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Abstract: With the widespread use of high-resolution ultrasonography, ultrasonic examination has
been shown to be useful as a diagnostic method for carpal tunnel syndrome. The main advantages of
ultrasonography are that it is simple, quick, non-invasive, and economical. Another advantage is
that tissue dynamics can be observed with real-time imaging. In recent reports, it has been shown
that ultrasonic examination can provide similar diagnostic accuracy as nerve conduction study in
the diagnosis of carpal tunnel syndrome. It has been expected that ultrasound demand in daily
medical care will continue to increase. Ultrasonography in carpal tunnel syndrome shows an enlarged
median nerve in proximal carpal tunnel, thickening of the flexor retinaculum, and edema around
flexor tendons in cross-sectional images. In addition, with the introduction of new technologies such
as ultrasonic elastography and speckle tracking, it has become possible to quantify dynamics and
material property changes of nerves, tendons, and their surrounding structures. In this review, we
describe recent advancements of carpal tunnel syndrome diagnosis based on ultrasound dynamic
images, and discuss its pathology.
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1. Introduction

Carpal tunnel syndrome (CTS) was first reported in 1854 by Paget as a posttraumatic entrapment
neuropathy at the wrist joint [1]. In the 1960s, Phalen popularized the far more common idiopathic
CTS, and increased the recognition of this syndrome [2]. At present, CTS is recognized as the most
frequent peripheral neuropathy, and its prevalence is reported to range from 0.2—4% of the general
population [3-6].

CTSis caused by compression of the median nerve at the wrist as the nerve passes through a narrow
osteofibrous canal, along with the nine finger flexor tendons. There are many potential causes for CTS,
such as malunion after distal radius fracture, rheumatic synovitis, amyloidosis, diabetes, pregnancy,
or soft tissue tumor. But most of the time, CTS is idiopathic. Traditionally, the diagnosis of carpal
tunnel syndrome is established by the history, clinical symptoms, and physical examination. Clinical
findings include numbness and impaired sensation of the innervation area of median nerve, brachialgia
paraesthetica nocturna, thenar muscle atrophy, sometimes swelling of the palmar side of the wrist,
and the results of provocative tests such as Phalen’s maneuver or Tinel’s sign. Electrophysiological
(EP) tests are useful when the diagnosis is unclear, there are confounding neurological disorders
such as radiculopathy or polyneuropathy, or to quantify disease severity. However, the invasiveness
and false-negative rate of EP tests have led to a search for other, less invasive, and more convenient
diagnostic options [7-12].
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Recent technological advances in ultrasonography have improved its image quality as well
as affordability, leading to an increased adaptation of ultrasound evaluation of nerve entrapment
syndromes. There has been an expansive growth of literature on the topic. A PubMed search in July
2020 with the keywords of “carpal tunnel syndrome” and “ultrasound” for the period from 2000 to
2020 yielded 1212 results. The objectives of this review were to provide an overview of the recent
literature on the ultrasound assessment of CTS in the last two decades, to discuss their contribution to
the understanding of CTS pathophysiological mechanisms, and to consider future perspectives on
the use of ultrasound imaging in patients with CTS. For inclusion in this review, a PubMed search
was conducted using keywords “carpal tunnel syndrome” and “ultrasonography” or “ultrasound”
from 2000 to 2020. For the conventional assessment of static ultrasound (Section 2), the references of
the meta-analysis and systematic review were evaluated for additional relevant articles. The articles
excluded were those that did not address ultrasound diagnosis of CTS from the titles. The articles
included were those that reported the accuracy of diagnosis. Since this review focused on the recent
advancement in ultrasound diagnosis of CTS, extra keywords’ search of “elastography” or “dynamic
assessment” or “motion assessment” and “carpal tunnel syndrome” were performed and related
articles were included for the Sections 3-5.

2. Static Cross-Sectional Ultrasound for CTS Assessment

In the 1990s, it was well established in the literature that static ultrasound imaging could detect
pathologies such as thickening and echogenicity alteration of the flexor tendons [13] and flexor
retinaculum [14], synovial proliferation, swelling of the median nerve in the proximal part of the carpal
tunnel, and flattening of the median nerve in the carpal tunnel [15-17]. Also, restricted motion of the
median nerve with different finger and wrist positions was demonstrated in patients with CTS [18,19].
Using cross-sectional ultrasound imaging, the median nerve is observed as a honeycomb structure
surrounded by the hyperechoic epineurium (Figure 1). Morphological changes of the median nerve are
expected in CTS, as the compression of the surrounding nonrigid structures alters its shape. This effect
results in a reduction of nerve volume at the site of compression and increased size proximal (and
sometimes distal) to the compression. Thus, the cross-sectional area of the median nerve is the most
commonly applied criterion for diagnosing CTS on ultrasound. The cross-sectional area of the median
nerve is obtained by visualizing the nerve perpendicular to its axis and tracing the nerve within
its hyperechoic epineurium. It is easy to visualize the median nerve at the proximal carpal tunnel.
However, at the middle or distal carpal tunnel, it is difficult to visualize. This is because the median
nerve is deeper in the proximal palm than it is in the distal forearm or distal palm, and in the proximal
palm it is covered by the thick flexor retinaculum. One report measured the cross-sectional area of
the median nerve at three different levels: The distal edge of the flexor retinaculum, the hook of the
hamate, and at the wrist crease [20]. The cross-sectional area was smaller in the central part than in the
distal and proximal parts of the carpal tunnel, suggesting that the median nerve had an hourglass-like
shape in cases of CTS. The median nerve is enlarged not only at the proximal to the carpal tunnel but
also at the distal. Of course, this finding is frequently observed by surgeons clinically, during open
carpal tunnel release surgery.

Because it is easiest to visualize, the most often reported ultrasound parameter used to diagnose
CTS is the cross-sectional area of the median nerve at the proximal carpal tunnel. According to an
evidence-based guideline, measurement of the median nerve cross-sectional area at the wrist was
found to have Level A evidence to support a diagnosis of CTS [21]. In addition, it was suggested in this
guideline that ultrasound adds value to EP testing in assessing CTS, as it can detect structural anomalies.
There is a wide variation in the reported cutoff value for the cross-sectional area on ultrasound varying
from 9 to 14 mm? [22-36]. The sensitivity varied from 57-94% and specificity varied from 57-98%. One
meta-analysis reported the pooled sensitivity and specificity of ultrasound for the diagnosis of CTS,
were 77.6% (95% confidence interval (CI) 71.6-83.6%) and 86.8% (95% CI 78.9-94.8%), respectively [37].
The average of the diagnostic accuracy was 82.2%. Another recent meta-analysis revealed that its
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diagnostic odds’ ratio could be up to 31.11 (95% confidence interval, 20.42-47.40) [38]. The differences
of the diagnostic accuracy and cutoff values are affected not only by disease severity but also by the
nerve size related to height, sex, weight, age, race, and quality of visualization. In fact, age, sex, and
race differences in nerve size have not been well investigated.

e e 2]

J Median nerve

= |
- Flexor tendons

Figure 1. A typical ultrasound image of median nerve at proximal carpal tunnel.

