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Degeneration of the Sensorimotor Tract in Degenerative Cervical Myelopathy and Compensatory Structural Changes in the Brain
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Degenerative cervical myelopathy is a progressive neurodegenerative disease, that has become increasingly prevalent in the aging population worldwide. The current study determined the factors affecting degeneration in the sensorimotor tract with degenerative cervical myelopathy and its relationship with brain structure. We divided patients into hyperintensity (HS) and non-hyperintensity (nHS) groups and measured the fractional anisotropy and apparent diffusion coefficients of the lateral corticospinal tract (CST), fasciculus gracilis and fasciculus cuneatus (FGC). Voxel-based morphometry (VBM) and tract-based spatial statistics (TBSS) techniques were used to estimate brain structure changes. Correlation of the modified Japanese Orthopaedic Association (mJOA) score, light touch, pinprick, motor score, and fractional anisotropy (FA) ratios of the CST at different levels were analyzed. Compared to healthy controls, the FA ratios of CST in the HS and nHS groups were decreased at all levels, and the apparent diffusion coefficient (ADC) ratio was increased only at C4/5 levels in the HS group. The FA ratio of FGC was decreased at the C3/4 and C4/5 levels in the HS group and only decreased at the C4/5 level in the nHS group. The ADC ratio was decreased only at the C4/5 level in the HS group. VBM analysis revealed that the volume of the precentral gyrus, postcentral gyrus, and paracentral lobule increased in patients compared to controls. TBSS analysis found no statistical significance between the sensory and motor tracts in white matter. The volume of clusters in HS and nHS groups negatively correlated with the C1/2 FA ratio of the CST. The results showed that the degeneration distance of the CST was longer than the FGC, and the degeneration distance was related to the degree of compression and spinal cord damage. Structural compensation and the neurotrophin family may lead to enlargement of the brain.
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INTRODUCTION

Degenerative cervical myelopathy (DCM) is a common form of non-traumatic spinal cord injury (Badhiwala et al., 2020) that is generally caused by compression of the cervical spinal cord via surrounding tissues, such as herniated discs, ossification of the posterior longitudinal ligament, calcification of the ligamentum flavum, abnormalities of the zygapophyseal and uncovertebral joints, and static and dynamic compression during cervical motion (Badhiwala et al., 2020; Yu et al., 2020; Tu et al., 2021). This progressive compression leads to apoptosis, inflammation, and vascular changes, which result in cell death, axonal degeneration, and myelin changes at the site of compression (Badhiwala et al., 2020; Seif et al., 2020). Demyelination is generally a chronic pathological process that is found in the injured segments and remotely from the site of injury (Freund et al., 2019), which leads to the anterograde or retrograde degeneration known as Wallerian degeneration (Levy et al., 2021), which is commonly found in the dorsal column and the lateral corticospinal tract of the spinal cord (Fischer et al., 2021). Although direct compression of the spinal cord may cause serious dysfunction, the Wallerian degeneration causing secondary degeneration, such as transsynaptic changes in the gray matter (David et al., 2019) of the axons, is a critical determinant of the final extent of neurological deficits. Therefore, the degree of demyelination on the cephalic and caudal sides of the injury is a potential factor to predict the final neurological outcome in patients with DCM.

Conventional MRI provides evidence of the degree of compression, injury, and intramedullary or extramedullary abnormal signals (Zhao et al., 2018; edema, hemorrhage, and injured segments). However, it is impossible to evaluate the microstructural changes during the process of neurodegeneration and compensation. Many quantitative magnetic resonance (qMRI) techniques have been used to study the spinal cord (Lommers et al., 2021; Savini et al., 2021), and diffusion tensor imaging (DTI) is one of the most commonly used research methods (McLachlin et al., 2021). DTI is a standard neuroscience technique that is more sensitive than conventional MRI in evaluating spinal cord injuries (Zhang et al., 2018), and it provides important information about structural integrity, including myelin formation, axon diameter, and fiber density (Kumar et al., 2021), which indirectly reflect the degree of degeneration and pathophysiological structural changes of the spinal cord in vivo. Previous studies found that conventional MRI did not show any abnormalities in the spinal cord, but DTI revealed reduced fractional anisotropy (FA) and increased apparent diffusion coefficient (ADC) values in these patients, which indicated potential injury to the spinal cord (Lee et al., 2015; Shabani et al., 2020; Singh et al., 2020). Therefore, DTI parameters were considered a more sensitive factor for the prediction of potential spinal cord injury in patients with DCM.

Secondary macrostructural or microstructural changes are not limited to the spinal cord but also include the brain, leading to the remodeling within the brain. Previous studies reported that the voxel-based morphometry (VBM) of cortical volume in spinal cord-injured patients showed significant gray matter volume (GMV) atrophy in sensorimotor system regions including the bilateral sensorimotor cortex (S1 and M1) and non-sensorimotor cortex, such as the supplementary motor area (SMA), paracentral gyrus, insular cortex, anterior cingulate cortex, and the middle frontal gyrus (Chen et al., 2017; Nardone et al., 2018; Wang et al., 2019), as well as multiple white matter (WM) tract damage in corticospinal and corticopontine tracts using tract-based spatial statistics (TBSS; Guo et al., 2019). However, few studies investigated whether patients with DCM suffered similar brain structural changes as patients with spinal cord injury (SCI). The present study determined that there might be compensatory changes in the brain after chronic injury in the cervical spinal cord, and this change may be due to brain remodeling. We detected the FA and ADC values at different levels of the CST and FGC above the spinal cord compression using DTI to evaluate the secondary microstructural changes on the cephalic side of the injury. TBSS and VBM were also used to investigate study the changes in white and gray matter, respectively.



MATERIALS AND METHODS


Participants

Our study included 24 DCM patients (eight male and 16 female patients, with a mean age of 51.79 ± 6.79 years, and an age range from 40 to 64 years). The following inclusion criteria were used: (1) right-handedness; (2) MRI showed obvious cervical spinal cord compression with/without intramedullary hyperintensity; (3) no intracranial organic lesions or cognitive dysfunction; (4) no history of cervical and craniocerebral trauma or surgery; and (5) no contraindications for MRI examination. The following exclusion criteria were used: (1) alcoholism, smoking addiction, drug or coffee dependence, adiposity and malnutrition; (2) complicated with serious systemic diseases, such as hypertension, diabetes, heart disease and other basic or chronic disease histories; and (3) peripheral neuropathy (Figure 1).
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FIGURE 1. Flow diagram of the study.



It was previously reported that 58%–85% of DCM patients had hyperintensity on T2WI, which indicated edema, Wallerian degeneration, tissue loss, and necrosis, representing severe nervous system damage (Jannelli et al., 2020). Thus, the cervical DTI analysis divided patients into two subgroups: HS (four male and nine female patients, with a mean age of 52.23 ± 7.17 years, and an age range from 42 to 63 years) group and nHS (four male and seven female patients, with a mean age of 51.27 ± 6.35 years, and an age range from 40 to 64 years) group according to the presence or absence of intramedullary hyperintensity in T2WI. There was no significant difference in age or sex between the two subgroups (P > 0.05). Ten control subjects (four male and six female patients, with a mean age of 52.7 ± 6.67 years, and an age range from 42 to 62 years) were also recruited.

The brain structure analysis included 20 (eight male and 12 female patients, with a mean age of 52.4 ± 4.12 years, and an age range from 44 to 57 years) patients from the above 24 DCM patients, and four patients were excluded because of movement artifacts that could not be corrected by post-processing. The 20 patients were divided into two subgroups: HS (four male and six female patients, with a mean age of 52.1 ± 3.78 years, and an age range from 44 to 57 years) group and nHS (four male and six female patients, with a mean age of 52.7 ± 4.62 years, and an age range from 45 to 57 years) group according to intramedullary hyperintensity in the cervical spinal cord. There was no significant difference in age or sex between the HS, nHS, and healthy control groups (P > 0.05).



