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Abstract

Objectives To correlate the cross-sectional area (CSA) and elasticity of the median nerve (MN) measured at carpal tunnel
inlet between healthy controls and various degrees of carpal tunnel syndrome (CTS) graded as per nerve conduction studies
(NCS).

Materials and methods A total of 53 patients (with 81 wrists) presenting with clinical symptoms characteristic of CTS,
having their diagnosis confirmed and severity graded by NCS, and 48 healthy controls (with 96 wrists) were included in the
study. All the study participants underwent wrist ultrasound which included initial Grey-scale USG followed by strain and
shear wave elastography. The CSA and elasticity (in terms of strain ratio and shear modulus) of MN were measured at the
carpal tunnel inlet. Statistical analysis was performed using the Mann—Whitney U test to compare between the two groups
and for subgroup analysis of cases. The diagnostic performance of each variable was evaluated using the receiver operating
characteristic curves.

Results The mean CSA was 9.20+ 1.64, 11.48+1.05, 14.83+1.19 and 19.87 +2.68 mm?, the mean shear modulus was
17.93 +2.81, 23.59+2.63, 32.99+4.14 and 54.26 +9.24 kPa and the mean strain ratio was 5.26 +0.68, 5.56+0.70,
7.03+0.47 and 8.81 +0.94 in control, mild, moderate and severe grades of CTS, respectively (p <0.001).

Conclusion The combined utility of Grey-scale USG and Elastography may serve as a painless and cost-effective alternative
to NCS in grading the severity of CTS.

Keywords Carpal tunnel syndrome - Median nerve - Grey-scale ultrasonography - Strain elastography - Shear wave
elastography

Introduction

Carpal tunnel syndrome (CTS) is a common prevalent
entrapment neuropathy caused by median nerve compres-
sion at the wrist. Symptoms include pain and paresthesia
worsening at night, affecting the distribution of the median
nerve distal to the carpal tunnel. CTS is bilateral in up to
50% of cases, predominantly affecting women between the
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third and sixth decades, with an estimated prevalence of 0.6
to 5.8% in the general population. However, most affected
cases usually go undiagnosed [1, 2].

Currently, the diagnosis of CTS involves clinical evalu-
ation of history and physical examination followed by NCS
to confirm the diagnosis and grade the severity.

Grading the severity of carpal tunnel syndrome (CTS)
is clinically relevant as it aids clinicians in determining the
most appropriate treatment for each patient. Conservative
measures such as wrist splinting, activity modification,
and corticosteroid injections often effectively manage mild
cases. However, severe cases may necessitate surgical inter-
vention, thus facilitating prognostication and optimizing
patient outcomes.

NCS is currently considered the gold standard for grad-
ing CTS severity. However, it is time-consuming, relatively
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expensive, uncomfortable, and has a false-negative rate of
16 to 34% [3].

In the past two decades, numerous studies have been con-
ducted evaluating the efficacy of various ultrasound imag-
ing parameters [4—14] in diagnosing CTS accurately, among
which measurement of CSA of MN at carpal tunnel inlet has
proven to be the most reliable parameter [15].

Sono-elastography was initially reported as an imaging
technique to assess tissue stiffness in the 1990s [16]. Since
then, its role in the evaluation of breast, liver, thyroid, and
prostate has been extensively studied and used in clini-
cal practice. However, there is limited available literature
regarding its role in the evaluation of peripheral nerves.

The current study aimed to independently evaluate the
efficacy of Grey-scale USG, Strain Elastography (SE), and
Shear Wave Elastography (SWE) in classifying the severity
of CTS and to determine their reliability as crucial diagnos-
tic tools, with the potential to replace NCS.

Materials and methods
Patient selection

Following approval and clearance from the Institutional
Ethics Review Committee, we conducted a hospital-based
prospective case—control study from March 2021 to Febru-
ary 2023 at a tertiary care center in South India. A total of
107 participants were enrolled in the study and were divided
into two groups — Group A consisted of 57 patients with 91
wrists clinically diagnosed with CTS and underwent NCS.
Group B consisted of 50 controls with 100 wrists who did
not have any clinical symptoms or signs of CTS. Controls
were recruited from either the patient’s accompanying
healthy relatives or individuals referred to the Department of
Radiodiagnosis for Ultrasound imaging of unrelated indica-
tions, such as abdomen and pelvis scans. These control par-
ticipants were clinically assessed and those who exhibited no
clinical symptoms suggestive of CTS and had no comorbidi-
ties or systemic illnesses that might affect peripheral nerves
were recruited into the study. The study excluded patients
with a history of trauma or surgical interventions involving
the symptomatic wrist, and those with rheumatoid arthritis,
diabetes mellitus, acromegaly, neurological, thyroid, and
other endocrine disorders. Additionally, patients showing
anatomical variations of the MN, such as bifid nerve or per-
sistent median artery, were excluded as well.