The visualization of the median nerve from proximal to distal carpal tunnel requires a high-quality
ultrasound machine and good ultrasound technique to clearly determine the margin of the nerve.
Clear visualization of the median nerve at middle or distal carpal tunnel is sometimes impaired by
the inherent slight curvature of the palm, the thickness of the skin, subcutaneous fat, the relatively
deep location, and the oblique course of the nerve. This may explain why previous studies have not
fully assessed the usefulness of cross-sectional area distal to the wrist crease. One possible solution to
improve image quality in this area is using an acoustic coupler for the transducer (Figure 2). This allows
good adaptation of the transducer to the skin and can obtain a clear image of the median nerve. Another
approach to quantifying focal nerve enlargement is the median nerve wrist-to-forearm cross-sectional
area ratio, which allows a patient to serve as their own internal control. The diagnosis of CTS improved
when using the wrist-to-forearm ratio as opposed to a diagnosis established only on the basis of a single
measurement of the cross-sectional area at the level of the wrist [39]. In that study, the cross-sectional
areas of the median nerve were measured at the wrist level and approximately 12 cm proximally from
the wrist. The wrist-to-forearm ratio was 2.1 + 0.5 in patients with CTS and 1.0 + 0.1 in asymptomatic
volunteers. A wrist-to-forearm ratio of 1.4 or more showed 100% sensitivity for detecting patients
suffering from CTS. Also, it may be possible to compare the median nerve size with the healthy side if
the case is unilateral. This may be a reasonable option to standardize the assessment of cross-sectional
area of median nerve for CTS diagnosis.

Figure 2. Use of acoustic coupler for the uneven skin surface. (a) Acoustic coupler, (b) an example

image of median nerve without acoustic coupler, (c) an example image of median nerve with acoustic
coupler. Fascicular pattern can be visualized with the acoustic coupler.

Evaluations of the median nerve should not be limited around the wrist. It should be extended
distal to proximal. Sometime additional or different causes of median nerve neuropathy may be
detected, e.g., soft tissue tumor, pronator teres syndrome. Different anatomical variations in the carpal
tunnel also have been observed with ultrasound examination. These include a persistent median
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artery, a bifid median nerve, variations of the motor branch and the palmar cutaneous branch of the
median nerve, an anomalous muscle belly of the flexor digitorum superficialis, a reversed palmaris
longus muscle, the Martin—Gruber anastomosis, and the Linburg—Comstock syndrome, to name a
few [40,41]. In case of CTS associated with persistent median artery, color Doppler image may be
useful. Since the strength of ultrasound is to visualize presurgical anatomy and these anatomical
variations may be relevant to the surgical treatment of CTS, they should be carefully sought during
ultrasound assessment.

3. Dynamic Ultrasound for CTS Assessment

In the carpal tunnel, the subsynovial connective tissue (SSCT) connects tendons to tendons and
tendons to the median nerve. The SSCT plays an important role in reducing the sliding resistance
between tendons and in maintaining blood flow to the moving tendons. It has been reported that the
SSCT in patients with idiopathic CTS shows tissue proliferation such as collagen bundle degeneration,
fibrosis and edema, and vascular smooth muscle thickening and thrombus formation, but without any
inflammatory cells [42,43]. In addition, the SSCT of CTS patients have been shown to have reduced
viscoelasticity compared to healthy subjects [44]. These changes may affect median nerve dynamics
and morphology during flexor tendon motions. In recent years, the median nerve stress according to
the finger and wrist motion has been attracting attention as a risk factor for the development of carpal
tunnel syndrome.

In order to clarify the morphological changes and displacements of the median nerve during
flexor tendon sliding in CTS patients, cross-sectional dynamic analysis was introduced [45-47].
In this method, the transducer is placed parallel to the wrist crease at the proximal part of the carpal
tunnel (Figure 3). The subject is instructed to imitate a grasping motion from finger extension to finger
flexion (until the fingertip touches the palm) while recording the ultrasonic dynamic image of the
tendons, median nerve, and SSCT. The final position of each extension and flexion position is the
target of image evaluation, and the morphology and displacements of the median nerve are traced.
The median nerve area, circumference, aspect ratio, and circularity are evaluated. Circularity is a
feature that measures the complexity of a shape based on area and perimeter, and is defined as (square
of median nerve circumference)/(median nerve area X 4m). Therefore, in the case of a perfect circle,
the degree of circularity becomes one. Each parameter was compared between healthy subjects and
CTS patients and between finger extension and flexion. For both finger extension and flexion positions,
there were significant differences between healthy subjects and CTS patients in the median nerve area,
circumference, and circularity. As for the deformation patterns in the healthy subjects, when the finger
flexed, the aspect ratio decreased and the circularity increased. On the other hand, the aspect ratio
increased and the circularity decreased in the CTS patients during finger flexion [46-48]. It was found
that healthy subjects show morphological changes such that nerves are flattened when the fingers are
flexed but become more like a circle in CTS patients.
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Figure 3. An example image of the median nerve shape in finger extension and flexion positions.
(a) Healthy subjects, (b) carpal tunnel syndrome (CTS)patients. Reprinted from [48].

These facts show that in a healthy person the median nerve can be morphologically deformed by
tendon motion accompanying finger motion. The change in the cross-sectional area is also considered
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to be a movement of the median nerve in the longitudinal direction. On the other hand, in CTS patients
it can be seen that the morphological changes of the median nerve associated with finger movement
are small. Dynamic ultrasound can detect these changes of mobility and flexibility of median nerve in
the pathological conditions of CTS.

4. Ultrasound Elastography for CTS Assessment

Ultrasound elastography is a technique for imaging the hardness of a tissue by an ultrasonic
examination. There are two main principles for ultrasound elastography, which are categorized by the
measured physical quantity, strain imaging and shear wave imaging [49-51]. Strain imaging is used
to evaluate the degree of displacement when applying an external force to the tissues [49]. In strain
imaging, tissue displacement is calculated by processing radiofrequency datasets obtained before and
after compression [51]. When compression is applied to an elastic tissue, a method evaluates the degree
of the deformation, utilizing the characteristic that the deformation is large when the tissue is soft and
is small when the tissue is hard. In contrast to strain imaging, shear wave imaging measures physical
tissue displacement parallel to the applied normal stress [49]. It employs a dynamic stress to generate
shear waves in the parallel or perpendicular dimensions. Measurement of the shear wave speed
results in qualitative and quantitative estimates of tissue elasticity. While these concepts are relatively
straightforward to apply in a tissue of uniform physical properties, such as breast or liver [52,53],
application becomes complex when properties are not uniform [54] or are affected by direction, such as
occurs in the carpal tunnel, where the SSCT, tendons, and nerves all have different properties and these
properties, and ultrasound wave propagation, differ in the transverse and longitudinal directions.

