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Abstract

Degenerative Cervical Myelopathy (DCM) is a spinal cord disorder that causes significant 

physical disabilities in older patients. While most DCM research focuses on the spinal cord, 

widespread reorganization of the brain may occur to compensate for functional impairment. This 

observational study used diffusion spectrum imaging (DSI) to examine reorganization of cerebral 

white matter associated with neurological impairment as measured by the modified Japanese 

Orthopedic Association (mJOA), and severity of neck disability as measured by the Neck 

Disability Index (NDI) score. A total of 47 patients were included in the cervical spondylosis (CS) 

cohort: 38 patients with DCM (mean mJOA=14.6, and mean NDI=12.0), and 9 neurologically 

asymptomatic patients with spinal cord compression (mJOA=18, and mean NDI=7.0). 28 healthy 

volunteers (HCs) served as the control group. Lower generalized fractional anisotropy (GFA) was 

observed throughout much of the brain in patients compared to HCs (p<0.05). Fiber pathways 

associated with somatosensory functions, such as the corpus callosum and corona radiata, showed 

increased quantitative anisotropy (QA) in patients compared to HCs. Correlation analyses further 

suggested that structural connectivity was enhanced to compensate for neurological dysfunction 

within sensorimotor regions, where fibers such as the posterior corona radiata had NQA values 

that were negatively associated with mJOA (p=0.0020, R2=0.2935) and positively associated with 
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NDI score (p=0.0164, R2=0.1889). Altogether, these results suggest that DCM and neurologically 

asymptomatic spinal cord compression patients tend to have long-term reorganization within the 

brain, particularly in those regions responsible for the perception and integration of sensory 

information, motor regulation, and pain modulation.
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1. Introduction

Cervical spondylosis (CS) is an age-related degenerative spine condition in which long-term 

deterioration and dehydration of intervertebral disks and osteophyte formation can lead to 

compression of the spinal cord. Degenerative cervical myelopathy (DCM) may result in 

significantly impaired motor movement and pain, potentially triggering a downward spiral of 

physical infirmity and social isolation [1, 2]. Studies have shown that spine surgery is the 

most effective therapy for moderate and severe DCM [3], but the recovery can be limited by 

irreversible spinal cord damage. Long-term changes within the brain structure may occur to 

compensate for functional deficits, as has been demonstrated in studies of DCM [4] and 

traumatic spinal cord injury [5–7].

Current data suggests that spinal cord compression and injury are likely to contribute to the 

clinical presentation in DCM patients. This has been demonstrated using standard MRI, and 

more recently confirmed utilizing advanced imaging techniques that have elucidated 

pathological microstructural [8–10], biochemical [11–13], and ischemic or perfusion [14] 

spinal cord derangements. Further study has demonstrated that spinal cord injury induces 

supraspinal alterations in the central nervous system (CNS) including changes in cortical 

morphometry [14] and brain functional connectivity [15, 16], which have been shown to 

strongly correlate with neck disability, functional impairment, and surgical outcomes in 

DCM patients. However, it remains unknown whether the axons connecting these regions 

within the brain are similarly altered as a result of DCM or whether changes in the brain are 

merely relate to cortical volition or temporal coherence of functional signaling.

While diffusion tensor imaging (DTI) has been useful for evaluating microscopic structural 

organization of white matter fibers within the CNS [17–19], it cannot reliably differentiate 

multiple fiber orientations within the same image voxel [20–22], nor is it sensitive to the 

complex architecture of cortical white matter. Diffusion spectral imaging (DSI) [23] is an 

advanced MR technique that uses multiple diffusion sensitizing directions and multiple b-

values or “shells” to gain sensitivity to axon orientation as well as density [24], even in the 

presence of crossing axon fibers [25]. We hypothesized that white matter changes are an 

adaptation to the chronically enhanced spinal afferent input to the brain, helping to maintain 

a residual sensory and motor function by limiting its deterioration and contributing to its 

restoration if the disease progression is halted. DSI-based tractography and connectivity 

analyses may be useful for quantifying cerebral reorganization in DCM and asymptomatic 
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spinal cord compression patients, thus potentially providing a clinically relevant imaging 

biomarker for earlier detection and therapeutic intervention.

