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Combination of morphological and
multiparametric MR neurography
enhances carpal tunnel syndrome
diagnosis and evaluation
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This study aimed to investigate the diagnostic and evaluative significance of combining median nerve
(MN) morphological measurements with diffusion tensor imaging (DTI) and T2 mapping metrics for
carpal tunnel syndrome (CTS). Morphological and multiparametric magnetic resonance neurography
(MRN), along with clinical evaluation, were conducted on 33 CTS patients and 32 healthy controls.
The MRN metrics included fractional anisotropy (FA), apparent diffusion coefficient (ADC), axial
diffusivity (AD), radial diffusivity (RD), T2 value, cross-sectional area (CSA) and MN flattening ratio
(MNFR) at both the pisiform bone and hamate bone levels. Differences in MRN metrics between the
above two levels (Delta FA, Delta ADC, Delta AD, Delta RD and Delta T2) were calculated. T-tests,
multivariable regression, and receiver operating characteristic (ROC) curve analyses were used to
compare and classify patients with CTS and controls. The correlations between MRN metrics and
clinical characteristics were analyzed. Comparisons were also made between MRN metrics in patients
with and without significant symptom improvement after treatment. FA, AD, T2 value, and CSA at
the pisiform bone level were identified as independent predictors of CTS. The combination of these
metrics improved diagnostic performance (AUC 0.922, sensitivity 84.85% and specificity 90.62%).
Delta ADC, Delta AD, and Delta T2 correlated with function Boston scores. The T2 value at hamate
bone level, along with Delta AD and FA, correlated with visual analogue score (VAS). CSA and Delta
T2 had higher AUCs for classifying patients with and without significant symptom improvement after
treatment. These findings suggest that combining MN morphological and multiparametric MRN
metrics can enhance the diagnostic performance of CTS and has the potential to provide an objective
and quantitative basis for further study of the degree of entrapment and prognosis.
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Abbreviations

CTS Carpal tunnel syndrome

MN Median nerve

DTI Diffusion tensor imaging

MRN Magnetic resonance neurography
VAS Visual analogue score

BCTQ Boston Carpal Tunnel Questionnaire
FA Fractional anisotropy

ADC Apparent diffusion coefficient
AD Axial diffusivity

RD Radial diffusivity
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CSA Cross-sectional area
MNFR  Median nerve flattening ratio

Carpal tunnel syndrome (CTS) is the most common peripheral nerve entrapment disorder, resulting in
symptoms such as paraesthesia and weakness!. The preliminary evaluation for CTS is grounded in the patient’s
reported symptoms and physical examination findings, followed by developing a treatment plan to prevent
irreversible complications, such as muscle atrophy, which can substantially impair the patients quality of life
and occupational functioning®?. Although electrophysiological examinations are currently recommended for
decision-making regarding treatment modalities’, this invasive method not only has a high false positive rate
but also always lacks accuracy in classifying the severity of CTS, thus failing to fully meet the requirements for
preoperative evaluation®”. It is imperative to incorporate imaging examinations to furnish critical anatomical
information®°. Nonetheless, the current management of CTS patients, encompassing both preventive measures
and the assessment of treatment efficacy through imaging techniques, remains inadequate!’. Therefore,
employing a noninvasive quantitative method as an auxiliary tool for assessing the pathophysiological state of
nerve in CTS is highly beneficial.

In the past decade, the utilization of magnetic resonance neurography (MRN) for evaluating peripheral
nerve entrapment has emerged a significant trend, providing objective morphological insights and quantitative
functional evaluations of neuropathological processes!!*'2. Morphological metrics such as routine MRI are of
highly value in detecting and assessing abnormalities of the median nerve and carpal tunnel'®. Diffusion tensor
imaging (DTT) measures the diffusivity and directional properties of water molecules within tissues, quantifies
microstructural characteristics, and is extensively utilized in the brain white matter'®. DTT derived metrics,
including fractional anisotropy (FA), apparent diffusion coeflicient (ADC), axial diffusivity (AD), and radial
diffusivity (RD), are also used to assess axon and myelin integrity, as well as to distinguish between various types
of peripheral nerve injuries'>°. FA reflects the directionality of water diffusion, with higher values indicative
of well-preserved axonal structures, whereas lower values may suggest demyelination or axonal damage. ADC
quantifies overall water diffusion, with increased values suggesting tissue damage or edema and decreased
values indicating cellular swelling. AD assesses diffusion parallel axons, providing insights into axon integrity.
RD measures diffusion perpendicular to axons, which is particularly useful for assessing myelin integrity. T2
mapping, a technique frequently used for evaluating the microstructure of articular cartilage, has been employed
to quantitatively assess neuroedema®. However, the effectiveness of combining these morphological and
multiparametric MRN metrics for diagnosing and evaluating CTS remains to be investigated.