Several ultrasound elastography studies have assessed changes of median nerve mechanical
properties in CTS [55-63]. In a recent meta-analysis, regardless of the ultrasound elastography mode,
median nerves at the wrist level were consistently stiffer in patients with CTS than those in healthy
controls [64]. There were several different parameters used to evaluate material property changes of
median nerve, i.e., color diagram, strain, strain ratio, shear wave velocity, and shear modulus. There are
various cutoff values for each method, due in part, as well, to differences in the measurement principles
with different ultrasound systems. For strain imaging, strain of the median nerve is the most generally
applied parameter. In some strain elastography-based studies, mean tissue strain in the CTS patients
group was significantly lower than in the healthy controls [59,63,65]. Although there were no clear
descriptions for the accuracy, the calculated accuracy of the strain measurements was 56.5-70% with the
cutoff values of 0.06-0.19. Another approach of using strain elastography is the measurement of color
pixels of elastographic images. A higher density of blue pixels (signifying harder nerves) and a lower
density of red pixels (signifying softer nerves) were found in the CTS population [55,56]. However,
considering the substantial variance in the results in healthy controls, it has been proposed to diagnose
CTS based on the wrist-to-forearm ratio of median nerve stiffness, rather than on the basis of the
absolute stiffness of the nerve, similar to the cross-sectional area measurements [39]. Since the applied
force affects the results of strain measurements, some studies used strain ratio, which is a parameter
measuring the ratio of median nerve strain and comparative structures, i.e., fat, tendon, or acoustic
coupler [57,65-67]. In another study, to standardize the strain measurement, special equipment was
developed [58] and subsequently modified with a pressure-monitor ultrasound system [68] (Figure 4).
With this equipment, the applied force and displacement of the transducer were more reproducible,
and strain with applied force can be evaluated quantitatively.

In studies of shear wave elastography, shear wave velocity was significantly lower [61] and shear
modulus was significantly higher [60,62,69] in CTS patients compared to healthy controls. When using
shear wave elastography, the longitudinal image is sensitive to changes in median nerve elasticity.
Shear wave elastography evaluates tissue stiffness by detecting the propagation speed of shear waves,
which is related to the stiffness of the medium. In a study with quantitative data, shear modulus
of median nerve was reported as 66.7 kPa in CTS patients and 32.0 kPa in control subjects, with a
cutoff value of 40.4 kPa having an accuracy rate of 91.7% [60]. In addition, it has been shown that
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shear wave elastography has a potential to estimate the carpal tunnel pressure [70,71] by evaluating
tendon shear wave speeds inside and outside the carpal tunnel in a cadaveric model. The results
showed that the shear wave speed inside carpal tunnel increases linearly with increased carpal tunnel
pressure (Figure 5). There are several limitations for strain imaging and shear wave imaging. For both
techniques, the penetration and reverberations are limited because they are affected by push-beam
quality and the reliability of displacement estimates. It is difficult to evaluate tissues covered with
hard structures. It has been suggested that the measurements produced by different systems must not
be compared in clinical practice to monitor a patient and the threshold values must only be used in an
analysis carried out with the same system and same transducer [72]. For the strain imaging, the applied
force affects the results of strain measurements. Therefore, the operator needs careful attention to apply
constant pressure to the tissue. For shear wave imaging, which detects the propagation speed of shear
waves, the measurement of deeper structures may not be accurate.

Motor for the compression-release
Pressure sensor

Transducer holder

()

Figure 4. Pressure-monitor ultrasound system for the quantitative assessment of median nerve strain.
(a) Pressure-monitor ultrasound system, (b) elastographic images of CTS patients and normal controls.
Upper row shows the image of a normal subject. Lower row shows the image of a CTS patient.
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Figure 5. Shear wave elastography for the estimation of carpal tunnel pressure. Left top and bottom
figures show the experimental setting and ultrasound elastography measure of third digit FDS tendon.
(A-E) demonstrate the wave speed of the tendon within and outside carpal tunnel region. Reprinted
from [70].

It is known that chronic nerve compression results in intra-neural edema, followed by peri-neural
thickening and nerve fiber changes with Wallerian degeneration [43,73]. Clinically, nerve swelling is
often observed, but ultrasound elastography has made it possible to quantitatively show changes of
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tissue elasticity. The hardness information provided by ultrasound elastography is considered to be an
index for clinically reflecting histological changes in the median nerve and surrounding structures.

5. Speckle Tracking for CTS Assessment

Another approach for the ultrasound assessment of CTS uses speckle tracking. Speckle tracking is
an application of pattern matching technology to ultrasonic images. A reference image for dynamic
analysis is set in the initial frame and then the region in the next frame where the speckle pattern is
most similar to the reference image is estimated, and the moving speed and direction of the tissue
are thus quantitatively evaluated, frame by frame. By reconstructing the deformation and motion of
the speckles, the motion of fluid and tissues can be analyzed. The accuracy of speckle tracking and
its clinical utility for the assessment of cardiac function has been demonstrated in cardiac imaging
studies [74-78]. This speckle tracking method was applied to quantitative evaluation of the shear stress
of flexor tendon and surrounding SSCT during finger motion in the carpal tunnel [79,80] (Figure 6).
In healthy controls and CTS patients, the transducer was placed parallel to the gliding direction of the
flexor tendon of the finger at the proximal part of the carpal tunnel, and the long-axis image of the
flexor tendon was displayed. Images were recorded when the fingers were flexed from the extended
position and extended from the flexed position. Finger extension-flexion-extension was set as one
cycle, and tracking points were set on the flexor tendon and SSCT, which located on the margin of
flexor tendon. The movement distance in each major axis direction was measured. Shear index was
defined as {(moving distance of tendon-moving distance of subsynovial connective tissue)/moving
distance of tendon} x 100 (%) and compared between healthy subjects and CTS patients. In this study,
the shear index was significantly higher in CTS patients (36.3%/47.8% in healthy subjects/CTS patients,
respectively) [80]. This suggests that the shear stress of tendon and SSCT is increased in CTS patients.
Since the SSCT of CTS patients has been shown to have reduced viscoelasticity compared to healthy
subjects, speckle tracking measurement of SSCT, tendon, and nerve shear index may be a way to
non-invasively assess the amount of fibrosis within the carpal tunnel and to correlate this physiological
property with the outcomes of various treatments, such as stretching exercises or steroid injections.
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Figure 6. Speckle tracking ultrasound for the assessment of CTS. (a) An example image of speckle

tracking, (b) tendon and subsynovial connective tissue excursions, and shear index. Reprinted
from [79,80].

