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Abstract

Aim: The gold standard nerve conduction study for diagnosing carpal tunnel syndrome is often painful and
has variable diagnostic accuracy. This study aimed to evaluate the diagnostic performance of shear wave
elastography in correlation with nerve conduction study. Material and methods: A prospective case-control
study was conducted on 50 participants (50 wrists), including 25 carpal tunnel syndrome cases diagnosed
by nerve conduction study and 25 healthy controls. Shear wave elastography assessed the stiffness of the
median nerve at three locations: outside the carpal tunnel, at the inlet, and at the outlet. Cross-sectional
area measurements were also obtained using B-mode ultrasound. Receiver operating characteristic curves
were used to evaluate diagnostic performance. Results: Shear wave elastography and cross-sectional area
demonstrated high diagnostic accuracy for carpal tunnel syndrome, with a cut-off value of 263.5 kPa inside
the tunnel (mean of inlet and outlet values) and a cross-sectional area cut-off of >0.08 cm? at the inlet of
the tunnel offering optimal performance. While cross-sectional area provided high sensitivity, shear wave
elastography showed superior specificity; their combination improved overall diagnostic accuracy. Shear
wave elastography values did not significantly differ across carpal tunnel syndrome severity grades based
on nerve conduction study (p >0.05). However, shear wave elastography at the tunnel inlet differentiated
severe carpal tunnel syndrome from non-severe cases (p = 0.045), with a cut-off of 2126 kPa predict-
ing severe carpal tunnel syndrome with 100% sensitivity, 77% specificity, and an area under the receiver
operating characteristic curve of 0.871. Conclusions: Shear wave elastography is a reliable, non-invasive
modality for carpal tunnel syndrome diagnosis, offering excellent specificity, particularly when combined
with cross-sectional area. Additionally, shear wave elastography at the tunnel inlet may help identify severe
carpal tunnel syndrome, supporting timely clinical decision-making and prioritization of intervention.

pressure within the carpal tunnel at the wrist, which arises from a mul-
tifactorial etiology. The most significant contributing factors include

Carpal tunnel syndrome (CTS) is a neurological disorder character-
ized by compression of the median nerve within the carpal tunnel at
the wrist, leading to sensory symptoms such as pain and paresthesia.
The prevalence of CTS increases with age”. The estimated annual in-
cidence of CTS ranges from 2.2 to 5.4 cases per 1,000 individuals in
females and from 1.1 to 3 cases per 1,000 individuals in males®. One
of the theories explaining the higher prevalence in females is that the
cross-sectional area of the carpal tunnel is smaller in females than in
males®. The compression of the median nerve results from elevated

anatomical compression and inflammatory processes®. The diagnosis
of CTS is primarily clinical, characterized by exclusive sensory symp-
toms in the regions innervated by the median nerve. Nerve conduc-
tion studies (NCS) and other diagnostic tests are used to confirm the
diagnosis, assess the severity of CTS, and determine an appropriate
treatment approach, whether surgical or non-surgical. Almost two-
thirds of patients having milder form of the disease recover without
the need for any surgical intervention®. The gold standard diagnostic
test for CTS is NCS®. Patients with mild CTS symptoms achieve fa-
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vorable results through nonsurgical treatment”®, whereas those diag-
nosed with moderate to severe CTS who show axonal loss on NCS are
generally eligible for surgical decompression.

Material and methods

The study was conducted in the Department of Radiodiagnosis and
Imaging in a tertiary care center, from April 2023 to August 2024.
A total of 50 participants were enrolled and divided into two groups:
25 cases diagnosed with CTS based on NCS and 25 controls without
clinical symptoms of CTS. The study excluded individuals who had
previously undergone carpal tunnel release surgery, had a history of
wrist fractures or surgeries, or presented with a bifid median nerve.