Neurological Function Examination

Two experienced clinicians who were not involved in the study assessed neurological function using mJOA, ASIA1 (Kowalczyk et al., 2012; Table 1).

TABLE 1. Demographic and clinical information of DCM patients.
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Image Acquisition and Processing


Cervical DTI Image Acquisition and Processing

A 1.5T magnetic resonance imaging (MRI) system (Philips Ingenia 1.5T, Holland) and dS head neck coil were used to cover the subjects’ head and neck. To reduce the disturbance of breathing and movement, all subjects were told to keep motionless and breathe calmly. The following settings were used: the single-shot spin echo echo-planar image (SS-SE-EPI) technique, the diffusion sensitivity gradient was taken in 15 different directions. TR = 3,000 ms, TE = 83 ms, slice thickness = 3 mm, field of view (FOV) = 300 mm × 300 mm, acquisition matrix = 100 × 98, gap = 0, and number of slices = 50, and total time = 376 s. The diffusion-weighted coefficient was b = 0 and 800 s/mm2, and 16 images were acquired after each scan (Figures 2A,C,D).
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FIGURE 2. (A) Sagittal T2WI MRI of participants. (B) Schematic diagram of CST and FGC in the atlas of cervical anatomy, red represents CST and yellow represents FGC. (C) Manually draw ROI on axial T2WI image, red circle represents CST and the yellow represents FGC. (D) Structure image of DTI. (E) FA map of the axial cervical spinal cord. (F) ADC map of the axial cervical spinal cord.



According to the principle of the blind, two radiology department doctors performed image processing using the MR Diffusion toolbox in a Philips Ingenia 1.5T MRI post-processing workstation. The diffusion tensor parameters of the cervical spinal cord were measured in all subjects at all levels of C1/2, C2/3, C3/4, and C4/5. The region of interest (ROI; 2 mm2) was manually placed on the combined DTI and T2WI images in the area of the corticospinal tract (CST) and fasciculus gracilis and fasciculus cuneatus (FGC) according to the anatomical atlas of bilateral symmetry (Wang et al., 2014; Alizadeh et al., 2018; Figures 2B,E,F). FA and ADC values were recorded in the FA and ADC maps, and the mean values on the left and right sides of each tract region were taken as the DTI parameters (FA and ADC values) at this level. To eliminate individual differences, DTI parameters at different levels were divided by the DTI values of the entire cervical C1/2 level, which were called DTI ratios, including the FA ratio and ADC ratio (Wang et al., 2017).



Brain 3D T1WI Image Acquisition and Processing

MR images were acquired using a whole-brain 3.0T MR system (General Electric 750 w, USA) with a 24-channel head coil. Earplugs were used to reduce scanner noise, and foam padding was used to minimize head motion. T1-weighted high-resolution three-dimensional structural images were obtained using a brain volume (BRAVO) sequence (echo time (TE) = 3.2 ms, repetition time (TR) = 8.5 ms, flip angle (FA) = 12°, field of view (FOV) = 256 mm × 256 mm, acquisition matrix = 256 × 256, slice thickness = 1 mm, no gap, number of slices = 188; Cai et al., 2021), and total time = 296 s. None of the participants exhibited abnormalities in brain structures.

Data processing was performed using Statistical Parametric Mapping (SPM) 8.02 and executed in the MATLAB 2011a platform (Mathworks, Sherborn, MA). First, we processed the data via spm8 for bias correction and segmentation of 3D T1WI images. All images were segmented and classified into a number of tissue probability maps including GM, WM, and CSF. GM images obtained in the previous step were normalized to MNI space using a non-linear image registration tool (Diffeomorphic Anatomical Registration using Exponentiated Lie Algebra, DARTEL). The normalized GM component was modulated and smoothed using an 8-mm full width at half maximum (FWHM) Gaussian kernel which provided an ideal degree of increment in the signal-to-noise ratio (SNR) and conformation of MRI data to a normal distribution (de Moura et al., 2018). Second, covariance analysis (ANCOVA) with age and sex as nuisance variables was used to determine the significant difference in gray matter between patients (HS and nHS) and the control group (P < 0.05, false discovery rate correction for multiple comparisons). Two-tailed t-tests were used to assess the differences between groups at each voxel. Significant gray matter volume differences were superimposed on individual T1-weighted anatomical images for visualization. Finally, the cluster obtained from HS-HC and HS-nHS was saved as a “mask”. The volume used for correlation analysis was abstracted from all participants using the “Extract ROI Signals” in REST 1.8 (Resting State fMRI Data Analysis Toolkit3) with the masks described above. XjView4 and Brainnet Viewer5 (Xia et al., 2013) were used for displaying results.



Brain DTI Image Acquisition and Processing

Brain DTI data were acquired using a single-shot EPI sequence with b = (0.800) s/mm2; TR/TE = 10,000/74.2 ms, FOV = 256 mm × 256 mm, matrix = 128 × 128, FA = 90°, slice thickness = 3 mm, no interslice gap, 65 axial slices, total slices = 50 and total time = 700 s.

MRICRON6 software was used to convert the original DICOM files of all participants into the NIFTI format for processing by FSL software. The b0 images were extracted and aligned to the original data. To obtain the brain mask without a skull, the Bet tool in the FSL was used to divest the external brain tissue. Subsequently, we performed eddy current correction of all participants to correct tortuosity and movement in correction and used DTIFIT implemented in FSL to acquire fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) for each participant. Finally, we calculated FA values of different brain areas based on the “rICBM_DTI_81_WMPM_FMRIB5” and “JHU_ICBM_tracts_maxprob_thr25_1 mm” standard templates.




Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9.0 (San Diego, CA, USA) software7. A two-sample t-test was used to analyze the age, CST, and FGC DTI ratios, and DTI values of tracts in white matter between the patient group (including subgroups) and healthy controls, and chi-square test was used for gender difference analysis. Pearson correlation analysis was used to analyze the correlation between the neurological function score and DTI values of the cervical spinal cord tract. D’Agostino-Pearson’s test was used to test normality for all data, the Mann-Whitney test was used for analysis when the data did not conform to a normal distribution, and the Spearman test was used for correlation analysis. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.




RESULTS


FA and ADC Ratios of CST and FGC in PTs and HCs

To evaluate the degeneration of microstructure in patients with DCM, we assessed the FA and ADC ratios in the CST, which has a relationship with motor function, and in the FGC, which is associated with sensory function. The FA ratios of CST (P < 0.05) and FGC (P < 0.05) were reduced compared to the control group. The ADC ratio of the CST (P < 0.05) was increased in patients compared to controls, but no significant difference was found in FGC (P = 0.8131; Figure 3). These results revealed that the CST and FGC had axon degeneration in DCM patients.
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FIGURE 3. FA and ADC ratios in different groups. (A) FA ratio of the CST and the difference between HC and PT. (B) ADC ratio of the CST and the difference between HC and PT. (C) FA ratio of the FGC and the difference between HC and PT. (D) ADC ratio of the FGC and the difference between HC and PT (no significance, P = 0.8131). *P < 0.05;**P < 0.01; ***P < 0.001; ns, no significance.





FA and ADC Ratios of the CST and FGC in Different Segments in PTs and HCs

To observe whether the axonal degeneration occurred at different levels, we assessed the FA and ADC ratios in different segments from C1/2-C4/5, the results showed that the patients in DCM had a lower FA in the CST from C1/2 to C4/5 and a higher ADC in the C4/5 level (P < 0.05) compared to controls. The FA ratio of the FGC in the DCM group was only decreased at the levels of C3/4 and C4/5 (P < 0.05) compared to controls, and higher ADC ratios were observed in patients at the level of C4/5 (P < 0.05; Figure 4).
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FIGURE 4. The FA and ADC ratios of the CST and FGC in different levels (from C1/2 to C4/5) between healthy controls (HC) and patients (PTs). (A1–A4) FA and ADC ratios of the CST and FGC in C1/2 (the P-value in ADC of the CST, P = 0.0636; in FA of the FGC, P = 0.0508; in ADC of the FGC, P = 0.8130). (B1–B4) FA and ADC ratios of the CST and FGC in C2/3 (the P-value in ADC of the CST, P = 0.0614; in FA of the FGC, P = 0.1724; in ADC of the FGC, P = 0.5227). (C1–C4) FA and ADC ratios of the CST and FGC in C3/4 (the P-value in ADC of the CST, P = 0.4704; in ADC of the FGC, P = 0.1361). (D1–D4) FA and ADC ratios of the CST and FGC in C4/5. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.