Speckle tracking has the advantage over Doppler imaging that tissue dynamics can be analyzed
regardless of the angle between the object and the ultrasound transducer [79]. Speckle tracking has
the potential to show the difference in shear stress of the tendon and its surrounding tissue between
CTS patients and healthy subjects. However, tracking a flexor tendon that moves in three dimensions
requires the accurate placement of the transducer in the gliding direction of the tendon. There are still
issues to be considered for clinical application of speckle tracking analysis for CTS, which may not be
resolved until high-resolution, real-time, 3D dynamic imaging (really, 4D imaging) is available as a
clinical option.
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6. Future Perspectives

As described so far, recent advancements in the ultrasound evaluation of patients with CTS
provide more pathophysiological information about the median nerve and surrounding structures.
This information improves the diagnostic accuracy and deepens our understanding of the pathology
of CTS. But there are still some challenges in the ultrasound assessment. First, since the ultrasound
methods are known to have operator dependency, development of standardized protocols for image
analysis is needed. Second, it is important to clarify morphological variations in the median nerve
depending on race, sex, and physique. It is also needed to investigate diagnostic significance of
ultrasound in different disease populations, like diabetes and chronic renal failure patients. Since there
are reports that showed differences in the carpal tunnel characteristics [81,82], CTS patients related
with these diseases may need to set different cutoff values. The cutoff value for the measurement due
to these differences should be determined. Third, the measurement parameters for the longitudinal
assessment should be investigated. The longitudinal images are useful in case of focal compression
of the nerve because they show the compressed portion of the nerve as well as the proximal and/or
distal swollen portion [41]. However, it is rarely used as a quantitative parameter. This is because
there is no clear landmark that indicates the positional relationship with the wrist surface and it is
relatively difficult to visualize long-axis view of median nerve. Fourth, it is still unclear how these
ultrasound findings correlate with disease progression. It can be considered that these findings depict
pathological anatomy and kinematics associated with CTS. It remains to be seen, though, whether it is
possible to predict outcome or identify risk factors based on ultrasound findings. Fifth, the role of
ultrasound exam in the decision for treatment options is still unclear. Ultrasonography is useful as
an initial diagnostic test to detect median nerve size, anatomical abnormalities, and space-occupying
lesions. Since the ultrasound evaluations do not directly reflect the neurological functional impairment,
physicians will still need EP and other clinical studies to complement the ultrasound findings. Until
a single diagnostic method is able to accurately predict treatment outcomes and assess prognosis,
a comprehensive diagnostic investigation will still be needed. Lastly, postoperative findings should
be more focused in relation to the therapeutic effects. Some studies confirmed reduction of median
nerve size and recovery of material properties [83-85]. However, it is relatively few reports. Prognostic
potential of ultrasound should be evaluated more intensively. Research related to these ultrasonic
examination methods and treatment results will be useful in future studies on the prevention and
prognosis of CTS. Despite the large amount of information that accompanies the improvement of
ultrasound technologies, these issues remain unclear. In order to solve these problems, we would like
to suggest conducting a large-scale epidemiological survey that evaluates the clinical findings and
ultrasound assessment of CTS.

7. Conclusions

Recent advancements in the ultrasound assessment of CTS have been reviewed. It is well accepted
currently that static ultrasound measurement of median nerve cross-sectional area is helpful in the
diagnostic evaluation of CTS patients as the initial diagnostic test and may, in some cases, at least,
eliminate the need for EP testing. In addition, ultrasound imaging, especially dynamic imaging, has
made it possible to investigate CTS pathophysiology. That is, the morphological change pattern of
the median nerve due to finger movement is different in CTS patients from that of healthy persons.
In addition, the elastic modulus of the median nerve is decreased in CTS patients, and the shear
stress of the SSCT relative to adjacent tendons is increased in CTS patients. At present, these analyses
require work after image acquisition, but it is expected that each parameter will be measurable more
automatically using software on the ultrasound equipment in the future. It is expected that various
causes of CTS will be clarified based on these evaluation criteria and that ultrasound measures will be
applied to treatment selection and outcome assessment in patients with CTS in the future.



Diagnostics 2020, 10, 596 90of 13

Author Contributions: Data acquisitions, writing—original draft preparation, Y.Y.; writing—review and editing,
C.Z.; writing—review and editing, supervision, P.C.A. All authors have read and agreed to the published version
of the manuscript.

Funding: Supported in part by grants from Japanese Society for Surgery of the Hand (Y.Y.), National Institutes of
Health (NIH)/National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS), AR062613 (P.C.A.),
and AR067421 (C.Z.).

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

References

1.  Paget, J. Lectures on Surgical Pathology, 2nd ed.; Lindsay & Blakiston: Philadelphia, PA, USA, 1854.

2. Phalen, G.S. The carpal-tunnel syndrome. Seventeen years’ experience in diagnosis and treatment of six
hundred fifty-four hands. J. Bone Joint Surg. Am. 1966, 48, 211-228. [CrossRef]

3. Ibrahim, I; Khan, W.S.; Goddard, N.; Smitham, P. Carpal tunnel syndrome: A review of the recent literature.
Open Orthop. ]. 2012, 6, 69-76. [CrossRef] [PubMed]

4. Atroshi, I.; Gummesson, C.; Johnsson, R.; Ornstein, E.; Ranstam, J.; Rosen, 1. Prevalence of carpal tunnel
syndrome in a general population. JAMA 1999, 282, 153-158. [CrossRef] [PubMed]

5. De Krom, M.C,; Knipschild, P.G.; Kester, A.D.; Thijs, C.T.; Boekkooi, P.F.; Spaans, F. Carpal tunnel syndrome:
Prevalence in the general population. J. Clin. Epidemiol. 1992, 45, 373-376. [CrossRef]

6. Bland, J.D.; Rudolfer, S.M. Clinical surveillance of carpal tunnel syndrome in two areas of the United
Kingdom, 1991-2001. J. Neurol. Neurosurg. Psychiatry 2003, 74, 1674-1679. [CrossRef]

7. Witt, ].C; Hentz, ].G.; Stevens, J.C. Carpal tunnel syndrome with normal nerve conduction studies. Muscle
Nerve 2004, 29, 515-522. [CrossRef]

8.  Koyuncuoglu, H.R; Kutluhan, S.; Yesildag, A.; Oyar, O.; Guler, K.; Ozden, A. The value of ultrasonographic
measurement in carpal tunnel syndrome in patients with negative electrodiagnostic tests. Eur. . Radiol. 2005,
56, 365-369. [CrossRef]

9. Atroshi, I.; Gummesson, C.; Johnsson, R.; Ornstein, E. Diagnostic properties of nerve conduction tests in
population-based carpal tunnel syndrome. BMC Musculoskelet. Disord. 2003, 4, 9. [CrossRef]

10. AAEM Quality Assurance Committee; Jablecki, C.K.; Andary, M.T.; So, Y.T.; Wilkins, D.E.; Williams, F.H.
Literature review of the usefulness of nerve conduction studies and electromyography for the evaluation of
patients with carpal tunnel syndrome. Muscle Nerve 1993, 16, 1392-1414.