For each participant, the cross-sectional area (CSA) of the median
nerve and stiffness of the median nerve were measured at three loca-
tions: outside the carpal tunnel, at the tunnel inlet, and at the tunnel
outlet, using shear wave elastography (SWE). Ultrasound imaging was
performed by an expert radiologist with 7 years of experience in ra-
diology, including musculoskeletal ultrasound. Scans were conducted
using a Philips EPIQ Elite ultrasound machine with a high-frequency
ultrasound probe (EL18-4 MHz), utilizing the SWE settings provided
by the manufacturer. The CSA of the median nerve was recorded us-
ing the free hand boundary-tracing approach in the axial plane, with
the transducer held perpendicular to the nerve and with no addition-
al strain, at the pronator quadratus level, representing the area outside
the carpal tunnel; the proximal carpal row, indicating the inlet of the
carpal tunnel; and the distal carpal row, corresponding to the outlet of
the carpal tunnel. SWE measures shear waves generated in the trans-
verse plane, which result from local stress and tissue displacement
induced by perpendicular shear waves from the ultrasound probe®®').
This technique is considered a reliable and supportive tool for assess-
ing increased median nerve stiffness in patients with CTS. Median
nerve stiffness was assessed using the SWE setting provided in the ul-
trasound system. The median nerve was visualized in the longitudinal
plane at the wrist level. Once stability was achieved, the ultrasound
screen displayed a shear modulus map, known as a color-coded
elastogram. In this elastogram, areas of high stiffness appeared red,
soft tissues were represented by blue, and intermediate stiffness was
indicated by green and yellow hues. Once the entire median nerve

was adequately visualized with color mapping, the image was frozen,
and three regions of interest (ROIs), each 3 mm in diameter, were
placed at distinct anatomical locations. These included the pronator
quadratus level, representing the area outside the carpal tunnel; the
proximal carpal row, indicating the tunnel inlet; and the distal carpal
row, corresponding to the outlet of the carpal tunnel. The ultrasound
system automatically provided quantitative stiffness (elasticity) values
in kilopascals (kPa) for each location (Fig. 1).

The ultrasound machine internally calculates the shear wave veloc-
ity (Cs) in meters per second (m/s) from the elastogram and derives
the corresponding shear modulus, which quantifies tissue stiffness in
kilopascals (kPa)®. Shear waves propagate more rapidly in stiffer tis-
sues, reflecting the local elastic and viscoelastic properties of the me-

dian nerve"'"1¥,

Statistical methods

Data were coded in Microsoft Excel and analyzed using SPSS v23
(IBM Corp.). Group comparisons were performed using the inde-
pendent f-test for normally distributed data and the Wilcoxon test
for non-normally distributed data. The chi-squared test was used
for categorical comparisons, with Fisher’s exact test applied when
expected frequencies were low. Correlations were assessed using
Pearson’s coefficient for normal and Spearmans rank correlation
for non-normal data distributions. Statistical significance was set at
p <0.05. ROC analysis determined optimal cut-off values for contin-
uous predictors, and diagnostic performance was evaluated in terms
of sensitivity, specificity, PPV, NPV, and accuracy.

Results

Observations on CSA for diagnosis of CTS
CSA outside the tunnel in cases and controls

The mean (SD) of CSA outside tunnel was 0.10 cm?® (0.03) for cases
and 0.06 cm? (0.01) for controls. The CSA outside the tunnel for

Fig. 1. Placement of ROIs outside, at the inlet and at the outlet of the carpal tunnel on elastograms
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cases ranged from 0.06-0.18 cm?, and for controls it ranged from
0.04-0.08 cm?. There was a significant difference between the case
and control groups in terms of CSA outside the tunnel (p <0.001),
with the median CSA outside the tunnel being highest in cases. The
strength of association (point-biserial correlation) was 0.62, indicat-
ing a large effect size.

The area under the ROC curve (AUROC) for CSA outside the tunnel
in predicting cases from controls was 0.886 (95% CI: 0.801-0.972),
thus demonstrating good diagnostic performance. At a cut-off of
CSA outside the tunnel >0.08 cm?, it predicted cases with a sensitiv-
ity of 80%, and a specificity of 80%.

CSA at the inlet of the tunnel in cases and controls

The mean (SD) of CSA at the inlet of the tunnel for cases was 0.12 cm?
(0.04), and for controls it was 0.06 cm? (0.01). The CSA outside the
tunnel for cases ranged from 0.06-0.26 cm? and for controls from
0.04-0.09 cm?. There was a significant difference between cases and
controls in terms of CSA at the inlet of the tunnel (p <0.001), with
the median CSA at the inlet of the tunnel being highest in cases. The
strength of association (point-biserial correlation) was 0.66, indicat-
ing a large effect size.