Fourteen wrists from both groups were excluded from the
study. Among them, nine wrists had bifid median nerve, one
had a history of surgery, and four wrists of two patients with
a history of hypothyroidism were excluded.

All participants enrolled in the study were explained
about the procedure in detail in a language understandable to
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them, and written and informed consent was taken from both
groups. Structured, pre-prepared templates were employed
to systematically document participant details, including
name, age, gender, clinical history, results of physical exami-
nation, and findings from investigations such as ultrasound
(including Color Doppler), elastography, and nerve conduc-
tion studies.

USG technique

Grey-scale USG, Color Doppler, and elastography exami-
nation were performed on both groups using a SAMSUNG
RS80 EVO Ultrasound machine with a 2-9 Mega Hertz
linear transducer. All ultrasound examinations were per-
formed by two radiologists with an experience of 4 years
and 11 years in musculoskeletal radiology. Both radiologists
were blinded to the severity of symptoms and NCS results
of the Carpal Tunnel Syndrome group. They independently
conducted ultrasound and elastography within an interval of
less than 24 h. However, they were aware of the participant’s
demographic data, including name, age, sex, and whether the
participant belonged to the CTS group or the control group.

The study participants were comfortably seated on the
USG couch facing the examiner with the arm adducted,
elbow flexed at 90°, forearm supinated, wrist resting on the
participant’s lap, and fingers held in a relaxed semi-flexed
position (Fig. 1). The median nerve was assessed along its
entire course in the wrist to look for any anatomical varia-
tions or other anomalies. However, the measurements were
specifically obtained only at the carpal tunnel inlet. After
application of adequate amount of acoustic coupler (AC), the
transducer was gently placed on the volar aspect at the distal
palmar crease. A transverse grey scale image of the MN was

Fig. 1 Positioning of hand and ultrasound transducer for ultrasonog-
raphy and elastography- right hand placed on patient’s lap with the
arm adducted, elbow flexed at 90°, forearm supinated, wrist and fin-
gers held in a relaxed semi-flexed position
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recorded. The CSA of MN was obtained by tracing a contin-
uous line at the hyperechoic boundary of the MN, including
its epineurium. Each measurement was taken five times. The
highest and lowest values were discarded, and the remaining
three values were averaged to obtain representative values,
in an attempt to remove intra-observer variations.

Color Doppler ultrasound was performed with adequate
PRF and color gain settings suitable for detecting low flow
within the vessels. If color uptake was not visualized with
these settings, images were assessed in Power Doppler mode
to look for intra/perineural hypervascularity.

Sono-elastography technique

The transducer was again placed on the volar aspect of the
wrist after applying an ample amount of AC to avoid the
compression effect of the transducer. MN was identified at
the carpal tunnel inlet in the transverse imaging plane. After
obtaining adequate compression for SE as suggested by the
strain indicator (on the upper right corner of the ultrasound
monitor screen), the paired Grey-scale and color-coded
strain elastogram images were used to calculate the strain
ratio (SR). The target Region of Interest (ROI) was placed
within the MN to cover as much CSA as possible. A similar-
sized reference ROI was placed at the overlying AC, and
the SR of reference ROI to the target ROI (AC/MN) was
obtained. With the same settings, SWE was performed to
obtain shear modulus (SM) with the help of pre-installed
software in the USG machine, which automatically dis-
played the stiffness of MN in terms of Kilo Pascals (kPa)
on the ultrasound monitor. The procedure was repeated to
obtain the SR and SM five times. The highest and lowest
values were discarded, and the remaining three values were
averaged to obtain representative values, in an attempt to
remove intra-observer variations.

Technique and interpretation of NCS

All patients with clinically suspected CTS underwent NCS.
The examination was performed according to the protocol
recommended by the American Association of Electrodi-
agnostic Medicine [17] by a single neurophysiologist with
8 years of experience using an EBN Galileo machine with
two channels. Patients were made to lie supine with both
upper limbs positioned at rest alongside the body.

