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Abstract

The purpose of this study was to investigate the morphological and mechanical properties of the
transverse carpal ligament (TCL) in patients with carpal tunnel syndrome (CTS). Thickness and
stiffness of the TCL in eight female CTS patients and eight female control subjects were examined
using ultrasound imaging modalities. CTS patients had a 30.9% thicker TCL than control subjects.
There was no overall difference in TCL stiffness between the two groups, but the radial TCL
region was significantly stiffer than the ulnar region within the CTS group and such a regional
difference was not found for the controls. The increased thickness and localized stiffness of the
TCL for CTS patients may contribute to CTS symptoms due to reduction in carpal tunnel space
and compliance. Advancements in ultrasound technology provide a means of understanding CTS
mechanisms and quantifying the morphological and mechanical properties of the TCL /n vivo.
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INTRODUCTION

The transverse carpal ligament (TCL) is a band of collagenous tissue that forms the volar
boundary of the carpal tunnel. The TCL has many biomechanical functions, including
serving as an origin site for the thenar and hypothenar muscles [6, 8, 17, 39], stabilizing the
carpal tunnel structure [4, 44, 48], acting as a pulley for the flexor tendons [14, 16], and
contributing to carpal tunnel compliance [13, 19, 36]. Clinically, the TCL is closely
associated with carpal tunnel syndrome (CTS) which is demonstrated by the ligament’s
surgical transection as a common treatment to relieve median nerve compression within the
carpal tunnel.
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Despite the high prevalence of CTS, its etiological mechanisms remain unclear. Multiple
disease mechanisms have been proposed for idiopathic CTS, including those that involve
changes to tunnel tissues. For example, microtears and fibrosis of the subsynovial connective
tissue have been suggested to cause median nerve neuropathy [45]. Aside from the carpal
tunnel contents, the morphological and mechanical changes (e.g. hypertrophying and
stiffening) of the TCL may be a causative factor in CTS [11, 26, 30, 37, 42]. Such
pathological changes of the TCL may reduce the amount of space available to the carpal
tunnel contents or compromise the inherent compliance of the carpal tunnel structure, both
of which may negatively implicate the median nerve. There are inconsistencies regarding
whether or not thickening of the TCL occurs in CTS patients with some studies noting
evident thickening [7, 11, 26] and others indicating no change in ligament thickness [35, 43].
Additionally, examinations of TCL samples from CTS patients have shown that some
patients exhibit fibrosis [34] or cellular changes [1] within the ligament, but these findings
have not been consistently confirmed [20, 31]. The current study is motivated, in large part,
by such observations of TCL changes being anecdotal in nature and requiring invasive
methodologies, with few studies quantitatively examining morphological and mechanical
differences of the TCL among CTS patients and controls.

Due to the relatively superficial location of the TCL, deep only to other soft tissues at the
palmar aspect of the wrist (e.g. skin, fat, muscle), ultrasound imaging is an ideal tool to
noninvasively examine the ligament. B-mode ultrasound imaging has been shown to provide
a reliable means of measuring the thickness of the TCL at the distal level of the carpal tunnel
[38]. Morphological characteristics of the TCL in CTS patients have also been examined
using B-mode ultrasound, noting increased ligament bowing or curvature [5, 21], as well as
pathological variations of TCL thickness [26]. Furthermore, advancements in
ultrasonography have provided a means to non-invasively quantify the mechanical properties
of tissues in terms of elasticity. For example, acoustic radiation force impulse (ARFI)
imaging is a type of sonoelastography that mechanically excites tissues via localized
impulsive radiation forces that result in measurable shear wave propagation in terms of shear
wave velocity (SWV). SWV has been demonstrated to correlate with tissue stiffness [32].
Sonoelastography imaging has been used to quantify the stiffness of the TCL in healthy
controls [40], patients with CTS [26], and a repetitive hand use population [24]. In the
repetitive hand use population, a localized stiffness increase in the radial aspect of the TCL
was found in comparison to the ulnar aspect [24]. These localized changes were attributed to
the radial aspect of the TCL serving as an origin site for the thenar muscles. To date, it is
unknown if similar localized changes occur in the TCL for CTS patients, and if such
potential changes are detectable using ultrasound imaging.

