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Abstract: Background: Diffusion tensor imaging (DTI) has been increasingly recognized for its
capability to study microstructural changes in the neuropathology of brain diseases. However, the
optimal DTI metric and its diagnostic utility for a variety of spinal cord diseases are still under
investigation. Purpose: To evaluate the diagnostic efficacy of DTI metrics for differentiating between
cervical spondylosis, myelitis, and spinal tumors. Methods: This retrospective study analyzed DTI
scans from 68 patients (22 with cervical spondylosis, 23 with myelitis, and 23 with spinal tumors). DTI
indicators, including fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and
axial diffusivity (AD), were calculated. The Kruskal–Wallis test was used to compare these indicators,
followed by Receiver Operating Characteristic (ROC) curve analysis, to evaluate the diagnostic
efficacy of each indicator across disease pairs. Additionally, we explored the correlations of DTI
indicators with specific clinical measurements. Results: FA values were significantly lower in tumor
patients compared to those with cervical spondylosis (p < 0.0001) and myelitis (p < 0.05). Additionally,
tumor patients exhibited significantly elevated MD and RD values relative to the spondylosis and
myelitis groups. ROC curve analysis underscored FA’s superior discriminative performance, with
an area under the curve (AUC) of 0.902 for differentiating tumors from cervical spondylosis, and
an AUC of 0.748 for distinguishing cervical myelitis from spondylosis. Furthermore, a significant
negative correlation was observed between FA values and Expanded Disability Status Scores (EDSSs)
in myelitis patients (r = −0.62, p = 0.002), as well as between FA values and Ki-67 scores in tumor
patients (r = −0.71, p = 0.0002). Conclusion: DTI indicators, especially FA, have the potential in
distinguishing spondylosis, myelitis, and spinal cord tumors. The significant correlation between FA
values and clinical indicators highlights the value of FA in the clinical assessment and prognosis of
spinal diseases and may be applied in diagnostic protocols in the future.

Keywords: diffusion tensor imaging; fractional anisotropy; spinal cord tumor; cervical spondylosis; myelitis

1. Introduction

Spinal cord disorders are a significant cause of disability worldwide, affecting millions
of individuals across various demographics [1,2]. Among these, cervical spondylosis, myeli-
tis, and tumors have obvious clinical symptoms, which seriously affect the quality of life
of patients. The economic and social burdens of these conditions are profound, with sub-
stantial costs associated with long-term care, rehabilitation, and lost productivity. Cervical
spondylosis is particularly common, with studies suggesting that approximately 80 to 90%
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of individuals over the age of 50 are affected to some degree [3,4]. Myelitis, though less
common, is a serious condition that can lead to weakness and sensory deficits [5]. Tumors
of the spinal cord, while rare, are significant due to their potential malignancy and the
complex challenges they pose in terms of treatment and management.

Cervical spondylosis, myelitis, and spinal tumors have overlapping symptoms of pain,
stiffness, and neurological deficits; however, they are treated differently, and therefore
an accurate diagnosis is urgently needed to improve patient outcomes. Although MRI
(Magnetic Resonance Imaging) can provide important insights in clinical practice, its ability
to distinguish these diseases is inadequate due to the lack of specificity of T2-weighted
images. These images often show high signal characteristics across a range of pathological
changes, including inflammation, edema, and tumors, leading to diagnostic challenges
and poor clinical differentiation. This limitation is particularly problematic in conventional
MRI, where the overlapping signals of various conditions blur the lines between structural
degeneration, inflammatory processes, and neoplastic changes [6–9]. Conventional MRI
cannot precisely distinguish between these diseases [10], so there is an urgent need for more
specific imaging techniques to address the challenge of distinguishing between various
spinal pathologies.

Diffusion tensor imaging (DTI) addresses the limitations of T2-weighted MRI in di-
agnosing spinal pathologies by offering detailed insights into white matter integrity and
microstructure. DTI excels in differentiating pathological conditions through its ability to
track water molecule movement, revealing microstructural changes [11,12]. DTI indicators,
including fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and
radial diffusivity (RD), are particularly sensitive in identifying spinal conditions, signifi-
cantly improving diagnoses over T2-weighted MRI [12,13]. FA measures the directional
dependence of water diffusion, indicating white matter integrity. MD represents the overall
average rate of water diffusion, reflecting cellularity and tissue density. AD measures water
diffusion along the main axis of fibers, associated with axonal integrity, while RD measures
diffusion perpendicular to the fibers, often related to myelin integrity. Previous studies
have shown that FA is more valuable than T2-weighted images in assessing spinal cord
injury severity and its association with disability in multiple sclerosis (MS) patients [14,15].
This advanced imaging technique, by capturing the nuanced interactions between AD and
RD, offers a nuanced approach to diagnosing spinal pathologies [16], far surpassing the
capabilities of T2-weighted MRI.