The AUROC for CSA at the inlet of the tunnel in predicting cases
from controls was 0.958 (95% CI), thus demonstrating excellent di-
agnostic performance. At a cut-off of CSA at the inlet of the tunnel
>0.08 cm?, it predicted cases with a sensitivity of 96%, specificity of
84%, and diagnostic accuracy of 90%.

CSA at the outlet of the tunnel in cases and controls

The mean (SD) of CSA at the outlet of the tunnel for cases was
0.12 cm? (0.05), and for controls it was 0.07 cm? (0.01). The CSA
at the outlet of the tunnel for cases ranged from 0.05-0.25 cm?, and
for controls it ranged from 0.04-0.1 cm?. There was a significant dif-
ference between the case and control groups in terms of CSA at the
outlet of the tunnel (p <0.001), with the median CSA at the outlet
being highest in cases, and the strength of association (point-biserial
correlation) was 0.63 (large effect size).

The AUROC for CSA at the outlet of the tunnel in predicting cases
from controls was 0.915 (95% CI: 0.833-0.997), thus demonstrating
excellent diagnostic performance. At a cut-off of CSA at the outlet
of the tunnel 20.09 cm?, it predicted cases with a sensitivity of 80%
and a specificity of 92%.

CSA inside the tunnel in cases and controls

The CSA inside the tunnel is the mean of the CSA at the inlet and
outlet of the tunnel.

The mean (SD) of CSA inside the tunnel for cases was 0.12 cm? (0.04),
and for controls it was 0.06 cm? (0.01). The CSA inside the tunnel
for cases ranged from 0.06-0.23 cm?, and for controls it ranged from
0.04-0.1 cm®. There was a significant difference between the case and
control groups in terms of CSA inside the tunnel (p <0.001), with the
median CSA inside the tunnel being highest in cases, and the strength
of association (point-biserial correlation) was 0.67 (large effect size).

The AUROC for CSA inside the tunnel in predicting cases from con-
trols was 0.946 (95% CI: 0.876-1.000), thus demonstrating excel-
lent diagnostic performance. At a cut-off of CSA inside the tunnel
>0.085 cm?, it predicted cases with a sensitivity of 88% and a speci-
ficity of 96%.

Observations on SWE for the diagnosis of CTS
SWE outside the tunnel in cases and controls

The mean (SD) of SWE outside the tunnel for cases was 62.64 kPa
(34.42), and for controls it was 32.54 kPa (8.83). The SWE outside
the tunnel for cases ranged from 27.7-165 kPa, and for controls it
ranged from 15-45.8 kPa. There was a significant difference between
cases and controls in terms of SWE the outside tunnel (p <0.001),
and the strength of association (point-biserial correlation) was 0.52
(large effect size).

The AUROC for SWE outside the tunnel in predicting cases from
controls was 0.824 (95% CI: 0.711-0.937), thus demonstrating good
diagnostic performance. At a cut-off of SWE outside the tunnel
245 kPa, it predicted cases with a sensitivity of 60% and a specificity
of 92%.

SWE at the inlet of the tunnel in cases and controls

The mean (SD) of SWE at the inlet of tunnel for cases was 110.68 kPa
(46.79), and for controls it was 42.32 kPa (14.29). The SWE at the
inlet of the tunnel for cases ranged from 42.1-205 kPa, and for con-
trols it ranged from 20-80 kPa. There was a significant difference
between cases and controls in terms of SWE at the inlet of the tunnel
(p <0.001), and the strength of association (point-biserial correla-
tion) was 0.71 (large effect size).

The AUROC for SWE at the inlet of the tunnel in predicting cases
from controls was 0.957 (95% CI: 0.909-1.000), thus demonstrating
excellent diagnostic performance. At a cut-off of SWE at the inlet of
the tunnel 260 kPa, it predicted cases with a sensitivity of 88% and
a specificity of 92%.

