DOC indenting and flattening cord 

7 60F C5-6 C5-6 50.4* 95.4* 0.7 Broad DOC flattening cord 

8 69M C5-6 C5-6 48.9* 97.5 -0.7 Broad DOC flattening cord 

C6-7 49.0* 95.8 2.5 Broad DOC flattening cord 

9 66F C4-5 C4-5 55.4 94.2* 0.0 Central DOC indenting cord, mild LF hypertrophy 

10 51M C6-7 C6-7 43.4* 91.6* -0.9 Central DOC indenting and flattening cord 

11 39M C6-7 C6-7 55.4 94.7* 4.5* Lateral DOC indenting and rotating cord 

12 49M C6-7 C4-5 55.2 93.7* -0.2 Central DOC indenting cord 

C5-6 49.5* 95.8 2.1 Broad DOC flattening cord 

C6-7 46.1* 92.9* -5.0* Lateral DOC indenting, flattening, and rotating 

cord 

13 50F C5-6 C4-5 55.5 94.1* 0.5 Central DOC indenting cord 

C5-6 55.0 95.3* -4.2* Broad lateral DOC indenting and rotating cord 

14 51F C4-5 C3-4 55.8 95.4* -0.8 Central DOC indenting cord 

C4-5 54.0 93.0* 1.9 Central DOC indenting cord 

C5-6 54.3 95.6 0.6 Central DOC indenting cord 

15 55F C4-5 C3-4 46.9* 96.2 0.8 Broad DOC flattening cord 

C4-5 41.3* 95.4* 0.6 Central DOC indenting cord 

C5-6 42.0* 96.0 -0.4 Broad DOC flattening cord 

16 79F C5-6 C4-5 52.3 95.5* -1.3 Central DOC indenting cord 

C5-6 46.7* 93.3* -2.0 Central DOC indenting and flattening cord 

17 77M C5-6 C3-4 53.2* 92.8* -4.0* Lateral DOC indenting and rotating cord 

C4-5 48.6* 95.8 -0.4 Broad central DOC flattening cord 
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C5-6 48.3* 93.9* -2.9* Broad DOC indenting, flattening, and rotating 
cord 

18 44M C5-6 C3-4 55.6 94.9* -0.7 Central DOC indenting cord 

C4-5 55.7 95.1* 1.4 Central DOC indenting cord 

C5-6 45.4* 93.4* 0.0 Central DOC indenting and flattening cord, mild 
LF hypertrophy 

19 56M C5-6 C5-6 53.6 94.8* -1.3 Circumferential compression, flattening from 

broad DOC and LF hypertrophy 

20 54M C6-7 C4-5 51.5 95.3* 0.1 Central DOC indenting cord 

C6-7 46.6* 96.7 -2.4* Broad DOC flattening and rotating cord 

 

 

Supplemental Table 2: Variations of MRI Measures with Subject Characteristics. 

The relationship between MRI metrics and subject characteristics (age, sex, height, 
weight, and cervical cord length) were analyzed with backward stepwise multiple linear 

regression that also included a binary independent variable for the presence of cord 

compression. Age was retained in each model regardless of significance, and linear 
coefficients for age and any other significant relationships (CSA with cervical cord length 

and MTR with height) were subsequently used to normalize MRI metrics. 

 

Region MRI Metric Age Sex Height Weight 
Cervical Cord 

Length 

Rostral  
(C1-C3) 

CSA !=-0.168 
(p=0.10) 

- - - !=4.81 
(p=0.002) 

FA !=-6.06x10
-4

 

(p=0.19) 

- - - - 

MTR !=-0.0472 
(p=0.13) 

- !=-0.181 
(p=0.0004) 

- - 

T2*WI 
WM/GM 

!=2.34x10
-4

 
(p=0.53) 

- - - - 

MCL or 

C4-5 

CSA !=-0.195 

(p=0.17) 

- - - !=4.90 

(p=0.02) 

FA !=-7.16x10
-4

 
(p=0.22) 

- - - - 

MTR !=-0.0545 
(p=0.15) 

- !=-0.146 
(p=0.01) 

- - 

T2*WI 

WM/GM 

!=3.39x10
-5

 

(p=0.91) 

- - - - 

Caudal  
(C6-C7) 

FA !=-0.00127 
(p=0.12) 

- - - - 

T2*WI 
WM/GM 

!=1.20x10
-4

 
(p=0.83) 

- - - - 

 
 

 

!
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