2. Materials and methods

2.1. Patients

Forty-seven patients with advanced cervical spondylosis (CS) and spinal cord compression 

were prospectively enrolled from 2016 to 2018 in a cross-sectional study involving 

observational MRI and evaluation of neck disability. Patients with a history of stroke or 

cerebral vascular disease were not included in this study. A fellowship trained board certified 

neuroradiologist with more than 20 years of experience reviewed all brain MRI exams and 

patients with incidental evidence of cerebrovascular disease were further excluded from 

subsequent analyses. Of the 47 patients, 38 had DCM and 9 were neurologically 

asymptomatic (mJOA =18). The patient cohort ranged from 37 to 81 years old, with an 

average age of 58. All patients were recruited from an outpatient neurosurgery clinic, and 

had spinal cord compression with evidence of spinal cord deformation and an absence of 

visible cerebrospinal fluid signal around the spinal cord at the site of maximal compression 

on MRI. The patients were referred for neurosurgical evaluation of the documented cervical 

stenosis, and presented either neurological symptomatology, neck pain, or both. All patients 

signed Institutional Review Board-approved consent forms, and all analyses were performed 

in compliance with the Health Insurance Portability and Accountability Act (HIPAA). A 

control group of 28 neurologically intact, healthy controls (HCs) volunteered to undergo the 

same MRI protocol. The HC cohort ranged from 23 to 64 years old, with an average age of 

36. Patient and control demographic data are summarized in Table 1.

The modified Japanese Orthopedic Association (mJOA) scale was used as a measure of 

neurological function [28], in which a lower mJOA value represents a poorer neurological 

state. The neck disability index (NDI) score was used as a measure of neck pain and 

disability [26, 27], in which a higher NDI value represents a more severe neck disability.

2.1.1. Presenting symptoms—The most common presenting symptom was 

paresthesias or pain in the upper extremities, and was encountered in 38 patients. 36 patients 

endorsed a history of neck pain. Gait dysfnction was encountered in 20 patients. 19 patients 

presented with deterioration of hand function. This was most commonly manifested by 

significant changes in their ability to perform certain activities of daily living such as using 

utensils, writing, sewing, and buttoning buttons. 2 patients presented with recent changes in 

bladder function.

2.1.2. Physical examination—16 patients were noted to have weakness in the upper 

extremities on examination, and 2 had weakness in the lower extremities. 14 patients had 

decreased sensation in the upper extremities, and 2 had sensory changes in the lower 

extremities. Hyperreflexia was the most common upper motor neuron sign, and was found in 

22 patients. Hoffman’s sign was the second most common, and was observed in 21 patients. 

8 patients had clonus in the lower extremities, and 5 had a positive Babinski reflex.
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2.1.3. Radiographical imaging—Standard cervical spine MRI was obtained in the 

entire patient cohort, and revealed spinal cord compression and absence of visible 

cerebrospinal fluid at the level of maximum compression in each case (Fig. 1). The spinal 

canal narrowing was related to advanced cervical spondylosis manifested by a combination 

of facet arthropathy, ligamentum flavum hypertrophy, and varying degrees of ventral 

discosteophyte compression. 27 of the patients had a lordotic cervical spine, 13 had straight, 

and 7 had a kyphotic spinal alignment. 32 patients had T2-weighted signal abnormalities 

located within the spinal cord parenchyma and 15 were without signal changes.

2.2. Diffusion spectral imaging (DSI) acquisition

All DSI data was collected on a Siemens Prisma 3T MR scanner (Siemens Healthcare, 

Erlangen, Germany) with a repetition time of (TR)=6.9–12.5sec, an echo time of 

(TE)=93msec, a flip angle of 90o, and a field-of-view (FOV) of 245 × 245mm with an 

acquisition matrix of 160 × 160 for a voxel size of 1.5mm x 1.5mm x 2.5mm. A total of 61 

samples were acquired with diffusion sensitizing gradients applied in two different 

acquisition schemes as summarized in Table 2. 19 patients underwent the first acquisition 

scheme with maximum b-value of 3000 s/mm2, while 28 patients underwent the second 

acquisition scheme with maximum b-value of 2000 s/mm2.

2.3. Image post-processing and statistical analysis

Following acquisition, all diffusion-weighted images were de-noised using MRtrix3 package 

(http://www.mrtrix.org) [29]. The FMRIB Software Library’s Diffusion Toolbox (FDT) 

(www.fmrib.ox.ac.uk/fsl) was then used to correct for eddy current and patient movement 

during image acquisition. Quantitative anisotropy (QA) from the spin distribution function 

(SDF) was calculated using the q-space diffeomorphic reconstruction (QSDR) [30, 31], a 

modeless reconstruction approach that applies spatial normalization to diffusion data, with a 

diffusion sampling length ratio of 1.25. Local connectomes were then mapped using 

generalized fractional anisotropy (GFA) and normalized quantitative anisotropy (NQA) 

values at the voxel level as described below.

