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Abstract

Purpose Degenerative cervical myelopathy (DCM) is a common cause of spinal cord dysfunction. In this study, we explored
the potential of magnetization transfer ratio (MTR) for evaluating the structural integrity of spinal cord tracts in patients
with clinically significant DCM.

Methods Fifty-three patients with DCM and 41 patients with cervical radiculopathy were evaluated using high-resolution
cervical spinal cord magnetic resonance imaging (MRI), which included the magnetization transfer technique. MRI data
were analyzed with the Spinal Cord Toolbox (v5.5); MTR values in each spinal tract were calculated and compared between
groups after correction for patient age and sex. Correlations between MTR values and patients’ clinical disability rate were
also evaluated.

Results A statistically significant reduction in the average MTR of the spinal cord white matter, as well as the MTR of the
ventral columns and lateral funiculi, was revealed in the DCM group (adjusted p < 0.01 for all comparisons). Furthermore,
reductions in MTR values in the fasciculus cuneatus, spinocerebellar, rubrospinal, and reticulospinal tracts were found in
patients with DCM (adjusted p <0.01 for all comparisons). Positive correlations between the JOA score and the MTR within
the ventral columns of the spinal cord (R=0.38, adjusted p < 0.05) and the ventral spinocerebellar tract (R=0.41, adjusted
p <0.05) were revealed.

Conclusion The findings of our study indicate that demyelination in patients with DCM primarily affects the spinal tracts of
the extrapyramidal system, and the extent of these changes is related to the severity of the condition.

Keywords Degenerative cervical myelopathy - Magnetization transfer ratio (MTR) - MR-morphometry - Spinal Cord
Toolbox

Introduction

Degenerative cervical myelopathy (DCM) is the predomi-
nant cause of spinal cord dysfunction in developed coun-
tries, and its prevalence is increasing due to the increase in
life expectancy [1]. As the cervical spine canal undergoes
degenerative changes, it becomes narrower and compresses
the spinal cord, resulting in gradual damage [2]. Symptoms
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of DCM can include gait impairment, lack of coordination,
dysesthesia, and bladder dysfunction. If left untreated, this
can lead to severe spinal cord injury and tetraparesis [3].
The sole efficient treatment for patients with DCM is surgi-
cal decompression. Nevertheless, despite successful surgery,
some patients may not experience any improvement in their
clinical condition or may even experience a decline [4].
Cervical spine magnetic resonance imaging (MRI) is a
standard and very useful diagnostic tool for patients with
DCM [5]. The use of sophisticated neuroimaging techniques,
such as diffusion tensor imaging (DTI), the magnetization
transfer ratio (MTR), the myelin water fraction (MWF), and
MR spectroscopy (MRS), can yield quantitative information
on the microstructural changes that occur in the spinal cord
and can offer us greater insight into the pathophysiology of
this disease [6]. A number of studies have focused on utiliz-
ing these techniques in individuals with DCM to evaluate
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the severity of spinal cord injury and predict the outcome
of surgical interventions [2, 6-10]. However, the ability to
monitor DCM development and predict the potential for
recovery with existing neuroimaging methods is still limited.

Neuroimaging research on spinal cord structural reorgani-
zation in patients with DCM has focused primarily on the
application of techniques such as cervical cord morphometry
(according to T2-WI) and DTI [5, 6]. Thus, the evaluation
of white matter tracts demyelination with myelin-sensitive
techniques, such as MTR, appears to be understudied in this
group of patients. However, myelin damage due to chronic
spinal cord compression and ischemia plays an important
role in the pathobiology of DCM and the development of
neurological disability in patients with this condition [11,
12]. It is also interesting what tracts of the spinal cord are
the most prone to degenerative demyelination and how this
is associated with clinical symptoms.

To date, only a few papers have been published dedicated
to examining changes in myelin integrity within the white
matter tracts of the spinal cord in patients with DCM com-
pared to patients without spinal cord compression. Some
of them showed great potential for the MTR technique [11,
12] under these conditions but were carried out with small
sample sizes and did not selectively evaluate each tract.
Therefore, our objective was to assess the presence of micro-
structural (demyelinating) changes within different spinal
tracts in patients with DCM using the MTR technique. We
hypothesized that patients with DCM would show a reduc-
tion in MTR in the white matter regions of the cervical spi-
nal cord examined and that some spinal cord tracts would be
more vulnerable to this damage than others. Furthermore,
we assumed that the changes in MTR values would correlate
with disease severity.