The objective of this study was to investigate (1) the optimal MRN metrics and the benefits of their
combination for the diagnosis of CTS; and (2) the correlation between various MRN metrics and clinical
severity assessments, in addition to identifying potential prognostic indicators prior to treatment. Qur aim
was to establish a comprehensive imaging approach for CTS and to offer additional information to support its
diagnosis and management.

Materials and methods

This prospective study received approval from the institution’s ethics committee (No. UHCT21809, approval
date 2021-01-04). All subjects provided informed consent. All methods were performed in accordance with the
relevant guidelines and regulations.

Subjects

From June 2021 to September 2022, 33 patients (27 females, 6 males) diagnosed with CTS were recruited using a
convenience sampling approach. The inclusion criteria for CTS consisted of diagnoses confirmed through clinical
examinations, which included a positive Tinel sign, Phalen test, paresthesia, or numbness in the area innervated
by the median nerve, thumb and index finger pinching disorders, or decreased median nerve conduction
velocity (NCV) in the carpal tunnel on electromyography (EMG) examination'®. The exclusion criteria included
general contraindications to MRI; a history of wrist surgery or trauma; and secondary risk factors for CTS, such
as diabetes, gout, and inflammatory joint disease. 32 healthy volunteers (20 females, 12 males) with no history of
clinical or neurological symptoms in the wrist were included in the control group (Table 1).

Clinical evaluation

All patients were evaluated using the visual analogue score (VAS) for pain and the Boston Carpal Tunnel
Syndrome Questionnaire (BCTQ) for symptom and function. The VAS requires patients to assess their level of
pain on a 10-point scale, where 0 represents no pain and 10 indicates the highest intensity of pain?!. The BCTQ is
a self-administered questionnaire that evaluates the severity of symptoms (11 questions) and functional status (8
questions) associated with CTS?2. The duration since onset, physical signs (including the Tinel sign and Phalen
test), nocturnal pain, and the sensory and strength condition of the thenar muscle were evaluated. Patients
were additionally subjected to a follow-up assessment using the BCTQ three months post-treatment (either
conservative or surgical) to record their prognosis.

MR image acquisition

MR imaging was conducted using a 3.0-T scanner (PHILIPS Ingenia CX, Best, Netherlands) with a dedicated
8-channel wrist coil. The MRI protocol included coronal T1-weighted imaging (T1WI), proton density-
weighted imaging (PDWI), axial PDWI, DTI, and T2 mapping of the wrist. The parameters of these sequences
are presented in Table 2.

Scientific Reports |

202515:184 | https://doi.org/10.1038/s41598-024-84489-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

CTS group Control group
General features Number | Percentage (%) | Number | Percentage (%)
Sex
Female 27 81.81 20 62.50
Male 6 18.18 12 37.50
Position
Left side 13 39.39 16 50.00
Right side 20 60.61 16 50.00
Age (years) 52.67 +£5.61 48.31+£10.30
Clinical evaluation
Duration (month) 18.96 +22.96 0.00+0.00
Siz‘;‘eptom Boston 26.76+5.90 1.00+0.00
Function Boston score | 14.61+3.56 1.00+0.00
VAS 476 +£1.47 0.00+£0.00

Table 1. Demographic and clinical evaluation of all subjects. VAS visual analogue score.

MRI sequences TR (ms) | TE (ms) | FOV (mm?) | Matrix In plane resolution (mm?) | Scan time | b value (s/mm?)
Coronal TIWI 510 10 130130 252%288 | 0.45%0.52 1 min -

Coronal PDWI 2100 27 150150 285%500 | 0.30%0.66 2min0ls | -

Axial PDWI 3336 27 99%x 99 260%x396 |0.25%x0.38 2min20s | -

Axial T2 mapping | 3000 19 120%x 120 115x152 | 0.79x0.90 2min09s | -

Axial DTI 2732 67 120x 120 62X 64 1.87%1.94 4 min 38s | 0 and 800

Table 2. MRI sequences and parameters. TR repetition time, TE echo time, FOV field of view, TIWI T1-
weighted image, PDWI proton density-weighted image, DTT diffusion tensor imaging.