The purpose of this study was to investigate the morphological and mechanical properties of
the TCL, specifically its thickness and stiffhess, associated with CTS using B-mode and
sonoelastography ultrasound imaging, respectively. It was hypothesized that CTS patients, in
comparison to healthy controls, would demonstrate increased thickness and stiffness of the
TCL. Furthermore, the differences between the radial and ulnar portions of the TCL were
investigated, and it was hypothesized that for CTS patients the radial aspect of the TCL
would have an increased thickness and stiffness in comparison to the ulnar aspect.
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Human Subjects

Subject Posi

Sixteen female subjects voluntarily participated in this study; eight of the subjects were
patients clinically diagnosed with CTS (57.5 + 7.5 years old) and the remaining eight
participants were healthy control subjects (50.9 + 11.4 years old). For each group, the right
hand was imaged for six subjects and the left hand was imaged for two subjects. The
inclusion criteria for the CTS group included confirmation of CTS according to clinical
discretion [12] and required satisfying at least three of the following criteria: (1) history of
pain and/or numbness in the median-innervated territory of the right hand for at least 3
months; (2) positive provocative tests (e.g. Tinel’s sign, Phalen’s maneuver, and/or median
nerve compression); (3) abnormal electrodiagnostic test results consistent with median
neuropathy at/or distal to the wrist; and (4) an overall Boston Carpal Tunnel Syndrome
Questionnaire [18] score greater than 1.5. Exclusion criteria for both groups included any
history of systemic disease associated with increased incidence of CTS (e.g. diabetes or
rheumatoid arthritis), surgical intervention or trauma to the hand or wrist, or current
pregnancy. Additionally, for the CTS group, subjects were excluded if they had received a
steroid injection for CTS treatment within 3 months of the experiment. Prior to study
participation, each subject provided written, informed consent in accordance with the local
institutional review board.

tioning

Each participant placed the hand/forearm into a thermoplastic splint with the forearm
supinated and the wrist stabilized in a neutral position. The fingers were placed in full
extension and the thumb was abducted 45° within the plane of the palm; Velcro® straps
were used to secure the forearm and digits (Figure 1).

Experimental Protocol

Ultrasound images of the TCL at the distal level of the carpal tunnel were captured using
two types of ultrasonography: 1) B-mode imaging and 2) acoustic radiation force impulse
(ARFI) imaging, a type of sonoelastography. A single operator (TLM) conducted ultrasound
examinations on all subjects using an Acuson S2000 ultrasound system (Siemens Medical
Solutions USA, Mountain View, CA) equipped with Virtual Touch Tissue IQ™ software.
Two linear array ultrasound transducers (Siemens Medical Solutions USA, Mountain View,
CA) were used for image acquisition, specifically the 18L6 HD transducer for B-mode
imaging with an imaging frequency of 12MHz and the 9L4 transducer for ARFI imaging at
a frequency of 8MHz. The image depth was set to 3.0 cm for B-mode and 4.0-4.5 cm for
ARFI imaging.

Axial images of the TCL at the distal carpal tunnel were obtained with the ultrasound
transducers oriented perpendicularly to the surface of the palm. This imaging location
provided visualization of the TCL, ridge of the trapezium, hook of the hamate, and the
thenar muscles’ ulnar point (TUP). The TUP is a readily identifiable landmark on ultrasound
images at the distal level of the carpal tunnel and represents the most ulnar origin point of
the thenar muscles into the TCL [38]. A total of 10 images were acquired for each type of
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ultrasonography, with the order of ultrasonography type randomized for each subject. Care
was taken to minimize the amount of force applied on the palm of the subject by the
transducer during imaging. Prior to each image capture, a layer of ultrasound gel (~ 1 cm
thick) was applied to the transducer and the transducer was gently placed in contact with the
palm to identify the imaging plane, after which the transducer was slowly lowered towards
the palm until the point that the gel layer was no longer visible on the ultrasound image.