Diffusion MRI connectometry [32, 33] was used to evaluate potential associations between 

imaging parameters and symptoms presented by DCM and asymptomatic spinal cord 

compression patients, including neck disability and impaired neurological function. Age was 

included as a covariate in the statistical analysis of the microstructural changes to account 

for the effect of age on structural connectivity and integrity, as well as the difference in age 

between the patient and HC groups. The GFA image and the NQA image for each 

participant were registered to the Johns Hopkins University DTI atlas (ICBM-DTI-81 1mm 

FA atlas) using FSL. A multiple linear regression model was created using AFNI’s 3dttest++ 
function, with covariates including NDI, mJOA, and age data for both patients and HCs. For 

each T-test, permutation test was performed to by estimating data smoothness through 

command 3dFWHMx in AFNI, and then the cluster threshold was evaluated at a level of 

significance, p<0.05 through command 3dClustSim in AFNI. The image processing and 

statistical analysis pipeline is shown graphically in Fig. 2.
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3. Results

3.1. Comparison between patients and HCs

The mean mJOA score of the entire patient cohort was 15.8, with a range from 9–18. The 

mean NDI score was 10.8, with a range from 0–37. Within the patient cohort, the mean 

mJOA score for the DCM patients was 14.6, and mean NDI was 12. The mean mJOA score 

for the neurologically asymptomatic patients with spinal cord compression was 18, with an 

NDI of 7.

Regional differences in DSI between patients and HCs were compared by obtaining the spin 

distribution function and correcting for age and symptom scores. Generally, GFA 

measurements tended to be higher in HCs than in the patient cohort (Fig. 3A). Higher GFA 

was observed in structures responsible for sensory and motor integration, including the 

cerebellar and cerebral peduncles, the genu and splenium of the corpus callosum, and certain 

fiber tracts. Specifically, complex white matter fibers in the frontal lobe, corticospinal and 

spinothalamic tracts, and the anterior, posterior and superior regions of the corona radiata 

fibers exhibit increased GFA. When examining NQA, most regions were significantly higher 

in patients than in the HCs (Fig. 3B). Particularly, the body and the splenium of the corpus 

callosum, together with corona radiata, exhibited large areas of higher NQA in the patient 

cohort than in the HCs. In contrast, the right genu of the corpus callosum showed a lower 

NQA in patients than in the HCs. Interestingly, both enhanced and reduced NQA values 

were observed in patients along certain complex tracts including posterior thalamic radiation 

fibers and sagittal stratum fibers when compared to HCs. These results support the 

hypothesis that patients exhibit widespread white matter changes within the cerebral brain.

3.2. Correlation between DSI and symptom severity in patients

To test the hypothesis that cerebral reorganization within white matter tracts may reflect 

symptom severity in patients, we explored the correlation between NQA measurements and 

two major clinical scores (mJOA and NDI) by controlling for the subjects’ ages and 

acquisition schemes. The correlation matrix associating NQA values with symptom scores 

revealed a distinctive stratification pattern of symptoms as they corresponded to specific 

anatomical regions (Fig. 4 and Fig. 5). In general, a lower mJOA score tended to correlate 

with higher NQA values within regions related to sensory and motor systems. For the 

correlation of the patient cohort, the left superior longitudinal fasciculus fibers, the splenium 

of corpus callosum, and most of complex tracts including external capsule fibers, anterior, 

posterior and superior corona radiata fibers were associated with worsened neurological 

status as measured by mJOA, as illustrated in Fig. 4A and summarized in Table 3. By 

including the HC cohort, left retro-lenticular part of internal capsule was also associated 

with decreasing mJOA, as illustrated in Fig. 4B and summarized in Table 3.

Additionally, connectometry analysis of the patient cohort identified both positive and 

negative associations between NDI scores and NQA measures. As shown in Fig. 5A and 

summarized in Table 4, complex fibers including the posterior corona radiata and the 

posterior limb of internal capsule showed a positive correlation between NDI scores and 

NQA, while most supratentorial regions connected by the splenium of the corpus callosum, 
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the superior corona radiata, and the associative fibers showed a negative correlation between 

NDI scores and NQA. By including the HC cohort, we observed a positive correlation 

between NDI scores and NQA in both infratentorial and supratentorial brain. Specifically, 

the splenium of the corpus callosum, the posterior limb of internal capsule, and other 

complex fibers showed increased NQA values with large cluster volumes.

