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magnetization transfer saturation MRI technique
Elena Filimonova 1,2✉, Mars Abdaev1, Ivan Vasilenko1, Yulij Kubetskij1, Oleg Prokhorov3 and Jamil Rzaev1,2,3

© The Author(s), under exclusive licence to International Spinal Cord Society 2024

STUDY DESIGN: Prospective case-control study.
OBJECTIVES: We investigated the use of the magnetization transfer saturation (MTsat) technique to assess the structural integrity
of the spinal cord tracts in individuals with clinically significant degenerative cervical myelopathy (DCM) and associated disability.
SETTING: Novosibirsk Neurosurgery Centre, Russia.
METHODS: A total of 53 individuals diagnosed with DCM and 41 patients with cervical radiculopathy underwent high-resolution
MRI of the cervical spinal cord via the magnetization transfer technique. The MRI data were processed using the Spinal Cord
Toolbox (v5.5), with MTsat values determined for each spinal tract and compared between the two groups. Furthermore,
associations between MTsat values and the clinical disability rates of patients were investigated.
RESULTS: A significant decrease in the MTsat of the ventral spinocerebellar tract was observed in the DCM group compared to the
control group (adjusted p < 0.001). There was a trend towards lower MTsat values in the rubrospinal tract in the DCM group
(adjusted p= 0.08). Additionally, a decrease in MTsat values in the lateral funiculi of the spinal cord was found in patients with DCM
(adjusted p < 0.01). Furthermore, a trend toward a positive correlation was observed between the JOA score and the MTsat values
within the ventral spinocerebellar tract (R= 0.33, adjusted p= 0.051).
CONCLUSIONS: The findings of our study indicate that demyelination in patients with DCM affects mainly the ventral
spinocerebellar and rubrospinal tracts, and the extent of changes in the ventral spinocerebellar tract is related to the severity of the
condition.
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INTRODUCTION
Degenerative cervical myelopathy (DCM) is the leading cause of
spinal cord dysfunction in developed countries, and its incidence
is increasing due to increased life expectancy [1]. As degenerative
changes occur in the cervical spine canal, the canal narrows and
puts pressure on the spinal cord, causing progressive damage [2].
Symptoms of DCM include gait impairment, coordination
problems, abnormal sensations, and bladder dysfunction. Without
surgical decompression, this condition can progress to severe
spinal cord injury and tetraparesis [3]. However, despite successful
surgery, some patients may not experience any improvement in
their clinical status or may even deteriorate [4].
Cervical spine magnetic resonance imaging (MRI) is a com-

monly used and valuable diagnostic tool for patients with DCM [5].
In addition to conventional sequences, numerous sophisticated
neuroimaging methods, such as diffusion tensor imaging (DTI),
magnetization transfer (MT), myelin water fraction (MWF), and
magnetic resonance spectroscopy (MRS), offer in-depth quantita-
tive information on microstructural alterations in the spinal cord,
providing an enhanced understanding of the disease pathophy-
siology [6, 7]. Several studies have explored the application of

these techniques in patients with DCM to assess spinal cord injury
severity and predict the outcome of surgical interventions
[2, 6, 8–11]. However, unfortunately, the ability to monitor DCM
development and predict the potential for recovery is still limited,
even with advanced neuroimaging techniques.
Neuroimaging research on spinal cord structural reorganization

in patients with DCM has focused mainly on methods such as
cervical cord morphometry based on T2-weighted imaging and
DTI [5, 6]. For example, Vallonton et al. (2021) demonstrated the
presence of microstructural changes in the grey and white matter
of the cervical spinal cord, as indicated by the DTI data, in patients
with DCM. Intriguingly, their study also revealed similar changes in
white matter at the lumbar cord level [12]. Another DTI-based
study demonstrated similarity in the pattern of spinal cord atrophy
between patients with spinal cord traumatic injury and DCM [13].
Nevertheless, studies examining spinal cord white matter using
myelin-sensitive techniques in this population are lacking.
However, myelin damage resulting from chronic spinal cord
compression and ischemia is a significant factor in the pathophy-
siology of DCM and the progression of neurological impairment in
affected individuals [14, 15]. Understanding which spinal cord
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tracts are most vulnerable to degenerative demyelination and
how this correlates with clinical symptoms is also an intriguing
area for further exploration.
There are several studies dedicated to the use of myelin-specific