Data Processing

The thickness of the TCL was obtained from the acquired B-mode images (Figure 2A)
according to a procedure similar to that previously validated by Shen and Li [38]; the
procedure is briefly described as follows. First, the coordinates of the volar and dorsal
boundaries of the TCL were determined by manually selecting the ligament’s boundaries
using the /mageJsegmented line tool (U.S. National Institutes of Health, Bethesda, MD,
USA). Additionally, the coordinates of the hook of the hamate, the ridge of the trapezium,
and the TUP were found using the /mageJ point tool. Then, all of the obtained coordinates
were input into a custom MATLAB program (The MathWorks, Natick, MA, USA). The
program was used to establish an anatomically relevant coordinate system with its origin at
the ridge of the trapezium point, x-axis along the line pointing from the ridge of the
trapezium to the hook of the hamate, and y-axis perpendicular to the x-axis pointing in the
volar direction. Next, the MATLAB program transformed the coordinates obtained in
ImageJto the defined anatomical coordinate system. Then, linear interpolation was
performed for the volar and dorsal boundaries of the TCL at each pixel, and the mid-line
between the volar and dorsal boundaries of the TCL was determined. The volar, dorsal, and
mid-line points were then fit with a fourth-order polynomial. Next, a line perpendicular to
the mid-line at each pixel was established and the intersection of this line with the volar and
dorsal curves was found. The thickness of the TCL was calculated as the distance between
the intersection points of the volar and dorsal curves at each pixel. The average TCL
thickness was determined for the following three regions that were defined along the x-axis:
1) the 10 mm portion centered at the TUP (central region), 2) the radial region defined as the
5 mm portion radial to the TUP, and 3) the ulnar region defined as the 5 mm portion ulnar to
the TUP (Figure 2A).

The SWV of the TCL was determined from the ARFI images as a means of quantifying the
ligament’s stiffness. The SWV is the speed at which a propagation wave travels through a
tissue and provides a means of quantifying the elasticity of tissues /n vivo[32]. Each AFRI
image consisted of two parts, namely a B-mode portion on the left side and an ARFI portion
on the right side of the image (Figure 2B). Using a custom MATLAB program, the boundary
of the TCL was manually selected on the B-mode portion of the ARFI image. Additionally,
the hook of the hamate, ridge of the trapezium, and TUP points were identified on the B-
mode portion of the image. Then, the identified region and points were translated to the
ARFI side of the image. An anatomically relevant coordinate system was determined on the
ARFI image side according to the procedures described for the TCL thickness analysis; the
selected TCL region and points were transformed to the established coordinate system. The
ARFI image side was comprised of a grayscale map in which the grayscale intensity of each
pixel (0-255) corresponds to a SWV value of up to 15.0 m/s. Given this relationship, the
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SWV value at each pixel within the TCL section was found. Then, the median SWV within
the same three regions analyzed for TCL thickness were determined, specifically the 1)
central, 2) radial, and 3) ulnar regions (Figure 2B).

Statistical Analysis

For each of the three regions (central, radial, and ulnar), average TCL thickness and median
SWYV were determined from each trial and subject specific means were determined from five
trials of each type of ultrasonography. The remaining 5 trials of each imaging type served as
backup. Student’s t-tests were used to compare the thickness, as well as the SWV, of the
central TCL region between the CTS and control groups. Additionally, two-way repeated
measures ANOVAs were performed with factors of group (CTS and control) and region
(radial and ulnar) to investigate localized differences in the TCL thickness and SWV values.
Post-hoc Tukey’s tests were used for all pairwise comparisons. All statistical analyses were
completed using SigmaStat 3.5 (Systat Software Inc., San Jose, CA, USA) with an alpha
level of 0.05.