Based on a previous study, the degenerative distance from the compression site was closely related to the degree of Wallerian degeneration, which indicated that a more severe injury to the spinal cord may lead to a longer distance of degeneration. Because the compression of the spinal cord came from the front of itself, the anterior compression was more severe than the compression dorsally (Levy et al., 2021), which resulted in the different distances between the CST and FGC.



FA and ADC Ratios of CST and FGC in Subgroups

Previous studies have reported that the presence of hyperintensity in the spinal cord on T2WI indicated worse injury to the spinal cord. To verify the assumption that the distance of degeneration was related to the degree of compression, we divided DCM patients into two subgroups, the hyperintensity (HS) and non-hyperintensity (nHS) groups based on the signal changes on T2WI. To confirm whether the HS groups had worse neurological function than the nHS groups, we evaluated the mJOA, light touch and pinprick scores in these groups. The results showed that the light touch, pinprick, and motor scores in the HS group were lower than the controls and nHS groups. Similar results were found in the nHS and control groups. The HS group had the lowest mJOA score compared to the nHS and control groups. In contrast, the nHS group had a higher mJOA score than the HS group but a lower mJOA score than the control group. The neurological function test suggested that HS patients had worse neurological function (Figure 5).
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FIGURE 5. Neurological function scores between the HS and nHS. (A1–D1) Scores in cervical analyze. (A2–D2) Scores in brain analyze. Total light-touch score 112; total pinprick score 112; total motor score 100; total mJOA score 18. *P < 0.05;**P < 0.01.



We measured FA and ACD values in the HS and nHS groups from C1/2-C4/5. Compared to controls, HS and nHS patients had a lower FA ratio in the CST. Patients in the HS group had a higher ADC ratio of the CST in C4/5 than in controls. However, no statistically significant differences were found between the nHS and HC groups in the ADC ratios of the CST. In participants with HS, a lower FA ratio of FGC was found in C3/4 and C4/5, and a similar result was observed in C4/5 of the FGC FA ratio in nHS patients. Compared to controls, statistically significant differences in ADC ratios in the FGC were found in C4/5 of the HS group, but no statistically significant differences were noted in any segment in the nHS group (P = 0.1860). The results showed that CST had a longer distance of axon degeneration in the HS and nHS groups than in the controls. These results suggest that the degree of axonal damage is related to the distance of Wallerian degeneration (Figure 6).
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FIGURE 6. FA and ADC ratios of the CST and FGC from the C1/2 to C4/5 level. (A1,A2) The FA and ADC ratios of the CST in the C1/2 level between the HS, nHS and HC groups (no significance in the FA ratio between HS and nHS, P = 0.2388; no significance in the ADC ratio between HS and HC, P = 0.0546; nHS and HC, P = 0.1218; HS and nHS, P = 0.7666). (A3,A4) The FA and ADC ratios of the FGC in C1/2 level between the HS, nHS and HC groups (no significance in the FA ratio between HS and HC, P = 0.1127; nHS and HC, P = 0.1330; HS and nHS, P = 0.8244; no significance in ADC ratio between HS and HC, P = 0.4825; nHS and HC, P = 0.8454; HS and nHS, P = 0.4945). (B1,B2) The FA and ADC ratios of the CST in C2/3 level between the HS, nHS and HC groups (no significance in the FA ratio between HS and nHS, P = 0.7048; no significance in ADC ratio between HS and HC, P = 0.0760; nHS and HC, P = 0.0934; HS and nHS, P = 0.7559). (B3,B4) The FA and ADC ratios of the FGC in C2/3 level between the HS, nHS and HC groups (no significance in the FA ratio between HS and HC, P = 0.3029; nHS and HC, P = 0.1798; HS and nHS, P = 0.7663; no significance in the ADC ratio between HS and HC, P = 0.2556; nHS and HC, P = 0.9920; HS and nHS, P = 0.3235). (C1,C2) The FA and ADC ratios of the CST in C3/4 level between the HS, nHS and HC groups (no significance in the FA ratio between HS and nHS, P = 0.9449; no significance in the ADC ratio between HS and HC, P = 0.2094; nHS and HC, P = 0.8871; HS and nHS, P = 0.0632). (C3,C4) The FA and ADC ratios of the FGC in C3/4 level between the HS, nHS and HC groups (no significance in the FA ratio between nHS and HC, P = 0.0505; HS and nHS, P = 0.0799; no significance in the ADC ratio between HS and HC, P = 0.3254; nHS and HC, P = 0.0676; HS and nHS, P = 0.2442). (D1,D2) The FA and ADC ratios of the CST in C4/5 level between the HS, nHS and HC groups (no significance in the FA ratio between HS and nHS, P = 0.9139; no significance in the ADC ratio between nHS and HC, P = 0.0809; HS and nHS, P = 0.9262). (D3,D4) The FA and ADC ratios of the FGC in C4/5 level between the HS, nHS and HC groups (no significance in the FA ratio between HS and nHS, P = 0.0901; no significance in the ADC ratio between nHS and HC, P = 0.1860; HS and nHS, P = 0.3665). *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.





Brain Structural Changes in Different Subgroups

Previous studies showed that specific brain morphometric changes occurred after spinal cord damage (Goto et al., 2021; Wang et al., 2021). To estimate whether DCM patients had similar changes, we evaluated the brain structure in the HS and nHS groups using VBM. The results showed that the gray matter volume of HS patients exhibited an increase in the precentral gyrus which emits fibers to form pyramidal bundles that release and transmit voluntary motor impulses to lower motor neurons, compared to controls, and a similar change was noted in the postcentral gyrus, which receive the fibers from the thalamus and accurately feels pain, temperature, touch, pressure, position, and motor sensation from the contralateral half of the body. The cluster also contained the paracentral lobule and praecuneus. Patients with hyperintensity showed increments of GMV in the precentral gyrus, postcentral gyrus, paracentral lobule, and left praecuneus relative to patients with non-hyperintensity. However, no significant clusters were found between the nHS and HC groups (Table 2, Figures 7, 8).
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FIGURE 7. Whole-brain analysis results of regional differences between HS patients and HC. (A) Horizontal images made by xjView based on the result of VBM. (B) Three-dimensional images made by BrainNet Viewer based on the result of VBM.
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FIGURE 8. Whole-brain analysis results of regional differences between HS patients and nHS. (A) Horizontal images made by xjView based on the result of VBM. (B) Three-dimensional images made by BrainNet Viewer based on the result of VBM.



TABLE 2. Regions showing significant difference of gray matter volume in different groups.
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VBM analysis revealed that the brain structural changes in the gyrus of DCM patients with hyperintensity were associated with motor and sensory function, which may be caused by the degeneration of the CST and FGC in the cervical cortex. TBSS analysis found no statistical significance between the sensory and motor tracts in white matter between patients and the control group.



