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Abstract: The triangular fibrocartilage complex (TFCC) is a significant stabilizer of the distal radioul-
nar joint. Diagnosing TFCC injury is currently difficult, but ultrasonography (US) has emerged as a
low-cost, minimally invasive diagnostic tool. We aimed to quantitatively analyze TFCC by perform-
ing motion analysis by using US. Twelve healthy volunteers, comprising 24 wrists (control group),
and 15 patients with TFCC Palmer type 1B injuries (injury group) participated. The US transducer
was positioned between the ulnar styloid process and triquetrum and was tilted ulnarly 30◦ from the
vertical line. The wrist was then actively moved from 10◦ of radial deviation to 20◦ of ulnar deviation
in a 60-rounds-per-minute rhythm that was paced by a metronome. The articular disc displacement
velocity magnitude was analyzed by using particle image velocimetry fluid measurement software.
The mean area of the articular discs was larger on ulnar deviation in the control group. The mean
articular disc area on radial deviation was larger in the injury group. The average articular disc
velocity magnitude for the injury group was significantly higher than that for the control group. The
results suggest that patients with TFCC injury lose articular disc cushioning and static stability, and
subsequent abnormal motion can be analyzed by using US.

Keywords: TFCC; ultrasonography; articular disc; PIV; dynamic analysis

1. Introduction

The triangular fibrocartilage complex (TFCC) is an important stabilizer of the distal
radioulnar joint (DRUJ), serving as a cushion against axial loading in the ulnar carpal
joint [1]. TFCC injuries are the most common causes of ulnar wrist pain. Clinical findings
include swelling, pain, limited range of forearm supination–pronation, and instability of the
DRUJ with wrist pain that interferes with daily activities, such as turning door handles or
shaking hands [2]. The TFCC mainly consists of four structures (Figure 1): the articular disc,
meniscus homologue, radioulnar ligaments, and extensor carpi ulnaris (ECU). The ECU
and the articular disc are reported to be important stabilizers of the DRUJ [1]. TFCC injury
is caused by axial pressure and torsion of the wrist joint. The Palmer classification, which is
widely used in clinical practice to classify TFCC injuries [1], is divided into traumatic class 1
and degenerative class 2, each of which is divided into their respective subtypes. Among
them, Palmer type 1B TFCC injury occurs at the attachment of the ulnar fovea, leading to
instability of the DRUJ resulting in pain [2]. The attachment to the fovea, termed as the
ligamentum subcruentum (Figure 1), has been reported in recent biomechanical studies to
contribute significantly to the stability of the DRUJ [3].
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Figure 1. (a) Illustration of the main structures of the triangular fibrocartilage complex (TFCC). (b) 
Axial view. The ligamentum subcruentum is reported to be important for the stability of the wrist. 
(c) Tear site of the TFCC (Palmer type 1B). 

The TFCC is a complex soft tissue structure which cannot be evaluated by simple X-
ray or computed tomography [4]. Therefore, magnetic resonance imaging (MRI) and com-
puted tomographic arthrography (CTA) are used for the diagnosis of TFCC injuries (Fig-
ure 2); however, it is not easy to diagnose damage within the TFCC due to its small, thin, 
and complex structure [4]. According to a meta-analysis that analyzed the utility of dif-
ferent imaging modalities for TFCC injury, the sensitivities were 0.76 and 0.89 for MRI 
and CTA, respectively, while the specificities were 0.82 and 0.89, respectively [4]. Ultraso-
nography (US) has recently been used as a low-cost, minimally invasive option for the 
diagnosis of musculoskeletal disorders. Wu et al. presented a standard US scanning pro-
tocol for TFCC in 2019 by observing the volar and dorsal sides of the wrist joint [5]. Fur-
thermore, US can depict components of the TFCC and elaborate existing lesions of the 
articular disc, meniscus homologue, and juxta-articular ligaments. However, the protocol 
in 2019 was described only for static image analysis [5], and dynamic analysis has not yet 
been performed. Previous MRI analyses have shown that the TFCC’s morphology is dif-
ferent between healthy volunteers and patients with Palmer type 1B TFCC injuries (radial 
and ulnar deviation, respectively) [6]. Therefore, we proposed that US-based observation 
of this morphological change would lead to the diagnosis of TFCC injury. 