neuroimaging modalities in patients with traumatic cervical cord
injury and have demonstrated promising results [16, 17]. In addition,
some previous reports have shown the utility of MT imaging in
patients with DCM [15, 18]. Our previous results demonstrated
impaired myelin integrity in various spinal cord tracts in patients
with DCM, as revealed by the magnetization transfer ratio (MTR)
technique, and its association with disease severity [19]. Specifically,
extrapyramidal tracts such as the spinocerebellar, rubrospinal, and
reticulospinal systems exhibited the most severe decreases in MTR.
However, it is important to acknowledge that each myelin-sensitive
technique has limitations, with MTR being particularly reliant on
both cross-relaxation and longitudinal relaxation in tissues,
potentially introducing bias [20, 21]. Thus, it will be interesting to
confirm the MTR-based data with other quantitative myelin-
sensitive MRI techniques. One such method involves assessing the
magnetization transfer saturation (MTsat) metric, which is believed
to be independent of T1 and B1 effects [21].
To date, the role of myelin damage within the different white

matter tracts of the spinal cord in patients with DCM appears to be
underresearched. Most existing papers have focused on the MTR
technique and highlighted its significant potential [14, 15, 19].
Nevertheless, only a limited number of studies have investigated
the possibilities offered by other myelin-sensitive techniques
[22, 23]. Therefore, our objective was to assess the demyelinating
changes within different spinal tracts in patients with DCM using
the MTsat technique. We hypothesized that patients with DCM
would show a reduction in MTsat in the white matter regions of
the cervical spinal cord examined and that some spinal cord tracts
would be more vulnerable to this damage than others.
Furthermore, we assumed that the changes in MTsat values
would correlate with disease severity.

METHODS
Patients
In this study, the participants included patients who were diagnosed with
DCM according to the diagnostic criteria [24], as well as patients who were
diagnosed with cervical radiculopathy (without evident signs of myelo-
pathy in clinical or neuroimaging evaluations) and who underwent surgical
treatment at our hospital between January 2022 and September 2023. A
total of 53 DCM patients (30 men and 23 women) and 41 patients with

cervical radiculopathy caused by disk extrusion (22 men and 19 women)
were enroled in the present study. Before surgery, all participants
underwent high-resolution cervical spine and brain MRI. Neurological
assessment was conducted for all patients before spine surgery; disease
severity was evaluated with the Japanese orthopaedic association (JOA)
scale [25] 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 according 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 [26] and included high-resolution T2-weighted imaging (T2-WI), T2
gradient echo (T2 GRE), magnetization transfer (MT) and diffusion tensor
imaging (DTI). The magnetization transfer technique (acquired in the axial
plane) had the following parameters: TR= 57ms, TE= 2ms, FOV= 220∗220
mm, matrix= 256∗256, MT on and off, number of slices= 22, and slice
thickness= 5mm. The T1-weighted gradient echo sequence required for
calculatingMTsat maps had the following specifications: acquired in the axial
plane, TR= 15ms, TE= 2ms, FOV= 220∗220mm, matrix= 256∗256, num-
ber of slices= 22, and slice thickness= 5mm. The central slice was placed at
the level of the intervertebral disk C3-4 in the sagittal plane, and the final
coverage was from vertebra C2 to C5.

MRI data processing
Spinal cord MRI processing was performed using the Spinal Cord Toolbox
(https://spinalcordtoolbox.com/index.html) [27] after converting the
DICOM files to the NIfTI format with dcm2niix software (https://
github.com/rordenlab/dcm2niix). First, we performed spinal cord segmen-
tation using high-resolution T2-WI with manual vertebral labelling. This
was followed by registration on the PAM50 template [28]. After that,
multimodal registration and spinal cord grey matter segmentation were
performed using the T2 GRE sequence. The processing of magnetization
transfer images involved generating magnetization transfer saturation
(MTsat) maps, aligning them with T2-WI and T2 GRE images, and then
performing atlas-based segmentation of the spinal cord across 36 distinct
regions of interest (ROIs) in the axial plane [29]. For the analysis, the
average values from the 2nd to 5th vertebrae were extracted, and the
averages from the right and left sides were included. A certified
neuroradiologist visually confirmed the results of the vertebrae labelling,
multimodal registration, and spinal cord segmentation in all patients.
Figure 1 illustrates data processing in the Spinal Cord Toolbox, including
vertebrae labelling and grey matter segmentation. Figure 2 shows the
atlas-based segmentation of MTsat maps. Figure 3 demonstrates an
example of segmentation at the compression level in a patient with DCM.

