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Purpose: This study aimed to examine the correlation between diffusion tensor imaging (DTI) parameters (fractional anisotropy, FA; 
apparent diffusion coefficient, ADC) and clinical outcomes (neck disability index, NDI; visual analog scale, VAS) in cervical 
spondylotic radiculopathy (CSR) patients following percutaneous cervical nucleoplasty (PCN), respectively.
Methods: This is a cross-sectional study. We collected clinical data from 30 patients with CSR who underwent DTI before and 3 
months after PCN. The FA and ADC were derived from DTI. The NDI and VAS were used to evaluate the clinical symptoms 
preoperatively, at 3 months postoperatively, and at the final follow-up. By setting multiple region of interest areas, the cervical nerve 
roots were delineated using fiber tractography. The Pearson correlation analysis was used to investigate the relationship between DTI 
values and clinical severity.
Results: NDI and VAS scores after PCN were significantly improved compared with preoperative scores (P < 0.05). The FA and ADC 
values after PCN were significantly different from the preoperative values (P < 0.001). The Pearson correlation revealed that 
preoperative FA values were strongly correlated with preoperative NDI scores (r = −0.802, P < 0.001), whereas postoperative FA 
values were strongly correlated with postoperative NDI scores (r = −0.804, P < 0.001). Furthermore, postoperative FA values were 
strongly correlated with NDI scores at the final follow-up (r = −0.805, P < 0.001). However, no significant difference was observed 
between the DTI and VAS scores. Similarly, no significant correlations were observed between ADC values and NDI scores pre- and 
postoperatively.
Conclusion: DTI is an imaging method that helps identify the clinical functional status of patients with CSR after PCN. The FA value 
can be used as a potential predictor of patient prognosis and are strongly negatively correlated with NDI scores. However, the long- 
term predictive effect warrants further investigation.
Keywords: cervical spondylotic radiculopathy, percutaneous cervical nucleoplasty, diffusion tensor imaging, fractional anisotropy, 
apparent diffusion coefficient, clinical outcome

Introduction
Cervical spondylotic radiculopathy (CSR) is the common form of cervical spondylosis, constituting approximately 60%– 
70% of cases.1 It primarily manifests clinically as unilateral or bilateral sensory and motor disorders within the nerve root 
innervation area.2 After failure of conservative treatment, surgery may be considered as a primary option. With the 
increasing popularity of the minimally invasive concept, percutaneous cervical nucleoplasty (PCN) has been gradually 
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applied for treating CSR. In current research, Kim et al3 and de Rooij et al4 have demonstrated that PCN treatment for 
radiculopathy caused by cervical disc herniation has satisfactory clinical efficacy. Under intraoperative fluoroscopy 
guidance, the herniated disc is ablated using low-temperature plasma technology, aiming to alleviate the direct 
compression of the intervertebral disc on peripheral nerve tissue.5 Compared with traditional open surgery, PCN offers 
the advantages of local anesthesia, reduced trauma, shorter surgical duration, and faster recovery under surgical 
indications.4

Currently, conventional magnetic resonance imaging (MRI) and computed tomography (CT) are commonly used in 
the clinical diagnosis of CSR, which identifies whether or not the herniation of the soft tissue of the spinal canal and bony 
spinal stenosis compress the nerve root.6,7 However, MRI and CT only indirectly identify compression or injury in the 
nerve root and provide no direct evidence of nerve root injury. Furthermore, in clinical practice, the MRI results 
sometimes do not match the clinical signs and symptoms, which makes the prompt determination of nerve root 
compression severity challenging.7,8 Therefore, an urgent concern remains on the need for a noninvasive test that 
qualitatively and quantitatively reflects the degree of nerve root injury to provide more detailed imaging parameters to 
help clinical treatment.

Diffusion tensor imaging (DTI) and fiber tractography (FT) are innovative MRI techniques developed based on 
diffusion-weighted imaging and are considered to be the main examination methods to exhibit nerve fiber bundle 
arrangements and changes.9 DTI quantifies water molecule diffusion in living tissues, thereby accurately demonstrating 
the morphological characteristics of the spinal cord and nerve fiber bundles. Hence, theoretically, this approach can help 
in the clinical diagnosis and prognostic monitoring of cervical spondylosis.6 In 2023, Atchut et al9 demonstrated that DTI 
has good discriminatory ability in distinguishing cervical spinal stenosis from non-stenosis. In 2024, Wang et al10 

reported that dynamic DTI can predict postoperative outcomes in cervical spondylotic myelopathy and has predictive 
value for poor postoperative neurological recovery. DTI parameters include fractional anisotropy (FA) and apparent 
diffusion coefficient (ADC). FA reflects the diffusion of water molecules along the axis, while ADC reflects the diffusion 
pattern of water molecules.6,7 Current research has proved that as nerve injury becomes more severe, the FA value is 
lower and the ADC value is higher.6–10 However, to the best of our knowledge, few studies have investigated the use of 
DTI in nerve root compression assessment and analyzed the association between DTI use and patient prognosis in CSR.