Although several studies have demonstrated the unique advantages of DTI in the
assessment of spinal cord diseases, such as demyelinating disease [17], inflammatory dis-
ease [18], and spinal cord injury [19], only a few have explored DTI’s differential diagnostic
efficacy in spinal cord conditions. Raphael et al. examined the differential efficacy of DTI
in sensory neuronopathy disorders and found that FA of the spinal cord was effective
in differentiating between sensory neuronopathy patients and individuals with diabetic
sensory–motor distal polyneuropathy [20]. Some researchers have also noted the efficacy
of DTI in differentiating spinal cord tumors from tumor mimics [21,22]. However, compre-
hensive investigations into DTI’s differential diagnostic capabilities across various spinal
cord lesions remain scarce.

Therefore, this study aims to harness the distinctive capabilities of DTI to advance the
diagnostic precision and deepen our understanding of various spinal pathologies, namely,
cervical spondylosis, myelitis, and spinal tumors. Firstly, we evaluate the discriminative power
of DTI indicators to identify distinct patterns across these conditions. Secondly, we compare
the diagnostic effectiveness of these indicators using ROC (Receiver Operating Characteristic)
curves, which could evaluate the diagnostic performance by plotting the true positive rate
against the false positive rate at various thresholds. Lastly, we correlate DTI indicators with
clinical assessments, exploring their potential as biomarkers for disease severity and progres-
sion. Ultimately, by accomplishing these objectives, this study seeks to contribute a nuanced
understanding and a more precise diagnostic approach to spinal cord pathologies.
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2. Materials and Methods
2.1. Subjects

This is a retrospective study and ethical approval was waived by our Institutional Re-
view Board. A total of 22 cervical spondylosis patients (13 females and 9 males), 23 cervical
myelitis patients (13 females and 10 males), and 23 (9 females and 14 males) cervical tumor
patients were recruited from the hospital outpatient service. We recruited spondylosis
patients according to the criteria referred to in a study by Theodore et al. [23]. For the diag-
nostic criteria of myelitis, we refer to the discussion in this article [24]. The determination
of a tumor patient is made by a combination of professional spinal neurosurgeons and
radiologists for preliminary diagnosis, and the final diagnosis is based on medical record
slices. There was no limit to disease duration. Sex and age were matched between the
three groups.

2.2. Clinical Assessment

We collected clinical behavioral data to assist in assessing the severity of cervical
myelitis and tumors. An Expanded Disability Status Score (EDSS) was used to assess the
degree of neurological impairment in myelitis [25], which was recorded by an experienced
neurologist (H.D., with more than 20 years of experience in neurology). For tumors, we
evaluated tissue samples for the Ki-67 index, which is used to measure the proliferative
activity of tumor cells [26].

2.3. MRI Acquisition

Imaging was performed on a 3.0 T MR system (uPMR 790, United Imaging). DTI data
were collected using an echo planar imaging (EPI) sequence, with 25 axial sections acquired
(TR/TE = 5192/93 ms; flip angle = 90◦; slice thickness = 5 mm; in-plane resolution =
0.9 × 0.9 mm2; and matrix size = 86 × 50; transversal acquisition). The diffusion gradients
are a total of 32 different directions with b values of 0 and 600 s/mm2. High-resolution
T2-weighted images were acquired with a MATRIX sequence (TR/TE = 1500/121 ms,
matrix size = 256 × 256, slice thickness = 0.8 mm, voxel dimensions = 0.8 × 0.8 × 0.8 mm3,
sagittal acquisition). To improve the imaging quality, several operations were carried out:
The scan was positioned at the center of the C4/C5 intervertebral disc, and the scan frame
covered from C2 to the lower edge of the C7 vertebrae. Diagnostic sequences commonly
used in clinical practice were also scanned to identify specific lesion locations. Examples
of diagnostic images for three different diseases are shown in Figure 1. It should be noted
that DTI imaging was conducted as an additional scan following clinical diagnoses when
ambiguities were present.
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Figure 1. Examples of T2-weighted images of patients. (a) Cervical spondylosis. Disc herniation was
seen at levels C4 to C6. (b) Cervical myelitis. High signal visible in C5/C6 segments. (c) Cervical
tumors. The tumor lesion in the C4 to C6 segments was visible. Arrows and red border show the
lesion location and segments.