B-mode and ARFI ultrasound imaging were used to investigate the thickness and stiffness of
the TCL among CTS patients and control subjects. Analyses revealed that there were
significant differences in the thickness of the central region of the TCL between the two
groups (p < 0.001); however, there were no significant difference in the ligament’s SWV for
this TCL region (p = 0.406). Specifically, the TCL thickness for the CTS group was 1.31
(SD 0.17) mm which was 30.9% greater than the thickness of the control group (1.00 (SD
0.09) mm). For TCL stiffness, the SWV of the ligament’s central region was 7.39 (SD 0.41)
m/s for CTS patients and 7.14 (SD 0.72) m/s for the control subjects.

When the TCL thickness was further examined by dividing the ligament into radial and
ulnar portions, each spanning 5 mm, it was found that there was a significant group effect (p
< 0.001), but there were neither effects of region (p = 0.839) nor a group x region interaction
(p=0.787, Figure 3).

Although there was no difference in the SWV of the central TCL region between the CTS
and control groups, when the ligament was divided into radial and ulnar aspects it was
revealed that there was a significant group x region interaction (p < 0.01) for SWV. The
main effect of group was not found to be significant (p = 0.595), whereas the effect of region
was significant (p < 0.001). Post-hoc analysis showed that within the CTS group, the SWV
of the radial region of the TCL (7.71 (SD 0.47) m/s) was significantly greater than the ulnar
region of the TCL (6.91 (SD 0.48) m/s, p < 0.001). A significant difference was not found
between the SWV of the radial and ulnar regions of the TCL within the control group, 7.20
(SD 0.83) m/s and 7.09 (SD 0.68) m/s, respectively (p = 0.436).

DISCUSSION

In this study, /n vivo quantifications of the thickness and stiffness of the TCL were
performed for CTS patients and control subjects using non-invasive ultrasound imaging
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techniques. The hypothesis that CTS patients have a thicker TCL was confirmed. Although
the central region of the TCL was not found to be stiffer for CTS patients, when the TCL
was divided into radial and ulnar regions, an interaction effect was found for ligament
stiffness revealing that localized, regional stiffness changes existed for CTS patients that
were not found for control subjects.

The limitations of this study should be considered while interpreting its results. First, only
female subjects were included in this study as a means to investigate the phenomenon of
TCL changes associated with CTS without introducing additional variables such as gender.
Future studies can explore if the findings in the current study are applicable to male patients
with CTS. Second, CTS severity and disease duration were not considered as factors in this
study. Inclusion criteria for the CTS group required a clinical diagnosis of CTS, however
patients within the group had varying degrees of CTS severity (mild to moderate) and
disease duration (range: less thanl year to greater than 15 years). It is possible that severity
and duration of CTS may affect the morphological and mechanical properties of the TCL
and this warrants future investigation involving a larger sample size with more stratified
subgroups. Finally, the TCL was examined at the distal level of the carpal tunnel, and as
such conclusions regarding changes of the ligament at other carpal tunnel levels (e.g.
proximal and middle) cannot be drawn from this study. The distal level of the carpal tunnel
was selected because this is a common location of median nerve compression for CTS
patients [5, 23].

As a soft tissue with many biomechanical functions, the TCL is vulnerable to adaptations
that may negatively affect the carpal tunnel structure and mechanical properties, potentially
causing CTS. During normal hand use, the TCL biomechanically interacts with the thenar
muscles at its volar aspect, and with the flexor tendons at its dorsal aspect. For example
during thumb-index finger pinching, it has been shown that the thenar muscles are
contracted and the TCL is pulled volarly [39]. Similarly, the TCL has been shown to be
displaced volarly when the flexor tendons are tensioned with finger loading [9]. Such
mechanical stimulations of the TCL at its volar and dorsal boundaries, if repetitive in nature,
may induce maladaptation of the ligament and may help to explain the increased ligament
thickness found in the current study for CTS patients. CTS is commonly associated with
repetitive hand use [41] and soft, connective tissues (e.g. ligaments) have been shown to
remodel from repetitive, mechanical stimulations [47]. The increased ligament thickness for
CTS patients may reduce the amount of space available to the carpal tunnel contents thereby
inducing or exacerbating CTS symptoms. The difference in TCL thickness between CTS
patients and control subjects in this study were similar to those previously reported using
ultrasound [26] and computed tomography [22] imaging methods.