Correlation Analysis Between Neural Function, DTI Values, and Brain Structure

No statistically significant differences were found between any two factors of mJOA score, light-touch, pinprick, motor score, and FA ratios of the CST at C2/3, C3/4, and C4/5. The volume of clusters in the HS-HC negatively correlated with the C1/2 FA ratio of the CST. The pinprick and motor scores positively correlated with the mJOA score (Figure 9).
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FIGURE 9. The heatmap demonstrates the relationship between the mJOA score, light touch, pinprick, motor score, and the FA ratios of the CST at different levels. The results showed the negative correlation between C1/2 FA ratio of the CST and cluster volume got from HS-HC in VBM analysis (r = −0.7421, P = 0.0350). The pinprick (r = 0.8058, P = 0.0157) and motor (r = 0.8198, P = 0.0127) scores were positively correlated with the mJOA score.






DISCUSSION

The current study focused on the degree and direction of sensory and motor tract degeneration with different degrees of compression injury in DCM patients by measuring the FA and ADC values of the corticospinal tract, gracilis, and cuneatus tract. The results showed that the degree of CST degeneration was more severe than the FGC, and the direction of degeneration may be retrograde to the brain. The volume changes of GM in patients with hyperintensity and non-hyperintensity were analyzed using VBM, and the results showed that the sensorimotor cortex increased in the HS compared to the nHS and HC.TBSS was used to analyze changes in white matter tracts, but no significant difference in sensory or motor tracts in white matter was found. These results indicated that long-term cervical spinal cord compression may be the cause of compensatory structural changes in the cerebral motor cortex in patients with DCM.


Neurodegeneration and Compression

Anatomically, the anterior 2/3 of the spinal cord and the anterior part of the posterior column are infused by the anterior spinal artery, and the posterior 1/3 of the spinal cord is supplied by two posterior spinal arteries (Colman et al., 2015). When the blood supply is blocked during compression, chronic spinal cord injury may occur due to spinal cord ischemia. Because of arterial insufficiency, secondary spinal stenosis, or compression/stretch of intramedullary or extramedullary vessels during movement, the anterior horn of the spinal cord may be injured and result in multi segmental injury and loss of anterior horn cells (Luo et al., 2019). Post-mortem studies showed that spinal cord compression led to neuronal and axonal degeneration in the anterior horn (Yu et al., 2011). The combined effect of ischemia and compression led to Wallerian degeneration in the anterior horn and lateral funiculi (Akter and Kotter, 2018). As the disease progresses, the posterior horn of the spinal cord may also be affected, but it is smaller than that anterior horn (Akter et al., 2020; Levy et al., 2021). The microcircuit in the spinal cord of patients with DCM is damaged, which leads to disorders of nervous system regulation (Stachowski and Dougherty, 2021). All of these reasons will cause a more severe in the anterior than the posterior region.

Experimental evidence from spinal cord injury showed that Wallerian degeneration inducing axonal degeneration and demyelination of the spinal cord tracts were closest to the injury and decreased with increasing distance (Azzarito et al., 2020). The FA ratios of the CST and FGC were lower in patients with DCM than those in the control group. To further study whether there was a difference in the degree of degeneration in the CST and FGC, we measured the FA and ADC ratios of the CST and FGC at different levels in the patient group, we found that the distance of CST degeneration was greater than the FGC. These results showed that compression led to a degeneration of the CST and FGC, and the different compression degrees in the anterior and posterior spinal cord caused different degeneration distances which suggested the presence of a neurodegenerative gradient.



Mechanism of Neurodegeneration in Hyperintensity and Non-hyperintensity

To assess the relationship between the degree of spinal cord damage and neurodegeneration distance, we evaluated the FA and ADC ratios of different segments of the CST and FGC in the HS and nHS groups. The results showed that the degeneration distance of tracts in patients with hyperintensity was longer than in patients without hyperintensity. This result indicated that the CST and FGC degenerated regardless of hyperintensity, and more serious damage to the tract was associated with a greater distance of degeneration.

A recent apoptosis theory believed that acute SCIwasreasonable for secondary degeneration and chronic demyelination in regions far from the lesions (Choi and Kang, 2020). Although DCM and SCI have different aetiologies, histological studies showed that spinal cord compression resulted in changes including interstitial edema, cytoplasmic reduction, and cavity formation (Akter et al., 2020) which is similar to SCI and induces demyelination and axonal degeneration. Chronic cord compression progression led to axonal destruction at the site of compression and cranial compression (Huber et al., 2018; Martin et al., 2018). Transsynaptic degeneration (TSD)may be related to the decreased excitability of α motoneurons in the spinal cord (Zheng et al., 2017), microangiopathy (Celik Buyuktepe et al., 2021), and pathological nerve remodeling (Lawlor et al., 2018). All of these factors may lead to apoptosis, inflammation, or ischemia, which ultimately mediate neuron damage and are responsible for remote degeneration in spinal cord tracts.



Brain Structure Changes

As an important sensorimotor cortex, the volume of the precentral gyrus and postcentral gyrus transform after traumatic SCI (tSCI; Chen et al., 2019; Karunakaran et al., 2019; Wang et al., 2019). Some researchers consider that brain structure changes are caused by direct or secondary Wallerian degeneration, axon demyelination, or neuronal cell body atrophy after tSCI (Chen et al., 2017; Wang et al., 2019). However, there are relatively few studies on whether tract degeneration causes brain volume changed in DCM patients. The volumes of the precentral gyrus, postcentra lgyrus, and paracentral lobule were increased in patients compared to controls in our study. The TBSS analysis showed no significant difference in motor and sensory tracts in white matter between patients and controls. Therefore, we suggest that the retrograde influence of pathological changes in the injured spinal cord of DCM patients is finite and unlikely to directly result in brain structural changes.



Mechanism of Increased Brain Volume From Macro and Micro Perspectives

Previous studies showed that the water content of brain tissue (Warntjes et al., 2018), diurnal fluctuation (Trefler et al., 2016), endocrine (Uher et al., 2021), or cardiovascular factors (Kappus et al., 2016) may influence brain volume. Different brain structures increase in response to changes in environments (Graeve et al., 2021). In contrast to the tSCI, spinal cord injury in DCM is a chronic process, and the main clinical symptoms of patients are abnormal strength and sensation in the extremities. To compensate for the partial loss of neurological function, the structural plasticity ability of neurons strengthened, such as increased length or diameter of the original synaptic branches, arousal of the original dormant synapses, or peripheral synaptic gemmation, which cause the sensorimotor area to expand and invade adjacent areas (Wang et al., 2019). The absolute volume or numbers of certain neurons may decrease in DCM, but additional space forintercellular connections may be obtained because of the larger intercellular distances, which expand the cell surface in the form of dendrite formation (Graeve et al., 2021). Astrocyte reorganization involves distal and proximal structures and cell bodies, which may generate a permissive environment for synaptic plasticity (Schmidt et al., 2021). Even the potential neuroprotective effects of preoperative conservative treatment may be possible, but this hypothesis must be investigated in further studies.

The time profile of neural changes (acute onset vs. slowly developing symptoms) was the most obvious difference between the tSCI and DCM. At the same time, DCM patients could develop a central cord syndrome, which per definition was a tSCI. So we hypothesized that the neuropathological changes caused by the neurotrophin family may exist in DCM patients with hyperintensity which was similar to tSCI (Seif et al., 2020). The neurotrophin family (NF), such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), plays an important role in the recovery of the spinal cord after injury. BDNF and NT-3 were increased on the cephalic and caudal sides of the chronic compression of the spinal cord. These nutritional factors are essential for the survival, proliferation, maintenance, and plasticity of neurons (Di Carlo et al., 2019; Lima Giacobbo et al., 2019; Barker et al., 2020), and related to the early promotion of nerve regeneration, regulation of synaptic transmission and improvement of morphology (Xu et al., 2006; Volpicelli et al., 2014; Li et al., 2020). Morphological changes simultaneously occurred in pyramidal neurons in the primary motor cortex (M1) after corticospinal tract injury in animal experiments (Wrigley et al., 2009). Some studies suggested that BDNF and NT-3 were key regulators of axonal polarization in pyramidal neurons (Arikkath, 2020). Perhaps various neurotrophic factors converge to mediate the integrated growth and remodeling for certain cells and neurons, and consequently enlarge the volume (Figure 10).