Methods
Patients
The participants in this study were patients diagnosed with

DCM according to the diagnostic criteria [13] and patients
diagnosed with cervical radiculopathy (without clinical or

neuroimaging myelopathy signs) who were surgically treated
at our hospital from January 2022 to September 2023. Fifty-
three patients with DCM (30 males and 23 females) and
41 patients with cervical radiculopathy due to disk extru-
sion (22 males and 19 females) participated in the study.
All patients underwent high-resolution cervical spine and
brain MRI before surgery. Neurological assessment was con-
ducted for all patients before spine surgery; disease severity
was evaluated with the JOA scale [14] for DCM patients.
Detailed information on the patients is provided in Table 1.
Each patient signed a written informed consent form before
participating in the study. The study was carried out accord-
ing to the Declaration of Helsinki and was approved by the
local Ethics Committee (protocol no. 7 dated 05-25-2021).

MRI data acquisition

MR imaging data were acquired using a 3 T system (Ingenia,
Philips Healthcare, The Netherlands) equipped with a
16-channel receiver head and neck coil. The MRI protocol
was performed according to an early published guide [15]
and included high-resolution T2-WI, T2 GRE, MT, and DTIL.
The magnetization transfer technique (in the axial plane) had
the following parameters: TR—57 ms, TE—2 ms, FOV—
220*220 mm, matrix—256*256, MT on and off, number of
slices—22, and slice thickness—5 mm.

MRI data processing

Spinal cord MRI postprocessing was performed using the
Spinal Cord Toolbox (https://spinalcordtoolbox.com/index.
html) after converting the DICOM files to the NIfTI format.
Initially, spinal cord segmentation based on high-resolution
T2-weighted imaging (T2-WI) was performed with manual
vertebral labeling, followed by registration on the PAMS50
template [16]. After that, multimodal registration and spinal
cord gray matter segmentation were performed using the T2
GRE sequence. Finally, magnetization transfer image pro-
cessing included the calculation of magnetization transfer
ratio (MTR) maps, coregistration with T2-WI and T2 GRE,
followed by atlas-based segmentation of the spinal cord in
the axial plane on 36 different ROIs [17]. The average values

Table 1 The patients’
demographics and clinical data

DCM group (n =53) Control group (n =41) p value
Gender (M:F ratio) 1.3: 1 1.16: 1 p>0.1
Age (years) 56.4+9.6 48.3+10.2 p<0.05%
JOA score 10.2+4.0 NA -
Compression level C3, C4 — 23 patients NA -

C5, C6, C7 — 30 patients
Symptom duration (years) 2.1+2.6 NA -

DCM, degenerative cervical myelopathy; JOA, Japanese Orthopedic Association scale; NA, non-applicable
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throughout the 2nd to 5th vertebra levels were extracted
for the following analysis; additionally, the average values
between the right and left sides were used. In all the patients,
the vertebrae labeling, multimodal registration, and segmen-
tation results were visually verified by a neuroradiologist.
Examples of data processing in the Spinal Cord Toolbox are
shown in Fig. 1 (vertebrae labeling and gray matter segmen-
tation) and Fig. 2 (atlas-based MTR maps segmentation).

Statistical analysis

Statistical analysis was performed using R software (www.r-
project.org). Our data were normally distributed (Shapiro—
Wilk test). Covariance analyses (ANCOVAs) were per-
formed to assess the differences in MTR values and included
group (DCM, radiculopathy) as the between-subject factor,
ROI average signal intensity as the dependent variable, and
patient age and sex as covariates. Correlation analyses (Pear-
son’s correlation test) were performed among different ROI
MTR data, disease severity (according to the JOA scale),
and disease duration. A p value less than 0.05 was regarded
as statistically significant (after FDR correction).

Fig. 1 Schematic representation
of the cervical spine MRI post-
processing algorithm with the
Spinal Cord Toolbox: A original
sagittal T2-weighted image; B
sagittal T2-weighted image after
manual vertebrae labeling and
spinal cord segmentation; C the
results of gray and white matter
segmentation