To further demonstrate the association between structural connectivity and two major 

clinical measures of function and disability (mJOA and NDI, respectively), connectometry 

analysis was performed on the patient cohort using only the second acquisition protocol with 

a maximum b-value of 2000 s/mm2 (Note inclusion of patients with both acquisition 

schemes will result in significant differences in connectivity based solely on the particular 

acquisition scheme). Consistent with the results in Fig. 3A, GFA values calculated from 

anatomical regions, including posterior and superior corona radiata fibers, were found to 

correlate with increasing mJOA and NDI scores. GFA values calculated from anatomical 

regions, including the body and genu of the corpus callosum and the anterior and superior 

regions of the corona radiata, were found to correlate with decreasing mJOA scores. Most 

complex fibers and corticospinal tracts were found to correlate with decreasing NDI scores 

(Fig. 6, Table 5). For analysis of the patient and HC cohorts who underwent the first 

acquisition protocol with a maximum b-value of 3000 s/mm2, NQA values showed a 

negative association with mJOA and a positive association with NDI in regions previously 

identified (Fig. 7, Table 6), which are consistent with results presented in Fig. 4B and Fig. 

5B. To demonstrate the extent of microstructural alterations associated with symptom 

scores, scatter plots of representative correlation between measured mJOA/NDI and DSI 

from specific cerebral white matter regions are illustrated on the right column of Fig. 6 and 

Fig. 7. GFA values calculated from both the left cingulum fibers and the right posterior 

corona radiata fibers showed positive linear correlation with mJOA with R2 values of 0.3189 

and 0.2882, while GFA values calculated from both the right corticospinal tract and the right 

posterior corona radiata fibers showed negative linear correlation with NDI with R2 values 

of 0.2457 and 0.1940. In contrast, NQA values calculated from both the right cingulum 

fibers and the right posterior corona radiata fibers showed negative linear correlation with 

mJOA with R2 values of 0.2359and 0.2935. NQA values calculated from both right posterior 

thalamic radiation fibers and the right posterior corona radiata fibers showed positive linear 

correlation with NDI with R2 values of 0.2094 and 0.1889.

Additional analysis was performed within the patient cohort to identify association between 

T2 hyperintensity signal change in spine cord and cortical changes (Fig. S1). Patients 

without spinal cord signal change had overall higher GFA values throughout most of the 

brain compared to patients with spinal cord signal changes. Additionally, the infratentorial 

regions of the brain, the brainstem and the basal ganglia showed a higher value of NQA in 

patients without signal changes in spine cord, while the supratentorial regions, especially the 

prefrontal, frontal, parietal lobes, as well as superior part of the brain showed a higher value 

of NQA in patients with signal changes in the spinal cord.
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4. Discussion

As chronic spinal compression can result in irreversible damage, including both neuronal 

and white matter demyelination [1], the majority of DCM research has focused on changes 

within the spinal cord itself at the site of compression [34]. DTI has been particularly helpful 

in providing a quantitative assessment of spinal cord injury in DCM patients [7–9]. Only 

recently have DCM investigations begun to note changes within the brain including 

alterations in cortical morphometry [14], microstructure [35, 36], and brain functional 

connectivity [15] associated with neck disability and functional impairment. In particular, 

these studies have noted a decrease in cortical thickness and an increase in functional 

connectivity between primary sensorimotor and supplemental motor or sensory regions. 

Consistent with these observations, we observed significant alterations in white matter tracts 

connecting primary motor and sensory cortices following correction for clinical and age 

differences.

4.1. Differences in white matter alterations between patients and HCs

Studies have demonstrated cerebral alterations in patients with spinal cord injury through 

DTI [37–39]. However, DTI cannot directly image multiple fiber orientations within a single 

voxel. By applying multiple magnetic gradients along various directions, DSI enables us to 

visualize the complex fiber architecture. GFA as measured by DSI is highly correlated with 

FA and is indicative of demyelination, axonal loss, edema, or inflammation. After adjusting 

for age differences and symptom severity, results showed overall reduced GFA in the patient 

cohort compared to HCs, indicating that these patients have lowered directional coherence 

from axonal or dendritic projections throughout the brain. These alterations were observed 

in specific regions of the brain involved in sensory processing, including white matter tracts 

connecting the cingulate, temporal lobes, somatosensory integration areas, and frontal/

prefrontal cortical projections. These findings are consistent with reported brain atrophy and 

white matter damage in patients with DCM [38, 40], especially in primary sensorimotor 

areas and SMA.