In the present study, we analyzed the correlation between DTI parameters and postoperative clinical functional status 
in patients with CSR to evaluate the potential monitoring role of DTI in patients with CSR after PCN. Furthermore, PCN 
application for CSR in this study reduces the interference of DTI artifacts by effectively avoiding internal fixation, 
thereby enabling us to more accurately analyze the role of DTI.

Materials and Methods
Patient Population
We conducted a pre-experiment to calculate the appropriate sample size required. With a power level of 0.80 and 
a significance level of 0.05, our pre-experiment concluded that at least 25 cases were needed. This study included 30 
consecutive patients with CSR deemed suitable for PCN from June 1, 2020 to December 31, 2021. All patients were 
from Beijing Chaoyang Hospital. The diagnostic criteria of CSR were based on the North American Spine Society 
(NASS) guidelines for the diagnosis and treatment of CSR (2010) and the expert consensus on the standardization of 
diagnosis and treatment of CSR in 2015.11,12 The inclusion criteria were (1) unilateral CSR confirmed by clinical 
examination (radicular pain/paresthesia/muscle weakness/abnormal reflexes in the arm) and MRI concordance; (2) failure 
of ≥ 12 weeks conservative therapy; and (3) indication for PCN per NASS guidelines. The exclusion criteria were (1) 
cervical spondylotic myelopathy; (2) surgical history of the planned segment; (3) herniated intervertebral disc or free 
intervertebral disc calcification; (4) severe or localized cervical spinal stenosis; (5) intolerance or noncooperation with the 
treatment, paralysis, or partial paralysis; and (6) obvious surgical contraindications or otherwise unsuitable for surgery. 
All patients were followed up for at least 1 year, using methods such as outpatient services and telephone call surveys. 
The study adhered to the principles of the Declaration of Helsinki and was approved by ethics committee of the Beijing 
Chaoyang Hospital (2020-4-22-2, 2020–04-22). All participants provided written informed consent.
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Surgical Technique
All surgeries were performed by a senior surgeon with experience in performing >100 PCN procedures. PCN was 
performed under local anesthesia in the supine position. The ablation procedure was performed using a low-temperature 
plasma multifunctional surgical system (Model: SM-D380C; Manufacturer: Xi’an Surgical Medical Technology Co., 
Ltd., China). The surgical segments and puncture points were guided by C-arm fluoroscopy in the anteroposterior and 
lateral planes. Intraoperative ultrasound was employed to locate the space between the sheaths, and a spinal needle was 
used to puncture the right side of the neck, passing into the disc space (Figure 1). The inner stylet in the introducer needle 
was then removed. The fiber was threaded through the introducer needle, and the specialized radiofrequency (RF) probe 
was connected to the power generator. Fluoroscopy confirmed the position of the RF probe approximately 3 mm from the 
posterior edge of the intervertebral disc. A safety test was conducted at Level 1 power for 1 second to assess proximity to 
neural structures. Patients were monitored for immediate adverse reactions (eg, radicular pain, muscle twitching). 
Absence of symptoms confirmed safe probe positioning prior to ablation. The patient exhibited no adverse reactions 
after the safety test. The ablation then shifted to level 2 for 6 s and three cycles. Following the safety test for 
vaporization, the vaporization then shifted to level 1 for 6 s and two cycles. Afterward, the vaporization shifted to 
level 2 for 6 s and two cycles. The puncture needle was then pulled out 5 mm along with the probe, and the tip was 
confirmed to be in the intervertebral disc by fluoroscopy. Vaporization was set to level 2 for 6 s, and annulus fibroplasty 
was performed for two cycles. Thereafter, the RF probe and introducer needle were removed.

Clinical Assessment
Data on the demographic characteristics of all participants, including sex, age, symptom duration, compressed segment, and 
follow-up duration, were obtained. The visual analog scale (VAS)13 and neck disability index (NDI)14 were used to examine 
patients before surgery, at 3 months after surgery, and at the final follow-up (at least 12 months). The VAS scores ranged from 
0 to 10, with 0 indicating no pain and 10 indicating the most severe pain. The NDI score was used to quantify the degree of 
pain and the life status of patients. The total score ranged from 0 (no disability) to 50 (complete disability).