The CTS protocol included — median nerve motor study
recording the abductor pollicis brevis, stimulating at wrist
and antecubital fossa; ulnar nerve motor study recording the
abductor digiti minimi, stimulating at wrist, below and above
the ulnar groove; median and ulnar F responses; median sen-
sory response obtained from recording digit 3, stimulating at
wrist; ulnar sensory response obtained from recording digit

5, stimulating at wrist and radial sensory response, record-
ing anatomical snuffbox, stimulating over the lateral radius.
The diagnosis of isolated CTS was made if the median
studies were abnormal, showing marked prolongation of dis-
tal motor (>4.4 ms) and sensory latencies (> 3.5 ms), and
prolonged minimum F wave latencies (>31 ms). Diminished
median CMAP (<4 mV) and SNAP (<20 puV) amplitudes indi-
cating secondary axonal loss or demyelination leading to con-
duction block at the wrist along with normal ulnar motor, sen-
sory, and F wave studies and normal radial sensory response.

If the median nerve studies were completely normal or
showed equivocal results, the median-versus-ulnar compari-
son tests were done which included:

Comparison of the median and ulnar mixed palm-to-wrist
peak latencies, stimulating the median and ulnar palm one
at a time 8 cm from the recording electrodes placed over
the median and ulnar wrist, respectively (abnormal if the
difference is > 0.4 ms); comparison of the median lumbrical
and ulnar interossei distal motor latencies, stimulating the
median and ulnar nerve at wrist one at a time at identical dis-
tance of ~8-10 cm, recording with the same electrode over
the second lumbrical/interossei (abnormal if the difference
is> 0.5 ms); and comparison of the median and ulnar digit 4
sensory latencies, stimulating the median and ulnar nerve at
wrist one at a time at identical distances of ~11-13 cm and
recording digit 4 (abnormal if the difference is > 0.5 ms).

Based on the NCS results, CTS severity was graded into
mild, moderate, and severe as per the classification sug-
gested by Stevens et al. [18].

Mild CTS — prolonged (relative or absolute) sensory or
mixed nerve actional potential (NAP) distal latency + sen-
sory nerve action potential (SNAP) amplitude below the
lower limit of normal.

Moderate CTS — abnormal median nerve sensory laten-
cies as described above, and (absolute or relative) prolon-
gation of median motor distal latency.

Table2 The comparison of median nerve measurement parameters
between subgroups of Group A

p value
CSA on Grey-scale USG (mm?) Mild vs. Moderate <0.001
Moderate vs. Severe <0.001
Mild vs. Severe <0.001
Shear modulus (kPa) Mild vs. Moderate <0.001
Moderate vs. Severe <0.001
Mild vs. Severe <0.001
Strain ratio Mild vs. Moderate <0.001
Moderate vs. Severe <0.001
Mild vs. Severe <0.001
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Table 1 The mean values of
CSA, shear modulus and SR of
CTS cases and controls Mild Moderate Severe Controls

Parameters Group A(CTS) Group B p value

CSA on Grey-scale USG (mm?)  11.48+1.05 14.83+1.19 19.87+2.68 9.20+1.64 <0.001
Shear modulus (kPa) 23.59+2.63 32.99+4.14 5426+9.24 17.93+281 <0.001
Strain ratio 5.56+.70 7.03+.47 8.81+.94 5.26+.68 <0.001

Data presented as mean + standard deviation

Severe CTS — prolonged median motor and sensory  agreement between observers, receiver operating character-
distal latencies, with either an absent SNAP or mixed istic curve (ROC) to assess cut-off values for each parameter
NAP or low amplitude or absent thenar compound muscle  in question and Youden’s index to assess the sensitivity and
action potential (CMAP). specificity. All the above analysis was done using STATA
18 MP software.
Statistical analysis

The data collected was stored in the form of Microsoft Excel Results

spreadsheets for analysis. Mann—Whitney U test was used

for comparison between Group A and B and subgroup analy-  The final study group consisted of Group A with 53 patients
sis of Group A, Spearman’s correlation coefficient was used (34 female, 19 male with mean age of 43.9 years) and 81
to determine the relationship between variables of interest, wrists (13 right, 12 left, and bilateral wrists in 28 cases), and
Intra Class correlation coefficient to assess the extent of Group B with 48 controls (29 female, 19 male with mean

Fig.2 Ultrasound images

of right wrist in a healthy
42-year-old female with no
clinical signs and symptoms

of CTS; (a) transverse Grey
scale USG image at the level of
carpal tunnel inlet shows MN
with CSA of 10 mm?; (b) on
Color Doppler examination, no
intraneural hyperemia seen; (c)
on SWE, shear modulus of MN
was 14.3 kPa; (d) on SE, AC/
MN SR was 4.07

Cl 1.38am
Al 0.10 am?