MR metric measurement and calculation

Original images were post-processed on a workstation (ISP, Philips Healthcare). Using the axial PDWI image as
the anatomic reference, DTT and T2 mapping were automatically registered. The region of interest (ROI) for the
median nerve was manually delineated at the levels of the pisiform and hamate bones. The values of FA, ADC,
AD, RD, and T2 were measured by two radiologists (Y.W. with 5 years of experience and J.K. with 7 years of
experience), and the differences between the two levels were calculated (defined as Delta FA, Delta ADC, Delta
AD, Delta RD and Delta T2). For example, Delta FA is calculated using the formula: Delta FA=FA (pisiform
bone level) —FA (hamate bone level). Meanwhile, the long diameter, short diameter, and cross-sectional area
(CSA) were measured on the axial PDWI image at the corresponding level, and the median nerve flattening rate
(MNFR) (long diameter/short diameter) was calculated. (Fig. 1).

Statistical analysis

All metrics were expressed as mean =+ standard deviation (SD). The normality of the quantitative data was
evaluated using the Shapiro-Wilk test. Independent sample t test (or Wilcoxon rank sum test if nonnormally
distributed) was used to compare the FA, ADC, AD, RD, and T2 values, as well as the CSA and MNFR, between
CTS and control groups at the pisiform and hamate bone levels. Multivariable logistic regression analysis using
the forward projection method was then conducted to identify independent predictors of CTS. The model
incorporated all the quantitative factors with values of p < 0.05 in the univariable analysis. For metrics that were
found to be independent predictors in the multivariable analysis, the area under curve (AUC) was computed,
and receiver operating characteristic (ROC) curves were generated. The AUC values were compared using the
Delong test. Spearman coefficient was used to correlate the original and Delta MR metrics with clinical features.
Patients were divided into subgroups according to the BCTQ scores before and after 3 months of follow-up, with
and without significant symptoms improvement. All MR metrics were compared between the two subgroups,
and ROC curve was conducted on the metrics. All statistical analyses were performed using GraphPad Prism 9.5
and Med-Calc 20.0 software, with a p value < 0.05 considered statistically significant.

Results

Comparison of MR metrics between CTS and control groups

Table 3 shows a comparison of MR metrics between the CTS and control groups. The FA, ADC, AD, RD, T2, and
CSA of median nerve at the level of pisiform bone and hamate bone were significantly different between the two
groups (all p<0.05). FA in the CTS group was lower than that in the control group, while the other metrics were
higher than those in the control group. There was no significant difference in MNER at either level (p>0.05).
In multivariable stepwise logistic regression analysis of metrics with p <0.05 from the univariable analysis, the
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Fig. 1. Representative images illustrating the acquisition of multiple MR metrics of the median nerve at the
pisiform bone level in a CTS patient (A,B) and a healthy control (C,D). The median nerve’s long diameter
(blue), short diameter (orange), and cross-sectional area (red) were measured on an axial PD weighted
image (A,C). The median nerve’s T2 values were obtained from the T2 mapping and axial PD fusion images
(B,D). The median nerve’s DTT metrics, including fractional anisotropy, apparent diffusion coefficient, axial
diffusivity, and radial diffusivity, metrics were acquired on the color images (E). PD proton density.

Multivariable analysis
Parameters | CTS (n=33) | Control (n=32) | p* Effect size® | Odds ratio (95% CI) P
FA (h) 0.44+0.11 0.54+0.10 <0.001** | —0.95 0.141
AD (h) 2.21+0.26 2.03+0.22 0.003* | 0.75 0.19
ADC (h) 1.44+0.18 1.22+0.21 <0.001** | 1.12 0.924
RD (h) 1.05+0.21 0.82+0.25 <0.001** | 1.00 0.433
T2 (h) 60.81+9.13 53.43+6.71 <0.001** | 0.92 0.567
MNER (h) 2.40+0.63 2.27+0.78 0.479 0.18
CSA (h) 12.32+7.71 9.25+2.46 0.036* |0.53 0.33
FA (p) 0.43+0.11 0.53+0.13 0.001* | —0.83 <0.001 (<0.001-0.226) | 0.045*
AD (p) 2.20+0.27 2.02+0.22 0.004* |0.73 4.148 (2.491-6.908) 0.039*
ADC (p) 1.46+0.13 1.25+0.23 <0.001** | 1.12 0.896
RD (p) 1.09+0.16 0.84+0.24 <0.001** | —0.78 0.167
T2 (p) 62.07+8.49 | 54.50+8.44 <0.001** | 0.89 1.321 (1.048-1.664) 0.018*
MNER (p) 2.33+0.57 2.18+0.46 0.27 0.29
CSA (p) 14.23+5.89 9.49+2.68 <0.001 1.04 1.543 (1.052-2.263) 0.026*