2.4. Data Processing

MRI data were processed using the FMRIB Software Library version 6.0.3 (FSL;
http://www.fmrib.ox.ac.uk/fsl/, accessed on 1 June 2023) and Spinal Cord Toolbox ver-

http://www.fmrib.ox.ac.uk/fsl/
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sion 4.0.0 (SCT; https://spinalcordtoolbox.com/, accessed on 1 June 2023). Spinal cord
segmentation was carried out with T2-weighted images using SCT (Figure 2a). Necessary
manual adjustments were then made to ensure segmentation accuracy. Subsequently,
each participant’s structural image was registered to the PAM50 template utilizing SCT
registration tools (sct_register_to_template and sct_warp_template). This process involved
creating both forward and backward warping fields. After the registration was determined,
the PAM50 template was then inversely transformed into the native space of each image.
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Figure 2. Demonstration of processing of structural and DTI images. (a) Automatic segmentation of
structural images. (b) Fractional anisotropy (FA) maps of a patient with a cervical tumor. The tumor
lesion showed abnormal signals on the spinal cord (third image from the top right). (c) Demonstration
of white matter segmentation of FA maps. Red indicates the cord segmentation results. Blue indicates
the white matter segmentation results. Green arrows indicate different slices.

SCT is used to preprocess DTI data. For detailed steps, please refer to the study by
De Leener et al. [27]. After the initial preprocessing, we executed the model fitting for the
diffusion data. This process generated the FA and MD values. Subsequently, we calculated
the AD and RD values. In the final step, we selected the spinal cord white matter template
from PAM50′s standard space, specifically from segments C2 to C7, and registration was
performed with each individual’s DTI images. The white matter segmentation and registra-
tion of the FA map are shown in Figure 2b,c. To extract the DTI indicators of the affected
area, the ROI of the affected area was localized to specific cervical cord segments for each
patient. Specific examples of affected areas are shown in Figure 1.

2.5. Statistics Analysis

Statistical analyses were performed by using SPSS software (version 23.0, IBM, Armonk,
NY, USA). Difference tests were performed using the Kruskal–Wallis test and post hoc com-
parisons were made using Dunn’s test. To compare the diagnostic effectiveness of different
DTI indicators for the three diseases, we plotted the ROC curves. Subsequently, we per-
formed a Pearson correlation analysis of patients’ DTI indicators with clinical assessments.
The significance tests were run with a two-tailed test with a significance level of 0.05.

3. Results
3.1. Patient Characteristics

There was no significant difference between the three groups of patients in terms
of gender, age, height, and weight. The EDSS of myelitis patients was 1.63 ± 1.03
(mean ± standard deviation). The Ki-67 score of tumor patients was 15.30 ± 9.30 (%).
Please refer to Table 1 for detailed data.

https://spinalcordtoolbox.com/
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Table 1. Summary of patient characteristics.

Characteristics Spondylosis (n = 22) Myelitis (n = 23) Tumor (n = 23)

Gender (M/F) a 9/13 10/13 9/14
Age (years) a 53.68 ± 13.11 48.64 ± 17.48 46.74 ± 14.68
Height (cm) a 165.18 ± 6.03 164.85 ± 9.70 158.83 ± 22.34
Weight (kg) a 67.68 ± 11.65 66.77 ± 13.14 62.22 ± 18.67

EDSS - 1.63 ± 1.03 -
Ki-67 (%) - - 15.30 ± 9.30

a There was no significant difference in sex, age, height, and weight between the three diagnosis groups.
EDSS = Expanded Disability Status Score.

3.2. DTI Indicators in Spondylosis, Myelitis, and Spinal Tumors

These three diseases show different DTI patterns (Figure 3), with significant differences
in FA values across the three groups (χ2(2) = 24.97, p < 0.0001). Post hoc comparisons revealed
that FA values at the lesion site in tumor patients were significantly lower than those in the
myelitis group (Z = 2.51, p = 0.04) and the cervical spondylosis group (Z = 5.00, p < 0.0001).
Additionally, FA values in myelitis patients were significantly lower than those in cervical
spondylosis patients (Z = 2.45, p = 0.04). The groups also differed significantly in MD values
(χ2(2) = 17.10, p = 0.002). Tumor patients showed significantly higher MD values at the lesion
site compared to both the myelitis (Z = 3.18, p = 0.0045) and cervical spondylosis groups
(Z = 3.86, p = 0.0003). No significant difference in MD values was noted between myelitis
and cervical spondylosis patients. Furthermore, significant differences were found in RD
values among the groups (χ2(2) = 21.74, p < 0.0001). Tumor patients had significantly higher
RD values at the lesion site compared to both the myelitis (Z = 2.84, p = 0.01) and cervical
spondylosis groups (Z = 4.61, p < 0.0001). No significant difference in RD values was observed
between myelitis and cervical spondylosis patients. Also, no significant differences were
observed in AD values among the three groups (χ2(2) = 4.69, p = 0.10).
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Figure 3. Comparisons of DTI indicators in the affected areas of the three groups. The FA values
of tumor lesions were significantly lower than those of cervical spondylosis and myelitis lesions.
Furthermore, the mean diffusivity (MD) and radial diffusivity (RD) values of the tumor patients
were significantly higher than the other two groups. Axial diffusivity (AD) showed no significant
difference. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.3. Discriminative Power of DTI Indicators in Spinal Pathologies