SWE at the outlet of the tunnel in cases and controls

The mean (SD) of SWE at the outlet of the tunnel for cases was
90.31 kPa (45.75), and for controls it was 40.06 kPa (10.88). The
SWE at the outlet of the tunnel for cases ranged from 31.1-224 kPa,
and for controls it ranged from 13-68 kPa. There was a significant
difference between cases and controls in terms of SWE at the outlet
of the tunnel (p <0.001), and the strength of association (point-bise-
rial correlation) was 0.61 (large effect size).

The AUROC for SWE at the outlet of the tunnel in predicting cases
from controls was 0.904 (95% CI: 0.817-0.991), thus demonstrating
excellent diagnostic performance. At a cut-off of SWE at the outlet
of the tunnel >52.6 kPa, it predicted cases with a sensitivity of 80%
and a specificity of 88%.

SWE inside the tunnel in cases and controls

The SWE inside the tunnel is the mean of the SWE at the inlet and
outlet of the tunnel.
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The mean (SD) of SWE inside the tunnel for cases was 100.50 kPa
(40.50), and for controls it was 41.19 kPa (10.42). The SWE inside
the tunnel for cases ranged from 36.6-204 kPa, and for controls it
ranged from 18-63 kPa. There was a significant difference between
cases and controls in terms of SWE inside the tunnel (p <0.001),
and the strength of association (point-biserial correlation) was 0.72
(large effect size) (Fig. 2).

The AUROC for SWE inside the tunnel in predicting cases from
controls was 0.957 (95% CI: 0.898-1.000), thus demonstrating
excellent diagnostic performance. At a cut-off of SWE inside the
tunnel 263.5 kPa, it predicted cases with a sensitivity of 88% and
a specificity of 100% (Tab. 1).

Both CSA and SWE showed high diagnostic performance in the
evaluation of carpal tunnel syndrome, with variation depending on
the location of measurement. Among CSA parameters, the highest
diagnostic accuracy was observed at the inlet of the carpal tunnel
(AUROC = 0.958; 95% CI: 0.903-1.000; sensitivity: 96%; specificity:
84%; diagnostic accuracy: 90%) with a cut-off of 20.08 cm?, predict-
ing cases with a sensitivity of 96%, a specificity of 84%, and a diag-
nostic accuracy of 90%.

SWE assessments showed high diagnostic utility, with the best per-
formance noted inside the tunnel (AUROC = 0.957; 95% CI: 0.898-
1.000; sensitivity: 88%; specificity: 100%; diagnostic accuracy: 94%)
at a cut-off of 263.5 kPa, predicting cases with a sensitivity of 88%
and a specificity of 100%.

The combination of CSA and SWE measurements resulted in a sig-
nificant improvement in diagnostic performance at all anatomical
locations. The highest overall accuracy was observed for combined
CSA+SWE measurements inside the tunnel (AUROC = 0.995; 95%
CI: 0.984-1.000; sensitivity: 96%; specificity: 100%; diagnostic accu-
racy: 98%). At the tunnel inlet and outlet, the combined parameters
also performed exceptionally well, with AUROC values of 0.992 and
0.982, respectively, and a diagnostic accuracy of 96% at both sites.

o
Q -
Cut-off: 63.5
0 Sensitivity: 88.0%
o Specificity: 100%

Sensitivity
0.50

0.25

Area under ROC curve = 0.957

0.00

0.50 0.75

1 - Specificity

0.00 0.25 1.00

Fig. 2. ROC curve analysis showing the diagnostic performance of shear wave
elastography (SWE) inside the tunnel (mean of SWE at the inlet and
outlet of the tunnel) in cases vs controls (n = 50)

Even outside the tunnel, where individual SWE had the lowest ac-
curacy, combining it with CSA improved the AUROC to 0.931 and
increased diagnostic accuracy to 86%.