DTI Acquisition, Processing, and Measurements
Imaging was performed using a Philips Ingenia 3.0T CX MRI system (Software Version: R5.6) equipped with a 16-channel 
Spine Matrix coil three days prior to surgery and 3 months postoperatively (Figure 2). The patients were in the supine position. 
The scanning sequence included localization scan, T1-weighted imaging, T2-weighted imaging (T2WI), and DTI. DTI data 
were acquired using multishot echo planar imaging (MS-EPI). DTI post-processing and fiber tractography were performed 
using DTI Studio v3.0 (Laboratory of Brain Anatomical MRI, Johns Hopkins University, Baltimore, MD) on the Philips 
IntelliSpace Portal v12.1 workstation (ISP; Philips Healthcare, Best, Netherlands). Plain MRI scanning was performed for 

Figure 1 Ultrasonic and fluoroscopic images during surgery. (A) The space between the carotid and thyroid sheaths is separated by the ultrasonic-assisted injection of 
normal saline. The white dotted box indicates the saline injection site. The blue box displays the blood flow signal within the area. Intraoperative anteroposterior (B) and 
lateral (C) fluoroscopy images showing the introducer needle passing through the narrowed space.
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sagittal plane positioning. The T2WI settings included the following: repetition time, 2,420 ms; time to echo, 69 ms; matrix, 
112 × 112; field of view, 140.0×140.0 mm; slice thickness, 2 mm; flip angle, 90°; voxel, 1.25×1.25 × 2.00 mm; diffusion 
sensitivity coefficient B, 0; b value, 800 mm2/s; diffusion sensitivity gradient direction, 32; and number of excitations, 4.

DTI tensor images were uploaded to the Philips workstation. First, we corrected the original DTI images to reduce the 
influence of motion artifacts and, thus, improve the DTI image quality and fiber tracking results. The required DTI 
images were generated by the diffusion software package. A region of interest (ROI) of approximately 4 mm2 was 
manually drawn in the nerve root traversing area. The FA and ADC values of the region were displayed and clicked for 
fiber bundle tracking at the same time. The FA and ADC values were measured blinded by three radiologists, and the 
average value was taken as the final measurement result.

Statistical Analysis
SPSS (version 27.00; Chicago, Illinois, USA) was used for statistical analysis. In this study, continuous variables 
(VAS, NDI, FA and ADC) followed a normal distribution and were expressed as mean ± standard deviation. For 
VAS and NDI, there were three time points before and after surgery, therefore, repeated measures ANOVA was 
used to compare the differences between time points, and the Bonferroni method was used for multiple calibra
tions. For FA and ADC, there are two time points before and after surgery, and the difference follows a normal 
distribution, therefore, a paired t-test was used to compare the differences between the two time points. DTI 
parameters (FA and ADC) and clinical scores (VAS and NDI) were obtained from the same patients, and there was 
a linear relationship between the two with no obvious outliers. Therefore, the Pearson correlation analysis was 
used to delineate the correlation between the DTI values and VAS or NDI scores. Correlation coefficients (r) were 
considered strong when their absolute value was ≥0.8.15 A P value of <0.05 indicated statistical significance. The 
figures were created using GraphPad Prism version 9 and Photoshop software (Adobe Photoshop version 2023).

Results
A total of 30 patients, including 12 males and 18 females, were enrolled in this study, with a mean age of 60.63 ± 8.64 
years (range of 45–74 years, 95% CI: 57.41–63.86) and symptom duration of 22.93 ± 8.75 months (range of 10–38 

Figure 2 A 49-year-old woman with CSR underwent PCN for C6/C7 disc herniation. The integrity of postoperative nerve root fibers was significantly improved in FT 
images, with a normal shape and uniform fiber bundle distribution. (A) Preoperative DTI scanning. Preoperative cross (B) and coronal (C) sections of FT imaging. (D) DTI 
scanning and cross (E) and coronal (F) sections of FT imaging 3 months postoperatively. The Orange boxes in (B and C) represent region of interest (ROI), and the orange 
lines represent nerve root fibers. The green lines in (E and F) represent nerve root fibers.
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months, 95% CI: 19.67–26.20). Based on the preoperative localization of the compressed nerve roots, all patients were 
divided into four groups with damaged C4 (n = 2, 6.7%), C5 (n = 10, 33.3%), C6 (n = 13, 43.3%), and C7 (n = 5, 16.7%) 
nerve roots. The follow-up duration was 17.03 ± 3.58 months (range of 12–23 months, 95% CI: 15.70–18.37).

All surgeries were successfully completed. No vascular or nerve injury occurred during the procedure. Table 1 shows 
the clinical and DTI parameters between the pre- and post-operation. The preoperative VAS and NDI scores were 5.65 ± 
1.04 and 25.53±5.16, respectively. After PCN, the VAS score decreased to 2.35±0.75 at 3 months and 2.19±0.78 at the 
final follow-up, and the NDI score decreased to 13.00±3.42 at 3 months and 11.73±5.58 at the final follow-up. All 
postoperative scores were significantly lower than the preoperative ones (P < 0.001). The preoperative and postoperative 
FA values were 0.39 ± 0.030 and 0.44 ± 0.025, respectively. Meanwhile, the preoperative and postoperative ADC values 
were 1.48 ± 0.101 and 1.23 ± 0.076, respectively. The postoperative DTI values were significantly different from the 
preoperative ones (P < 0.001).

