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Shear wave elastography of transverse carpal
ligament increased with simulated carpal
tunnel pressure
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Abstract

Background Elevation of carpal tunnel pressure is known to be associated with carpal tunnel syndrome. This study
aimed to correlate the shear wave elastography in the transverse carpal ligament (TCL) with carpal tunnel pressures
using a cadaveric model.

Methods Eight human cadaveric hands were dissected to evacuate the tunnels. A medical balloon was inserted into
each tunnel and connected to a pressure regulator to simulate tunnel pressure in the range of 0-210 mmHg with an
increment of 30 mmHg. Shear wave velocity and modulus was measure in the middle of TCL.

Results SWV and SWE were significantly dependent on the pressure levels (p <0.001), and positively correlated to the
tunnel pressure (SWV: R=0.997, p<0.001; SWE: R=0.996, p <0.001). Regression analyses showed linear relationship
SWV and pressure (SWV=4.359+0.0263 * Pressure, R?=0.994) and between SWE and pressure (SWE=48.927 +1.248 *
Pressure, R?=0.996).

Conclusion The study indicated that SWV and SWE in the TCL increased linearly as the tunnel pressure increased
within the current pressure range. The findings suggested that SWV/SWE in the TCL has the potential for prediction of
tunnel pressure and diagnosis of carpal tunnel syndrome.
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Introduction

Carpal tunnel syndrome is the most common periph-
eral neuropathy, with a prevalence rate of around 4% in
the general population [1]. The syndrome is caused by
compression on the median nerve, which is potentially a
result of increased pressure levels inside the carpal tunnel
and hardening of the transverse carpal ligament (TCL).
The pressure in the tunnel of healthy subjects is less than
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of carpal tunnel syndrome. Investigating carpal tunnel
pressure helps understand the etiology of carpal tunnel
syndrome and improve its diagnosis.

Carpal tunnel pressure is measured in vivo by directly
inserting a catheter sensor into the tunnel in human
hands [2, 3, 5, 9]. The in-vivo use of this technique is lim-
ited because of invasiveness and the risk of injury to criti-
cal structures. Moreover, the catheter itself may interfere
with the measurement, and its tip may cause damage to
the median nerve and other structures [9]. No non-inva-
sive method exists to measure tunnel pressure.

Shear wave elastography is a potential modality to non-
invasively measure carpal tunnel pressure. The pressure
in the carpal tunnel induces tension in the surrounding
soft tissues, which might affect the shear wave propaga-
tion speed. For instance, a previous study using a cadav-
eric model demonstrated that shear wave speed of flexor
digitorum superficialis altered with magnitude of tun-
nel pressure [10]. Another possible tissue to reflect tun-
nel pressure is the transverse carpal ligament (TCL). As
the volar boundary of the tunnel, the TCL undergoes
morphological changes [11-13] at different tunnel pres-
sure levels, possibly due to the pressure caused tension
stretching the TCL. Therefore, shear wave propagation in
the TCL may be indicative of carpal tunnel pressure.

The purpose of this study was to investigate the
changes of the shear wave velocity (SWV) and shear wave
elasticity (SWE) of the TCL as carpal tunnel pressure was
regulated in cadaveric hands. We hypothesized that SWV
and SWE of the TCL would increase as the carpal tunnel
pressure increased.