Our results support the hypothesis that cervical spinal cord compression or injury may 

damage the white matter integrity of DCM patients, causing atrophy of the sensorimotor 

cortex and thalami. Significant microstructural alterations occurring within the basal ganglia, 

thalamus, frontal and parietal lobes indicate an imbalance of the cortico-basal ganglia-

thalamus-cortical loop in motor regulation and pain modulation, which is also observed in 

other chronic pain syndromes. In addition, reduced GFA values in DCM and asymptomatic 

spinal cord compression patients along the corticospinal tracts, including regions extending 

through the corona radiata and internal capsule, complement previous studies in which 

demyelination of the ascending and descending corticospinal fibers appear to be the 

predominant pathological mechanism in this patient population [41]. The progressive loss of 

axonal conduction along these pathways seems to play an important role in the pathogenesis 

of DCM, as fiber integrity is associated with the clinical symptoms.

Although the DCM and asymptomatic spinal cord compression patients showed overall 

lower GFA compared to HCs, we observed increased NQA in specific areas including the 

internal capsule, corona radiata, and posterior thalamic radiation. The internal capsule/
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corona radiata pathway contains ascending fibers from the thalamus up to the cortex and 

descending fibers from the frontal and parietal lobes down to subcortical regions, serving as 

the anatomic linkage to support cognitive, perceptual, and motor systems in the cortex. 

Consistent with several recent observations of cerebral reorganization, NQA quantified 

higher connectivity within regions associated with somatosensory function, indicating 

possible structurally adaptive changes as a compensatory mechanism for neurological 

dysfunction caused by white matter degeneracy of DCM patients. DTI-based tractography of 

SCI animals revealed the presence of new fibers in the internal capsule and cerebral 

peduncles [39], which are involved in the planning and initiating of movement, coordinating 

fine motor movements, and conveying sensory information. Similarly, fMRI studies in DCM 

patients showed increased functional connectivity within sensorimotor regions with 

increasing neurological impairment, including the precentral gyrus, postcentral gyrus, and 

supplemental motor regions [15].

4.2. Correlation of white matter changes with symptoms

We have shown that the complex relationship between structural reorganization and disease 

progression within DCM patients extends far beyond the spinal cord. Correlating DSI 

measures with clinical conditions will enable us to better understand the nature of specific 

cerebral changes that occur in the pathogenesis of CS.

4.2.1. Neurological Status—Consistent with results observed in the significant 

connectivity adaptions and microstructural alterations between the patient cohort and the 

HCs, we found a lower mJOA score tended to correlate with a higher NQA and a lower GFA 

in the corpus callosum and in common complex tracts such as corona radiata. Surprisingly, 

the internal capsule, posterior thalamic radiation, and superior longitudinal fasciculus 

pathways demonstrated increased fiber density with worsened neurological status before the 

microstructural alterations had started to take place, since the association between the fiber 

integrity (measured by GFA) and the neurological status was not observed in those regions. 

The presence of new fibers presumably provided connectivity between different anatomical 

structures, explaining the greater functional activation observed on fMRI in DCM patients 

[42–45].

4.2.2. Neck disability—Although a negative correlation between NDI and NQA was 

observed in the patient cohort along the sagittal striatum tracts and associated fibers 

responsible for relaying and integrating information, we also observed that NDI was 

negatively correlated with GFA and positively correlated with NQA along the corticospinal 

tract passing the basal ganglia, thalamus and extending through the corona radiata. This 

motor dysfunction as well as motor cortex stimulation has been reported over a wide variety 

of chronic pain conditions [46–48]. We have previously demonstrated that the motor cortex 

of CS patients can be involved in both neurological symptoms and chronic pain [15, 16], 

where a strong activity was associated with worsening neck disability within precentral gyri 

and the SMA. Our findings suggest that the white matter integrity of DCM patients may be 

damaged and that with insufficient sensory and motor input, structural connectivity to the 

thalamus and somatosensory cortex is enhanced to compensate for neurological dysfunction. 

Such cerebral reorganization is supported by previous findings of increased functional 
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connectivity between thalami and the sensorimotor cortex during myelopathy [49]. as well 

as increased cortical activity within premotor, primary somatosensory, and parietal-

integrated areas [50] in response to loss of somatosensory input.