The Pearson correlation coefficient between the DTI quantitative values and clinical function scores showed that 
preoperative FA values were strongly correlated with preoperative NDI (r = −0.802, P < 0.001). Postoperative FA values 
were strongly correlated with postoperative NDI (r = −0.804, P < 0.001). Postoperative FA values were strongly 
associated with NDI scores at the final follow-up (r = −0.805, P < 0.001) (Figure 3). We revealed no significant 
correlations between DTI and VAS scores (Table 2). Similarly, no significant correlations were observed between ADC 
and NDI scores pre- and postoperatively. Therefore, we indicate the use of postoperative FA values in predicting patient 
prognosis after PCN.

Discussion
DTI has been reported predominantly as an adjunctive test for degenerative cervical diseases to diagnose disease severity 
and recovery prognosis.16–18 However, literature investigating the association between DTI and CSR remains limited. FA 
and ADC values are important indicators for assessing neurophysiological status.6,8 In the present study, we revealed 
higher FA and lower ADC values postoperatively than preoperatively, which was similar to the results of previous 
studies.7,19 Furthermore, we revealed a strong association between NDI scores and FA values, including preoperative 
NDI scores with preoperative FA and postoperative NDI scores with postoperative FA values. However, notably, no 
strong correlation was observed between DTI and VAS scores. Therefore, the association between NDI scores and FA 
values is a potential predictor of patient prognosis and provides auxiliary information for postoperative rehabilitation.

Traditional anterior cervical discectomy and fusion is the gold standard for treating CSR, which requires the 
placement of internal fixation devices during surgery.20 However, the presence of internal fixation devices greatly 
increases DTI artifact interference. In the present study, 30 patients with CSR consecutively underwent minimally 
invasive PCN, which has the advantage of avoiding the effects of implants on DTI.21 Before PCN, FT imaging was 
performed, which is a rare noninvasive imaging method for the visualization of white matter fibers. The images showed 
that the nerve roots on the affected side were displaced, thinning, and tortuous and the arrangement of nerve fibers was 
sparse and broken, which was consistent with previous studies involving fiber tracing technology.22 When MRI 
demonstrates inconsistent imaging features with the patient’s symptoms, DTI and tractography further improve the 
diagnosis by visualizing and accurately locating the area of nerve root compression without the option of invasive 
neurophysiology or nerve root block.6 Currently, several studies have explored the comparison between multiple 

Table 1 Comparison of the Clinical and DTI Parameters Between the Pre- and Post-Operation

Scores and Parameters Preoperative 3 Months Postoperative P Preoperative Final Follow-up P

VAS 5.65±1.04 2.35±0.75 <0.001* 5.65±1.04 2.19±0.78 <0.001*
NDI 25.53±5.16 13.00±3.42 <0.001* 25.53±5.16 11.73±5.58 <0.001*

FA 0.39±0.030 0.44±0.025 <0.001* - - -

ADC 1.48±0.101 1.23±0.076 <0.001* - - -

Notes: *Statistically significant at p<0.05. 
Abbreviations: VAS, visual analog scale; NDI, neck disability index; FA, fractional anisotropy; ADC, apparent diffusion coefficient.
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treatments and PCN for patients with CSR, such as PCN,23 anterior discectomy,24 and pulsed RF.25 The aforementioned 
studies have concluded that PCN demonstrate advantages in terms of reduced trauma, decreased blood loss, and faster 
recovery. Accurate diagnosis of CSR combined with minimally invasive treatment can avoid extensive decompression 

Figure 3 The Pearson correlation coefficient between the FA values and NDI scores. FA values were negatively associated with NDI scores preoperatively (A) and 
postoperatively (B). Furthermore, postoperative FA values were negatively associated with NDI scores at the final follow-up (C).

Table 2 Correlation Between DTI Parameters and Clinical Scores

Clinical Scores DTI Parameters r P

VAS Preoperative Preoperative FA −0.031 0.869

Preoperative ADC 0.145 0.444
3 months postoperative Postoperative FA −0.677 <0.001*

Postoperative ADC 0.358 0.052
Final follow-up Postoperative FA −0.651 <0.001*

Postoperative ADC 0.436 0.016*

NDI Preoperative Preoperative FA −0.802 <0.001*
Preoperative ADC 0.153 0.420

3 months postoperative Postoperative FA −0.804 <0.001*

Postoperative ADC 0.346 0.061
Final follow-up Postoperative FA −0.805 <0.001*

Postoperative ADC 0.451 0.012*

Notes: *Statistically significant at p<0.05. 
Abbreviations: DTI, diffusion tensor imaging; VAS, visual analog scale; NDI, neck disability 
index; FA, fractional anisotropy; ADC, apparent diffusion coefficient; r, The correlation 
coefficient.
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common in conventional open surgery and reduce the complexity and risk of surgical procedures.26 In this study, we 
revealed that the patient’s postoperative clinical function scores were significantly improved compared with the 
preoperative scores, and no serious postoperative complications, such as hematoma and spinal cord injury, were reported, 
indicating that PCN treatment for CSR achieved satisfactory clinical efficacy.