ROC curves were utilized to assess the ability of four DTI indicators to distinguish
between three spinal diseases: tumors versus myelitis, tumors versus cervical spondylosis,
and myelitis versus cervical spondylosis (Figure 4). In contrasting tumors with myelitis,
RD was found to be the most effective indicator, with an area under the curve (AUC)
value slightly higher than that of FA (Figure 4a). The AUC values for these indicators
were RD (0.781), MD (0.771), FA (0.749), and AD (0.672). ROC analysis indicated that FA
was the most effective DTI indicator in distinguishing between spinal tumors and cervical
spondylosis (Figure 4b). The AUC values for the indicators were as follows: FA (0.902),
RD (0.866), MD (0.826), and AD (0.590). Similarly, FA emerged as the most discriminative
DTI indicator in differentiating myelitis from cervical spondylosis (Figure 4c). The AUC
values were ordered as FA (0.748), RD (0.690), AD (0.620), and MD (0.560). Overall, FA was
effective in differentiating between all three diseases.
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3.4. FA Correlations with Disease Severity in Myelitis and Spinal Tumors

Since FA effectively differentiates between spinal tumors, myelitis, and cervical
spondylosis, further analyses were conducted to explore its relationship with clinical
assessments (Figure 5). In myelitis patients, a significant negative correlation was found
between FA values at the lesion site and the EDSSs (r = −0.62, p = 0.002, Figure 5a).
Meanwhile, in tumor patients, FA values showed a significant negative correlation with
Ki-67 scores, a marker for cellular proliferation (r = −0.71, p = 0.002, Figure 5b).
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values were significantly negatively correlated with Ki-67 scores of tumor patients.

4. Discussion

In the present study, DTI was employed to differentiate among spondylosis, myelitis,
and spinal tumors, uncovering unique signatures for each pathology. Significant differences
were observed in the values of FA, MD, and RD across these conditions. Furthermore, FA’s
exceptional discriminatory power highlights its promising role in the differential diagnosis
of spinal disorders.

The detailed analysis of DTI indicators in our study unveils complex microstructural
alterations within the cervical cord affected by cervical spondylosis, myelitis, and tumors.
Notably, the observed fluctuations in FA values may serve as indicators of changes in white
matter integrity [28]. For spinal tumors, the marked reduction in FA values likely reflects
the disturbance of normal white matter pathways that may occur as a consequence of tumor
growth [29]. Such insights are invaluable, providing a deeper understanding of the tumor’s
influence on the spinal cord’s neural architecture. On the other hand, the diminished FA values
seen in myelitis can be interpreted as the result of inflammation-induced changes, such as
edema and demyelination. These changes disrupt the uniform movement of water molecules
along white matter tracts [30]. In comparison, patients with cervical spondylosis had the highest
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FA values. This suggests that compression did not significantly affect the microstructure of the
spinal cord, and therefore, the integrity of the white matter was best preserved.

Additionally, the MD and RD values in our study exhibited distinct patterns that
further assist in differentiating these conditions. Elevated MD values in tumor patients are
generally considered indicative of increased extracellular space due to tissue destruction,
a hallmark of tumor growth [31,32]. In contrast, the absence of significant differences in
MD values between myelitis and cervical spondylosis patients suggests that the changes
in white matter composition may not reach the level of pronounced disruption observed
in tumors. The same holds for the result of the RD comparisons. Tumor cells can cause
damage to the surrounding white matter myelin [33]. In addition to this, they may also
affect the structure and arrangement of axons, resulting in a decrease in axonal density.
All of these can cause an increase in RD values. In contrast, axons in patients with myelitis
and spondylosis are retained more normally.

The high AUC values of FA in the ROC curve analysis imply that FA may be a reliable
marker to identify spinal cord disease. The ROC curve is frequently utilized to evaluate
the performance of diagnostic tests, where a higher AUC signifies superior discriminative
capability. While FA values show variation between tumors and myelitis, they do not have
the highest discriminative power. The best differentiation is offered by RD, characterized
by its ability to reflect perpendicular water molecule diffusion, suggesting that changes in
the myelin sheath or axonal integrity may be more pronounced in tumors than myelitis [34].
Despite the close AUC values between RD, MD, and FA, indicating a generally robust
diagnostic utility across these DTI metrics, the slight edge of RD underscores the impor-
tance of considering the unique contributions of each DTI parameter in clinical assessments.
A study by Hohenhaus et al. highlighted the utility of FA and MD in differentiating spinal
tumors from inflammation [32], whereas our results suggest that RD has a slightly more
significant diagnostic value in the context of tumors versus myelitis. Such discrepancies un-
derscore the complex and multifaceted nature of spinal cord pathologies and the influence
of underlying biological variations on DTI measurements.