Table 3. Comparison of MR metrics at different levels between CTS and control group. All data are presented
as mean + SD, ? From univariable analyses, ®Cohen’s d value,*p < 0.05, **p < 0.001. CSA cross-sectional area,
CTS carpal tunnel syndrome, FA fractional anisotropy, AD axial diffusivity, ADC apparent diffusion coefficient,
RD radial diffusivity, CSA cross-sectional area, MNFR flattening ratio of the median nerve, RD radial
diffusivity, (p) at the pisiform bone level, (h) at the hamate bone level.
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independent predictors were identified as FA (odds ratio [OR], <0.001; 95% CI, <0.001-0.226; p=0.045), AD
(OR, 4.148;95% CI, 2.491-6.908; p=10.039), T2 value (OR, 1.321; 95% CI, 1.048-1.664; p=0.018) and CSA (OR,
1.543; 95% CI, 1.052-2.263; p=0.026) at the pisiform bone level. Figure 2 shows box plots of the four identified

independent predictors comparing CTS to controls.
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Fig. 2. Box plots comparing CTS and controls in terms of four independent predictors identified by
multivariate analysis. Plots show fractional anisotropy (FA) (A), axial diffusivity (AD) (B), T2 value (C), and
cross-sectional area (CSA) (D) measured at the pisiform bone level.
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Fig. 3. The ROC curves of MR metrics for diagnosing carpal tunnel syndrome. FA fractional anisotropy, AD
axial diffusivity, CSA cross-sectional area.
Parameters | Cutoff value | Sensitivity (95% CI) | Specificity (95% CI)
FA <0.42 54.55% (36.4-71.9) | 87.50% (71.0-96.5)
AD >2.07 63.64% (45.1-79.6) | 75.00% (56.6-88.5)
T2 value >56.35 72.73% (54.5-86.7) | 68.75% (50.0-83.9)
CSA >12.90 57.58% (39.2-74.5) | 90.62% (75.0-98)
Combination | >0.58 84.85% (68.1-94.9) | 90.62% (75.0-98)
Table 4. The diagnostic performance of MR metrics for CTS. All data at the pisiform bone level. FA fractional
anisotropy, AD axial diffusivity, CSA cross-sectional area.
Diagnostic performance of MR metrics
The AUC:s for the four identified independent predictors of CTS, all measured at the pisiform bone level, were
0.764 (95% CI, 0.642-0.860) for FA, 0.701 (95% CI, 0.573-0.830) for AD, 0.747 (95% CI, 0.626-0.644) for
T2 value, and 0.761 (95% CI, 0.644-0.879) for CSA. The AUC for the combination of these four metrics was
0.922 (95% CI, 0.856-0.989). The AUC of the multi-metrics combination was significantly greater than that of
individual metric (all p <0.05). Figure 3 displays the ROC curves for the combined and individual metrics. Table
4 shows the derived optimal thresholds of the metrics, along with their sensitivity and specificity in diagnosing
CTS.
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Correlations between MR metrics and clinical evaluation

Figure 4 illustrates the correlations between DTI metrics, T2 values, Delta metrics (including Delta FA, Delta
ADC, Delta AD, Delta RD, and Delta T2), morphological metrics (including CSA and MNFR) and clinical
evaluations in CTS patients. Delta AD and Delta ADC exhibited a positive correlation with BCTQ functional
scores, while Delta T2 showed a negative correlation with functional scores. T2 value at the hamate bone level
and Delta AD were positively correlated with VAS, whereas FA at the hamate bone level was negatively correlated
with VAS.