11. Nathan, P.A.; Keniston, R.C.; Meadows, K.D.; Lockwood, B.S. Predictive value of nerve conduction
measurements at the carpal tunnel. Muscle Nerve 1993, 16, 1377-1382. [CrossRef]

12.  McDonagh, C.; Alexander, M.; Kane, D. The role of ultrasound in the diagnosis and management of carpal
tunnel syndrome: A new paradigm. Rheumatology 2015, 54, 9-19. [CrossRef] [PubMed]

13.  Missere, M. Echography and the carpal tunnel syndrome. Radiol. Med. 1997, 94, 274. [PubMed]

14. Ferrari, FS.; Della Sala, L.; Cozza, S.; Guazzi, G.; Belcapo, L.; Mariottini, A.; Bolognini, A.; Stefani, P.
High-resolution ultrasonography in the study of carpal tunnel syndrome. Radiol. Med. 1997, 93, 336-341.
[PubMed]

15. Buchberger, W.; Judmaier, W.; Birbamer, G.; Lener, M.; Schmidauer, C. Carpal tunnel syndrome: Diagnosis
with high-resolution sonography. Am. J. Roentgenol. 1992, 159, 793-798. [CrossRef] [PubMed]

16. Duncan, I; Sullivan, P.; Lomas, F. Sonography in the diagnosis of carpal tunnel syndrome. Am. J. Roentgenol.
1999, 173, 681-684. [CrossRef]

17.  Lee, C.H.;Kim, TK,; Yoon, E.S.; Dhong, E.S. Correlation of high-resolution ultrasonographic findings with
the clinical symptoms and electrodiagnostic data in carpal tunnel syndrome. Ann. Plast Surg. 2005, 54, 20-23.
[CrossRef]

18. Nakamichi, K.; Tachibana, S. Restricted motion of the median nerve in carpal tunnel syndrome. J. Hand Surg.
Br. 1995, 20, 460—-464. [CrossRef]

19. Erel, E; Dilley, A.; Greening, J.; Morris, V.; Cohen, B.; Lynn, B. Longitudinal sliding of the median nerve in
patients with carpal tunnel syndrome. J. Hand Surg. Br. 2003, 28, 439-443. [CrossRef]

20. Nakamichi, K.; Tachibana, S. Ultrasonographic measurement of median nerve cross-sectional area in
idiopathic carpal tunnel syndrome: Diagnostic accuracy. Muscle Nerve 2002, 26, 798-803. [CrossRef]


http://dx.doi.org/10.2106/00004623-196648020-00001
http://dx.doi.org/10.2174/1874325001206010069
http://www.ncbi.nlm.nih.gov/pubmed/22470412
http://dx.doi.org/10.1001/jama.282.2.153
http://www.ncbi.nlm.nih.gov/pubmed/10411196
http://dx.doi.org/10.1016/0895-4356(92)90038-O
http://dx.doi.org/10.1136/jnnp.74.12.1674
http://dx.doi.org/10.1002/mus.20019
http://dx.doi.org/10.1016/j.ejrad.2005.05.013
http://dx.doi.org/10.1186/1471-2474-4-9
http://dx.doi.org/10.1002/mus.880161217
http://dx.doi.org/10.1093/rheumatology/keu275
http://www.ncbi.nlm.nih.gov/pubmed/25118315
http://www.ncbi.nlm.nih.gov/pubmed/9446140
http://www.ncbi.nlm.nih.gov/pubmed/9244907
http://dx.doi.org/10.2214/ajr.159.4.1529845
http://www.ncbi.nlm.nih.gov/pubmed/1529845
http://dx.doi.org/10.2214/ajr.173.3.10470903
http://dx.doi.org/10.1097/01.sap.0000141942.27182.55
http://dx.doi.org/10.1016/S0266-7681(05)80153-6
http://dx.doi.org/10.1016/S0266-7681(03)00107-4
http://dx.doi.org/10.1002/mus.10276

Diagnostics 2020, 10, 596 10 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Cartwright, M.; Hobson-Webb, L.; Boon, A.; Alter, K.E.; Hunt, C.H.; Flores, VH.; Werner, R.A ; Shook, S.J.;
Thomas, T.D.; Primack, S.J.; et al. Evidence-based guideline: Neuromuscular ultrasound for the diagnosis of
carpal tunnel syndrome. Muscle Nerve 2012, 46, 287-293. [CrossRef]

Yesildag, A.; Kutluhan, S.; Sengul, N.; Koyuncuoglu, H.R.; Oyar, O.; Guler, K.; Gulsoy, U.K. The role of
ultrasonographic measurements of the median nerve in the diagnosis of carpal tunnel syndrome. Clin. Radiol.
2004, 59, 910-915. [CrossRef] [PubMed]

Wong, S.M.; Griffith, J.E; Hui, A.C.; Lo, SK.; Fu, M.; Wong, K.S. Carpal tunnel syndrome: Diagnostic
usefulness of sonography. Radiology 2004, 232, 93-99. [CrossRef]

Wong, S.M.; Griffith, ].F; Hui, A.C.; Tang, A.; Wong, K.S. Discriminatory sonographic criteria for the diagnosis
of carpal tunnel syndrome. Arthritis Rheumatol. 2002, 46, 1914-1921. [CrossRef] [PubMed]

Pinilla, I.; Martin-Hervas, C.; Sordo, G.; Santiago, S. The usefulness of ultrasonography in the diagnosis of
carpal tunnel syndrome. |. Hand Surg. Eur. 2008, 33, 435-439. [CrossRef] [PubMed]

Sernik, R.A.; Abicalaf, C.A.; Pimentel, B.F,; Braga-Baiak, A.; Braga, L.; Cerri, G.G. Ultrasound features of
carpal tunnel syndrome: A prospective caseecontrol study. Skeletal Radiol. 2008, 37, 49-53. [CrossRef]
Akcar, N.; Ozkan, S.; Mehmetoglu, O.; Calisir, C.; Adapinar, B. Value of power Doppler and gray-scale US in
the diagnosis of carpal tunnel syndrome: Contribution of cross-sectional area just before the tunnel inlet as
compared with the cross-sectional area at the tunnel. Korean J. Radiol. 2010, 11, 632-639. [CrossRef]

Moran, L.; Perez, M.; Esteban, A.; Bellon, ].; Arranz, B.; del Cerro, M. Sonographic measurement of
crosssectional area of the median nerve in the diagnosis of carpal tunnel syndrome: Correlation with nerve
conduction studies. J. Clin. Ultrasound 2009, 37, 125-131. [CrossRef]

Leonard, L.; Rangan, A.; Doyle, G.; Taylor, G. Carpal tunnel syndromedis high frequency ultrasound a useful
diagnostic tool? J. Hand Surg. Br. 2003, 28, 77-79. [CrossRef]

Ng, AWH,; Griffith, ].E; Lee, RK.L.; Tse, W.L.; Wong, CW.Y.; Ho, P.C. Ultrasound carpal tunnel syndrome:
Additional criteria for diagnosis. Clin. Radiol 2018, 73, 214.e11-214.e18. [CrossRef]

Seror, P. Sonography and electrodiagnosis in carpal tunnel syndrome diagnosis, an analysis of the literature.
Eur. . Radiol. 2008, 67, 146-152. [CrossRef]

Billakota, S.; Hobson-Webb, L.D. Standard median nerve ultrasound in carpal tunnel syndrome:
A retrospective review of 1021 cases. Clin. Neurophysiol. Pract. 2017, 2, 188-191. [CrossRef] [PubMed]
Ashraf, AR, Jali, R.; Moghtaderi, A.R.; Yazdani, A.H. The diagnostic value of ultrasonography in patients
with electrophysiologicaly confirmed carpal tunnel syndrome. Electromyogr. Clin. Neurophysiol. 2009, 49, 3-8.
Kelle, H.; Verheggen, R.; Bittermann, H.J.; Reimers, C.D. The potential value of ultrasonography in the
evaluation of carpal tunnel syndrome. Neurology 2003, 61, 389-391. [CrossRef] [PubMed]