[image: image]

FIGURE 10. Possible pattern diagram for the influence of NFs. Various neurotrophic factors may mediate integrated growth and remodeling for cells and neurons.



The current study has several limitations, including a small sample size and the specific selection of patients, which may increase the risk of type I statistical errors and lead to additional factors that were treated as random variables. In our study, although we tried our best to avoid or correct the motion artifacts during scanning, this still could not completely rule out the false-positive results caused by this error and other unknown potential factors which required a larger sample size and more careful follow-up study. Second, the DTI measurement of cervical spinal cord tracts was performed manually, and it was hard to avoid manual measurement errors, so we adopted double measurements and consistency tests to improve their liability as much as possible. However, we have to mention that the partial volume effect of adjacent cerebrospinal fluid, abnormal tension patterns, and cerebrospinal fluid pressure in the spinal canal may also have an impact on DTI values (Banaszek et al., 2016). Therefore, some studies pointed out that the DTI parameters were great in terms of sensitivity (Kara et al., 2011; Banaszek et al., 2016; Rajasekaran et al., 2017), but less so in terms of specificity. Finally, the function of the brain in patients with DCM may be worth future study.




CONCLUSION

Anterior compression of the spinal cord is more severe than posterior compression in patients with DCM, which results in the degeneration of the CST and FGC. The distance of degeneration is related to the degree of compression and spinal cord damage and the direction may be retrograde to the brain. Structural compensation and NFs may play important roles in the enlargement of the brain. DCM is a progressive neurological disorder that is caused by age-related spinal compression and degeneration. Our findings may contribute to the diagnosis and rehabilitation of chronic spinal cord injury caused by DCM, which may decrease the personal, family, and social economical burdens.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by The First Affiliated Hospital of Anhui Medical University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

SC, PS, and FD had full access to all of the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis. FD and PS: conceive and design the study. SC, YWa, and PS: drafting of the manuscript. SC, XW, WJ, WL, and JC: statistical analysis and graphic design. YY, YQ, JZ, and YWu: technical support. FD and CS: study supervision. All authors listed provided the design and made direct contribution to the work. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by University Research Foundation of Anhui Medical University (Grant No. 2020xkj175), The First Affiliated Hospital of Anhui Medical University Clinical Research Project (Grant No. LCYJ2021YB018), University Natural Science Research Project of Anhui Province (Grant No. KJ2019A0275), and Anhui Provincial Quality Engineering Project (Grant No. 2020jyxm0918).



ACKNOWLEDGMENTS

We are deeply appreciative of the participants of this study for their valuable contributions and thank all staff for their support and assistance.



ABBREVIATIONS

DCM, Degenerative Cervical Myelopathy; DTI, Diffusion Tensor Imaging; HS, Hyperintensity; nHS, non-Hyperintensity; CST, Lateral Corticospinal Tract; FGC, Fasciculus Gracilis and Fasciculus Cuneatuc; VBM, Voxel-based Morphometry; MRI, Magnetic Resonance Imaging; FA, Fractional Anisotropy; ADC, Apparent Diffusion Coefficient; TBSS, Tract-Based Spatial Statistics; WD, Wallerian Degeneration; T1WI, T1 Weighted Image; T2WI, T2 Weighted Image; mJOA, modified Japanese Orthopaedic Association; ASIA, American Spinal Injury Association; TSD, Trans-synaptic Degeneration.



FOOTNOTES

1^https://asia-spinalinjury.org/

2^http://www.fil.ion.ucl.ac.uk/spm/software/spm8

3^http://www.restfmri.net/forum

4^https://www.alivelearn.net/xjview/

5^https://www.nitrc.org/projects/bnv/

6^https://people.cas.sc.edu/rorden/mricron/dcm2nii.html

7^https://www.graphpad.com/scientific-software/prism/



REFERENCES

Akter, F., and Kotter, M. (2018). Pathobiology of degenerative cervical myelopathy. Neurosurg. Clin. N. Am. 29, 13–19. doi: 10.1016/j.nec.2017.09.015

Akter, F., Yu, X., Qin, X., Yao, S., Nikrouz, P., Syed, Y. A., et al. (2020). The pathophysiology of degenerative cervical myelopathy and the physiology of recovery following decompression. Front. Neurosci. 14:138. doi: 10.3389/fnins.2020.00138

Alizadeh, M., Fisher, J., Saksena, S., Sultan, Y., Conklin, C. J., Middleton, D. M., et al. (2018). Age related diffusion and tractography changes in typically developing pediatric cervical and thoracic spinal cord. Neuroimage Clin. 18, 784–792. doi: 10.1016/j.nicl.2018.03.014

Arikkath, J. (2020). Mechanisms of axon polarization in pyramidal neurons. Mol. Cell. Neurosci. 107:103522. doi: 10.1016/j.mcn.2020.103522

Azzarito, M., Seif, M., Kyathanahally, S., Curt, A., and Freund, P. (2020). Tracking the neurodegenerative gradient after spinal cord injury. Neuroimage Clin. 26:102221. doi: 10.1016/j.nicl.2020.102221

Badhiwala, J. H., Ahuja, C. S., Akbar, M. A., Witiw, C. D., Nassiri, F., Furlan, J. C., et al. (2020). Degenerative cervical myelopathy - update and future directions. Nat. Rev. Neurol. 16, 108–124. doi: 10.1038/s41582-019-0303-0

Banaszek, A., Bladowska, J., Podgorski, P., and Sasiadek, M. J. (2016). Role of diffusion tensor MR imaging in degenerative cervical spine disease: a review of the literature. Clin. Neuroradiol. 26, 265–276. doi: 10.1007/s00062-015-0467-y

Barker, P. A., Mantyh, P., Arendt-Nielsen, L., Viktrup, L., and Tive, L. (2020). Nerve growth factor signaling and its contribution to pain. J. Pain Res. 13, 1223–1241. doi: 10.2147/JPR.S247472

Cai, H., Wang, C., Qian, Y., Zhang, S., Zhang, C., Zhao, W., et al. (2021). Large-scale functional network connectivity mediate the associations of gut microbiota with sleep quality and executive functions. Hum. Brain Mapp. 42, 3088–3101. doi: 10.1002/hbm.25419

Celik Buyuktepe, T., Bingol Kiziltunc, P., Buyuktepe, M., and Atilla, H. (2021). Direct and transsynaptic retrograde degeneration and optic nerve head microvascular changes in patients with hemianopia. Eur. J. Ophthalmol. 31, 1785–1794. doi: 10.1177/1120672120951731

Chen, Q., Zheng, W., Chen, X., Li, X., Wang, L., Qin, W., et al. (2019). Reorganization of the somatosensory pathway after subacute incomplete cervical cord injury. Neuroimage Clin. 21:101674. doi: 10.1016/j.nicl.2019.101674

Chen, Q., Zheng, W., Chen, X., Wan, L., Qin, W., Qi, Z., et al. (2017). Brain gray matter atrophy after spinal cord injury: a voxel-based morphometry study. Front. Hum. Neurosci. 11:211. doi: 10.3389/fnhum.2017.00211

Choi, S. H., and Kang, C. N. (2020). Degenerative cervical myelopathy: pathophysiology and current treatment strategies. Asian Spine J. 14, 710–720. doi: 10.31616/asj.2020.0490

Colman, M. W., Hornicek, F. J., and Schwab, J. H. (2015). Spinal cord blood supply and its surgical implications. J. Am. Acad. Orthop. Surg. 23, 581–591. doi: 10.5435/JAAOS-D-14-00219