Comparison of pre-treatment MR metrics between CTS patients with and without significant
symptoms improvement

Electronic medical records were reviewed to classify these patients into two groups: CTS patients with (n=7)
and without (n =9) significant symptoms improvement at the 3-month follow-up after treatment on basis of pain
assessment and improvement in functional recovery before and after treatment®®. The ROC analysis of multiple
MR metrics revealed that the AUCs of CSA and Delta T2 were superior to those of others in distinguishing
between the two groups. CSA at the hamate bone level showing the highest AUC (0.786 [95% CI, 0.514-0.946]
vs. CSA at the pisiform bone level, with AUC of 0.754 [95% CI, 0.480-0.930] vs. Delta T2, with AUC of 0.730
[95% CI, 0.456-0.916]). The DTI metrics demonstrated little distinguishing ability. Table 5 lists the MR metrics
and corresponding AUCs for the subgroups with and without significant symptoms improvement, and Fig. 5
shows the ROC curves of the metrics with the top three AUCs.

Discussion

This study comprehensively investigated the diagnostic and evaluative value of morphological and
multiparametric MRN-derived metrics, both individually and in combination. FA, AD, T2 value, and CSA at the
pisiform bone level were identified as independent predictors of CTS through multivariable regression analysis,
with their combination demonstrating superior diagnostic performance compared with each metrics alone. DTI
and T2 mapping-derived metrics were strongly correlated with functional and pain evaluations and could be
used to monitor the severity of CTS. The CSA and Delta T2 might be potential indicators of prognosis.
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Fig. 4. Scatterplots of correlations between MR metrics and clinical characteristics. Plots show the correlations
between Delta AD (A), Delta ADC (B), Delta T2 (C), and Function Boston score, and the correlations between
FA, T2 at the hamate bone level, Delta AD and VAS. “Delta” is calculated by subtracting the measurement at
the hamate level from that at the pisiform level. FA fractional anisotropy, ADC apparent diffusion coeflicient,
AD axial diffusivity, VAS visual analogue score.
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Without significant symptoms improvement (n=7) | With significant symptoms improvement (n=9) | AUC | 95%CI
FA (h) 0.48+£0.05 0.41+0.16 0.603 | 0.335-0.833
AD (h) 2.22+0.27 2.17+0.26 0.579 | 0.313-0.815
ADC (h) 1.37+£0.19 1.44+0.18 0.698 | 0.424-0.897
RD (h) 0.98+0.15 1.10+0.26 0.619 | 0.349-0.844
T2 (h) 55.55+9.86 59.42 +6.06 0.619 | 0.349-0.844
MNER (h) 2.58+0.65 2.52+0.79 0.587 | 0.320-0.821
CSA (h) 10.61+4.23 18.93+11.82 0.786 | 0.514-0.946
FA (p) 0.44+0.09 0.40+0.12 0.659 | 0.386-0.871
AD (p) 2.17+0.30 2.10+0.15 0.579 | 0.313-0.815
ADC (p) 1.42+0.12 1.45+0.15 0.540 | 0.279-0.785
RD (p) 1.05+0.11 1.11+0.20 0.651 | 0.378-0.866
T2 (p) 63.82+10.62 59.42 +6.06 0.571 | 0.307-0.809
MNER (p) 2.21+0.54 2.44+0.51 0.667 | 0.393-0.876
CSA (p) 11.56+3.39 18.02+6.77 0.754 | 0.480-0.930
Delta FA 0.01+£0.11 —0.02+0.08 0.540 | 0.279-0.785
Delta AD 0.05+0.13 0.01+0.16 0.507 | 0.253-0.760
Delta ADC | —0.04+0.17 —0.07+0.23 0.603 | 0.335-0.833
Delta RD 0.07+£0.19 0.01+0.18 0.571 | 0.307-0.809
Delta T2 8.27+9.36 1.35+8.67 0.730 | 0.456-0.916

Table 5. Comparison of MR metrics between patients with and without significant symptoms improvement.
FA fractional anisotropy, AD axial diffusivity, ADC apparent diffusion coefficient, RD radial diffusivity, CSA
cross-sectional area, MINFR flattening ratio of the median nerve, (p) at the pisiform bone level, (h) at the
hamate bone level. “Delta” represented the differences of metrics between the hamate bone and the pisiform
bone levels.