 
Figure 2. TFCC injury (Palmer type 1B) delineation via magnetic resonance imaging (MRI) and com-
puted tomographic arthrography (CTA). MRI T2* imaging shows a high-intensity line on the disc 
of the TFCC (red arrow). Moreover, CTA pooling of the contrast medium at the TFCC attachment 
site of the ulnar head is visible (yellow arrow). 

Although US images can dynamically assess soft tissue conditions in real time, they 
are subject to anisotropy and evaluator proficiency limitations [7]. Therefore, in addition 

Figure 1. (a) Illustration of the main structures of the triangular fibrocartilage complex (TFCC).
(b) Axial view. The ligamentum subcruentum is reported to be important for the stability of the wrist.
(c) Tear site of the TFCC (Palmer type 1B).

The TFCC is a complex soft tissue structure which cannot be evaluated by simple X-ray
or computed tomography [4]. Therefore, magnetic resonance imaging (MRI) and computed
tomographic arthrography (CTA) are used for the diagnosis of TFCC injuries (Figure 2);
however, it is not easy to diagnose damage within the TFCC due to its small, thin, and
complex structure [4]. According to a meta-analysis that analyzed the utility of different
imaging modalities for TFCC injury, the sensitivities were 0.76 and 0.89 for MRI and CTA,
respectively, while the specificities were 0.82 and 0.89, respectively [4]. Ultrasonography
(US) has recently been used as a low-cost, minimally invasive option for the diagnosis
of musculoskeletal disorders. Wu et al. presented a standard US scanning protocol for
TFCC in 2019 by observing the volar and dorsal sides of the wrist joint [5]. Furthermore,
US can depict components of the TFCC and elaborate existing lesions of the articular
disc, meniscus homologue, and juxta-articular ligaments. However, the protocol in 2019
was described only for static image analysis [5], and dynamic analysis has not yet been
performed. Previous MRI analyses have shown that the TFCC’s morphology is different
between healthy volunteers and patients with Palmer type 1B TFCC injuries (radial and
ulnar deviation, respectively) [6]. Therefore, we proposed that US-based observation of
this morphological change would lead to the diagnosis of TFCC injury.
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Figure 2. TFCC injury (Palmer type 1B) delineation via magnetic resonance imaging (MRI) and
computed tomographic arthrography (CTA). MRI T2* imaging shows a high-intensity line on the disc
of the TFCC (red arrow). Moreover, CTA pooling of the contrast medium at the TFCC attachment site
of the ulnar head is visible (yellow arrow).

Although US images can dynamically assess soft tissue conditions in real time, they are
subject to anisotropy and evaluator proficiency limitations [7]. Therefore, in addition to the
morphological change of TFCC, we focused on the velocity of movement as a quantitative
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measure of instability [8]. In fact, it has been reported in cadaveric studies that dissection
of the fovea attachment in TFCC causes instability. In this study, we used particle image
velocimetry (PIV) as a dynamic analysis tool. PIV is a quantitative flow visualization
tool that was developed for measuring fluid velocities over a wide range of lengths and
timescales [9]. The PIV method was first used in fluid engineering and has since been
adapted in the medical research field. Kawanishi et al. reported the use of PIV analysis in
US imaging to evaluate the gliding property of the femoral fascia [10]. This technique was
also used for the quantitative evaluation of the median nerve in the long-axis direction [11].

Currently, MRI and CTA are the main methods used to diagnose TFCC injuries, but
these examinations are time-consuming and expensive. US imaging is a diagnostic tool
that can evaluate the morphology of TFCC in real time. In this study, we hypothesized that
TFCC injury can be diagnosed more efficiently by quantitatively evaluating the morpho-
logical changes shown by MRI in the past [6]. In this study, we quantitatively evaluated
the morphological changes in Palmer 1B type TFCC injuries by using US images, and
investigated the usefulness of US images as a diagnostic tool in clinical practice.