David, G., Mohammadi, S., Martin, A. R., Cohen-Adad, J., Weiskopf, N., Thompson, A., et al. (2019). Traumatic and nontraumatic spinal cord injury: pathological insights from neuroimaging. Nat. Rev. Neurol. 15, 718–731. doi: 10.1038/s41582-019-0270-5

de Moura, M. T. M., Zanetti, M. V., Duran, F. L. S., Schaufelberger, M. S., Menezes, P. R., Scazufca, M., et al. (2018). Corpus callosum volumes in the 5years following the first-episode of schizophrenia: effects of antipsychotics, chronicity and maturation. Neuroimage Clin. 18, 932–942. doi: 10.1016/j.nicl.2018.03.015

Di Carlo, P., Punzi, G., and Ursini, G. (2019). Brain-derived neurotrophic factor and schizophrenia. Psychiatr. Genet. 29, 200–210. doi: 10.1097/YPG.0000000000000237

Fischer, T., Stern, C., Freund, P., Schubert, M., and Sutter, R. (2021). Wallerian degeneration in cervical spinal cord tracts is commonly seen in routine T2-weighted MRI after traumatic spinal cord injury and is associated with impairment in a retrospective study. Eur. Radiol. 31, 2923–2932. doi: 10.1007/s00330-020-07388-2

Freund, P., Seif, M., Weiskopf, N., Friston, K., Fehlings, M. G., Thompson, A. J., et al. (2019). MRI in traumatic spinal cord injury: from clinical assessment to neuroimaging biomarkers. Lancet Neurol. 18, 1123–1135. doi: 10.1016/S1474-4422(19)30138-3

Goto, M., Hagiwara, A., Fujita, S., Hori, M., Kamagata, K., Aoki, S., et al. (2021). Influence of mild white matter lesions on voxel-based morphometry. Magn. Reson. Med. Sci. 20, 40–46. doi: 10.2463/mrms.mp.2019-0154

Graeve, A., Ioannidou, I., Reinhard, J., Gorl, D. M., Faissner, A., and Weiss, L. C. (2021). Brain volume increase and neuronal plasticity underly predator-induced morphological defense expression in Daphnia longicephala. Sci. Rep. 11:12612. doi: 10.1038/s41598-021-92052-y

Guo, Y., Gao, F., Liu, Y., Guo, H., Yu, W., Chen, Z., et al. (2019). White matter microstructure alterations in patients with spinal cord injury assessed by diffusion tensor imaging. Front. Hum. Neurosci. 13:11. doi: 10.3389/fnhum.2019.00011

Huber, E., David, G., Thompson, A. J., Weiskopf, N., Mohammadi, S., and Freund, P. (2018). Dorsal and ventral horn atrophy is associated with clinical outcome after spinal cord injury. Neurology 90, e1510–e1522. doi: 10.1212/WNL.0000000000005361

Jannelli, G., Nouri, A., Molliqaj, G., Grasso, G., and Tessitore, E. (2020). Degenerative cervical myelopathy: review of surgical outcome predictors and need for multimodal approach. World Neurosurg. 140, 541–547. doi: 10.1016/j.wneu.2020.04.233

Kappus, N., Weinstock-Guttman, B., Hagemeier, J., Kennedy, C., Melia, R., Carl, E., et al. (2016). Cardiovascular risk factors are associated with increased lesion burden and brain atrophy in multiple sclerosis. J. Neurol. Neurosurg. Psychiatry 87, 181–187. doi: 10.1136/jnnp-2014-310051

Kara, B., Celik, A., Karadereler, S., Ulusoy, L., Ganiyusufoglu, K., Onat, L., et al. (2011). The role of DTI in early detection of cervical spondylotic myelopathy: a preliminary study with 3-T MRI. Neuroradiology 53, 609–616. doi: 10.1007/s00234-011-0844-4

Karunakaran, K. D., He, J., Zhao, J., Cui, J. L., Zang, Y. F., Zhang, Z., et al. (2019). Differences in cortical gray matter atrophy of paraplegia and tetraplegia after complete spinal cord injury. J. Neurotrauma 36, 2045–2051. doi: 10.1089/neu.2018.6040

Kowalczyk, I., Duggal, N., and Bartha, R. (2012). Proton magnetic resonance spectroscopy of the motor cortex in cervical myelopathy. Brain 135, 461–468. doi: 10.1093/brain/awr328

Kumar, U., Singh, A., and Mishra, M. (2021). White matter alteration in adults with prelingual deafness: a TBSS and SBM analysis of fractional anisotropy data. Brain Cogn. 148:105676. doi: 10.1016/j.bandc.2020.105676

Lawlor, M., Danesh-Meyer, H., Levin, L. A., Davagnanam, I., De Vita, E., and Plant, G. T. (2018). Glaucoma and the brain: trans-synaptic degeneration, structural change and implications for neuroprotection. Surv. Ophthalmol. 63, 296–306. doi: 10.1016/j.survophthal.2017.09.010

Lee, S., Lee, Y. H., Chung, T. S., Jeong, E. K., Kim, S., Yoo, Y. H., et al. (2015). Accuracy of diffusion tensor imaging for diagnosing cervical spondylotic myelopathy in patients showing spinal cord compression. Korean J. Radiol. 16, 1303–1312. doi: 10.3348/kjr.2015.16.6.1303

Levy, S., Baucher, G., Roche, P. H., Evin, M., Callot, V., and Arnoux, P. J. (2021). Biomechanical comparison of spinal cord compression types occurring in degenerative cervical myelopathy. Clin. Biomech. (Bristol, Avon) 81:105174. doi: 10.1016/j.clinbiomech.2020.105174

Li, R., Li, D., Wu, C., Ye, L., Wu, Y., Yuan, Y., et al. (2020). Nerve growth factor activates autophagy in Schwann cells to enhance myelin debris clearance and to expedite nerve regeneration. Theranostics 10, 1649–1677. doi: 10.7150/thno.40919

Lima Giacobbo, B., Doorduin, J., Klein, H. C., Dierckx, R., Bromberg, E., and de Vries, E. F. J. (2019). Brain-derived neurotrophic factor in brain disorders: focus on neuroinflammation. Mol. Neurobiol. 56, 3295–3312. doi: 10.1007/s12035-018-1283-6

Lommers, E., Guillemin, C., Reuter, G., Fouarge, E., Delrue, G., Collette, F., et al. (2021). Voxel-based quantitative MRI reveals spatial patterns of grey matter alteration in multiple sclerosis. Hum. Brain Mapp. 42, 1003–1012. doi: 10.1002/hbm.25274

Luo, W., Li, Y., Xu, Q., Gu, R., and Zhao, J. (2019). Cervical spondylotic amyotrophy: a systematic review. Eur. Spine J. 28, 2293–2301. doi: 10.1007/s00586-019-05990-7

Martin, A. R., De Leener, B., Cohen-Adad, J., Cadotte, D. W., Nouri, A., Wilson, J. R., et al. (2018). Can microstructural MRI detect subclinical tissue injury in subjects with asymptomatic cervical spinal cord compression? A prospective cohort study. BMJ Open 8:e019809. doi: 10.1136/bmjopen-2017-019809

McLachlin, S., Leung, J., Sivan, V., Quirion, P. O., Wilkie, P., Cohen-Adad, J., et al. (2021). Spatial correspondence of spinal cord white matter tracts using diffusion tensor imaging, fibre tractography and atlas-based segmentation. Neuroradiology 63, 373–380. doi: 10.1007/s00234-021-02635-9

Nardone, R., Holler, Y., Sebastianelli, L., Versace, V., Saltuari, L., Brigo, F., et al. (2018). Cortical morphometric changes after spinal cord injury. Brain Res. Bull. 137, 107–119. doi: 10.1016/j.brainresbull.2017.11.013

Rajasekaran, S., Kanna, R. M., Chittode, V. S., Maheswaran, A., Aiyer, S. N., and Shetty, A. P. (2017). Efficacy of diffusion tensor imaging indices in assessing postoperative neural recovery in cervical spondylotic myelopathy. Spine (Phila Pa 1976) 42, 8–13. doi: 10.1097/BRS.0000000000001667