Site A

14.34ea

Depth 0.9cm
RMIO.7

@ Springer



Skeletal Radiology (2024) 53:2399-2408

2403

Fig.3 Ultrasound images of
left wrist in a 44-year-old male
with clinical symptoms of CTS
and severity grading of mild

on NCS; (a) transverse Grey
scale USG image at the level of
carpal tunnel inlet showed MN
with CSA of 13 mm?; (b) on
Color Doppler examination, no
intraneural hyperemia was seen;
(¢) on SWE, shear modulus of
MN was 23.7 kPa; (d) on SE,
AC/MN SR was 4.84

age of 45.1 years) and 96 wrists (bilateral wrists of 48 con-
trols). The 81 wrists in Group A were classified according to
NCS as Mild (n=36), moderate (n=33) and severe (n=12)
grades. All three ultrasound parameters, including CSA, SR,
and shear modulus, exhibited statistically significant differ-
ences (p <0.001) between Group A and Group B, as well as
among subgroups within Group A (viz, mild vs. moderate;
moderate vs. severe; mild vs. severe). The mean CSA, SR,
and shear modulus of Group B and all three subgroups of
Group A are summarized in Table 1 and the comparison of
measurement parameters between subgroups of Group A is
presented in Table 2.

Figures 2, 3, 4 and 5 show representative Grey-scale,
Color/Power Doppler, SE, and SWE images of control and
CTS subgroups (mild, moderate, and severe). Among 81
symptomatic wrists, Color/Power Doppler revealed intra/
perineural hyperemia in approximately 18.5% (15 wrists)
of cases. None of the controls showed median nerve hyper-
emia on Color Doppler. Of the symptomatic wrists show-
ing hyperemia, 2.8% belonged to mild, 24.2% to moderate,
and 50.0% to severe category of carpal tunnel syndrome

Site A

Strain A : 0.286%
Strain B: 1.383%
Ratio(B/A) : 4.84

23.7 ke

Depth 0.9cm
RMI 0.7

grading. Figure 6 shows representative images of intraneu-
ronal hyperemia demonstrated on Color Doppler with low
flow settings. The AUC for each parameter with the best cut-
offs for diagnosing CTS is shown in Table 3 and Fig. 7. The
AUC of shear modulus showed the maximum value (AUC
of 0.974; 95% CI 0.938 to 0.992) followed by CSA (AUC
of 0.954; 95% CI 0.912 to 0.980) and SR (AUC of 0.834;
95% CI 0.771 to 0.885). Furthermore, all three parameters
demonstrated a positive correlation with NCS grading, with
CSA (p=0.903) and shear modulus (p =0.906) exhibiting a
stronger positive correlation compared to SR (p=0.885). A
cut-off of > 11 mm? for CSA had the highest validity in dif-
ferentiating cases and controls with a sensitivity of 80.25%,
specificity of 93.75%, PPV of 91.5%, and NPV of 84.9%.
A cut-off of >22.3 kPa for shear modulus had the highest
validity in differentiating cases and controls with a sensi-
tivity of 86.42%, specificity of 96.87%, PPV of 95.9% and
NPV of 89.4%. A cut-off of >6.15 for SR had the highest
validity in differentiating cases and controls with a sensitiv-
ity of 66.67%, specificity of 98.96%, PPV of 98.2%, and
NPV of 77.9%. All parameters in both the cases and control
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groups demonstrated good inter-observer agreement, with
ICC values of 0.95, 0.97, and 0.98 for cross-sectional area,
strain ratio, and shear modulus, respectively.