Table 1. The patients’ demographics and clinical data.

DCM group (n= 53) Radiculopathy (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 (total) 10.3 ± 3.9 NA –

JOA score (motor) 5.2 ± 2 NA –

JOA score (sensory) 3.1 ± 1.9 NA –

JOA score (bladder) 2.0 ± 1 NA –

JOA score range 2–17 NA –

Disease severity (according to JOA score) Mild – 9 patients
Moderate – 14 patients
Severe – 30 patients

NA –

Compression level C3, C4 – 23 patients
C5, C6, C7 – 30 patients

NA –

Symptoms duration (years) 2.1 ± 2.6 NA –

DCM degenerative cervical myelopathy, JOA Japanese Orthopedic Association scale, NA non applicable.
*p < 0.05.

E. Filimonova et al.

2

Spinal Cord

https://spinalcordtoolbox.com/index.html
https://github.com/rordenlab/dcm2niix
https://github.com/rordenlab/dcm2niix


Statistical analysis
Statistical analysis was conducted using R software (www.r-project.org). Our
data demonstrated a normal distribution based on the Shapiro‒Wilk test.
Covariance analyses (ANCOVAs) were utilized to evaluate the variations in
MTsat values, with group (DCM, radiculopathy) as the between-subject
factor, ROI average signal intensity as the dependent variable, and patient
age and sex as covariates. Pearson’s correlation test was employed to analyse
correlations among different ROI MTsat data, disease severity (based on the
JOA scale), and disease duration. Statistical significance was determined with
a p value less than 0.05 after FDR correction.

RESULTS
Clinical and demographic data
A total of 53 individuals with DCM (30 men and 23 women,
39–82 years old with an average of 56.4 years) and 41 individuals
with cervical radiculopathy from disk extrusion (22 men and 19
women, 30–72 years old with an average of 48.3 years) were
included in the study. Table 1 presents the clinical and
demographic details of the participants. There were no
significant differences in sex between the DCM and radiculo-
pathy groups (p > 0.1), but there was a significant difference in
age (p < 0.05). However, this age gap was accounted for by
including age as a covariate in the subsequent ANCOVA. None of
the patients in the radiculopathy group exhibited spinal cord
compression or signal changes based on MRI findings or clinical
symptoms of myelopathy. In the DCM group, 23 patients had
compression in the upper cervical cord region (C3-C4 level),
while 30 patients had compression in the lower cervical cord
region (C5-C7 level). All patients in the DCM group exhibited
spinal cord compression or signal changes based on MRI
findings, as well as clinical symptoms of myelopathy. None of
the DCM patients had undergone prior surgical interventions for
their condition.

Cervical spinal cord MTsat values in patients with DCM and
radiculopathy
A statistically significant reduction in the average MTsat values of
the lateral funiculi of the spinal cord was revealed in the DCM

group compared to the radiculopathy group (p < 0.01, FDR
corrected; Fig. 4C). Additionally, a reduction in MTsat values in
the ventral spinocerebellar tract was found in patients with DCM
(p < 0.001, FDR corrected; Fig. 4A). Furthermore, a trend toward a
decrease in MTsat values within the rubrospinal tract was found
(p= 0.08, FDR corrected, Fig. 4B). All the results are provided in
Supplementary Files 1 and 2.

Correlations between MTsat values and the JOA score
A trend towards a positive correlation was revealed between the
JOA score and the values of MTsat within the ventral spinocer-
ebellar tract (R= 0.33, adjusted p= 0.051; Fig. 5) was revealed. No
statistically significant correlations were found between MTsat
values within other ROIs and the JOA score (p > 0.1, not shown). All
the results are provided in Supplementary Files 1 and 2.

Correlations between MTsat values and disease duration
No statistically significant correlations were found between the
MTsat values within any of the analysed ROIs and disease duration
(p > 0.1, not shown). All the results are provided in Supplementary
File 1.