In this study, the FA values of spinal white matter effectively distinguished between
tumors and cervical spondylosis, achieving an AUC of 0.902. Concurrently, RD and MD
also demonstrated commendable diagnostic discrimination. This aligns with the significant
differences observed in FA, RD, and MD values among patients with cervical spondylosis
and tumors. The cervical spinal cord of patients with cervical spondylosis included in
this study showed only mild or no compression, leading us to postulate that their DTI
indicators are closer to those of healthy individuals. Consistent with our findings, FA
measurements have been proven to possess high sensitivity and specificity in detecting
spinal pathologies in patients with extramedullary spinal canal tumors [35].

Similarly, FA demonstrated superior performance in distinguishing between cervi-
cal spondylosis and myelitis, suggesting that spinal inflammation primarily affects the
anisotropic diffusion of water molecules. This aligns with previous studies showing sig-
nificant FA reductions in the cervical spinal cord’s lateral and posterior segments in MS
patients, closely linked to the severity of symptoms [36]. Furthermore, the identification
of reduced FA values in areas that appear normal in conventional imaging confirms FA’s
efficacy in detecting subclinical inflammatory changes [18]. Together, these insights high-
light FA’s value as a sensitive biomarker for spinal cord inflammation, refining diagnosis
for myelitis and improving treatment strategies.

The study’s findings emphasize the importance of FA as a non-invasive biomarker
for assessing disease severity and predicting outcomes in myelitis and spinal tumors.
The observed negative correlation between FA values and EDSSs in myelitis, as reported
by Valsasina et al. for MS patients [14], highlights FA’s ability to reflect the severity of
neurological impairments. This information can assist clinicians in developing targeted
treatment plans. The correlation between FA values and Ki-67 scores in spinal tumors
suggests that FA can be useful in identifying tumor activity and aggressiveness. This finding
is supported by studies on brain tumors [37], indicating that DTI is a valuable tool for
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managing spinal conditions and gaining a deeper understanding of tumor biology in a
non-invasive manner.

This study highlights the potential of DTI in distinguishing spinal pathologies. However,
the generalizability of our findings may be affected by limitations such as a relatively small
sample size and a cross-sectional design. Future research should focus on longitudinal studies
with larger cohorts to validate and expand upon our results. Extending DTI’s application
to a broader array of spinal conditions and enhancing imaging resolution can significantly
improve diagnostic precision and deepen our understanding of spinal pathologies. It is
important to note that our study did not differentiate between specific disease subtypes.
Investigating the consistency and variability of DTI metrics across different spinal tumor
types and inflammatory conditions is crucial. This will allow for the full utilization of DTI’s
diagnostic and prognostic capabilities in both clinical practice and research.

5. Conclusions

DTI, especially FA, can distinguish between cervical spondylosis, myelitis, and spinal
tumors. The strong correlation between FA values and clinical measurements highlights the
important role of FA in evaluating and predicting spinal conditions, indicating its potential
incorporation into future diagnostic protocols.

Author Contributions: Conceptualization, J.W. and J.L.; methodology, J.L.; resources, B.C., W.D. and
Z.C.; MRI-acquisition, H.Y., D.T. and J.M.; MRI-evaluation, J.H.; clinical assessment, W.D., H.D. and
Z.C.; formal analysis, J.W.; writing—original draft preparation, J.W.; writing—review and editing,
J.W., J.H. and J.L.; supervision, J.L.; funding acquisition, J.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Huizhi Ascent Project of Xuanwu Hospital, grant/award
number: HZ2021ZCLJ005.

Institutional Review Board Statement: This is a retrospective study and ethical approval was waived
by the ethics committee of Xuanwu Hospital, Capital Medical University.

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Data are available upon request.

Acknowledgments: The authors would like to thank the participants for their commitment.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Liu, Y.B.; Yang, X.S.; He, Z.G.; Li, J.; Li, Y.J.; Wu, Y.Q.; Manyande, A.; Feng, M.H.; Xiang, H.B. Spinal cord injury: Global burden

from 1990 to 2019 and projections up to 2030 using Bayesian age-period-cohort analysis. Front. Neurol. 2023, 14, 1304153.
[CrossRef] [PubMed]

2. Parenteau, C.S.; Lau, E.C.; Campbell, I.C.; Courtney, A. Prevalence of spine degeneration diagnosis by type, age, gender, and
obesity using Medicare data. Sci. Rep. 2021, 11, 5389. [CrossRef] [PubMed]

3. Brinjikji, W.; Luetmer, P.H.; Comstock, B.; Bresnahan, B.W.; Chen, L.E.; Deyo, R.A.; Halabi, S.; Turner, J.A.; Avins, A.L.; James,
K.; et al. Systematic Literature Review of Imaging Features of Spinal Degeneration in Asymptomatic Populations. AJNR Am. J.
Neuroradiol. 2015, 36, 811–816. [CrossRef] [PubMed]