Observations on SWE for the grading of CTS

Shear wave elastography readings did not exhibit any significant
variations in distinguishing between normal, mild, moderate, and
severe NCS cases at any location (p >0.05). However, a significant

Tab. 1. Diagnostic performance of various parameters for diagnosing carpal tunnel syndrome

Predictor AUROC 95% Cl P Sn Sp PPV NPV DA
CSA outside tunnel 0.886 0.801-0.972 <0.001 80% 80% 80% 80% 80%
CSA inlet of tunnel 0.958 0.903-1 <0.001 96% 84% 86% 96% 90%
CSA outlet of tunnel 0915 0.833-0.997 <0.001 80% 92% 91% 82% 86%
CSA inside tunnel 0.946 0.876-1 <0.001 88% 96% 96% 89% 92%
SWE outside tunnel 0.824 0.711-0.937 <0.001 60% 92% 88% 70% 76%
SWE inlet of tunnel 0.957 0.909-1 <0.001 88% 92% 92% 88% 90%
SWE outlet of tunnel 0.904 0.817-0.991 <0.001 80% 88% 87% 82% 84%
SWE inside tunnel 0.957 0.898-1 <0.001 88% 100% 100% 89% 94%
CSA+SWE outside tunnel 0.931 0.868-0.994 <0.001 72% 100% 100% 78% 86%
CSA+SWE inlet of tunnel 0.992 0.978-1 <0.001 96% 96% 96% 96% 96%
CSA+SWE outlet of tunnel 0.982 0.953-1 <0.001 92% 100% 100% 93% 96%
CSA+SWE inside tunnel 0.995 0.984-1 <0.001 96% 100% 100% 96% 98%
AUROC - area under ROC curve; Cl - confidence interval; P — p-value; Sn - sensitivity; Sp — specificity; PPV — positive predictive value; NPV — negative predictive value;

DA - diagnostic accuracy
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difference was observed in predicting severe cases from non-severe
cases exclusively at the inlet of the tunnel, which is crucial for pa-
tient selection for surgery“®.

SWE outside the tunnel in predicting severe cases

The mean (SD) SWE outside the tunnel for severe CTS cases was
56.33 kPa (18.77), and for non-severe CTS cases it was 63.50 kPa
(36.25). The SWE outside the tunnel for severe CTS cases ranged from
36-73 kPa, while for non-severe cases it ranged from 27.7-165 kPa.
There was no significant difference in predicting severe cases on
SWE outside the tunnel (p = 1.000).

SWE at the inlet of the tunnel in predicting severe cases

The mean (SD) of SWE at the inlet of the tunnel for severe cases
was 158.67 kPa (37.75), and for non-severe cases it was 104.14 kPa
(44.63). The SWE at the inlet of the tunnel in severe cases ranged from
126-200 kPa, and in non-severe cases it ranged from 42.1-205 kPa.
There was a significant difference in predicting NCS-severe cases in
terms of SWE at the inlet of the tunnel (p = 0.045), and the strength
of association (point-biserial correlation) was 0.39 (large effect size)

(Fig. 3).

The AUROC for SWE at the inlet of the tunnel in predicting severe
from non-severe cases was 0.871 (95% CI: 0.723-1.000), thus dem-
onstrating good diagnostic performance. At a cut-off of SWE at the
inlet of the tunnel 2126 kPa, it predicted severe cases with a sensitiv-
ity of 100% and a specificity of 77%.

SWE at the outlet of the tunnel in predicting severe cases

The mean (SD) of SWE at the outlet of the tunnel in severe cases was
124.67 kPa (58.53), and in non-severe cases it was 85.63 kPa (43.30).
The SWE at the outlet of the tunnel for severe cases ranged from
86-192 kPa, and for non-severe cases it ranged from 31.1-224 kPa.
There was no significant difference between the groups in terms of
SWE at the outlet of the tunnel (p = 0.259).

SWE inside the tunnel in predicting severe cases

The mean (SD) of SWE inside the tunnel for severe cases was
141.67 kPa (47.82), and for the non-severe group it was 94.88 kPa
(37.17). The SWE inside the tunnel for severe cases ranged from
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Fig. 4. Shear wave elastography of a normal subject
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Fig. 3. ROC curve analysis showing the diagnostic performance of shear wave
elastography at the inlet of the tunnel in predicting severe carpal tunnel
syndrome (n = 25)

106-196 kPa, and for non-severe cases it ranged from 36.6-204 kPa.
There was no significant difference in predicting severe from non-
severe cases in terms of SWE inside the tunnel (p = 0.107) (Fig. 4,
Fig. 5, Fig. 6).