4.3. Limitations

Results from the current study have meaningful clinical implications, suggesting that spinal 

cord damage can lead to measurable microstructural changes within cerebral areas 

responsible for motor activity regulation and sensory information processing. Longitudinal 

studies are still required to determine whether the plasticity of the cerebral changes in 

patients who become symptomatic arise spontaneously or in response to specific therapies. 

Additionally, this study is an exploratory analysis, and a larger sample size is necessary to 

verify if these changes can reflect and measure overall disease severity in DCM patients, as 

well as differentiate those with asymptomatic spinal cord compression. Finally, although age 

was included as a covariate in the statistical analysis of microstructural differences between 

patient and HC groups, there were marked differences between these groups. While age-

matched data including data from older HC’s or additional younger DCM patients would be 

useful in making a comparison between two groups that are closer in age, DCM is an age-

related disorder and degenerative changes from spinal cord compression are likely 

intertwined.

5. Conclusions

Spinal cord compression can induce microstructural alterations in cerebral white matter 

tracts. Our results suggest that the GFA and NQA values in DSI are closely related to the 

severity of neurological impairment. Future study will determine whether these advanced 

imaging methods may enable clinicians to more accurately predict potential surgical and 

therapeutic outcomes for patients with DCM.
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Highlights

• Brain DSI in DCM, asymptomatic patients, and healthy volunteers were 

evaluated.

• NDI and mJOA scores were correlated with microstructural changes in the 

brain.

• DCM and asymptomatic patients had alterations in specific white matter 

tracts.

• DCM and asymptomatic patients had enhanced connectivity within 

sensorimotor areas.
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Fig. 1. 
A) T2 sagittal MRI of a 59-year-old man with a mJOA score of 17 that primarily presented 

with paresthesias and numbness in his hands demonstrating spinal cord compression and 

signal change. B) T2 sagittal MRI of a 52-year-old man with a mJOA score of 11 

demonstrating OPLL, severe spinal cord compression and signal change.
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Fig. 2. 
Image processing and statistical analysis pipeline for DSI connectometry. Two sampling 

schemes (maximum b-values 2000 s/mm2 and 3000 s/mm2) were used to acquire diffusion 

weighted images. Both normalized quantitative anisotropy (NQA) and generalized fractional 

anisotropy (GFA) maps were registered to the ICBM-DTI-81 FA atlas template. T-test with 

covariates was performed using AFNI (3dttest++) in order to compare patients with HCs 

while considering the acquisition protocol, subjects’ ages, NDI and mJOA. Significance was 

set at p<0.05 with a false discovery rate (FDR)<0.05 to identify regions of statistical 

difference. Additionally, microstructures associated with mJOA and NDI were further 

investigated within patients and HCs through similar T-test method.
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Fig. 3. 
Connectometry analysis showing regions of statistical differences in DSI measurements 

between patients (n=48) and HCs (n=28), with covariates including the acquisition protocol, 

subjects’ ages, NDI and mJOA. A) Observed differences in generalized fractional anisotropy 

(GFA) values, displayed on axial slices. B) Observed differences in normalized quantitative 

anisotropy (NQA) values, displayed on axial slices. Significant clusters were determined by 

thresholding based on level of statistical significance (p<0.05) and cluster-based corrections 

using permutation test. Left column represents differences projected onto cerebral white 

matter fiber tracts.
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Fig. 4. 
Connectometry analysis on NQA by controlling the acquisition protocol, subjects’ ages and 

NDI, showing regions correlated with symptoms of neurological impairment, as measured 

by the modified Japanese Orthopedic Association (mJOA) score. A) Observed 

microstructures associated with mJOA scores within patients only, displayed on axial slices. 

B) Observed microstructures associated with mJOA scores within patients and HCs, 

displayed on axial slices. Significant clusters were determined by thresholding based on 

level of statistical significance (p<0.05) and cluster-based corrections using permutation test.
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Fig. 5. 
Connectometry analysis on NQA by controlling the acquisition protocol, subjects’ ages and 

mJOA, showing regions correlated with the neck pain, as measured by the Neck Disability 

Index (NDI) score. A) Observed microstructures associated with NDI scores within patients 

only, displayed on axial slices. B) Observed microstructures associated with NDI scores 

within patients and HCs, displayed on axial slices. Significant clusters were determined by 

thresholding based on level of statistical significance (p<0.05) and cluster-based corrections 

using permutation test.
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Fig. 6. 
Anatomical localization of regions correlated with NDI and mJOA in GFA measurements. 