Nakamichi, K.I; Tachibana, S. Enlarged median nerve in idiopathic carpal tunnel syndrome. Muscle Nerve
2000, 23, 1713-1718. [CrossRef]

Sarria, L.; Cabada, T.; Cozcolluela, R.; Martinez-Berganza, T.; Garcia, S. Carpal tunnel syndrome: Usefulness
of sonography. Eur. Radiol. 2000, 10, 1920-1925. [CrossRef] [PubMed]

Fowler, ].R.; Gaughan, ].P; Ilyas, A.M. The sensitivity and specificity of ultrasound for the diagnosis of carpal
tunnel syndrome: A meta-analysis. Clin. Orthop. Relat. Res. 2011, 469, 1089-1094. [CrossRef] [PubMed]
Torres-Costoso, A.; Martinez-Vizcaino, V.; Alvarez-Bueno, C.; Ferri-Morales, A.; Cavero-Redondo, 1. Accuracy
of Ultrasonography for the diagnosis of carpal tunnel syndrome: A systematic review and meta-analysis.
Arch. Phys. Med. Rehabil. 2018, 99, 758-765. [CrossRef]

Hobson-Webb, L.D.; Massey, ].M.; Juel, V.C.; Sanders, D.B. The ultrasonographic wrist-to-forearm median
nerve area ratio in carpal tunnel syndrome. Clin. Neurophysiol. 2008, 119, 1353-1357. [CrossRef]

Mitchell, R.; Chesney, A.; Seal, S.; Mc Knight, L.; Thoma, A. Anatomical variations of the carpal tunnel
structures. Can. J. Plast. Surg. 2009, 17, 3-7. [CrossRef]

Presazzi, A.; Bortolotto, C.; Zacchino, M.; Madonia, L.; Draghi, F. Carpal tunnel: Normal anatomy, anatomical
variants and ultrasound technique. J. Ultrasound 2011, 14, 40-46. [CrossRef]

Ettema, A.M.; Amadio, P.C.; Zhao, C.; Wold, L.E.; An, K.N. A histological and immunohistochemical study
of the subsynovial connective tissue in idiopathic carpal tunnel syndrome. J. Bone Joint Surg. Am. 2004, 86,
1458-1466. [CrossRef] [PubMed]

Oh, J.; Zhao, C.; Zobitz, M.E.; Wold, L.E.; An, K.N.; Amadio, P.C. Morphological changes of collagen fibrils
in the subsynovial connective tissue in carpal tunnel syndrome. J. Bone Joint Surg. Am. 2006, 88, 824-831.
[PubMed]


http://dx.doi.org/10.1002/mus.23389
http://dx.doi.org/10.1016/j.crad.2004.03.020
http://www.ncbi.nlm.nih.gov/pubmed/15451351
http://dx.doi.org/10.1148/radiol.2321030071
http://dx.doi.org/10.1002/art.10385
http://www.ncbi.nlm.nih.gov/pubmed/12124876
http://dx.doi.org/10.1177/1753193408090396
http://www.ncbi.nlm.nih.gov/pubmed/18687830
http://dx.doi.org/10.1007/s00256-007-0372-9
http://dx.doi.org/10.3348/kjr.2010.11.6.632
http://dx.doi.org/10.1002/jcu.20551
http://dx.doi.org/10.1054/JHSB.2002.0869
http://dx.doi.org/10.1016/j.crad.2017.07.025
http://dx.doi.org/10.1016/j.ejrad.2007.06.017
http://dx.doi.org/10.1016/j.cnp.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30214994
http://dx.doi.org/10.1212/01.WNL.0000073101.04845.22
http://www.ncbi.nlm.nih.gov/pubmed/12913205
http://dx.doi.org/10.1002/1097-4598(200011)23:11&lt;1713::AID-MUS7&gt;3.0.CO;2-G
http://dx.doi.org/10.1007/s003300000502
http://www.ncbi.nlm.nih.gov/pubmed/11305571
http://dx.doi.org/10.1007/s11999-010-1637-5
http://www.ncbi.nlm.nih.gov/pubmed/20963527
http://dx.doi.org/10.1016/j.apmr.2017.08.489
http://dx.doi.org/10.1016/j.clinph.2008.01.101
http://dx.doi.org/10.1177/229255030901700302
http://dx.doi.org/10.1016/j.jus.2011.01.006
http://dx.doi.org/10.2106/00004623-200407000-00014
http://www.ncbi.nlm.nih.gov/pubmed/15252093
http://www.ncbi.nlm.nih.gov/pubmed/16595473

Diagnostics 2020, 10, 596 11 of 13

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Osamura, N.; Zhao, C.; Zobitz, M.E.; An, K.N.; Amadio, P.C. Evaluation of the material properties of the
subsynovial connective tissue in carpal tunnel syndrome. Clin. Biomech. 2007, 22, 999-1003. [CrossRef]
[PubMed]

Yoshii, Y.; Villarraga, H.R.; Henderson, J.; Zhao, C.; An, K.N.; Amadio, P.C. Ultrasound assessment of the
displacement and deformation of the median nerve in the human carpal tunnel with active finger motion.
J. Bone Joint Surg. Am. 2009, 91, 2922-2930. [CrossRef]

Van Doesburg, M.H.; Henderson, J.; Yoshii, Y.; Mink van der Molen, A.B.; Cha, S.S.; An, K.N.; Amadio, P.C.
Median nerve deformation in differential finger motions: Ultrasonographic comparison of carpal tunnel
syndrome patients and healthy controls. J. Orthop. Res. 2012, 30, 643-648. [CrossRef]

Yoshii, Y.; Ishii, T.; Tung, W.L.; Sakai, S.; Amadio, P.C. Median nerve deformation and displacement in the
carpal tunnel during finger motion. J. Orthop. Res. 2013, 31, 1876-1880. [CrossRef]

Yoshii, Y. Dynamic analysis of ultrasound image for the diagnosis of carpal tunnel syndrome. Kansetsugeka
2015, 34, 636—643.