2. Materials and Methods
2.1. Population

Twelve healthy volunteers (nine men and three women; mean age, 36.2 years) with
24 wrists served as the control group for this study. Fifteen patients (nine men and six
women; mean age, 41.3 years) with 15 TFCC injuries (Palmer type 1B) who underwent TFCC
repair between April 2020 and June 2021 were included in the injury group. The diagnosis
of TFCC injury was made by using MRI and intraoperative arthroscopic findings. TFCC
injury cases other than Palmer type 1B were excluded. The sample size was determined by
power analysis based on data from the pilot study, using G*Power 3.1. Prior sample size
calculations showed that a difference in area of 2 mm2 was detectable in the two groups
with a sample size of 30 participants (15 participants in each group), using the t-test (effect
size = 0.95, α = 0.05, power = 0.8).

2.2. Experimental Data Acquisition and Analysis

On US imaging, the TFCC was visualized from its dorsal side with the forearm in
pronation, using a 15M linear probe (Canon Aplio 300, TUS-A300, Canon Medical Systems,
Tochigi, Japan). The gain, dynamic range, and frame rate were kept constant throughout
all measurements and were not changed between participants. Following the procedure
reported by Wu et al. [5], the US transducer was positioned between the ulnar styloid
process and the triquetrum, parallel to the ECU tendon, with a 30-degree ulnar tilt from the
vertical line (Figure 3). In this view, a hyperechoic ECU tendon could be observed as the
most superficial structure. The ulnar collateral ligament could then be seen as a hyperechoic
fibrillary structure beneath the ECU tendon. The lunate and triquetrum could be seen on
the distal side of the view and the ulnar styloid process on the proximal side; each was
covered by an anechoic layer of cartilage. The articular disc appeared as a hypoechoic
structure between the ulna and lunate. The lunotriquetral ligament, which links the lunate
and triquetrum, also appeared as a hypoechoic structure on the surface of two carpal bones.
Between the triquetrum and the articular disc, the hammock-shaped meniscus homolog
could be seen as a mixture of hyperechoic and hypoechoic structures (Figure 3).

To perform motion analysis, TFCC visualization was performed with the forearm in
pronation. Under these views, the wrist was actively moved from 15 degrees of radial
deviation to 25 degrees of ulnar deviation at a 60-rounds-per-minute rhythm that was
paced by a metronome (Figure 3). The same examination was performed twice per wrist.
All US images were evaluated by two examiners (both senior orthopedic surgeons). As
described previously, the articular disc was detected as a hypoechoic area [5]. Its area
of measurement was defined by four lines as follows: proximal end of the articular disc,
distal end of the articular disc, ulnar collateral ligament, and joint space between the
lunate and triquetrum (Figure 4a). The area was calculated by using ImageJ software
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(USA National Institutes of Health [NIH], Bethesda, MA, USA), which is a public-domain
Java-based image-processing software developed at the United States NIH [12]. Briefly,
the areas of the defined articular disc were manually plotted and measured by using the
Image J measurement tool (Figure 4b). Then, a comparison of the area of the articular disc
between radial and ulnar deviation was performed. Furthermore, a correlation between
patient height and the mean area of their articular disc was calculated. Measurements were
performed by three orthopedic surgeons, using Image J. To confirm reproducibility, we
calculated the intra-rater correlation coefficient and the inter-rater correlation coefficient by
using these measurement results. Using the same images, the velocity magnitude of the
articular disc displacement or ECU motion was analyzed by using PIV fluid measurement
software (PIV lab. Version 2.36, add-in software from MATLAB (Mathworks, Natick,
MA, USA)) [9]. Briefly, two regions of interest were set at the articular disc and ECU
tendon (Figure 5). We edited all US movies into 30 static images per second. The pixel
displacement between two sequential images was measured, and the velocity magnitude
of the structure inside the region of interest was subsequently calculated. For the articular
disc, the u-component, which comprises the longitudinal movement of the articular disc,
was calculated. The v-component, representing the overall axial movement of the articular
disc, was also calculated. Since the u- and v-components show positive and negative
values depending on the direction of movement, the evaluation was added to the absolute
values. PIV measurements were performed twice, with three examiners performing the
measurements. The inter-rater and intra-rater correlation coefficients were evaluated.
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Figure 3. (a) Ultrasonography (US) transducer was positioned between the ulnar styloid process and
the triquetrum, parallel to the extensor carpi ulnaris (ECU) tendon, with a 30 degree ulnar tilt from
the vertical line. With this view, the wrist joint was moved from 15◦ of radial flexion to 25◦ of ulnar
flexion. (b) US imaging of the TFCC by using the long-axis approach. (c) With this view, we can
observe the ECU tendon, ulnar collateral ligament (light blue shade), meniscus homologue (orange
shade), radioulnar ligament (yellow shade), articular disc (green shade), and lunotriquetral ligament
(light purple shade).