Analysis was performed within patients underwent second acquisition protocol with 

maximum b-value of 2000 s/mm2. A) Observed microstructures associated with mJOA 

scores by controlling subjects’ ages and NDI, displayed on axial slices. B) Observed 

microstructures associated with NDI scores by controlling subjects’ ages and mJOA, 

displayed on axial slices. Significant clusters were determined by thresholding based on 

level of statistical significance (p<0.05) and cluster-based corrections using permutation test. 

Right column illustrates representative correlation between measured mJOA/NDI and 

cerebral white matters.
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Fig. 7. 
Anatomical localization of regions correlated with NDI and mJOA in NQA measurements. 

Analysis was performed within patients and HCs underwent first acquisition protocol with 

maximum b-value of 3000 s/mm2. A) Observed microstructures associated with mJOA 

scores by controlling subjects’ ages and NDI, displayed on axial slices. B) Observed 

microstructures associated with NDI scores by controlling subjects’ ages and mJOA, 

displayed on axial slices. Significant clusters were determined by thresholding based on 

level of statistical significance (p<0.05) and cluster-based corrections using permutation test. 

Right column illustrates representative correlation between measured mJOA/NDI and 

cerebral white matters.
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TABLE 1.

Cohort Demographics for Diffusion Spectrum Imaging Analysis.

Subject Population N Age (mean years +/− SD) [min, 
max]

NDI (mean +/− SD) [min, 
max]

mJOA (mean +/− SD) 
[min, max]

Patients

asymptomatic spinal 
cord compression 9 57.2 ± 12.0

[42, 79]
7.0 ± 5.0
[0, 15]

18

DCM 38 58.4 ± 12.2
[37, 81]

12.0 ± 10.0
[0, 37]

14.6 ± 2.5 [9, 17]

HC Volunteers 28 36.2 ± 14.1
[23, 64]

0 18

DCM = Degenerative Cervical Myelopathy; HC = Healthy control

SD = Standard deviation; mJOA = modified Japanese Orthopedic Association; NDI = Neck Disability Index
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TABLE 2.

Diffusion Spectrum Imaging (DSI) Gradient Sampling Scheme.

Acquisition Scheme #1
(N=19)

b-Value (s/mm2) 0 350 650 1000 1350 1650 2000 2650 3000 -

Samples/Shell 1 3 6 4 3 12 12 6 15 -

Acquisition Scheme #2
(N=28)

b-Value (s/mm2) 0 250 450 650 900 1100 1350 1750 1800 2000

Samples/Shell 1 3 6 4 3 12 12 2 4 15
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TABLE 3.

Anatomical regions and corresponding cluster volumes showing significant correlation with the modified 

Japanese Orthopedic Association (mJOA) score in normalized quantitative anisotropy (NQA) measurement.

Anatomic Regions
Cluster Volume [uL]

Patients Patients and HCs

Lt. Anterior Corona Radiata 178 182

Lt. External Capsule 67 72

Lt. Posterior Corona Radiata 390 361

Lt. Posterior Thalamic Radiation 1147 1049

Lt. Retrolenticular Part of Internal Capsule 287 192

Splenium of Corpus Callosum 301 164

Lt. Superior Corona Radiata 542 974

Lt. Superior Longitudinal Fasciculus 2634 2740

Lt = Left; CS = Cervical spondylosis; HC = Healthy control
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TABLE 4.

Anatomical regions and corresponding cluster volumes showing significant correlation with the Neck 

Disability (NDI) score in normalized quantitative anisotropy (NQA) measurement.

Anatomic Regions
Cluster Volume [uL]