Methods
Specimen preparation
Eight fresh-frozen cadaveric hands (age 67.5%7.0 years,
height 168.6+8.4 cm, weight 72.6%+16.2 kg, body mass
index 26.1+3.9 kg/m?) were used in the study. These
specimens had no history of musculoskeletal disorders
or injuries to the hand and wrist. Each specimen was
thawed overnight at room temperature prior to experi-
ment. For dissection preparation, the specimen was tran-
sected to make two 4-cm cuts: one was 1 cm proximal to
the distal wrist crease, and the other 4 cm proximal to the
distal wrist crease. At the two cuts, the carpal tunnel con-
tents of the median nerve and flexor tendons were pulled
out from the proximal cut to evacuate the carpal tunnel.
The skin and soft tissues above the TCL remained intact.
The TCL at the middle level of the carpal tunnel was
identified and marked for each specimen. Specifically, the
TCLs distal bony attachment onto the hook of hamate
and ridge of trapezium was identified first, with the help
of ultrasound imaging, and then an opaque skin marker
(X-sports, Beekley Corp., Conn., USA) consisting of a
1.5-mm-diameter pellet was attached to the skin above
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each bony attachment site with the assistance of forceps.
The same operations were repeated to identify and mark
the TCL’s proximal bony attachment onto the pisiform
and scaphoid. Based on the four skin markers, the mid-
points between the markers on the hamate and pisiform,
and between the markers on the trapezium and scaphoid,
were found. Another two skin markers were attached to
the two midpoints using Loctite Super Glue, and the pre-
vious four skin markers on the four bony attachment sites
were removed thereafter. These remaining two marks on
the midpoints would later assist the position the ultra-
sound transducer at the middle TCL and determine the
radial and ulnar end points of the TCL on ultrasound
image.

Experimental apparatus

A custom pressurization system consisting of a medical
balloon (Nordan Medical, Salem, NH), a pressure gauge
(Dwyer Instruments, INC, Michigan City, IN, USA), and
a pressure regulator (Electric Tourniquet 1000 ELC, VBM
Medical Inc., Noblesville, IN, USA) was used to regulate
carpal tunnel pressure with a pressure accuracy of +1%
full-scale and regulation accuracy of +2-3 mmHg. The
balloon was fitted on one end with the pressure regula-
tor, and the other end sealed. An ultrasound system with
a 18L6 linear array ultrasound transducer (SuperSonic
MACH 30, Hologic Inc., Marlborough, MA, USA) was
used to quantify the shear wave velocity. The ultrasound
transducer was mounted on a positioning apparatus to
fix the transducer’s position during data collection.

Experimental procedures

The specimen was secured in a custom-made splint
with the wrist in an anatomically neutral position and
the thumb in radial abduction. Through the specimen’s
proximal cut, the deflated balloon was inserted into the
carpal tunnel and centered beneath the TCL with the
help of ultrasound imaging (Fig. 1). Next, the ultrasound
transducer was moved to image the TCLs middle seg-
ment wherein both the two skin markers appeared in the
ultrasound image (Fig. 2). To avoid the transducer touch-
ing the skin, a distance of 1.0 cm between the ultrasound
transducer and the volar surface of the wrist was main-
tained, and ultrasound gel was used to fill the gap. Before
data collection, the ultrasound system was set to feature
“penetration” for optimization, m/s for SWV unit, and
0~ 14s m/s as velocity range. The imaging window’s posi-
tion and size were adjusted to cover and center the TCL.
For data collection, 8 different pressure levels, ranging
from 0 to 210 mmHg at increments of 30 mmHg, were
tested within the tunnel in a randomized order. The pres-
sure was repeated three times, totaling 24 trials. Within
each trial, the pressure regulator was used to simulate
and maintain the desired pressure level in the tunnel.
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Fig. 2 Representative ultrasound images with the outlined middle 1/3 of the transverse carpal ligament. The TCL was labeled by the triangles indicat-
ing its volar and dorsal boundaries. The circles indicated as R and U are the two opaque skin markers at radial and ulnar used to approximately defined

endpoints of the TCL

Then the specimen rested for one minute to minimize
the viscoelastic stress relaxation before collecting shear
wave elastography images. Both the B-mode and SWE
images were taken. After imaging, the system pressure
was released to 0 mmHg, and the specimen rested for
one minute before starting a new pressure level.

Data analyses

From the B-mode image, the TCL region, with its two
ends indicated by the two skin markers, was identified
and equally divided into three segments (Fig. 2). The
middle segment was boxed by a rectangular with height
of 1 mm, using the Q-BOX  trace function. The mean
SWV and SWE values were calculated by automation.