4. Teraguchi, M.; Yoshimura, N.; Hashizume, H.; Muraki, S.; Yamada, H.; Minamide, A.; Oka, H.; Ishimoto, Y.; Nagata, K.; Kagotani,
R.; et al. Prevalence and distribution of intervertebral disc degeneration over the entire spine in a population-based cohort: The
Wakayama Spine Study. Osteoarthr. Cartil. 2014, 22, 104–110. [CrossRef] [PubMed]

5. Fadda, G.; Flanagan, E.P.; Cacciaguerra, L.; Jitprapaikulsan, J.; Solla, P.; Zara, P.; Sechi, E. Myelitis features and outcomes in CNS
demyelinating disorders: Comparison between multiple sclerosis, MOGAD, and AQP4-IgG-positive NMOSD. Front. Neurol.
2022, 13, 1011579. [CrossRef] [PubMed]

6. Harada, G.K.; Siyaji, Z.; Younis, S.; Louie, P.; Samartzis, D.; An, H.S. Imaging in Spine Surgery: Current Concepts and Future
Directions. Spine Surg. Relat. Res. 2020, 4, 99–110. [CrossRef] [PubMed]

https://doi.org/10.3389/fneur.2023.1304153
https://www.ncbi.nlm.nih.gov/pubmed/38116113
https://doi.org/10.1038/s41598-021-84724-6
https://www.ncbi.nlm.nih.gov/pubmed/33686128
https://doi.org/10.3174/ajnr.A4173
https://www.ncbi.nlm.nih.gov/pubmed/25430861
https://doi.org/10.1016/j.joca.2013.10.019
https://www.ncbi.nlm.nih.gov/pubmed/24239943
https://doi.org/10.3389/fneur.2022.1011579
https://www.ncbi.nlm.nih.gov/pubmed/36419536
https://doi.org/10.22603/ssrr.2020-0011
https://www.ncbi.nlm.nih.gov/pubmed/32405554


Diagnostics 2024, 14, 1225 9 of 10

7. Vargas, M.I.; Boto, J.; Meling, T.R. Imaging of the spine and spinal cord: An overview of magnetic resonance imaging (MRI)
techniques. Rev. Neurol. 2021, 177, 451–458. [CrossRef]

8. Meng, X.X.; Zhang, Y.Q.; Liao, H.Q.; Liu, H.C.; Jiang, H.L.; Ke, S.J.; Dong, W.H. Dynamic contrast-enhanced MRI for the
assessment of spinal tumor vascularity: Correlation with angiography. Eur. Spine J. 2016, 25, 3952–3961. [CrossRef]

9. Klein, J.P. A practical approach to spine imaging. Continuum 2015, 21, 36–51. [CrossRef]
10. de Paiva, J.L.R.; Sabino, J.V.; Pereira, F.V.; Okuda, P.A.; Villarinho, L.D.; Queiroz, L.D.; França, M.C., Jr.; Reis, F. The Role of MRI in

the Diagnosis of Spinal Cord Tumors. Semin. Ultrasound CT MRI 2023, 44, 436–451. [CrossRef]
11. Jellison, B.J.; Field, A.S.; Medow, J.; Lazar, M.; Salamat, M.S.; Alexander, A.L. Diffusion tensor imaging of cerebral white matter:

A pictorial review of physics, fiber tract anatomy, and tumor imaging patterns. AJNR Am. J. Neuroradiol. 2004, 25, 356–369.
12. Cheng, S.J.; Tsai, P.H.; Lee, Y.T.; Li, Y.T.; Chung, H.W.; Chen, C.Y. Diffusion Tensor Imaging of the Spinal Cord. Magn. Reson.

Imaging Clin. N. Am. 2021, 29, 195–204. [CrossRef]
13. Figley, C.R.; Uddin, M.N.; Wong, K.H.; Kornelsen, J.; Puig, J.; Figley, T.D. Potential Pitfalls of Using Fractional Anisotropy, Axial

Diffusivity, and Radial Diffusivity as Biomarkers of Cerebral White Matter Microstructure. Front. Neurosci. 2022, 15, 799576.
[CrossRef]

14. Valsasina, P.; Rocca, M.A.; Agosta, F.; Benedetti, B.; Horsfield, M.A.; Gallo, A.; Rovaris, M.; Comi, G.; Filippi, M. Mean diffusivity
and fractional anisotropy histogram analysis of the cervical cord in MS patients. Neuroimage 2005, 26, 822–828. [CrossRef]

15. Kara, B.; Celik, A.; Karadereler, S.; Ulusoy, L.; Ganiyusufoglu, K.; Onat, L.; Mutlu, A.; Ornek, I.; Sirvanci, M.; Hamzaoglu, A. The role
of DTI in early detection of cervical spondylotic myelopathy: A preliminary study with 3-T MRI. Neuroradiology 2011, 53, 609–616.
[CrossRef]

16. Wheeler-Kingshott, C.A.; Stroman, P.W.; Schwab, J.M.; Bacon, M.; Bosma, R.; Brooks, J.; Cadotte, D.W.; Carlstedt, T.; Ciccarelli,
O.; Cohen-Adad, J.; et al. The current state-of-the-art of spinal cord imaging: Applications. Neuroimage 2014, 84, 1082–1093.
[CrossRef]