In general, once a transition from moderate to high T2WI signal is observed on conventional MRI, the nerve root is in 
a long-term injury state, indicating an unsatisfactory prognosis even after surgical treatment.27,28 Therefore, early 
accurate diagnosis of CSR is particularly important for improving patients’ quality of life. Kara29 enrolled 16 patients 
with neurological signs but without hyperintensity in the spinal cord on T2WI. This finding shows that DTI may indicate 
abnormalities in the spinal cord before the hyperintensity of conventional T2WI. Kerkovský30 suggested that DTI has 
a higher potential to distinguish clinical subtypes than conventional MRI and electrophysiological examination. 
Compared with traditional MRI, DTI shows more sensitivity and specificity for subtle cervical nerve lesions. Liang31 

compared 30 patients with CSR with 24 healthy volunteers and found that the FA values of C5–C8 in healthy volunteers 
and heterolateral nonstenotic nerve of patients with CSR were both significantly higher than those of the stenotic cervical 
segments of patients with CSR, with lower ADC values. In this study, we observed similar changes in FA and ADC after 
nerve root decompression after PCN.

FA is the most commonly used diffusion tensor index, which represents the direction of the diffusion of water 
molecules. A decrease in the FA value is considered to be due to the impairment of the cell membrane and myelin barrier 
function of nerve fibers, and the diffusion of water molecules tends to be isotropic.32 Previous studies have shown that 
both mechanical compression and microenvironment changes can affect the DTI quantitative values.33 We found that the 
FA values were negatively correlated with the NDI scores. This result agrees with Chen et al34 suggesting that disease 
severity in patients can be assessed by DTI to some extent. Furthermore, we revealed that NDI scores at 3 months 
postoperatively and the last follow-up remained strongly associated with postoperative FA levels, indicating a correlation 
between NDI scores and FA values as a potential prognostic predictor in patients with CSR. However, we did not find 
a strong correlation between FA values and VAS scores, which may be related to the following reasons: VAS assessments 
are easily influenced by patient subjectivity, and chronic pain perception is affected by physiological, psychological, and 
social factors.35 Since FA primarily reflects microscopic changes in neural structures,34 the incomplete overlap in 
mechanisms between the two may weaken the strength of the association. Therefore, future studies should integrate 
objective pain assessment tools such as quantitative sensory testing (QST), and explore multi-parameter models (eg, FA 
combined with T2WI signals) to enhance predictive performance.18

Few studies have focused on the relationship between changes in DTI indicators and improvement in clinical 
symptoms after surgery. Traditional MRI can only reflect the cervical disc that is no longer herniated after surgery. 
However, the compressed nerve root can still maintain a high signal on T2WI, even enhanced in a short period of time; 
therefore, it is difficult to evaluate the recovery of patients.36 In addition, when dealing with complex cervical disc 
herniation, PCN sometimes fails to adequately decompress the compressed nerve root, resulting in the residue continuing 
to compress or irritate the nerve root, which manifests as incomplete symptom relief. Thus, there is an urgent need for 
effective tools to assist in the assessment of postoperative recovery of patients. DTI is an effective auxiliary assistant for 
postoperative evaluation of efficacy to some extent. The improvement in the FA value is closely related to axon 
regeneration, as the axonal membrane of nerve fibers plays a major limiting role in the anisotropic movement of water 
molecules, and the formation of myelin sheath can assist in regulating the anisotropic diffusion of water molecules.37 If 
the FA value shows no significant improvement after surgery, it may reflect the persistence of nerve root injury and poor 
prognosis. Under these circumstances, reoperation should be considered as soon as possible to improve the prognosis of 
patients.

The ADC value reflects the diffusion rate of water molecules in the microenvironment of biological tissues without 
directionality.38 Higher ADC values are usually associated with severe tissue damage, which may affect the recovery and 
prognosis of patients after surgery.39 The lower the ADC quantization value, the less severe the spinal degenerative 
disease and the better the postoperative recovery of the nervous system. However, in this study, we revealed no strong 
association between ADC and clinical function scores. Therefore, further studies are warranted to investigate the 
correlation between ADC and patient prognosis in the future. Our study selected an MS-EPI sequence for DTI imaging. 
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Although the scanning time is longer and the patient needs to strictly brake, this imaging method has a higher image 
signal-to-noise ratio and spatial resolution; therefore, it is more beneficial for tracking nerve fiber tracts.40

In addition, our study has some limitations. First, this is a retrospective study with a small sample size, providing 
limited clinical evidence. A multicenter study with a large sample size may be needed in the future. Second, the follow- 
up time of this study was short, and the long-term imaging data of some patients were incomplete. We will further 
investigate the long-term changes in the DTI quantitative values. Finally, the ROI region in this experiment was selected 
manually, which had a certain subjectivity. It is expected to improve the accuracy by assisting the algorithm in the 
determination of DTI values.

Conclusion
PCN is an effective surgical procedure for treating patients with CSR. DTI is an imaging method that helps identify the 
clinical functional status of patients with CSR after PCN. The FA value can be used as a potential predictor of patient 
prognosis and are strongly negatively correlated with NDI scores. However, the long-term predictive effect warrants 
further investigation. In the future, large-scale, multi-center studies will need to be conducted, and it is hoped that the 
accuracy of predictions can be improved through the application of auxiliary algorithms.