DISCUSSION
The search for valuable neuroimaging markers to monitor disease
progression and evaluate the extent of spinal cord injury in people
with DCM is a crucial aspect of research in this field. The primary
aim of this study was to compare myelin integrity (assessed as
MTsat) in various spinal tracts between patients with DCM and
individuals without DCM. Consistent with our hypothesis, a
notable reduction in MTsat in several cervical spinal cord areas
was observed in DCM patients compared to those with radiculo-
pathy. Specifically, the most prominent decrease in MTsat was
revealed within regions such as the ventral spinocerebellar tract,
the rubrospinal tract, and the lateral funiculi of the spinal cord.
Furthermore, alterations in MTsat values in the ventral spinocer-
ebellar tract were associated with the severity of clinical
symptoms, as indicated by the JOA score.
In general, these results are in alignment with our previous data

[19], where a decrease in MTR values was shown through different
regions of the cervical cord white matter. However, the differences
revealed with the MTR technique involved more spinal tracts than
those revealed with the MTsat technique. For example, MTR also
showed myelin damage within regions such as the reticulospinal
tracts and ventral funiculi of the spinal cord. One possible
explanation is that the MTR technique is particularly dependent
on cross-relaxation and longitudinal relaxation in tissues [20, 21],
while MTsat is believed to be independent of these effects [21]
and is likely more precise. It is important to note here that both
the ventral spinocerebellar and rubrospinal tracts showed myelin
damage with MTR as well as with MTsat metrics, which increases
the reliability of these data.
Our findings generally support the existing evidence indicat-

ing that reduced MTsat levels in extrapyramidal spinal cord
regions could serve as a valuable biomarker reflecting myelin
damage associated with DCM. Long-term spinal cord compres-
sion is thought to result in demyelination and axonal damage
[30]. Previous studies have demonstrated the effectiveness of
magnetization transfer imaging in tracking the progression of
symptoms in patients with DCM as part of a multiparametric
advanced MRI assessment [18]. Another research group
observed a decrease in MTR values, specifically in the anterior
spinal cord region, among DCM patients, which was linked to
hyperreflexia [15]. Moreover, alterations in MTR values were
found to correlate with various clinical disability scales, such as
the neck disability index, pain interference scale, and modified
JOA scores, according to another study [14]. In addition, an
association has also been demonstrated between a decrease in

Fig. 1 Schematic representation of the cervical spine MRI
postprocessing algorithm with the Spinal Cord Toolbox. A High-
resolution sagittal T2-weighted image of patient with DCM; B Same
image after manual vertebrae labelling and spinal cord segmenta-
tion; C Results of grey and white matter segmentation based on T2
GRE (at the level of C4-C5 vertebrae).
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MTR and a decrease in DTI parameters within the fasciculus
cuneatus and the lateral corticospinal tract [11].
To our knowledge, this study is the first attempt to evaluate

differences in the vulnerability of different spinal tracts to myelin
damage in patients with DCM using MTsat technique in a
relatively large sample. The most prominent decrease in MTsat
was observed in the ventral spinocerebellar tract and lateral
funiculi of white matter. No differences in MTsat were detected
within the posterior funiculi of the spinal cord between the
groups, indicating that these areas are comparatively less prone to
degenerative demyelination. This selective involvement could be
explained by the pathobiology of the disease, where the
degenerative process usually affects the anterior part of the

vertebral canal and results in chronic ischemia affecting the
circulation of the anterior spinal artery [15]. In fact, structural
impairments were more prominent within regions that belong to
the circulation of the anterior spinal artery in our study [31]. A
recently published study that used spinal cord perfusion MRI in
different white matter tracts also suggested perfusion impairment
predominantly in the ventral areas of the spinal cord [32].
Therefore, long-term mechanical impact on white matter in the

circulation of the anterior spinal artery can lead to demyelination,
indicated by a reduction in MTsat values, probably caused by a
combination of direct compression damage, chronic ischemia, and
Wallerian degeneration mechanisms [30]. Interestingly, the
primary involvement of the components of the extrapyramidal

Fig. 2 Schematic representation of the magnetization transfer MRI processing algorithm with the Spinal Cord Toolbox. a, b Original axial
magnetization transfer images (at the level of C5 vertebra); c Original axial T1 GRE image; d Calculated magnetization transfer saturation map;
e The results of white matter delineation; f The atlas-based spinal tract segmentation results.