17. Naismith, R.T.; Xu, J.; Klawiter, E.C.; Lancia, S.; Tutlam, N.T.; Wagner, J.M.; Qian, P.; Trinkaus, K.; Song, S.-K.; Cross, A.H. Spinal
cord tract diffusion tensor imaging reveals disability substrate in demyelinating disease. Neurology 2013, 80, 2201–2209. [CrossRef]

18. Renoux, J.; Facon, D.; Fillard, P.; Huynh, I.; Lasjaunias, P.; Ducreux, D. MR diffusion tensor imaging and fiber tracking in
inflammatory diseases of the spinal cord. AJNR Am. J. Neuroradiol. 2006, 27, 1947–1951.

19. Kauthankar, A.A.; Jaseemudheen, M. Diffusion Tensor Imaging in Spinal Cord Injury: A Review. J. Health Allied Sci. NU 2023, 13, 161–167.
[CrossRef]

20. Casseb, R.F.; de Paiva, J.L.R.; Branco, L.M.T.; Martinez, A.R.M.; Reis, F.; de Lima-Junior, J.C.; Castellano, G.; Junior, M.C.F. Spinal
cord diffusion tensor imaging in patients with sensory neuronopathy. Neuroradiology 2016, 58, 1103–1108. [CrossRef]

21. Liu, X.; Tian, W.; Chen, H.; LoStracco, T.A.; Zhang, J.; Li, M.Y.; Germin, B.; Wang, H.Z. Advanced neuroimaging in the evaluation of
spinal cord tumors and tumor mimics: Diffusion tensor and perfusion-weighted imaging. Semin. Ultrasound CT MRI 2017, 38, 163–175.
[CrossRef]

22. Liu, X.; Tian, W.; Kolar, B.; Hu, R.; Huang, Y.; Huang, J.; Ekholm, S. Advanced MR diffusion tensor imaging and perfusion
weighted imaging of intramedullary tumors and tumor like lesions in the cervicomedullary junction region and the cervical
spinal cord. J. Neurooncol. 2014, 116, 559–566. [CrossRef] [PubMed]

23. Theodore, N. Degenerative Cervical Spondylosis. N. Engl. J. Med. 2020, 383, 159–168. [CrossRef] [PubMed]
24. Weidauer, S.; Hattingen, E.; Arendt, C.T. Cervical myelitis: A practical approach to its differential diagnosis on MR imaging. Rofo

2023, 195, 1081–1096. [CrossRef] [PubMed]
25. Kurtzke, J.F. Rating neurologic impairment in multiple-sclerosis—An Expanded Disability Status Scale (EDSS). Neurology 1983,

33, 1444–1452. [CrossRef] [PubMed]
26. Scholzen, T.; Gerdes, J. The Ki-67 protein: From the known and the unknown. J. Cell. Physiol. 2000, 182, 311–322. [CrossRef]
27. De Leener, B.; Lévy, S.; Dupont, S.M.; Fonov, V.S.; Stikov, N.; Collins, D.L.; Callot, V.; Cohen-Adad, J. SCT: Spinal Cord Toolbox, an

open-source software for processing spinal cord MRI data. Neuroimage 2017, 145, 24–43. [CrossRef] [PubMed]
28. Shenton, M.E.; Hamoda, H.M.; Schneiderman, J.S.; Bouix, S.; Pasternak, O.; Rathi, Y.; Vu, M.A.; Purohit, M.P.; Helmer, K.; Koerte,

I.; et al. A review of magnetic resonance imaging and diffusion tensor imaging findings in mild traumatic brain injury. Brain
Imaging Behav. 2012, 6, 137–192. [CrossRef] [PubMed]

29. Mousa, M.I.; Youssef, A.; Hamed, M.R.; Mousa, W.B.; Al Ajerami, Y.; Akhdar, H.; Eisa, M.H.; Ibnaouf, K.H.; Sulieman, A. Mapping
high-grade glioma response to chemoradiotherapy: Insights from fractional anisotropy and mean diffusivity. J. Radiat. Res. Appl.
Sci. 2023, 16, 100706. [CrossRef]

30. MacKay, A.L.; Laule, C. Magnetic resonance of myelin water: An in vivo marker for myelin. Brain Plast. 2016, 2, 71–91. [CrossRef]
31. Winkler, J.; Abisoye-Ogunniyan, A.; Metcalf, K.J.; Werb, Z. Concepts of extracellular matrix remodelling in tumour progression

and metastasis. Nat. Commun. 2020, 11, 5120. [CrossRef] [PubMed]
32. Hohenhaus, M.; Merz, Y.; Klingler, J.-H.; Scholz, C.; Hubbe, U.; Beck, J.; Wolf, K.; Egger, K.; Reisert, M.; Kremers, N. Diffusion

tensor imaging in unclear intramedullary tumor-suspected lesions allows separating tumors from inflammation. Spinal Cord.
2022, 60, 655–663. [CrossRef] [PubMed]