Abbreviations
DTI, diffusion tensor imaging; CSR, cervical spondylotic radiculopathy; PCN, percutaneous cervical nucleoplasty; FA, 
fractional anisotropy; ADC, apparent diffusion coefficient; NDI, neck disability index; VAS, visual analog scale; MRI, 
magnetic resonance imaging; CT, computed tomography; FT, fiber tractography; MS-EPI, multishot echo planar imaging; 
ROI, region of interest; T2WI, T2-weighted imaging.

Data Sharing Statement
The original contributions presented in the study are included in the article, further inquiries can be made available by the 
corresponding authors without undue reservation.

Ethics Approval and Consent to Participate
The studies involving humans were approved by the institutional review board at Beijing Chaoyang Hospital, Capital 
Medical University. The studies were conducted in accordance with the local legislation and institutional requirements. 
The participants provided their written informed consent to participate in this study.

Disclosure
The authors report no conflicts of interest in this work.

References
1. Yang F, Li WX, Liu Z, Liu L. Balance chiropractic therapy for cervical spondylotic radiculopathy: study protocol for a randomized controlled trial. 

Trials. 2016;17(1):513. doi:10.1186/s13063-016-1644-2
2. Suh BK, You KH, Park MS. Can axial pain be helpful to determine surgical level in the multilevel cervical radiculopathy? J Orthop Surg. 2017;25 

(1):2309499016684091. doi:10.1177/2309499016684091
3. Kim KH, Kim DH, Kim P. Efficacy of nucleoplasty for radiculopathy caused by foraminal cervical disc herniation: clinical results of case series and 

technical note. Pain Physician. 2022;25(7):E1087–E1094.
4. de Rooij JD, Gadjradj PS, Aukes H, Groeneweg G, Speksnijder CM, Huygen FJ. Long-term clinical results of percutaneous cervical nucleoplasty for 

cervical radicular pain: a retrospective cohort study. J Pain Res. 2022;15:1433–1441. doi:10.2147/JPR.S359512
5. Li S, Chen R, Chen Y, et al. Therapeutic effects and safety of percutaneous disc decompression with coblation nucleoplasty in cervical vertigo: 

a retrospective outcome study with 74 consecutive patients and minimum 1-year follow-up. Pain Physician. 2019;22(3):E205–E214.
6. Wu P, Huang C, Shi B, Jin A. Comparison of region-of-interest delineation methods for diffusion tensor imaging in patients with cervical 

spondylotic radiculopathy. BMC Musculoskelet Disord. 2022;23(1):677. doi:10.1186/s12891-022-05639-5
7. Liang S, Yang F, Zhang Y, Zhao H, Wang X. Changes and clinical correlation of diffusion tensor imaging parameters of compressed spinal cord and 

nerve root in patients with cervical spondylosis. BMC Med Imaging. 2022;22(1):107. doi:10.1186/s12880-022-00835-0
8. Ying J, Zhou X, Zhu M, et al. The contribution of diffusion tensor imaging to quantitative assessment on multilevel cervical spondylotic myelopathy. 

Eur Neurol. 2016;75(1–2):67–74. doi:10.1159/000443270

https://doi.org/10.2147/JPR.S530761                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Pain Research 2025:18 3984

Fan et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1186/s13063-016-1644-2
https://doi.org/10.1177/2309499016684091
https://doi.org/10.2147/JPR.S359512
https://doi.org/10.1186/s12891-022-05639-5
https://doi.org/10.1186/s12880-022-00835-0
https://doi.org/10.1159/000443270


9. Atchut KA, Shetty L, Ravichandran K. Role of diffusion tensor imaging in stenotic and non-stenotic spinal canal. J Med Imaging Radiat Sci. 
2023;54(4):699–706. doi:10.1016/j.jmir.2023.09.022

10. Wang X, Tian X, Zhang Y, et al. Predictive value of dynamic diffusion tensor imaging for surgical outcomes in patients with cervical spondylotic 
myelopathy. BMC Med Imaging. 2024;24(1):260. doi:10.1186/s12880-024-01428-9

11. Bono CM, Ghiselli G, Gilbert TJ, et al. An evidence-based clinical guideline for the diagnosis and treatment of cervical radiculopathy from 
degenerative disorders. Spine J. 2011;11(1):64–72. doi:10.1016/j.spinee.2010.10.023

12. Zang L, Fan N, Hai Y, et al. Using the modified Delphi method to establish a new Chinese clinical consensus of the treatments for cervical 
radiculopathy. Eur Spine J. 2015;24(6):1116–1126. doi:10.1007/s00586-015-3856-7