Fig. 3 Illustration of the cervical spine MRI segmentation in a patient with DCM at the compression level. a Sagittal T2-weighted image after
manual vertebrae labelling and spinal cord segmentation; bAxial T2 GRE images at the level of compression; c Results of greymatter segmentation at
the level of compression; d Results of white matter segmentation at the level of compression; e Axial magnetisation transfer images.
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system, particularly the spinocerebellar and rubrospinal tracts, in
the demyelination process explains the typical clinical manifesta-
tions of DCM [33]. Early signs of DCM often include impaired
sensory perception, difficulties in movement, and clumsiness [33].
The ventral spinocerebellar tract is thought to play a role in
initiating and sustaining locomotor behaviour [34]. On the other
hand, the rubrospinal system is crucial for motor control,
influencing muscle tone, motor responses, motor skill develop-
ment, and sensory perception [35]. It is important to note that

these white matter tracts are quite thin, making them challenging
to visualize even with 3 T MRI systems [29]. Therefore, further
research utilizing higher-field MRI systems could provide valuable
insights into these mechanisms [7].
In our study, a trend towards a positive correlation between the

severity of clinical symptoms and the values of MTsat within the
ventral spinocerebellar tract was also revealed. These data
generally confirm previously published results [11, 14, 15, 19].
Nevertheless, the duration of the disease did not correlate with

Fig. 4 Spinal cord MTsat values in patients with DCM and cervical radiculopathy (results of ANCOVA). A Ventral spinocerebellar tract
(adjusted p < 0.001); B Rubrospinal tract (adjusted p= 0.08); C Lateral funiculi (adjusted p < 0.01). The average values from the second to fifth
vertebrae levels were analysed.

Fig. 5 Correlations between MTsat values and the JOA score. Relationships (Pearson’s correlation) between MTsat values within the ventral
spinocerebellar tract and JOA scores in patients with DCM (R= 0.33, adjusted p= 0.051).
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the decrease in MTsat in any spinal cord region. We assume that
the diverse clinical trajectories and medical histories often
observed in DCM patients [1], along with the subjective nature
of this measure, might account for this lack of association.
Together, the results of our study provide additional evidence

supporting the occurrence of structural rearrangement in the
white matter of the cervical cord in patients with DCM that
appears secondary to chronic compression. Specifically, the
ventral spinocerebellar and rubrospinal spinal tracts appear to
be particularly susceptible to myelin damage in DCM patients.
Furthermore, our findings suggest that this restructuring could be
linked to the severity of the disease and thus may reflect the
progression of DCM. The majority of patients in our study had a
moderate or severe myelopathy stage according to JOA (Table 1),
and both motor and sensory functions were involved. Thus, it is
difficult to hypothesise an exact reason for such selectivity in the
involvement of white matter tracts based on our data. More
studies with patients in the early stages of the disease should be
conducted to clarify this point.
This study has several limitations. First, the sample size was

relatively small (n= 53 in the DCM group), which restricted our
ability to draw definitive conclusions. Second, the absence of a
healthy control group limited our comparisons to only patients
with DCM and cervical radiculopathy. Additionally, our study
lacked follow-up data. Finally, clinical evaluation was limited by
the JOA scale in our study, which is not precise enough and
allows us to only perform a general evaluation of the patient’s
disability. It should also be noted that the present study does
not include comparisons of MTsat with other quantitative
techniques, such as DTI and T2 GRE. Future research with larger
sample sizes, comprehensive follow-up assessments, and the
use of additional quantitative neuroimaging methods is
necessary to confirm our results and assess their relevance in
clinical practice.

CONCLUSION
We found a notable decrease in MTsat values in the white matter
of the spinal cord in patients with DCM compared to individuals
with radiculopathy. This indicates that long-term spinal cord
compression injury leads to myelin damage, particularly affecting
the ventral spinocerebellar tract and lateral funiculi. Our results
generally align with existing data, suggesting that magnetization-
transfer MRI could serve as an early biomarker for myelopathy in
this group of patients and may also indicate the ongoing
progression of DCM.

DATA AVAILABILITY
The raw data were generated at the Federal Neurosurgical Centre Novosibirsk.
Derived data supporting the findings of this study are available from the
corresponding author upon request.
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