The relationship between the articular disc area and patient height was evaluated
by using Pearson’s correlation coefficient. The area comparison of the articular disc by
radial and ulnar deviation within each group and the comparison between the groups
were performed by using the t-test. The t-test was also used for magnitude velocity
comparison, using the PIV method. Analyses were performed by using Statcel, an Excel
add-in statistical software package (Ekuseru-Toukei 2015; Social Research Information Co.,
Ltd., Tokyo, Japan). Statistical significance was set at p < 0.05. The intraclass correlation
coefficient (ICC) was calculated by using R studio (version 3.6.1; R studio, Boston, MA,
USA), based on the measurement results of the area and velocity magnitude. The intra-rater
reliability and inter-rater reliability were also evaluated via ICC. The Ethics Committee of
our institute approved this study (No. B21009), and informed consent was obtained from
all patients involved.
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3. Results

For the control group, the mean area of the articular disc was 25.37 ± 2.74 mm2

on radial deviation and 27.66 ± 2.89 mm2 on ulnar deviation. The areas during ulnar
deviation were statistically larger than those during radial deviation in all cases (p < 0.01,
p = 0.00009). The disc area was correlated with height in all volunteers of the control
group (correlation coefficient, 0.75; p = 0.000135). For the injury group, the mean area
of the articular disc was 29.55 ± 4.07 mm2 on radial deviation and 26.65 ± 3.98 mm2 on
ulnar deviation. In contrast to the control group, the areas during radial deviation were
statistically larger than those during ulnar deviation in patients with Palmer type 1B TFCC
injury (p = 0.018) (Figure 6). For this assessment, the inter-rater reliability was 0.79, and the
intra-rater reliability was 0.79. The average velocity magnitude of the articular discs, when
measured by PIV, was 1.95 ± 0.48 mm/s for the control group and 3.21 ± 1.38 mm/s for
the injury group. Representative images of the PIV measurement of the articular disc data
for the control and injury groups are shown in Figure 7. The average velocity magnitude
of the articular disc was significantly higher for the injury group (p = 0.011), and that
of the ECU tendon was 1.94 ± 0.54 mm/s for the control group and 2.45 ± 0.49 mm/s
for the injury group. The velocity magnitudes of both the articular disc and the ECU
tendon were significantly higher in the injury group than in the control group (p = 0.042).
Additionally, the average of the u-component of the articular disc was 1.55 ± 0.42 mm/s
for the control group and 3.34 ± 1.07 mm/s for the injury group, showing a significantly
higher u-component in the injury group (p = 0.00057). The average of the v-component
of the articular disc was 0.75 ± 0.31 mm/s for the control group and 0.46 ± 0.09 mm/s
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for the injury group, showing no significant difference between the two groups (Figure 8).
However, the vector directions during radial and ulnar deviation were different between
the control and injury groups. The control group moved toward the direction of the US
probe during ulnar deviation, whereas the injury group moved toward the direction of the
US probe during radial deviation (Figure 7). This result is consistent with the measurement
of the area of the articular disc. The inter-rater reliability was 0.89, and the intra-rater
reliability was 0.97 for this assessment.
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Figure 8. Results from PIV analysis. In the injury group, the velocity magnitude of the articular disc
and the ECU tendon was significantly higher than that in the control group. The u-component of the
articular disc was also significantly higher.

4. Discussion

In this study, we focused on the morphological changes of TFCC and investigated
the usefulness of motion analysis of US images in the clinical diagnosis of TFCC injury
by quantifying the area and movement velocity of the articular disc. Our results suggest
that patients with Palmer 1B TFCC injury lose both cushioning and static stability of their
articular disc and that subsequent abnormal motion can, in fact, be analyzed by using US.