13. Scott J, Huskisson EC. Graphic representation of pain. Pain. 1976;2(2):175–184. doi:10.1016/0304-3959(76)90113-5
14. Vernon H, Mior S. The neck disability index: a study of reliability and validity. J Manipulative Physiol Ther. 1991;14(7):409–415.
15. Chan YH. Biostatistics 104: correlational analysis. Singapore Med J. 2003;44(12):614–619.
16. Ouyang Z, Zhang N, Li M, Hong T, Ouyang T, Meng W. A meta-analysis of the role of diffusion tensor imaging in cervical spinal cord 

compression. J Neuroimaging. 2023;33(4):493–500. doi:10.1111/jon.13093
17. Ellingson BM, Salamon N, Grinstead JW, Holly LT. Diffusion tensor imaging predicts functional impairment in mild-to-moderate cervical 

spondylotic myelopathy. Spine J. 2014;14(11):2589–2597. doi:10.1016/j.spinee.2014.02.027
18. Nischal N, Tripathi S, Singh JP. Quantitative evaluation of the diffusion tensor imaging matrix parameters and the subsequent correlation with the 

clinical assessment of disease severity in cervical spondylotic myelopathy. Asian Spine J. 2021;15(6):808–816. doi:10.31616/asj.2020.0223
19. Tian X, Zhang L, Zhang X, Meng L, Li X. Correlations between preoperative diffusion tensor imaging and surgical outcome in patients with 

cervical spondylotic myelopathy. Am J Transl Res. 2021;13(10):11461–11471.
20. Akahori S, Nishimura Y, Eguchi K, et al. Comparative study of anterior transvertebral foraminotomy and anterior cervical discectomy and fusion 

for unilateral cervical spondylotic radiculopathy. World Neurosurg. 2023;171:e516–e523. doi:10.1016/j.wneu.2022.12.053
21. Smith MR, Artz NS, Wiens C, Hernando D, Reeder SB. Characterizing the limits of MRI near metallic prostheses. Magn Reson Med. 2015;74 

(6):1564–1573. doi:10.1002/mrm.25540
22. Park GS, Kim TU, Lee SJ, Hyun JK, Kim SY. Quantitative analysis in cervical spinal cord injury patients using diffusion tensor imaging and 

tractography. Ann Rehabil Med. 2022;46(4):172–184. doi:10.5535/arm.22053
23. Ierardi AM, Carnevale A, Cossu A, et al. Percutaneous cervical discectomy: retrospective comparison of two different techniques. Radiol Med. 

2020;125(6):569–577. doi:10.1007/s11547-020-01133-x
24. de Rooij J, Harhangi B, Aukes H, Groeneweg G, Stronks D, Huygen F. The effect of percutaneous nucleoplasty vs anterior discectomy in patients 

with cervical radicular pain due to a single-level contained soft-disc herniation: a randomized controlled trial. Pain Physician. 2020;23(6):553–564.
25. Halim W, van der Weegen W, Lim T, Wullems JA, Vissers KC. Percutaneous cervical nucleoplasty vs. pulsed radio frequency of the dorsal root 

ganglion in patients with contained cervical disk herniation; a prospective, randomized controlled trial. Pain Pract. 2017;17(6):729–737. 
doi:10.1111/papr.12517

26. Liang W, Han B, Hai Y, Yin P, Chen Y, Zou C. Diffusion tensor imaging with fiber tracking provides a valuable quantitative and clinical evaluation for 
compressed lumbosacral nerve roots: a systematic review and meta-analysis. Eur Spine J. 2021;30(4):818–828. doi:10.1007/s00586-020-06556-8

27. Vedantam A, Rajshekhar V. Does the type of T2-weighted hyperintensity influence surgical outcome in patients with cervical spondylotic 
myelopathy? A review. Eur Spine J. 2013;22(1):96–106. doi:10.1007/s00586-012-2483-9

28. Mummaneni PV, Kaiser MG, Matz PG, et al. Preoperative patient selection with magnetic resonance imaging, computed tomography, and 
electroencephalography: does the test predict outcome after cervical surgery? J Neurosurg Spine. 2009;11(2):119–129. doi:10.3171/2009.3. 
SPINE08717

29. Kara B, Celik A, Karadereler S, et al. The role of DTI in early detection of cervical spondylotic myelopathy: a preliminary study with 3-T MRI. 
Neuroradiology. 2011;53(8):609–616. doi:10.1007/s00234-011-0844-4

30. Kerkovský M, Bednarík J, Dušek L, et al. Magnetic resonance diffusion tensor imaging in patients with cervical spondylotic spinal cord 
compression: correlations between clinical and electrophysiological findings. Spine. 2012;37(1):48–56. doi:10.1097/BRS.0b013e31820e6c35

31. Liang KN, Feng PY, Feng XR, Cheng H. Diffusion tensor imaging and fiber tractography reveal significant microstructural changes of cervical 
nerve roots in patients with cervical spondylotic radiculopathy. World Neurosurg. 2019;126:e57–e64. doi:10.1016/j.wneu.2019.01.154