33. Brooks, L.J.; Clements, M.P.; Burden, J.J.; Kocher, D.; Richards, L.; Devesa, S.C.; Zakka, L.; Woodberry, M.; Ellis, M.; Jaunmuktane,
Z.; et al. The white matter is a pro-differentiative niche for glioblastoma. Nat. Commun. 2021, 12, 2184. [CrossRef] [PubMed]

https://doi.org/10.1016/j.neurol.2020.07.005
https://doi.org/10.1007/s00586-016-4713-z
https://doi.org/10.1212/01.CON.0000461083.33500.ec
https://doi.org/10.1053/j.sult.2023.03.012
https://doi.org/10.1016/j.mric.2021.02.002
https://doi.org/10.3389/fnins.2021.799576
https://doi.org/10.1016/j.neuroimage.2005.02.033
https://doi.org/10.1007/s00234-011-0844-4
https://doi.org/10.1016/j.neuroimage.2013.07.014
https://doi.org/10.1212/WNL.0b013e318296e8f1
https://doi.org/10.1055/s-0042-1751068
https://doi.org/10.1007/s00234-016-1738-2
https://doi.org/10.1053/j.sult.2016.07.006
https://doi.org/10.1007/s11060-013-1323-z
https://www.ncbi.nlm.nih.gov/pubmed/24374994
https://doi.org/10.1056/NEJMra2003558
https://www.ncbi.nlm.nih.gov/pubmed/32640134
https://doi.org/10.1055/a-2114-1350
https://www.ncbi.nlm.nih.gov/pubmed/37479218
https://doi.org/10.1212/wnl.33.11.1444
https://www.ncbi.nlm.nih.gov/pubmed/6685237
https://doi.org/10.1002/(sici)1097-4652(200003)182:3%3C311::Aid-jcp1%3E3.0.Co;2-9
https://doi.org/10.1016/j.neuroimage.2016.10.009
https://www.ncbi.nlm.nih.gov/pubmed/27720818
https://doi.org/10.1007/s11682-012-9156-5
https://www.ncbi.nlm.nih.gov/pubmed/22438191
https://doi.org/10.1016/j.jrras.2023.100706
https://doi.org/10.3233/BPL-160033
https://doi.org/10.1038/s41467-020-18794-x
https://www.ncbi.nlm.nih.gov/pubmed/33037194
https://doi.org/10.1038/s41393-021-00741-2
https://www.ncbi.nlm.nih.gov/pubmed/34966172
https://doi.org/10.1038/s41467-021-22225-w
https://www.ncbi.nlm.nih.gov/pubmed/33846316


Diagnostics 2024, 14, 1225 10 of 10

34. Wang, Q. Diffusion Magnetic Resonance Imaging of Central Nervous System Diseases: Structure, Function and Pathology. Ph.D.
Thesis, Washington University in St. Louis, St. Louis, MO, USA, 2011.

35. Facon, D.; Ozanne, A.; Fillard, P.; Lepeintre, J.F.; Tournoux-Facon, C.; Ducreux, D. MR diffusion tensor imaging and fiber tracking
in spinal cord compression. AJNR Am. J. Neuroradiol. 2005, 26, 1587–1594. [PubMed]

36. Agosta, F.; Absinta, M.; Sormani, M.P.; Ghezzi, A.; Bertolotto, A.; Montanari, E.; Comi, G.; Filippi, M. In vivo assessment of
cervical cord damage in MS patients: A longitudinal diffusion tensor MRI study. Brain 2007, 130, 2211–2219. [CrossRef]

37. Liu, X.; Tian, W.; Kolar, B.; Johnson, M.D.; Milano, M.T.; Jiang, H.H.; Lin, S.; Li, D.M.; Mohile, N.A.; Li, Y.M.; et al. The correlation
of fractional anisotropy parameters with Ki-67 index, and the clinical implication in grading of non-enhancing gliomas and
neuronalglial tumors. Magn. Reson. Imaging 2020, 65, 129–135. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.ncbi.nlm.nih.gov/pubmed/15956535
https://doi.org/10.1093/brain/awm110
https://doi.org/10.1016/j.mri.2019.10.009

	Introduction 
	Materials and Methods 
	Subjects 
	Clinical Assessment 
	MRI Acquisition 
	Data Processing 
	Statistics Analysis 

	Results 
	Patient Characteristics 
	DTI Indicators in Spondylosis, Myelitis, and Spinal Tumors 
	Discriminative Power of DTI Indicators in Spinal Pathologies 
	FA Correlations with Disease Severity in Myelitis and Spinal Tumors 

	Discussion 
	Conclusions 
	References