Sigrist, RM.S,; Liau, ].; Kaffas, A.E.; Chammas, M.C.; Willmann, J.K. Ultrasound Eeastography: Review of
techniques and clinical applications. Theranostics 2017, 7, 1303-1329. [CrossRef]

Ophir, J.; Cespedes, I.; Ponnekanti, H.; Yazdi, T.; Li, X. Elastography: A quantitative method for imaging the
elasticity of biological tissues. Ultrason. Imaging 1991, 2, 111-134. [CrossRef]

Garra, B.S. Elastography: History, principles, and technique comparison. Abdom. Imaging 2015, 40, 680-697.
[CrossRef]

Carlsen, ].F,; Hansen, K.L.; Ewertsen, C.; Nielsen, M.B. Elastography in Breast Imaging. Ultraschall Med. 2019,
40, 688-691. [CrossRef] [PubMed]

Sporea, I; Sirli, R.L. Hepatic elastography for the assessment of liver fibrosis—present and future. Ultraschall
Med. 2012, 33, 550-558. [CrossRef] [PubMed]

Pedersen, M.; Fredberg, U.; Langberg, H. Sonoelastography as a diagnostic tool in the assessment of
musculoskeletal alterations: A systematic review. Ultraschall Med. 2012, 33, 441-446. [CrossRef]

Klauser, A.S.; Miyamoto, H.; Martinoli, C.; Tagliafico, A.S.; Szantkay, J.; Feuchtner, G.; Jaschke, W.
Sonoelastographic findings of carpal tunnel injection. Ultraschall Med. 2015, 36, 618-622. [CrossRef]
Ghajarzadeh, M.; Dadgostar, M.; Sarraf, P.; Emami-Razavi, S.Z.; Miri, S.; Malek, M. Application of ultrasound
elastography for determining carpal tunnel syndrome severity. Jpn. J. Radiol. 2015, 33, 273-278. [CrossRef]
[PubMed]

Miyamoto, H.; Halpern, E.J.; Kastlunger, M.; Gabl, M.; Arora, R.; Bellmann-Weiler, R.; Feuchtner, G.M.;
Jaschke, W.R.; Klauser, A.S. Carpal tunnel syndrome: Diagnosis by means of median nerve elasticity-improved
diagnostic accuracy of US with sonoelastography. Radiology 2014, 270, 481-486. [CrossRef]

Yoshii, Y.; Ishii, T.; Tanaka, T.; Tung, W.L.; Sakai, S. Detecting median nerve strain changes with cyclic
compression apparatus: A comparison of carpal tunnel syndrome patients and healthy controls. Ultrasound
Med. Biol. 2015, 41, 669-674. [CrossRef]

Liao, Y.Y.; Lee, W.N.; Lee, M.R.; Chen, W.S.; Chiou, H.J.; Kuo, T.T; Yeh, C.K. Carpal tunnel syndrome: US
strain imaging for diagnosis. Radiology 2015, 275, 205-214. [CrossRef]

Kantarci, F; Ustabasioglu, FE.; Delil, S.; Olgun, D.C.; Korkmazer, B.; Dikici, A.S.; Tutar, O.; Nalbantoglu, M.;
Uzun, N.; Mihmanli, I. Median nerve stiffness measurement by shear wave elastography: A potential
sonographic method in the diagnosis of carpal tunnel syndrome. Eur. Radiol. 2014, 24, 434-440. [CrossRef]
Zhang, C.; Li, M,; Jiang, J.; Zhou, Q.; Xiang, L.; Huang, Y.; Ban, W.; Peng, W. Diagnostic value of virtual touch
tissue imaging quantification for evaluating median nerve stiffness in carpal tunnel syndrome. J. Ultrasound
Med. 2017, 36, 1783-1791. [CrossRef]

Paluch, L.; Pietruski, P.; Walecki, J.; Noszczyk, B.H. Wrist to forearm ratio as a median nerve shear wave
elastography test in carpal tunnel syndrome diagnosis. J. Plast. Reconstr. Aesthet. Surg. 2018, 71, 1146-1152.
[CrossRef] [PubMed]

Orman, G.; Ozben, S.; Huseyinoglu, N.; Duymus, M.; Orman, K.G. Ultrasound elastographic evaluation
in the diagnosis of carpal tunnel syndrome: Initial findings. Ultrasound Med. Biol. 2013, 39, 1184-1189.
[CrossRef] [PubMed]

Lin, C.P; Chen, L].; Chang, K.V.; Wu, W.T; Ozc;akar, L. Utility of ultrasound elastography in evaluation of
carpal tunnel syndrome: A systematic review and meta-analysis. Ultrasound Med. Biol. 2019, 45, 2855-2865.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.clinbiomech.2007.07.009
http://www.ncbi.nlm.nih.gov/pubmed/17822815
http://dx.doi.org/10.2106/JBJS.H.01653
http://dx.doi.org/10.1002/jor.21562
http://dx.doi.org/10.1002/jor.22462
http://dx.doi.org/10.7150/thno.18650
http://dx.doi.org/10.1177/016173469101300201
http://dx.doi.org/10.1007/s00261-014-0305-8
http://dx.doi.org/10.1055/a-1022-7326
http://www.ncbi.nlm.nih.gov/pubmed/31794995
http://dx.doi.org/10.1055/s-0032-1313011
http://www.ncbi.nlm.nih.gov/pubmed/22833202
http://dx.doi.org/10.1055/s-0032-1312923
http://dx.doi.org/10.1055/s-0034-1385836
http://dx.doi.org/10.1007/s11604-015-0416-3
http://www.ncbi.nlm.nih.gov/pubmed/25895157
http://dx.doi.org/10.1148/radiol.13122901
http://dx.doi.org/10.1016/j.ultrasmedbio.2014.09.020
http://dx.doi.org/10.1148/radiol.14140017
http://dx.doi.org/10.1007/s00330-013-3023-7
http://dx.doi.org/10.1002/jum.14213
http://dx.doi.org/10.1016/j.bjps.2018.03.022
http://www.ncbi.nlm.nih.gov/pubmed/29759950
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.02.016
http://www.ncbi.nlm.nih.gov/pubmed/23643060
http://dx.doi.org/10.1016/j.ultrasmedbio.2019.07.409
http://www.ncbi.nlm.nih.gov/pubmed/31402226

Diagnostics 2020, 10, 596 12 of 13

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Tatar, I.G.; Kurt, A.; Yavasoglu, N.G.; Hekimoglu, B. Carpal tunnel syndrome: Elastosonographic strain ratio
and cross-sectional area evaluation for the diagnosis and disease severity. Med. Ultrasound 2016, 18, 305-311.
[CrossRef] [PubMed]

Martin, M.J.; Cartwright, M.S. A pilot study of strain elastography in the diagnosis of carpal tunnel syndrome.
J. Clin. Neurophysiol. 2017, 34, 114-118. [CrossRef] [PubMed]

Asadov, R;; Erdal, A.; Bugdayci, O.; Gunduz, O.H.; Ekinci, G. The effectiveness of ultrasonography and
ultrasonographic elastography in the diagnosis of carpal tunnel syndrome and evaluation of treatment
response after steroid injection. Eur. J. Radiol. 2018, 108, 172-176. [CrossRef]

Yoshii, Y.; Tung, W.L.; Ishii, T. Measurement of Median Nerve Strain and Applied Pressure for the Diagnosis
of Carpal Tunnel Syndrome. Ultrasound Med. Biol. 2017, 43, 1205-1209. [CrossRef]

Cingoz, M.; Kandemirli, S.G.; Alis, D.C.; Samanci, C.; Kandemirli, G.C.; Adatepe, N.U. Evaluation of median
nerve by shear wave elastography and diffusion tensor imaging in carpal tunnel syndrome. Eur. J. Radiol.
2018, 101, 59-64. [CrossRef]