The diagnosis of TFCC injury remains difficult in clinical settings, since no single
modality has demonstrated perfect sensitivity and specificity. Currently, MRI and CTA are
mainly used for diagnosis. Their sensitivities are reported to be 0.76 and 0.89, respectively,
and their specificities are reported to be 0.82 and 0.89, respectively. The diagnostic accuracy
differs depending on the TFCC injured site. It has been reported that the sensitivity is 0.92
and the specificity is 0.93 for central lesions, while the sensitivity is 0.71 and the specificity
is 0.98 for peripheral lesions [13–15]. According to the reported literature, the diagnosis
of peripheral injuries of the TFCC by using MRI, MR arthrography, or CTA has been
less sensitive and specific than that for central injuries [16]. In addition, these diagnostic
modalities are costly, and arthrography is invasive.

In recent years, quantitative evaluations of musculoskeletal disorders by using US
have been reported. Chiba et al. reported an association between meniscal extrusion
and the severity of knee osteoarthritis (OA) (Kellgren–Lawrence grade 3 or 4) [17]. They
observed the medial meniscus of a patient diagnosed with OA on plain radiographs in
the same position as that by US. The amount of deviation of the meniscus from the line
connecting the medial tibiofemoral cortical surface in the US image was then measured.
As a result, they reported a correlation between the amount of meniscus deviation and the
progression of OA of the knee. Based on this report, we also used US to measure the area of
the articular disc, which was defined by the four lines mentioned above (proximal end of
the articular disc, distal end of the articular disc, ulnar collateral ligament, and joint space
between the lunate and triquetrum).

Regarding the evaluation of the soft tissue around the wrist, there have been several
reports using US examination for dynamic analysis of the ECU tendon. It has been reported
that tendon subluxation can be observed by dynamic US examination of the ECU in patients
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with complaints of wrist pain [18,19]. However, the only reported diagnostic method for
TFCC using US is that of Wu et al. [5]. They reported that all structures of the TFCC can be
visualized by US observation from the palmar and dorsal sides. In the present study, with
reference to this prior protocol, the area of the articular disc was measured by using the
dorsal approach, which is useful for observing the articular disc and ECU.

From our results, the area of the articular disc was statistically larger under ulnar
deviation in the healthy volunteer control group. In contrast, the area of the articular
disc was statistically smaller with the wrist in ulnar deviation in the patient injury group.
The articular disc plays an important role in the wrist, which bears compressive loads
through its central portion. In a kinetic study using MRI, it was reported that the articular
disc is elongated along its long axis by a distraction force during radial deviation and
along its short axis by a compression force during ulnar deviation [6,20]. Considering
our results, in the control group, the articular disc deviated toward the ulnar side, due to
compression load on the disc when the wrist moved with ulnar deviation. On the other
hand, the cushioning function was disrupted in the injury group. As a result, there was
no shift of the TFCC to the ulnar side during ulnar flexion, and the measurable area was
considerably smaller.

The PIV method was used to evaluate the velocity magnitude of the articular disc
and ECU. PIV is used in fluid engineering to visualize the direction and velocity of a
fluid. In recent years, it has been applied to medical technology and has been reported
in various fields, such as analysis of blood flow inside aneurysms and research on the
relationship between airflow velocity and development involving the vocal cords [21,22].
In the field of musculoskeletal research, dynamic analysis using the PIV method was
reported by Kawanishi et al. [10]. They used the PIV method to record glide of the vastus
lateralis muscle and subcutaneous tissue after proximal femur fracture surgery. They then
evaluated the relationship between gliding and pain during weight-bearing and knee-joint
movements. Their results showed that there was a significant correlation between gliding
and pain during weight-bearing. Among their measurements, the intra-rater reliability was
0.92, and the inter-rater reliability was 0.83, which demonstrates high reproducibility. Dilley
et al. also used this method to measure longitudinal median nerve movements [11]. They
used the cross-correlation method on US images to measure the longitudinal movement
of the median nerve during wrist extension and index finger extension. As a result, the
authors reported that US imaging estimates were reliable in repeated studies and were
consistent with those obtained from cadaveric studies.