Discussion

Increased pressure within the carpal tunnel induces venous
congestion, leading to nerve edema and swelling, observable
as an increase in CSA on Grey scale USG. Chronic ischemia
ensues due to vasa nervorum obstruction, resulting in demy-
elination, axonal degeneration, and fibroblastic proliferation
causing nerve stiffening, reflected as increased stiffness on
elastography, characterized by elevated strain ratio in strain
elastography (SE) and increased shear modulus in SWE.
In our study evaluating the median nerve in CTS patients,
we incorporated the simplest and most common grey scale
parameter: the CSA of the median nerve at the carpal tun-
nel inlet. Our findings aligned with those of other similar
studies, demonstrating the effectiveness of this parameter in
assessing CTS. All three parameters assessed—MN-CSA,
shear modulus, and SR showed statistically significant

Fig.4 Ultrasound images of
right wrist in a 45-year-old
female with clinical symptoms
of CTS and severity grading of
moderate on NCS; (a) trans-
verse Grey-scale USG image
at the level of carpal tunnel
inlet showed MN with CSA of
16 mm?; (b) on Color Doppler
examination, no intraneural
hyperemia was seen; (¢) SWE
showed shear modulus of MN
as 35.2 kPa; (d) on SE, AC/MN
SR was 7.66
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differences between CTS cases and controls (p <0.001).
Additionally, their values consistently increased with disease
severity among subgroups of cases (p <0.001). The accu-
racy of these parameters in distinguishing between cases
and controls ranked in descending order as follows: shear
modulus > CSA > SR, as deduced from the AUC.

Studies evaluating the median nerve in carpal tunnel
syndrome (CTS), such as those by Wong et al. [4], Mal-
louhi et al. [5] and Moran et al. [8], have shown significant
differences in Median Nerve Cross-Sectional Area between
cases and controls, particularly when measured at or just
proximal to the carpal tunnel inlet. These studies recom-
mend cut-off values ranging from 9 to 13 mm?, similar to
our study where the cut-off was determined to be 11 mm?.
This cut-off demonstrated the highest validity in differenti-
ating cases and controls, with a sensitivity of 80.25% and
specificity of 93.75%.

Limited literature exists regarding the role of elastog-
raphy, an emerging modality in ultrasound imaging, in
diagnosing and grading CTS, either independently or in
conjunction with Grey scale USG. Numerous studies have
investigated the role of CSA of the median nerve in CTS, but

Cl 1.81am

Al 0.16 cm?
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Fig.5 Ultrasound images of
right wrist in a 52-year-old
female with clinical symptoms
of CTS and severity grading
of severe on NCS; (a) trans-
verse Grey scale USG image
at the level of carpal tunnel
inlet showed MN with CSA of
21 mm?; (b) on Color Dop-
pler examination, intraneural
hyperemia was seen; (c) on
SWE, shear modulus of MN
was 54.2 kPa; (d) on SE, AC/
MN SR was 10.96

Cl12.13am
Al 0.21 aw?

Site A

54.2v2 Strain A : 0.1349
Depth 0.7cm Stra 1.4739 2
RMI 0.7 Ratio(B/A) : 10.96

.ll'u.... ‘,Luh..Lh- lan .‘& u.“
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Fig.6 Ultrasound images of the right wrist in a 45-year-old female hyperemia; (b) the region of hyperemia demonstrated arterial wave-
with clinical symptoms of CTS and severity grading of moderate on forms on Spectral Doppler analysis
NCS; (a) Color Doppler examination of MN showed intraneuronal
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Table 3 The area under ROC

Parameters AUC Best cut-off value Sensitivity (%) Specificity (%)
curve for CSA, shear modulus
and SR of MN with the best CSA (mm?) 0.954 (0.912-0.980) > 11 80.25% 93.75%
CC‘;'SOff values for diagnosing Shear modulus (kPa) ~ 0.974 (0.938-0.992)  >22.3 86.42% 96.87%

Strain ratio 0.834 (0.771-0.885)  >6.15 66.67% 98.96%

Data in parenthesis represents 95% confidence interval

there is a paucity of research on elastography’s role. Various
parameters, including color diagram, strain, strain ratio (SR),
shear wave velocity, and shear modulus, have been utilized
to assess elasticity changes in the median nerve.