Results
Clinical and demographic data

The clinical and demographic information of the participants
enrolled is presented in Table 1. Fifty-three patients with
DCM (30 males and 23 females, 39-82 years of age, aver-
age 56.4 years) and 41 patients with cervical radiculopathy
due to disk extrusion (22 males and 19 females, 30-72 years
of age, average 48.3 years) ultimately participated in the
study. The DCM and radiculopathy groups did not differ
in sex (p>0.1) but differed in age (p <0.05); however, this
difference was corrected during the following analysis by
including age as a covariate in the ANCOVA model. None
of the patients in the radiculopathy group had spinal cord
compression or signal changes according to MRI data or
clinical signs of myelopathy. In the DCM group, 23 patients
had compression of the upper part of the cervical cord (at
the level of the C3—C4 vertebrae), and 30 patients had com-
pression of the lower part of the cervical cord (at the level of
the C5-C7 vertebrae). None of the patients had previously
undergone surgical treatment for DCM.
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Fig.2 Schematic representation of the magnetization transfer MRI
postprocessing algorithm with the Spinal Cord Toolbox: a, b original
sagittal axial magnetization transfer images; ¢ calculated magnetiza-

Cervical spinal cord MTR values in patients
with DCM and radiculopathy

Statistically significant reductions in the average MTR val-
ues of the spinal cord white matter, as well as the MTR val-
ues of the ventral columns and lateral funiculi, were revealed
in the DCM group compared to the radiculopathy group
(p<0.01 in all cases, FDR corrected; Fig. 3). Furthermore,
reductions in MTR values in the fasciculus cuneatus, ventral
spinocerebellar, rubrospinal, and reticulospinal tracts were
found in patients with DCM (p <0.01, p <0.001, p <0.01,
and p <0.01, respectively; FDR corrected; Fig. 4). Further-
more, a trend toward a decrease in MTR values within the
ventral corticospinal tract was found (p=0.077, FDR cor-
rected, not shown). All the results are shown in Supplemen-
tary File 1.

Correlations between MTR and JOA score

Positive correlations between the JOA score and the
MTR values within the ventral columns of the spinal cord
(R=0.38, adjusted p <0.05; Fig. 5B) and between the JOA
score and the ventral spinocerebellar tract (R=0.41, adjusted
p <0.05; Fig. 5C) were revealed, as was a trend toward a
positive association between the JOA score and the average
white matter MTR (R=0.36; adjusted p=0.06; Fig. 5SA). All
the results are shown in Supplementary File 1.
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Correlations between MTR and disease duration

No statistically significant correlations were revealed
between the MTR values within any of the analyzed ROIs
and disease duration (p > 0.1, not shown). All the results are
shown in Supplementary File 1.

Discussion

The search for valuable neuroimaging markers to track
disease progression and assess the severity of spinal cord
damage in patients with DCM is an important part of the
research in this field. The main objective of the current study
was to compare the MTR values in different spinal tracts
between patients with DCM and those without DCM. In line
with our hypothesis, a statistically significant decrease in
MTR in different cervical spinal cord regions was found in
patients with DCM compared to patients with radiculopathy.
Furthermore, these changes were correlated with clinical
symptom severity (measured as the JOA score).

Our results generally confirm the existing data, showing
that decreased MTR in various regions of the spinal cord
could serve as a useful biomarker reflecting disease-associ-
ated myelin damage in the spinal cord. Chronic spinal cord
compression is believed to lead to demyelination and axonal
destruction [18]. The magnetization transfer technique has
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Fig.3 Spinal cord MTR values in patients with DCM and cervical radiculopathy (results of ANCOVA): A whole spinal cord (adjusted p <0.01);
B white matter (adjusted p <0.01); C ventral columns (adjusted p <0.01); D lateral funiculi (adjusted p <0.01)

been shown to be useful in monitoring the progression of
symptoms in patients with DCM as a part of multiparametric
MRI [19]. Cloney et al. (2018) revealed a decrease in MTR
values within the anterior (but not lateral or posterior) spinal
cord region in patients with DCM, which was associated
with hyperreflexia [12]. Additionally, changes in the MTR
were correlated with clinical disability scale scores (such as
the neck disability index, pain interference scale, and modi-
fied JOA) according to another study [11]. Furthermore,
an association between a decrease in MTR and a decrease
in DTI parameters within the fasciculus cuneatus and the
lateral corticospinal tract has also been demonstrated [10].
However, it should be noted that all of these studies were
carried out with very small sample sizes (the number of
patients in the DCM group varied from 7 to 26).