Morphological assessment of the median nerve has long been used to detect CTS!*?*. Among these
measurements, the diagnostic efficacy of CSA for CTS has been well-established among the various
measurements%. We also found that the CSA of the median nerve was enlarged in CTS patients, especially at
the pisiform bone level, corresponding to the nerve swelling location at the carpal tunnel entrance as reported
by Koh et al.?>. However, our study showed no significant difference in the MNFR between CTS and control
groups. Currently, the diagnostic efficacy of the MNFR for CTS remains controversial. Ng et al. observed a
significant elevation of MNEFR significantly at the carpal tunnel entrance in CTS patients compared to healthy
controls, attributed to a flattened nerve entrapment?’. Vo et al. reported significant differences in MNFR at
the hamate level; however, they concluded that MNEFR was less effective than CSA for diagnosing and grading
CTS?. The ultrasound findings by Chang et al. and Roll et al. did not reveal any notable difference in MNFR?7:25,
We hypothesized that the anatomical deformations and nerve swelling, induced by varying degrees of nerve
compression, would lead to less pronounced alterations in MNFR compared to CSA in CTS patients.

In the past two decades, DTI has become a valuable tool to evaluate the integrity of peripheral nerves!2.
Decreased FA and increased ADC are the major findings in peripheral neuropathies, including CTS, reflecting
enhanced water diffusion, reduced anisotropy, and disruption of restricted structure due to nerve damage!>16-2%-31,
FA and ADC at the pisiform bone level or the most swollen site had the highest diagnostic values'®%, with the
FA’s performance surpassing that of ADC, which is consistent with our findings*. With respect to AD and RD,
Vo et al. observed increased RD in CTS but no significant difference in AD'®. Wu et al. found that increased
AD in patients with chronic inflammatory demyelinating polyradiculoneuropathy, which was attributed to
axonal degeneration and endoneurial edema®. In this study, both RD and AD were increased in CTS, with
AD serving as a predictor for distinguishing CTS from controls. Pathophysiologically, the mechanisms of CTS
include microcirculation impairment, axonal degeneration, demyelination, and inflammatory changes caused by
entrapment and traction®*. Therefore, we speculate that AD in CTS is influenced by comprehensive pathological
factors and can be used as a diagnostic indicator of CTS, but further verification is needed.

Additionally, we applied T2 mapping of the median nerve to differentiate CTS from controls, which has been
less studied. Maeda et al. found significantly increased T2 values of the median nerve proximal to the carpal
tunnel in CTS patients, with an average of 56.7 ms®*. A 7 T MRI study showed that the mean T2 value of median
nerve in CTS was 24.27 ms, significantly higher than in healthy volunteers®. Similarly, our study showed that the
optimal cut-off threshold for T2 value at the pisiform bone level was 56.35 ms. Moreover, T2 value demonstrated
predictive value in distinguishing CTS from controls in this study. Bruno et al. found that the T2 value of the
compressed nerve root increased significantly in lumbar disc herniation was related to nerve edema, suggesting
active inflammation®. Therefore, we believe that the combination of FA, AD, T2 value and CSA offers superior
diagnostic performance than the individual metrics do because of its comprehensive depiction of nerve integrity,
neuroedema and morphological enlargement of the median nerve.

Through the correlation analysis between MR metrics and clinical evaluation, we found that Delta AD and
Delta ADC were associated with BCTQ functional scores, while FA at the hamate bone level and Delta AD was
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Fig. 5. The ROC curves of CSA and Delta T2 value for predicting the prognosis of carpal tunnel syndrome.
CSA, cross-sectional area; (p) at the pisiform bone level; (/) at the hamate bone level.

associated with VAS. A previous study also showed that Delta FA and Delta ADC positively correlated with
distal motor latency time!®. This may be due to the chronic entrapment of the median nerve and distal Wallerian
degeneration, which affects the electrical activity of the nerve®. Wu et al. found that FA was related to axon
density and myelin thickness, and ADC was correlated with nerve swelling and limb function in the rabbit
sciatic nerve chronic constriction model”’, suggesting the potential of DTI metrics in grading CTS severity.
In previous studies, no significant correlation was found between T2 and the severity of CTS or the degree of
median nerve swelling®*. The increase in T2 values primarily indicates elevated nerve water content due to
vasogenic edema, or even a reduction in water content due to neurofibrosis as the disease progresses?’. Our
study revealed a significant correlation between Delta T2 and functional scores, as well as between T2 value and
VAS, highlighting the valuable role of T2 mapping in the evaluation of CTS.