Savini, G., Asteggiano, C., Paoletti, M., Parravicini, S., Pezzotti, E., Solazzo, F., et al. (2021). Pilot study on quantitative cervical cord and muscular MRI in spinal muscular atrophy: promising biomarkers of disease evolution and treatment? Front. Neurol. 12:613834. doi: 10.3389/fneur.2021.613834

Schmidt, S., Gull, S., Herrmann, K. H., Boehme, M., Irintchev, A., Urbach, A., et al. (2021). Experience-dependent structural plasticity in the adult brain: how the learning brain grows. Neuroimage 225:117502. doi: 10.1016/j.neuroimage.2020.117502

Seif, M., David, G., Huber, E., Vallotton, K., Curt, A., and Freund, P. (2020). Cervical cord neurodegeneration in traumatic and non-traumatic spinal cord injury. J. Neurotrauma 37, 860–867. doi: 10.1089/neu.2019.6694

Shabani, S., Kaushal, M., Budde, M. D., Wang, M. C., and Kurpad, S. N. (2020). Diffusion tensor imaging in cervical spondylotic myelopathy: a review. J. Neurosurg. Spine 10.3171/2019.12.SPINE191158. [Online ahead of print].

Singh, R., Magu, S., Baskar, A., Rohilla, R. K., Kaur, K., and Kaur, S. (2020). Correlation of clinical findings in acute spinal injury patients with magnetic resonance including diffusion tensor imaging and fiber tractography. Spine Surg. Relat. Res. 4, 305–313. doi: 10.22603/ssrr.2020-0048

Stachowski, N. J., and Dougherty, K. J. (2021). Spinal inhibitory interneurons: gatekeepers of sensorimotor pathways. Int. J. Mol. Sci. 22:2667. doi: 10.3390/ijms22052667

Trefler, A., Sadeghi, N., Thomas, A. G., Pierpaoli, C., Baker, C. I., and Thomas, C. (2016). Impact of time-of-day on brain morphometric measures derived from T1-weighted magnetic resonance imaging. Neuroimage 133, 41–52. doi: 10.1016/j.neuroimage.2016.02.034

Tu, J., Vargas Castillo, J., Das, A., and Diwan, A. D. (2021). Degenerative cervical myelopathy: insights into its pathobiology and molecular mechanisms. J. Clin. Med. 10:1214. doi: 10.3390/jcm10061214

Uher, T., Bergsland, N., Krasensky, J., Dwyer, M. G., Andelova, M., Sobisek, L., et al. (2021). Interpretation of brain volume increase in multiple sclerosis. J. Neuroimaging 31, 401–407. doi: 10.1111/jon.12816

Volpicelli, F., Speranza, L., di Porzio, U., Crispino, M., and Perrone-Capano, C. (2014). The serotonin receptor 7 and the structural plasticity of brain circuits. Front. Behav. Neurosci. 8:318. doi: 10.3389/fnbeh.2014.00318

Wang, K., Chen, Z., Zhang, F., Song, Q., Hou, C., Tang, Y., et al. (2017). Evaluation of DTI parameter ratios and diffusion tensor tractography grading in the diagnosis and prognosis prediction of cervical spondylotic myelopathy. Spine (Phila Pa 1976) 42, E202–E210. doi: 10.1097/BRS.0000000000001784

Wang, W. L., Li, Y. L., Zheng, M. X., Hua, X. Y., Wu, J. J., Yang, F. F., et al. (2021). Altered topological properties of grey matter structural covariance networks in complete thoracic spinal cord injury patients: a graph theoretical network analysis. Neural Plast. 2021:8815144. doi: 10.1155/2021/8815144

Wang, K., Song, Q., Zhang, F., Chen, Z., Hou, C., Tang, Y., et al. (2014). Age-related changes of the diffusion tensor imaging parameters of the normal cervical spinal cord. Eur. J. Radiol. 83, 2196–2202. doi: 10.1016/j.ejrad.2014.09.010

Wang, W., Tang, S., Li, C., Chen, J., Li, H., Su, Y., et al. (2019). Specific brain morphometric changes in spinal cord injury: a voxel-based meta-analysis of white and gray matter volume. J. Neurotrauma 36, 2348–2357. doi: 10.1089/neu.2018.6205

Warntjes, J. B. M., Tisell, A., Hakansson, I., Lundberg, P., and Ernerudh, J. (2018). Improved precision of automatic brain volume measurements in patients with clinically isolated syndrome and multiple sclerosis using edema correction. Am. J. Neuroradiol. 39, 296–302. doi: 10.3174/ajnr.A5476

Wrigley, P. J., Gustin, S. M., Macey, P. M., Nash, P. G., Gandevia, S. C., Macefield, V. G., et al. (2009). Anatomical changes in human motor cortex and motor pathways following complete thoracic spinal cord injury. Cereb. Cortex 19, 224–232. doi: 10.1093/cercor/bhn072

Xia, M., Wang, J., and He, Y. (2013). BrainNet Viewer: a network visualization tool for human brain connectomics. PLoS One 8:e68910. doi: 10.1371/journal.pone.0068910

Xu, K., Uchida, K., Nakajima, H., Kobayashi, S., and Baba, H. (2006). Targeted retrograde transfection of adenovirus vector carrying brain-derived neurotrophic factor gene prevents loss of mouse (twy/twy) anterior horn neurons in vivo sustaining mechanical compression. Spine (Phila Pa 1976) 31, 1867–1874. doi: 10.1097/01.brs.0000228772.53598.cc

Yu, Z., Lin, K., Chen, J., Chen, K. H., Guo, W., Dai, Y., et al. (2020). Magnetic resonance imaging and dynamic X-ray’s correlations with dynamic electrophysiological findings in cervical spondylotic myelopathy: a retrospective cohort study. BMC Neurol. 20:367. doi: 10.1186/s12883-020-01945-4

Yu, W. R., Liu, T., Kiehl, T. R., and Fehlings, M. G. (2011). Human neuropathological and animal model evidence supporting a role for Fas-mediated apoptosis and inflammation in cervical spondylotic myelopathy. Brain 134, 1277–1292. doi: 10.1093/brain/awr054

Zhang, C., Chen, K., Han, X., Fu, J., Douglas, P., Morozova, A. Y., et al. (2018). Diffusion tensor imaging in diagnosis of post-traumatic syringomyelia in spinal cord injury in rats. Med. Sci. Monit. 24, 177–182. doi: 10.12659/msm.907955

Zhao, C., Rao, J. S., Pei, X. J., Lei, J. F., Wang, Z. J., Zhao, W., et al. (2018). Diffusion tensor imaging of spinal cord parenchyma lesion in rat with chronic spinal cord injury. Magn. Reson. Imaging 47, 25–32. doi: 10.1016/j.mri.2017.11.009

Zheng, C., Zhu, Y., Lu, F., Ma, X., Tian, D., and Jiang, J. (2017). Trans-synaptic degeneration of motoneurons distal to chronic cervical spinal cord compression in cervical spondylotic myelopathy. Int. J. Neurosci. 127, 988–995. doi: 10.1080/00207454.2017.1287701

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Wang, Wu, Chang, Jin, Li, Song, Wu, Zhu, Qian, Shen, Yu and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnagi-14-784263-g004.gif
_Tll_
I

g & 8 3
09410 0121 00V 2110

A4 1.02:

=
_TII_

8§ 3 8 8 §

0.6

904 j00mIVA 2D

A3 108

ns

_ HITH—
HH

g 8 8 g 3

g
o 1s000mIoav a0
<

”_T-I.
g

= isoloomvizio
p3

PT

He

PT

3

T

HC

PT

HC

ns

i
!
if

2 - e ¢
7§33 §£3§ iz § ¥ T 3
T oumomonvee 5 sosmomoov " omimemoonin
o o =]