Kubo, K.; Zhou, B.; Cheng, Y.S.; Yang, TH.; Qiang, B.; An, K.N.; Moran, S.L.; Amadio, P.C.; Zhang, X,;
Zhao, C. Ultrasound elastography for carpal tunnel pressure measurement: A cadaveric validation study.
J. Orthop. Res. 2018, 36, 477-483. [CrossRef]

Cheng, Y.S.; Zhou, B.; Kubo, K.; An, K.N.; Moran, S.L.; Amadio, P.C.; Zhang, X.; Zhao, C. Comparison of two
ways of altering carpal tunnel pressure with ultrasound surface wave elastography. |. Biomech. 2018, 74,
197-201. [CrossRef]

Franchi-Abella, S.; Elie, C.; Correas, ].M. Ultrasound elastography: Advantages, limitations and artefacts of
the different techniques from a study on a phantom. Diagn. Interv. Imaging 2013, 94, 497-501. [CrossRef]
[PubMed]

Mackinnon, S.E.; Dellon, A.L.; Hudson, A.R.; Hunter, D.A. Chronic nerve compression—an experimental
model in the rat. Ann. Plast. Surg. 1984, 13, 112-120. [CrossRef] [PubMed]

Moharram, M.A.; Lamberts, R.R.; Whalley, G.; Williams, M.J.A.; Coffey, S. Myocardial tissue characterisation
using echocardiographic deformation imaging. Cardiovasc. Ultrasound 2019, 17, 27. [CrossRef] [PubMed]
Murtaza, G.; Virk, HU.H.; Khalid, M.; Rahman, Z.; Sitwala, P.; Schoondyke, J.; Al-Balbissi, K. Role of
speckle tracking echocardiography in dilated cardiomyopathy: A Review. Cureus 2017, 9, €1372. [CrossRef]
[PubMed]

Muraru, D.; Niero, A.; Rodriguez-Zanella, H.; Cherata, D.; Badano, L. Three-dimensional speckle-tracking
echocardiography: Benefits and limitations of integrating myocardial mechanics with three-dimensional
imaging. Cardiovasc. Diagn. Ther. 2018, 8, 101-117. [CrossRef]

Mondillo, S.; Galderisi, M.; Mele, D.; Cameli, M.; Lomoriello, V.S.; Zaca, V.; Ballo, P.; D’Andrea, A.; Muraru, D.;
Losi, M.; et al. Speckle-tracking echocardiography: A new technique for assessing myocardial function.
J. Ultrasound Med. 2011, 30, 71-83. [CrossRef]

Blessberger, H.; Binder, T. NON-invasive imaging: Two dimensional speckle tracking echocardiography:
Basic principles. Heart 2010, 96, 716-722. [CrossRef]

Yoshii, Y.; Villarraga, H.R.; Henderson, J.; Zhao, C.; An, K.N.; Amadio, P.C. Speckle tracking ultrasound for
assessment of the relative motion of flexor tendon and subsynovial connective tissue in the human carpal
tunnel. Ultrasound Med. Biol. 2009, 35, 1973-1981. [CrossRef]

Van Doesburg, M.H.; Yoshii, Y.; Henderson, ].; Villarraga, H.R.; Moran, S.L.; Amadio, P.C. Speckle-tracking
sonographic assessment of longitudinal motion of the flexor tendon and subsynovial tissue in carpal tunnel
syndrome. J. Ultrasound Med. 2012, 31, 1091-1098. [CrossRef]

Chen, I; Chang, K,; Lou, Y.; Wu, W,; Ozcakar, L. Can ultrasound imaging be used for the diagnosis of carpal
tunnel syndrome in diabetic patients? A systemic review and network meta-analysis. J. Neurol. 2020, 267,
1887-1895. [CrossRef]

Takahashi, T.; Kato, A.; Ikegaya, N.; Takita, T.; Maruyama, Y.; Hishida, A.; Takahashi, M. Ultrasound changes
of the carpal tunnel in patients receiving long-term hemodialysis: A cross-sectional and longitudinal study.
Clin. Nephrol. 2002, 57, 230-236. [CrossRef] [PubMed]

Kim, J.Y,; Yoon, ].S.; Kim, S.J.; Won, S.J.; Jeong, ]J.S. Carpal tunnel syndrome: Clinical, electrophysiological,
and ultrasonographic ratio after surgery. Muscle Nerve 2012, 45, 183-188. [CrossRef] [PubMed]


http://dx.doi.org/10.11152/mu.2013.2066.183.tat
http://www.ncbi.nlm.nih.gov/pubmed/27622406
http://dx.doi.org/10.1097/WNP.0000000000000334
http://www.ncbi.nlm.nih.gov/pubmed/27560304
http://dx.doi.org/10.1016/j.ejrad.2018.09.027
http://dx.doi.org/10.1016/j.ultrasmedbio.2017.02.018
http://dx.doi.org/10.1016/j.ejrad.2018.02.005
http://dx.doi.org/10.1002/jor.23658
http://dx.doi.org/10.1016/j.jbiomech.2018.04.003
http://dx.doi.org/10.1016/j.diii.2013.01.024
http://www.ncbi.nlm.nih.gov/pubmed/23567179
http://dx.doi.org/10.1097/00000637-198408000-00004
http://www.ncbi.nlm.nih.gov/pubmed/6476732
http://dx.doi.org/10.1186/s12947-019-0176-9
http://www.ncbi.nlm.nih.gov/pubmed/31730467
http://dx.doi.org/10.7759/cureus.1372
http://www.ncbi.nlm.nih.gov/pubmed/28744419
http://dx.doi.org/10.21037/cdt.2017.06.01
http://dx.doi.org/10.7863/jum.2011.30.1.71
http://dx.doi.org/10.1136/hrt.2007.141002
http://dx.doi.org/10.1016/j.ultrasmedbio.2009.07.004
http://dx.doi.org/10.7863/jum.2012.31.7.1091
http://dx.doi.org/10.1007/s00415-019-09254-8
http://dx.doi.org/10.5414/CNP57230
http://www.ncbi.nlm.nih.gov/pubmed/11924755
http://dx.doi.org/10.1002/mus.22264
http://www.ncbi.nlm.nih.gov/pubmed/22246872

Diagnostics 2020, 10, 596 13 of 13

84. Kapusciniska, K.; Urbanik, A. Efficacy of high frequency ultrasound in postoperative evaluation of carpal
tunnel syndrome treatment. . Ultrason. 2016, 16, 16-24. [CrossRef]

85. Yoshii, Y.; Tung, W.L.; Yuine, H.; Ishii, T. Postoperative diagnostic potentials of median nerve strain and
applied pressure measurement after carpal tunnel release. BMC Musculoskelet. Disord. 2020, 21,22. [CrossRef]
[PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.15557/JoU.2016.0002
http://dx.doi.org/10.1186/s12891-019-3033-y
http://www.ncbi.nlm.nih.gov/pubmed/31926552
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Static Cross-Sectional Ultrasound for CTS Assessment 
	Dynamic Ultrasound for CTS Assessment 
	Ultrasound Elastography for CTS Assessment 
	Speckle Tracking for CTS Assessment 
	Future Perspectives 
	Conclusions 
	References