The quantitative MRN metrics of median nerve morphology and function offer objective parameter
thresholds for identifying CTS patients, providing insights into current neuropathological conditions. For
instance, FA indicates myelin damage and T2 reflects the degree of nerve swelling after nerve entrapment,
thereby significantly enhancing diagnostic confidence. Furthermore, establishing standardized criteria for
assessing clinical severity will aid in selecting appropriate treatment options, whether conservative or surgical.
These quantitative indicators will support the development of such standards. Furthermore, in comparison to
the subjective nature of clinical assessments and the invasive procedures of electrophysiological testing, the
noninvasive and reproducible characteristics of MRN are more advantageous monitoring post-treatment
changes in CTS. It allows for dynamic evaluation of the therapeutic outcomes, and facilitates timely adjustments
to treatment plans.

We sought to elucidate whether pre-treatment DTT metrics, T2 value, CSA and Delta metrics of the median
nerve could distinguish CTS patients with and without significant symptom improvement after treatment. It was
found that CSA at both levels and Delta T2 were the only three metrics with AUC > 0.7, and the AUCs of other
metrics were all > 0.5. Wu et al. detected changes in CSA before and after carpal tunnel release using ultrasound,
finding CSA significantly correlated with the severity, yet no significant changes occurred after surgery due to
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delayed postoperative decompression®®. Delta T2 can be used as a supplementary metric for nerve swelling in
prognostic determinations. Pridmore et al. utilized DTI to track median nerve or ulnar nerve injury at different
intervals post-repair and discovered that an increase in FA indicated nerve repair and regeneration’’. Kim et
al. evaluated the prognosis of ulnar neuropathy at the elbow using preoperative DTT, showing that FA had the
strongest association with clinical outcomes and was influenced by different measurement levels?>. Although
DTI metrics were not the strongest determinants in this study, they still offered some clues for identifying CTS
patients with potentially better clinical outcomes. Patients with poorer pre-treatment imaging results generally
had significant symptoms improvement after treatment, indicating that CTS should not be overtreated.

We acknowledge that this study has several limitations. Firstly, the sample size was limited, and given
the rising incidence of CTS among younger individuals, a more extensive age range and a balanced gender
distribution of participants are required to ensure the applicability of findings to diverse population cohorts. To
elucidate the impact of age and gender distribution on our findings, we conducted an analysis of MR metrics’
differences across various age groups and genders, encompassing both healthy individuals and patients. Among
healthy volunteers, older adults exhibited reduced FA and increased ADC and RD at the hamate level, which
is consistent with findings by Guggenberger et al. and Kronlage et al,, indicating age-related nerve fiber loss
and demyelination®". In contrast, elderly CTS patients demonstrated a decrease in CSA and an increase in
AD, with no significant changes in FA or ADC. Similarly, Moschovos et al. reported smaller CSA values in
elderly patients, suggesting axonal loss, with AD closely linked to axonal damage??. These findings highlight
the necessity for further investigation to delineate the severity of the condition across different age groups.
Additionally, we observed a sex imbalance among CTS patients in our study, which is consistent with the gender
distribution of CTS!. However, this imbalance was not present in the healthy control group and should be noted,
despite previous studies suggesting that sex does not systematically influence DTT metrics**!. Secondly, the
clinical evaluation was solely based on typical symptoms and physical examination. A more precise severity
grading system for CTS patients is needed to uncover more potential links. Thirdly, the limited short follow-up
period constrained our ability to thoroughly evaluate long-term outcomes. Additionally, although our analysis
facilitated a clinical evaluation of post-treatment changes relatives to pre-treatment MR metrics, the lack of
longitudinal data at multiple time points post-treatment impeded a comprehensive understanding of dynamic
changes over time. Future studies that monitor changes in MR metrics will provide more evidence to predict
prognosis.

Conclusion

The combination of CSA, DTT metrics and T2 value of the median nerve demonstrates superior diagnostic
performance for CTS than individual metrics. Multiple MR metrics are correlated well with BCTQ functional
scores and VAS, suggesting their potential in grading CTS severity. Pre-treatment MR metrics also held promise
in predicting prognosis. In summary, the integration of morphological and multiparametric MRN not only
improves the diagnostic accuracy but also provides insights into disease severity and prognosis, offering potential
guidance for personalized patient management.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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