SE, as an operator-dependent technique, measures tis-
sue deformation/strain in response to mechanical com-
pression by an ultrasound transducer. Our study, akin to
research by Miyamoto H et al., Yoshii Y et al., and Asadov
R et al. [19-21], incorporated semi-quantitative measure-
ment of MN stiffness using SE. The stiffness of the MN was
expressed as the AC/MN strain ratio, revealing a statistically
significant difference in strain ratio between CTS cases and
controls. However, SE exhibited poor performance in identi-
fying the various subgroups of CTS. Interestingly, our study
found substantial variations in SR between CTS subgroups,
contrary to the earlier findings.

In Miyamoto et al.’s study, which included 31 patients
with CTS, both the CSA and SR of the MN were assessed.
They found that both parameters exhibited significantly
higher values in CTS cases compared to controls. The
authors suggested diagnostic cut-off values of 11 mm? for
MN-CSA and 4.3 for SR to aid in the diagnosis of CTS [19].

In contrast to SE, SWE is an operator-independent
advanced elastography technique that enables the objective
assessment of tissue stiffness, offering quantitative measure-
ments in kilopascals.

Kantarci et al. observed that MN stiffness was signifi-
cantly increased in the CTS group (66.7 kPa) compared to

Fig.7 The receiver operating

controls (32.0 kPa), with even higher values noted in the
severe grade (101.4 kPa) compared to mild or moderate
grades (55.1 kPa). They recommended a cut-off value of
40.4 kPa to distinguish between cases and controls [22].
Similarly, Cingoz et al. found that CTS patients exhibited
higher elasticity values of the MN (53.0 kPa) compared to
controls (36.8 kPa), with patients having moderate to severe
grades showing even higher elasticity values (82 kPa) than
those with mild CTS (44 kPa) [23]. Although these stud-
ies, akin to ours, demonstrated significant differences in
MN stiffness (in kilopascals) between cases and controls, as
well as between CTS subgroups, the cut-off values obtained
differed from our study. This discrepancy could be attributed
to the fixed ROI of 5X5 mm in our study, which was large
enough to include perineural tissue and might have influ-
enced the results. Conversely, Park et al.’s study revealed
significant inter-group and subgroup differences in elastic-
ity, with the severe subgroup (54.92 kPa) showing a nota-
ble increase compared to mild (30.60 kPa) and moderate
(34.39 kPa) subgroups. They recommended a cut-off of
26.75 kPa to differentiate CTS cases from controls, simi-
lar to our study where a cut-off value greater than 22.3 kPa
exhibited the highest validity [24].

Our study had few limitations: To begin with, the size
of the ROI utilized in SWE was larger than the dimension
of the MN in the axial plane, which could have influenced
the results. This discrepancy arose because the minimum
area covered within the square ROI on our ultrasound

ROC Curve for various modalities
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machine was fixed at 5 X5 mm, which usually exceeded
the CSA of the MN, leading to the inclusion of perineural
tissue. This inclusion might have contributed to variations
in mean values and cut-off values of shear wave elastog-
raphy compared to other similar studies. Additionally,
all measurements on Grey-scale USG and Elastography
were conducted in the axial plane at the CTI. Incorpo-
rating measurements of the CSA of the MN at multiple
sites could have enhanced confidence in the results. Also,
the radiologists performing the USG were not blinded to
whether the participant was a CTS patient or a control,
which might have influenced the CSA measurements.
However, to mitigate this potential bias, an average of
multiple measurements was taken. Finally, our study did
not encompass patients clinically suspected of CTS who
exhibited false negative results on NCS. This particular
group could potentially benefit the most from imaging
modalities.

Despite its limitations, our study, which primarily aimed at
determining the efficacy of elastography combined with grey
scale ultrasound in grading the severity of CTS, has yielded
promising results. Future research encompassing multi-cen-
tric studies with larger sample size involving different ethnic
groups and collaborating with various ultrasound elastography
vendors are necessary to improve accuracy and reproducibility
of elastography techniques as well as to establish standardized
protocols for image acquisition and interpretation. Further-
more, longitudinal studies are needed to evaluate the prognos-
tic value of elastography in predicting disease progression and
treatment outcomes in CTS patients.

To conclude, the MN demonstrated a significant increase
in its CSA and stiffness with increasing disease severity in
CTS, indicating that the combination of Grey-scale USG and
Sono-elastography (especially SWE) is very helpful in grading
the severity of CTS and can be used as a painless and cost-
effective alternative for NCS, especially in patients present-
ing with clinical CTS who have conditions that preclude them
from undergoing electrophysiological studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00256-024-04662-y.
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