Patients Patients and HCs

Lt. / Rt. Anterior Limb of Internal Capsule 65 / 119 414 / 424

Lt. / Rt. Anterior Corona Radiata 2275 / 1375 -

Body of Corpus Callosum 1107 395

Lt. / Rt. Cerebral Peduncle 468 / 994 1007 / 1516

Lt. / Rt. Cingulum (Cingulate Gyrus) 536 / 133 82 / 69

Lt. / Rt. Corticospinal Tract 24/90 - / 124

Lt. / Rt. External Capsule 54 / 173 310 / 661

Fornix - 206

Lt. / Rt. Fornix /Stria Terminalis - / 164 196 / 395

Genu of Corpus Callosum 426 -

Lt. / Rt. Inferior Cerebellar Peduncle 69 / - 94 / 92

Lt. / Rt. Medial Lemniscus 227 / 280 234 / 87

Middle Cerebellar Peduncle 1258 1087

Lt. / Rt. Posterior Limb of Internal Capsule 117 / 564 1566 / 2181

Lt. / Rt. Posterior Corona Radiata 116 / 233 7 / 7

Lt. Posterior Thalamic Radiation - 14

Lt. / Rt. Retrolenticular Part of Internal Capsule - / 64 192/ 612

Lt. / Rt. Sagittal Stratum - 210 / 54

Splenium of Corpus Callosum 2447 4333

Lt. / Rt. Superior Cerebellar Peduncle - 60 / 30

Lt. / Rt. Superior Corona Radiata 1046/ 1695 5 / 30

Lt. / Rt. Superior Fronto-occipital Fasciculus 67 /60 - / 5

Lt. / Rt. Superior Longitudinal Fasciculus 296 / 356 -

Lt. / Rt. Tapetum - 55 /9

Lt = Left; Rt = Right; CS = Cervical spondylosis; HC = Healthy control
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TABLE 5.

Anatomical regions and corresponding cluster volumes showing significant correlation with the modified 

Japanese Orthopedic Association (mJOA) score and the Neck Disability (NDI) score in generalized fractional 

anisotropy (GFA) measurement within patients underwent the second sampling scheme (maximum b-

value=2000 s/mm2).

Anatomic Regions
Cluster Volume [uL]

Correlated with mJOA Correlated with NDI

Lt. Anterior Limb of Internal Capsule - 132

Lt. / Rt. Anterior Corona Radiata 47 / 67 -

Body of Corpus Callosum 1315 -

Lt. / Rt. Cerebral Peduncle - 241 / 131

Lt. Cingulum (Cingulate Gyrus) 249 -

Rt. Corticospinal Tract - 17

Lt. External Capsule - 927

Genu of Corpus Callosum 485 -

Lt. Inferior Cerebellar Peduncle - 35

Rt. Medial Lemniscus - 53

Middle Cerebellar Peduncle - 14

Lt. / Rt. Posterior Limb of Internal Capsule - 289 / 31

Lt. / Rt. Posterior Corona Radiata 99 / 439 - / 418

Rt. Superior Cerebellar Peduncle - 195

Lt. / Rt. Superior Corona Radiata 1099 / 919 - / 448

Rt. Superior Longitudinal Fasciculus - 358

Lt = Left; Rt = Right; CS = Cervical spondylosis; HC = Healthy control

mJOA = modified Japanese Orthopedic Association; NDI = Neck Disability Index
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TABLE 6.

Anatomical regions and corresponding cluster volumes showing significant correlation with the modified 

Japanese Orthopedic Association (mJOA) score and the Neck Disability (NDI) score in normalized 

quantitative anisotropy (NQA) measurement within patients and HCs underwent the first sampling scheme 

(maximum b-value=3000 s/mm2).

Anatomic Regions
Cluster Volume [uL]

Correlated with mJOA Correlated with NDI

Rt. Anterior Limb of Internal Capsule 123 44

Rt. Anterior Corona Radiata 81 -

Body of Corpus Callosum 333 1504

Lt. / Rt. Cerebral Peduncle - 68 / 339

Lt. / Rt. Cingulum (Cingulate Gyrus) - / 76 405 / 831

Rt. Cingulum (Hippocampus) 6 -

Rt. External Capsule 927 537

Fornix - 132

Lt. / Rt. Fornix /Stria Terminalis - 29 / 114

Lt. / Rt. Posterior Limb of Internal Capsule - / 117 46 / 1203

Lt. / Rt. Posterior Corona Radiata - / 1245 223/ 126

Lt. / Rt. Posterior Thalamic Radiation - / 94 130 / 29

Lt. / Rt. Retrolenticular Part of Internal Capsule - / 35 3 / 411

Rt. Sagittal Stratum 74 109

Splenium of Corpus Callosum 1443 3402

Lt. / Rt. Superior Corona Radiata - / 1689 63 / 3

Rt. Superior Longitudinal Fasciculus 557 -

Rt. Tapetum 82 -

Lt = Left; Rt = Right; CS = Cervical spondylosis; HC = Healthy control

mJOA = modified Japanese Orthopedic Association; NDI = Neck Disability Index
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