32. Wu W, Niu Y, Kong X, et al. Application of diffusion tensor imaging in quantitatively monitoring chronic constriction injury of rabbit sciatic 
nerves: correlation with histological and functional changes. Br J Radiol. 2018;91(1083):20170414. doi:10.1259/bjr.20170414

33. Eguchi Y, Ohtori S, Orita S, et al. Quantitative evaluation and visualization of lumbar foraminal nerve root entrapment by using diffusion tensor 
imaging: preliminary results. AJNR Am J Neuroradiol. 2011;32(10):1824–1829. doi:10.3174/ajnr.A2681

34. Chen YY, Lin XF, Zhang F, et al. Diffusion tensor imaging of symptomatic nerve roots in patients with cervical disc herniation. Acad Radiol. 
2014;21(3):338–344. doi:10.1016/j.acra.2013.11.005

35. Amaro-Díaz L, Montoro CI, Fischer-Jbali LR, Galvez-Sánchez CM. Chronic pain and emotional stroop: a systematic review. J Clin Med. 2022;11 
(12):3259. doi:10.3390/jcm11123259

36. Nam TH, Lee JW, Yeom JS, et al. Increased signal intensity on postoperative T2-weighted axial images in cervical spondylotic myelopathy: 
patterns of changes and associated impact on outcomes. J Clin Neurosci. 2021;90:244–250. doi:10.1016/j.jocn.2021.06.007

37. Kadanka Z, Bednarík J, Vohánka S, et al. Conservative treatment versus surgery in spondylotic cervical myelopathy: a prospective randomised 
study. Eur Spine J. 2000;9(6):538–544. doi:10.1007/s005860000132

38. Shanmuganathan K, Gullapalli RP, Zhuo J, Mirvis SE. Diffusion tensor MR imaging in cervical spine trauma. AJNR Am J Neuroradiol. 2008;29 
(4):655–659. doi:10.3174/ajnr.A0916

39. Gass A, Niendorf T, Hirsch JG. Acute and chronic changes of the apparent diffusion coefficient in neurological disorders--biophysical mechanisms 
and possible underlying histopathology. J Neurol Sci. 2001;186(Suppl 1):S15–23. doi:10.1016/s0022-510x(01)00487-7

40. Shim E, Lee E, Lee JW, Kang Y, Ahn JM, Kang HS. Feasibility of postoperative 3-tesla diffusion tensor imaging in cervical spondylotic 
myelopathy: a comparison of single-shot EPI and multi-shot EPI. Eur J Radiol. 2020;122:108751. doi:10.1016/j.ejrad.2019.108751

Journal of Pain Research 2025:18                                                                                                     https://doi.org/10.2147/JPR.S530761                                                                                                                                                                                                                                                                                                                                                                                                   3985

Fan et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.jmir.2023.09.022
https://doi.org/10.1186/s12880-024-01428-9
https://doi.org/10.1016/j.spinee.2010.10.023
https://doi.org/10.1007/s00586-015-3856-7
https://doi.org/10.1016/0304-3959(76)90113-5
https://doi.org/10.1111/jon.13093
https://doi.org/10.1016/j.spinee.2014.02.027
https://doi.org/10.31616/asj.2020.0223
https://doi.org/10.1016/j.wneu.2022.12.053
https://doi.org/10.1002/mrm.25540
https://doi.org/10.5535/arm.22053
https://doi.org/10.1007/s11547-020-01133-x
https://doi.org/10.1111/papr.12517
https://doi.org/10.1007/s00586-020-06556-8
https://doi.org/10.1007/s00586-012-2483-9
https://doi.org/10.3171/2009.3.SPINE08717
https://doi.org/10.3171/2009.3.SPINE08717
https://doi.org/10.1007/s00234-011-0844-4
https://doi.org/10.1097/BRS.0b013e31820e6c35
https://doi.org/10.1016/j.wneu.2019.01.154
https://doi.org/10.1259/bjr.20170414
https://doi.org/10.3174/ajnr.A2681
https://doi.org/10.1016/j.acra.2013.11.005
https://doi.org/10.3390/jcm11123259
https://doi.org/10.1016/j.jocn.2021.06.007
https://doi.org/10.1007/s005860000132
https://doi.org/10.3174/ajnr.A0916
https://doi.org/10.1016/s0022-510x(01)00487-7
https://doi.org/10.1016/j.ejrad.2019.108751


Journal of Pain Research                                                                                                             

Publish your work in this journal 
The Journal of Pain Research is an international, peer reviewed, open access, online journal that welcomes laboratory and clinical findings in the 
fields of pain research and the prevention and management of pain. Original research, reviews, symposium reports, hypothesis formation and 
commentaries are all considered for publication. The manuscript management system is completely online and includes a very quick and fair 
peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-pain-research-journal

Journal of Pain Research 2025:18 3986

Fan et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Patient Population
	Surgical Technique
	Clinical Assessment
	DTI Acquisition, Processing, and Measurements
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Abbreviations
	Data Sharing Statement
	Ethics Approval and Consent to Participate
	Disclosure