Although an increase in thickness of the central region of the TCL was identified for CTS
patients, this thickness increase was not accompanied by increased ligament stiffness in the
central region. However, further analysis into the radial and ulnar regions of the TCL
revealed regional differences in the stiffness for CTS patients. The mechanical properties of
the TCL have been shown to vary with location. For example, cadaveric studies have found
differences in the compliance of the proximal and distal TCL regions [36, 48], as well as
differences in the elastic modulus [10] and amount of strain [3] between radial and ulnar
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ligament portions. Shear wave elastography methods, such as ARFI, provide a means to
non-invasively quantify the elasticity of tissues /7 vivo, including those of the TCL. In a
recent study by Mhanna et al. [24], the SWV of the radial and ulnar TCL at the distal carpal
tunnel level were investigated in a repetitive hand use model (i.e. pianists) and it was shown
that the TCL was stiffer in its radial segment in comparison to its ulnar segment for the
pianists. The results of the current study agree well with this previous finding. One
explanation for this regional difference may be related to the thenar muscles being attached
to the radial portion of the TCL [6, 17]. In the case of repetitive hand use, particularly
involving the thenar muscles of the thumb, an interaction between the muscles and the radial
TCL region may result in a localized increase in the tissue’s mechanical properties.
Additionally, localized interactions among the tensioned flexor tendons of the index finger,
for example, and the TCL may also contribute to regional stiffness changes in the ligament
[9]. This localized change in the TCL stiffness may decrease the compliance of the carpal
tunnel structure, potentially leading to and/or contributing to median nerve compression.

There has been increased popularity of using ultrasound imaging as a diagnostic and
assessment tool for CTS. Most commonly, B-mode imaging has been used to examine the
size and shape of the median nerve in CTS patients according to established cut-off criteria
[2, 15, 27, 29, 46, 49]. More recently, sonoelastography techniques have also been applied to
the assess CTS-associated changes in the elasticity of the median nerve [25, 27, 33] and
additional carpal tunnel contents [28]. The current study provides insight into the structural
and mechanical maladaptations of the TCL using ultrasound imaging, which may provide
valuable, complimentary assessment in addition to current clinical strategies for diagnosing
or of evaluating CTS. More studies with large sample sizes are needed to establish the
sensitivity and specificity of TCL morphological and mechanical properties as a diagnostic
tool for CTS. This study further demonstrates that the TCL adapts its tissue properties in a
location-dependent manner corresponding to the local biomechanical environment. Future
studies are needed to determine the implications of CTS severity and disease duration, as
well as to establish standardized imaging protocols, prior to determining the efficacy of
applying such imaging techniques of the TCL for CTS diagnosis and evaluation.
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Figure 1.
Experimental setup for ultrasound imaging of the TCL at the distal carpal tunnel level.
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Figure2.
Representative B-mode (A) and ARFI-mode (B) ultrasound images that indicate the

anatomically defined coordinate system, TCL (dotted line), hook of the hamate (HH), thenar
muscles ulnar point (TUP), and ridge of the trapezium (TM). Additionally, the central 10
mm region of the TCL is identified in each image, along with the radial and ulnar regions
used for analysis.
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Figure 3.
The thickness of the radial and ulnar regions of the TCL for CTS patients and control

subjects.
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Figure 4.
The shear wave velocity (SWV) of the radial and ulnar regions of the TCL for CTS patients

and control subjects.
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