Discussion

This study highlights the diagnostic efficacy of both cross-sectional
area (CSA) and shear wave elastography (SWE) in evaluating carpal
tunnel syndrome (CTS), with findings that are consistent with and
build upon previous research.

CSA measurements

The cross-sectional area of the median nerve is a well-established
ultrasound parameter for diagnosing CTS. The present study shows
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Fig. 5. Shear wave elastography of a subject with moderate carpal tunnel syndrome
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Fig. 6. Shear wave elastography of a subject with severe carpal tunnel syndrome

that the CSA at the inlet of the carpal tunnel demonstrated the high-
est diagnostic accuracy, with an AUROC of 0.958, sensitivity of 96%,
and specificity of 84% at a cut-off of 20.08 cm?. These findings are
in agreement with those of Kantarci et al."”, who demonstrated
that CSA measurements correlate significantly with clinical and
NCS findings in CTS patients. Mohammadi et al."® also reported
a CSA cut-off of 0.07 cm?, with a sensitivity and specificity of 88.8%
and 88.4%, respectively. Park et al."” further observed significantly
higher CSA values in CTS patients compared to controls, confirm-
ing its diagnostic value.

SWE measurements

Shear wave elastography is a newer, non-invasive technique that pro-
vides quantitative assessment of tissue stiffness. In the present study,
SWE inside the tunnel (mean of inlet and outlet values) showed ex-
cellent diagnostic performance, with an AUROC of 0.957, sensitiv-
ity of 88%, and specificity of 100% at a cut-off of >63.5 kPa. These
results echo those of Kantarci et al. ', who reported increased stiff-
ness in CTS patients compared to healthy individuals. Mohammadi
et al."® also found a median nerve stiffness cut-off of 33.9 kPa with
a sensitivity of 90.28% and specificity of 88.4%. Park et al. ' report-

ed significantly higher SWE values in CTS patients versus controls.
Xin et al."™® also demonstrated higher SWE values in hemodialysis
patients with CTS, further supporting the reliability of elastographic
techniques across diverse patient populations.

Combined CSA and SWE

The combination of CSA and SWE yielded superior diagnostic
performance compared to either parameter alone. The highest di-
agnostic accuracy was observed inside the tunnel with combined
CSA+SWE measurements (AUROC = 0.995, sensitivity 96%,
specificity 98%). This reflects the synergistic
potential of combining morphological and biomechanical data, em-

100%, accuracy

phasizing the benefits of a multiparametric evaluation.
SWE for CTS severity grading

Although the findings of the present study indicated that SWE was
not significantly different across all severity grades of CTS, SWE at
the inlet of the tunnel was able to significantly differentiate severe
CTS cases from non-severe ones (p = 0.045), with an AUROC of
0.871 at a cut-off of 2126 kPa. This aligns with the findings by Mo-
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hammadi et al."®, who noted that SWE was more effective at distin-
guishing mild CTS from healthy controls but less so among moder-
ate and severe cases. Tezcan et al. " also reported the potential of
SWE to reflect severity in autoimmune-related CTS; however, vari-
ability in its correlation with NCS severity remains a limitation for
broader clinical applications.

Limitations

The ultrasound technique is operator-dependent, making it suscep-
tible to interpretive errors. Standardized protocols for performing
elastography are necessary to improve consistency. Further prospec-
tive studies with larger sample sizes are needed to validate these
findings.

Conclusions

The present study supports the utility of shear wave elastography
(SWE) and cross-sectional area (CSA) of the median nerve as a non-
invasive and reliable diagnostic tool for carpal tunnel syndrome
(CTS), offering high diagnostic accuracy and clinical applicability.
A SWE cut-off value of >63.5 kPa measured inside the tunnel (mean
of inlet and outlet) and a CSA cut-off of >0.08 cm? at the inlet of the
tunnel were identified as the optimal parameters for diagnosing CTS.

While CSA demonstrated high sensitivity and SWE provided supe-
rior specificity, their combination significantly improved diagnostic
performance, particularly when measurements were obtained inside
the carpal tunnel, achieving near-perfect diagnostic accuracy.
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