In the present study, the PIV method was used based on these studies. Our intra-rater
reliability was 0.97, and inter-rater reliability was 0.89, indicating high reproducibility.
In our results, the velocity magnitude of the articular disc was larger, especially in the
longitudinal direction in the injury group. The velocity magnitude of the ECU was also
increased in the injury group. This suggests that, in Palmer type 1B injury, the function of the
articular disc, which contributes to stability, is disrupted. The articular disc is sandwiched
between the volar and dorsal sides of the radioulnar ligaments and acts as a static stabilizer
for the DRUJ. The deep attachment of the articular disc to the ulnar fovea is called the
ligamentum subcruentum, which is particularly important for DRUJ stability [23,24]. In
a cadaveric study of TFCC, it was reported that the dorsal/palmer translation doubled
when the articular disc was dissected from the fovea [8]. In this model, the instability was
further aggravated when the subsheath of the ECU was removed, suggesting that the ECU
compensates for the failure of the articular disc stability. In the present study, the velocity
magnitude of the ECU was significantly increased in the Palmer type 1B TFCC injury group
compared to that in the control group. This may be due to the increased load on the ECU
as compensation for the disruption of the stability function of the articular disc. In the
Palmer type 1B TFCC injury, it is considered that the instability of the DRUJ is caused by
the disruption of the function of the articular disc and the ECU tendon as a stabilizer.

Object tracking analysis using US images presents the problem of loss of sight. How-
ever, by using the cross-correlation method, that problem is reduced when compared to its
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presence through the use of other methods, such as particle tracking velocimetry or optical
flow [25]. At present, US is a useful method for non-invasive measurement of locomotor
movements, and PIV analysis of US moving images has the potential to be developed in
the future.

This study has some limitations. First, only Palmer type 1B injury was observed
for the TFCC injury group, and evaluation was not performed based on the difference
in injury type. Although Palmer type 1B injuries are often treated surgically, they are
often undiagnosed, due to the difficulties associated with the current diagnostic options,
leading to chronic pain. Thus, the accuracy of the diagnosis of Palmer type 1B injuries
was evaluated in this study. Second, no comparative study using a cadaver model was
conducted. In future studies, further evaluation of the other types of TFCC injury will
make it possible to show the usefulness of US as an auxiliary diagnostic modality for
TFCC injury. Third, this study is a preliminary study, and the sample size is not large.
In this study, patients who underwent surgical treatment were included for grouping
based on the diagnosis. In actual clinical practice, many patients suffer from chronic
pain, due to a lack of appropriate diagnosis and treatment; thus, we hope that further
studies will promote the use of US-assisted diagnosis for TFCC injuries. Finally, although
dynamic evaluation by cross-correlation method can obtain relatively high reproducibility,
anisotropy and technical reproducibility problems still remain in US images. We hope that
this method will be widely used in clinical practice and that diagnosis using US imaging
will be further developed.

5. Conclusions

The observation of TFCC from using US images has recently been reported. US is
inexpensive, minimally invasive, and is expected to be useful as an auxiliary tool for
diagnosis. In our study, a relatively high reproducibility could be obtained by using a
long-axis image parallel to the TFCC as a quantitative diagnosis. By analyzing the dynamics
of the articular disc and the ECU tendon as the stabilizer of the DRUJ, observed pathologic
changes may lead to the diagnosis of TFCC injury. After future comparisons using other
injury-type patient groups, we hope that this method will help diagnose TFCC injury.

Author Contributions: Conceptualization, I.S. and A.I.; methodology, Y.M.; software, H.N., T.K. and
T.F.; validation, K.Y., S.M., T.Y. and Y.H.; formal analysis, I.S.; investigation, I.S.; resources, A.I.; data
curation, I.S.; writing—original draft preparation, I.S.; writing—review and editing, A.I. and Y.M.;
visualization, A.I. and T.M.; supervision, Y.M.; project administration, R.K.; funding acquisition, R.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of Kobe University Graduate School
of Medicine (No. B21009, 21 April 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent was obtained from the patients to publish this paper.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available, due to confidentiality concerns.

Acknowledgments: We appreciate the technical assistance provided by Kemmei Ikuta and
Ryo Yoshikawa.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2022, 22, 345 10 of 10

References
1. Palmer, A.K.; Werner, F.W. The triangular fibrocartilage complex of the wrist—Anatomy and function. J. Hand Surg. 1981, 6,

153–162. [CrossRef]
2. Bain, G.I.; Munt, J.; Turner, P.C. New advances in wrist arthroscopy. Arthroscopy 2008, 24, 355–367. [CrossRef] [PubMed]
3. Treiser, M.D.; Crawford, K.; Iorio, M.L. TFCC injuries: Meta-analysis and comparison of diagnostic imaging modalities. J. Wrist