. ] d
—HElH [ HE ¢ Il
&£ ¥ § ¢ f T 3 ¥ £ & E & s
© 094 )0 01 V4 £ZO « 90310 01V 46D © 09ijo0omeivignO
2 3 2
—— |« HIH e o s
e L =) A ey
§33:8535: £ § % § @ §F ¥
%, Cisomemonnees o teomemoovim o ssomomoonsro
o 3] a
. 5 M+ |
HIH s HE— | 5
: z
- 100 0ne1 V4 €20 —  1SOJo0mIVH pED a AsdJo oIV SO
o Q

W PT

W HC





OPS/images/fnagi-14-784263-g005.gif
nHs

o
s 2
S *® © =T « o g ® e T o e
& & € ¥ & ¢ & & & ¥ @& ¢
21008 yoru o 21005 vorw
b a
a
2
S, T
* *
Tl|_ 8 2
»
T
§ 28 & 3 8 8 § ¢85 38§ 8 =<
- 21095 Jojow o 21095 Joj0w
3} o

1%
T
|

R
s
Hs nHS

£ ¢ g 8 8 8 g e 8 8 2
- 2100s yopduid ~ 21098 youdud
o @

*

nHS
nHs

ffegegegge §ffggcgice
21095 YoNOJ B ~ 21095 YN0} B
<

A1l





OPS/images/fnagi-14-784263-g002.gif
ventral

ventral entral ventral
Nt
ventral ntral






OPS/images/fnagi-14-784263-g003.gif
ns

*x

C 110

1.04.

L

110

HI—
i

2 2
s 3

094 jo ojes OaV

-
-

1.02
1.00

2 3 3 3
g 8§ 8 3
< 2 8 3
0904 o onles 4
X = =
g g 2
< < 3

180 Jo oes 0av

S
S

1590 ones v

1.05
095

0.94:

0.85:

0.96.

0.90

PT

HC

PT

HC

PT

HC

PT

HC

WeT

M HC





OPS/images/fnagi-14-784263-g008.gif
000006

000006 ol






OPS/images/fnagi-14-784263-g006.gif
W s We

| HImk T, £ m_ wlll=
e _ | E— — 1 I _Tﬂl.
§¢F ¢ ¢z §¢F F 3 &% FF
3 coueemaovaio g comomonvee 3 ooswemoavimo

EIERE]

99350 0m V321D

1.0
08
096

g
)
<

b

)
] =
iE

-

AL 110
%
8
H
£
H
8

B1 115

110:
05:
o

105
o

o Lsojoonuvy b
S

)

. o\mwtt
==

U_u
Samotie

)

150)0 008100V 40

W s We

s Re

WS

2

WS He
W HS

C3

095

WS e

s

1Y)

W HC

W nHS





OPS/images/fnagi-14-784263-g007.gif
000000
OOO@OO

QQ@@@O

) )





OPS/images/crossmark.jpg





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Degeneration of the Sensorimotor Tract in Degenerative Cervical Myelopathy and Compensatory Structural Changes in the Brain



		Introduction



		Materials And Methods



		Participants



		Neurological Function Examination



		Image Acquisition And Processing



		Statistical Analysis











		Results



		Fa And Adc Ratios Of Cst And Fgc In Pts And Hcs



		Fa And Adc Ratios Of The Cst And Fgc In Different Segments In Pts And Hcs



		Fa And Adc Ratios Of Cst And Fgc In Subgroups



		Brain Structural Changes In Different Subgroups



		Correlation Analysis Between Neural Function, Dti Values, And Brain Structure











		Discussion



		Neurodegeneration And Compression



		Mechanism Of Neurodegeneration In Hyperintensity And Non-Hyperintensity



		Brain Structure Changes



		Mechanism Of Increased Brain Volume From Macro And Micro Perspectives











		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		Footnotes



		References

















OPS/images/fnagi-14-784263-g010.gif
PreC: precentral gyrus
PostC: postcentral gyrus

BONF and NT-3 are key
regulators of axonal polarization
and  morphological  changes.
occur in pyramidal neurons after
corticospinal tract injury.

/__'f

dendiite

axon

sensorimotor area  expands
and invades adjacent area
lead to volume increase in
specific brain regions

pyramidal neuron

S @ hyperintensity
1 nerve growth factor, NGF

) ) "~ brain derived neurotrophic factor, BONF

nutritional factors are essential for the sunvival, neurotrophin-3, NT-3

proliferation, maintenance and plasticity of neurons "ﬁ

Spinal cord with hyperintensity





OPS/images/fnagi-14-784263-g001.gif
[ Patients with DCMin T2wi

1

Inclusion and exclusion criteria
24 DCM patients who had neurological function examination at first
DTl value of CST DTl value of FGC
above the compressed level above the compressed level

S, nHS, HC)

CST and FGC analysis in different groups

1

20 patients were include in brain analysis |
( the 4 were excluded because of motion)

/’/\.

VBM analysis TBSS analysis
Correlation analysis






OPS/images/fnagi-14-784263-t001.jpg
ID Year/¥ Gender Hyperintensity Y/N mJOAscore Light-touch/112 Pinprick/112 Motor/100
01 49 M Y 16 110 109 100
02 53 F Y 16 110 110 o8
03 62 F Y 15 110 110 %
04 46 F Y 16 109 109 100
05 55 M Y 13 106 108 %
06 42 F Y 16 112 110 %
07 44 F Y 15 110 108 %9
08 52 F Y 12 108 105 %
09 57 M Y 16 108 109 100
10 62 M Y 14 108 107 @
11 46 F Y 15 108 108 o8
12 48 F Y 15 108 110 a7
13 63 F Y 15 108 108 o7
14 52 F N 18 112 112 o8
15 55 F N 15 110 110 %9
16 54 F N 14 108 109 %
17 57 M N 16 109 109 )
18 64 F N 18 112 110 100
19 47 F N 16 112 110 100
20 46 F N 16 110 110 100
21 40 M N 16 110 110 100
22 50 M N 17 110 110 100
23 54 M N 16 110 11 100
24 45 F N 15 108 11 o7






OPS/images/fnagi-14-784263-g009.gif
CUZXA  CYFA CUAFA  CASSFA  Cluster  light-
ato  mio o rato  voume towh

pinprick motor mIOA






OPS/images/fnagi-14-784263-t002.jpg
Group Cluster size Brain regions Peak coordinates T-value
(voxels) (No. of voxels) X.Y,2)

HS-HC 2015 R-Precentral (431) —6,-33,735 7.66

L-Precentral (16)

R-Postcentral (302)

L-Postcentral (151)

R-Paracentral Lobule (416)

L-Paracentral Lobule (443)

R-Precuneus (115)

L-Precuneus (77)

HC-HS No significant resut
nHS-HC No significant resut
HC-nHS No significant resut
HS-nHS 2,461 R-Precentral (456) —6,-33,735 7.32
L-Precentral (63)
R-Postcentral (227)
L-Postcentral (609)
R-Paracentral Lobule (485)
L-Paracentral Lobule (330)
L-Precuneus (111)
nHS-HS No significant resut

Coordinates of the peak voxel in each cluster based on MNI Macro Anatomical label. GMV regions between groups at cluster-level FWE-corrected p < 0.05 (in HS-nHS, uncomected
p < 0.001, FWE Cluster = 2,461 voxels; in HS-HC, uncomected p < 0.001, FWE Cluster = 2,015 voxels). Only regions showing significant differences between groups were included.
For each cluster, the region showing the meximum T-value was listed first. Coordinates of the peak voxel (x, y, 2) and volume (mn) of clusters were also shown. No significant resuts
were found in nHS-HS. HC-HS, nHS-HC. and HC-nHS.





OPS/images/cover.jpg
’ frontiers
In Aging Neuroscience

Degeneration of the Sensorimotor
Tract in Degenerative Cervical
Myelopathy and Compensatory
Structural Changes in the Brain









OPS/images/logo.jpg
, frontiers
in Aging Neuroscience