To our knowledge, this study is the first attempt to evalu-
ate differences in the vulnerability of the spinal tracts to
myelin damage in patients with DCM in a relatively large
sample. The most prominent decreases in MTR were
observed in the ventral columns and lateral funiculi of the

cervical spinal cord. The pathobiology of the disease may
account for this observation, as mechanical cord compres-
sion typically affects the anterior part of the vertebral canal,
leading to chronic ischemia in the circulation of the anterior
spinal artery [12]. Specifically, structural impairments were
more prominent within regions such as the spinocerebellar,
rubrospinal, ventral, and lateral reticulospinal tracts. All of
these tracts belong to the circulation of the anterior spinal
artery [20]. In addition, we found that MTR values tended
to decrease within the ventral corticospinal tract, which is
also part of the ventral columns. There were no differences
in MTR within the gray matter of the spinal cord between
the groups, confirming that this region is less vulnerable
to degenerative demyelination than white matter tracts are.

Thus, chronic microstructural impairment of white mat-
ter at the level of anterior spinal artery circulation can
result in loss of myelin integrity (reflected in a decrease in
MTR values) due to both direct compression damage and
the combination of chronic ischemia and Wallerian degen-
eration mechanisms [18]. The primary involvement of the
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components of the extrapyramidal system (specifically the
reticulospinal, rubrospinal, and spinocerebellar tracts) in
the myelin damage process revealed in our study generally
explains the clinical picture of DCM disease [21]. One of
the earliest signs of DCM is impaired sensory perception, as
well as difficulties with locomotion and gait, which can lead
to clumsiness [21]. The reticulospinal tract is known to be
responsible for regulating the proximal and axial muscles,
primarily in gross movements such as posture, reaching,
and locomotion [22]. The rubrospinal system is essential for
motor control and contributes to the modulation of muscle
tone, motor reactions, motor skill acquisition, and sensory
perception [23]. Additionally, the ventral spinocerebellar
tract contributes to driving the generation and maintenance
of locomotor behavior [24]. However, it should be noted
that all the aforementioned white matter tracts are very thin,
which is why they are difficult to delineate with even 3 T
MRI systems [17]; thus, further studies with higher field
MRI usage may be very helpful from this perspective.

In our study, correlations between the severity of clinical
symptoms and the values of MTR within the ventral col-
umns (and specifically the ventral spinocerebellar tract) were
also revealed. These data generally confirm previously pub-
lished results [10-12]. Therefore, progression of the disease
may be indicated by degenerative demyelination in the ven-
tral regions of the cervical spinal cord. However, the dura-
tion of the disease was not associated with the decrease in
MTR in any region of the spinal cord. We assumed that the
variability in the clinical course and history of DCM, which
is common in DCM patients (1), along with the subjective
nature of this metric, could provide an explanation.

Together, the results of our study provide additional evi-
dence supporting the occurrence of structural reorganization
of the cervical cord white matter in patients with DCM that
appears secondary to chronic compression of the cervical
cord. Furthermore, we revealed that this reorganization is
associated with disease severity and therefore could reflect
the progression of DCM. Comparisons of MTR with other
quantitative metrics (such as SCA, DTI, and T2 GRE meas-
urements) are beyond the scope of the present study but may
constitute a subject of further research.

Another potential avenue for further exploration in this field
involves leveraging convolutional neural networks (CNN)
and other contemporary artificial intelligence techniques
for analyzing spinal cord images in patients with DCM. In
recent years, there has been a growing interest in utilizing this
approach in radiology [25], as it holds promise for facilitat-
ing early disease detection and prognosis assessment. While
numerous studies have employed CNN-based image analy-
sis for spinal pathologies, research specific to DCM remains
limited [26]. A key challenge lies in the requirement for a
substantial volume of high-quality cervical spine MRI data to
effectively deploy these algorithms, necessitating prospective

acquisition with standardized protocols. Additionally, inves-
tigating the diagnostic and prognostic capabilities of various
radiomics metrics in patients with DCM could offer valuable
insights [27].

This study has several limitations. First, due to the moder-
ate sample size (n =53 in the DCM group), we were only able
to draw preliminary conclusions. Second, our study lacked a
healthy control group, which limits our comparisons to only
patients with DCM and cervical radiculopathy. Furthermore,
there were no follow-up data in our study. Further studies with
larger sample sizes, detailed follow-up evaluations, and the
application of other quantitative neuroimaging techniques are
needed to validate our findings and evaluate their utility in
patient care.

Conclusion

We revealed a significant reduction in MTR values within the
spinal white matter tracts in patients with DCM compared to
patients with radiculopathy, suggesting that chronic spinal cord
injury results in myelin damage, which specifically affects the
spinal tracts of the extrapyramidal system primarily in the
regions of the ventral and lateral cervical cord. Furthermore,
these changes were correlated with disease severity. These
findings argue that the spinal cord MTR technique may serve
as an indicator of the ongoing progression of DCM.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00234-024-03327-w.
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