Surg. 2018, 7, 267–272. [CrossRef]
4. Kirchberger, M.C.; Unglaub, F.; Muhldorfer-Fodor, M.; Pillukat, T.; Hahn, P.; Müller, L.P.; Spies, C.K. Update TFCC: Histology and

pathology, classification, examination and diagnostics. Arch. Orthop. Trauma Surg. 2015, 135, 427–437. [CrossRef] [PubMed]
5. Wu, W.T.; Chang, K.V.; Mezian, K.; Nanka, O.; Yang, Y.C.; Hsu, Y.C.; Hsu, P.C.; Ozcakar, L. Ulnar wrist pain revisited: Ultrasound

diagnosis and guided injection for triangular fibrocartilage complex injuries. J. Clin. Med. 2019, 8, 1540. [CrossRef]
6. Nakamura, T.; Abe, K.; Terada, N. Cine MRI of the triangular fibrocartilage complex during radial-ulnar deviation. J. Wrist Surg.

2018, 7, 274–280. [CrossRef]
7. Simard, R. Ultrasound Imaging of Orthopedic Injuries. Emerg. Med. Clin. N. Am. 2020, 38, 243–265. [CrossRef]
8. Iida, A.; Omokawa, S.; Moritomo, H.; Aoki, M.; Wada, T.; Kataoka, T.; Tanaka, Y. Biomechanical study of the extensor carpi

ulnaris as a dynamic wrist stabilizer. J. Hand Surg. Am. 2012, 37, 2456–2461. [CrossRef] [PubMed]
9. Thielicke, W.; Stamhuis, E.J. PIVlab—Towards user-friendly, affordable and accurate digital particle image velocimetry in

MATLAB. J. Open Res. Softw. 2014, 2, e30. [CrossRef]
10. Kawanishi, K.; Kudo, S.; Yokoi, K. Relationship between gliding and lateral femoral pain in patients with trochanteric fracture.

Arch. Phys. Med. Rehabil. 2020, 101, 457–463. [CrossRef]
11. Dilley, A.; Greening, J.; Lynn, B. The use of cross-correlation analysis between high-frequency ultrasound images to measure

longitudinal median nerve movement. Ultrasound Med. Biol. 2001, 27, 1211–1218. [CrossRef]
12. Schneider, C.A.; Wayne, R.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.

[CrossRef] [PubMed]
13. Bille, B.; Harley, B.; Cohen, H. A comparison of CT arthrography of the wrist to findings during wrist arthroscopy. J. Hand Surg.

Am. 2007, 32, 834–841. [CrossRef]
14. Magee, T. Comparison of 3-T MRI and arthroscopy of intrinsic wrist ligament and TFCC tears. AJR Am. J. Roentgenol. 2009, 192,

80–85. [CrossRef] [PubMed]
15. Lee, Y.H.; Choi, Y.R.; Kim, S.; Song, H.T.; Suh, J.S. Intrinsic ligament and triangular fibrocartilage complex (TFCC) tears of the

wrist: Comparison of isovolumetric 3D-THRIVE sequence MR arthrography and conventional MR image at 3 T. Magn. Reson.
Imaging 2013, 31, 221–226. [CrossRef] [PubMed]

16. Schweitzer, M.E.; Brahme, S.K.; Hodler, J.; Hanker, G.J.; Lynch, T.P.; Flannigan, B.D.; Godzik, C.A.; Resnick, D. Chronic wrist pain:
Spin-echo and short tau inversion recovery MR imaging and conventional and MR arthrography. Radiology 1992, 182, 205–211.
[CrossRef]

17. Chiba, D.; Maeda, S.; Sasaki, E.; Ota, S.; Nakaji, S.; Tsuda, E.; Ishibashi, Y. Meniscal extrusion seen on ultrasonography affects
the development of radiographic knee osteoarthritis: A 3-year prospective cohort study. Clin. Rheumatol. 2017, 36, 2557–2564.
[CrossRef] [PubMed]

18. Lee, K.S.; Ablove, R.H.; Singh, S.; De Smet, A.A.; Haaland, B.; Fine, J.P. Ultrasound imaging of normal displacement of the
extensor carpi ulnaris tendon within the ulnar groove in 12 forearm-wrist positions. AJR Am. J. Roentgenol. 2009, 193, 651–655.
[CrossRef] [PubMed]

19. Spicer, P.J.; Romesberg, A.; Kamineni, S.; Beaman, F.D. Ultrasound of extensor carpi ulnaris tendon subluxation in a tennis player.
Ultrasound Q. 2016, 32, 191–193. [CrossRef]

20. Nakamura, T.; Yabe, Y.; Horiuchi, Y. Dynamic changes in the shape of the triangular fibrocartilage complex during rotation
demonstrated with high resolution magnetic resonance imaging. J. Hand Surg. Br. 1999, 24, 338–341. [CrossRef] [PubMed]

21. Fan, Y.; Dong, J.; Tian, L.; Inthavong, K.; Tu, J. Numerical and experimental analysis of inhalation airflow dynamics in a human
pharyngeal airway. Int. J. Environ. Res. Public Health 2020, 17, 1556. [CrossRef] [PubMed]

22. Medero, R.; Ruedinger, K.; Rutkowski, D.; Johnson, K.; Roldan-Alzate, A. In vitro assessment of flow variability in an intracranial
aneurysm model using 4D flow MRI and tomographic PIV. Ann. Biomed. Eng. 2020, 48, 2484–2493. [CrossRef] [PubMed]

23. Haugstvedt, J.R.; Berger, R.A.; Nakamura, T.; Neale, P.; Berglund, L.; An, K.N. Relative contributions of the ulnar attachments of
the triangular fibrocartilage complex to the dynamic stability of the distal radioulnar joint. J. Hand Surg. Am. 2006, 31, 445–451.
[CrossRef]

24. Nakamura, T.; Takayama, S.; Horiuchi, Y.; Yabe, Y. Origins and insertions of the triangular fibrocartilage complex: A histological
study. J. Hand Surg. Br. 2001, 25, 446–454. [CrossRef] [PubMed]

25. Keane, R.D.; Adrian, R.J. Theory of cross-correlation analysis of PIV images. Appl. Sci. Res. 1992, 49, 191–215. [CrossRef]

http://doi.org/10.1016/S0363-5023(81)80170-0
http://doi.org/10.1016/j.arthro.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18308189
http://doi.org/10.1055/s-0038-1629911
http://doi.org/10.1007/s00402-015-2153-6
http://www.ncbi.nlm.nih.gov/pubmed/25575720
http://doi.org/10.3390/jcm8101540
http://doi.org/10.1055/s-0038-1668542
http://doi.org/10.1016/j.emc.2019.09.009
http://doi.org/10.1016/j.jhsa.2012.07.042
http://www.ncbi.nlm.nih.gov/pubmed/23123149
http://doi.org/10.5334/jors.bl
http://doi.org/10.1016/j.apmr.2019.09.011
http://doi.org/10.1016/S0301-5629(01)00413-6
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://doi.org/10.1016/j.jhsa.2007.04.005
http://doi.org/10.2214/AJR.08.1089
http://www.ncbi.nlm.nih.gov/pubmed/19098183
http://doi.org/10.1016/j.mri.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/22959873
http://doi.org/10.1148/radiology.182.1.1727283
http://doi.org/10.1007/s10067-017-3803-6
http://www.ncbi.nlm.nih.gov/pubmed/28920170
http://doi.org/10.2214/AJR.08.1725
http://www.ncbi.nlm.nih.gov/pubmed/19696277
http://doi.org/10.1097/RUQ.0000000000000177
http://doi.org/10.1054/JHSB.1998.0216
http://www.ncbi.nlm.nih.gov/pubmed/10433450
http://doi.org/10.3390/ijerph17051556
http://www.ncbi.nlm.nih.gov/pubmed/32121245
http://doi.org/10.1007/s10439-020-02543-8
http://www.ncbi.nlm.nih.gov/pubmed/32524379
http://doi.org/10.1016/j.jhsa.2005.11.008
http://doi.org/10.1054/jhsb.2001.0562
http://www.ncbi.nlm.nih.gov/pubmed/11560427
http://doi.org/10.1007/BF00384623

	Introduction 
	Materials and Methods 
	Population 
	Experimental Data Acquisition and Analysis 

	Results 
	Discussion 
	Conclusions 
	References