Results

The value of SWV at 0, 30, 60, 90, 120, 150, 180, 210
mmHg was 4.14£0.75, 5.20£0.78, 6.04+0.75, 6.91£1.02,
7.60+1.01, 8.28+0.89, 8.87+0.97, 9.93+1.01 m/s, respec-
tively. As the tunnel pressure level increased, SWV
increased (Fig. 3a). The one-way repeated measures
ANOVA revealed that SWV was significantly depen-
dent on the pressure levels (p<0.001). Post hoc test for
multiple comparisons found that SWV was significantly
different between all the pairs (p<0.05), except for 150
mmHg vs. 180 mmHg (p=0.132). Pearson’s correlation
coefficient to assess the linear relation between SWV
and carpal tunnel pressure showed that there was a posi-
tive correlation between the two variables (R=0.997,
p<0.001). Linear regression showed that the fitted
regression model was SWV=4.359+0.0263 * Pressure
(R*=0.994).
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Fig. 3 Changes of shear wave velocity (SWV) and shear wave elasticity (SWE) as carpal tunnel pressure increased (discrete data points and the regression

lines). The data points are means + standard deviations

The value of SWE at 0, 30, 60, 90, 120, 150, 180, 210
mmHg was 54.67+19.31, 87.03£23.88, 120.09%27.64,
161.37+47.90, 198.29£56.58, 229.17+46.33,
262.861+55.84, 326.391£62.67 kPa, respectively. Similar
to SWV results, as the tunnel pressure level increased,
SWE increased (Fig. 3b). The one-way repeated measures
ANOVA revealed that SWE was significantly dependent
on the pressure levels (p<0.001). Post hoc test for mul-
tiple comparisons found that the mean value of SWV
was significantly different between all the pairs (p<0.05),
except for the pairs 120 mmHg vs. 150 mmHg (p=0.161)
and 150 mmHg vs. 180 mmHg (p=0.095). Pearson’s cor-
relation coefficient to assess the linear relation between
SWE and carpal tunnel pressure showed that there was a
positive correlation between the two variables (r=0.996,
p<0.001). Linear regression showed that the fitted
regression model was: SWE=48.927+1.248 * Pressure
(R*=0.996).

Discussion

Shear wave elastography has been widely used to inves-
tigate diverse human organs and tissues, including liver
[14], breast [15], kidney [16], spleen [17], prostate [18],
bladder [19], pancreas [20], testes [21], thyroid [22],
muscle, and tendon [23-27]. Recently, SWE has been

used to examine tissues related to the carpal tunnel. For
example, it was reported that elastography of the median
nerve itself can be used to differentiate neuropathy in
individuals with carpal tunnel syndrome [28-31]. How-
ever, the median nerve is not released to treat carpal tun-
nel syndrome, and this work has not previously focused
on the target of surgical treatment. Other studies showed
that SWE of flexor tendons inside the carpal tunnels of
turkeys [32] and humans [10], are correlated with tun-
nel pressure. Here again, the most superficial and acces-
sible part of the carpal tunnel, and indeed the part that is
released during surgery was not the focus of this work.
We demonstrated that shear wave elastography of TCL
could be potentially predict pressure in the carpal tunnel
by measuring a pathological finding in the actual liga-
ment that is released at surgery. In this study, we used a
cadaveric model to evaluate the relation between SWV/
SWE in the TCL and precise carpal tunnel pressure. Dif-
ferent carpal tunnel pressure levels were simulated by
regulating the air inflation of the medical balloon that
was inserted into the carpal tunnel of cadaver hands.
The corresponding SWV/SWE in the middle portion
of the TCL was measured by shear wave elastography.
We found SWV/SWE in the TCL was closely associated
with carpal tunnel pressure. Within the current range of
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tunnel pressure, SWV/SWE increased linearly with the
carpal tunnel pressure level. The observation suggested
that SWV/SWE in the TCL might be useful to measure
the pressure level in the carpal tunnel non-invasively.

In this study, the increase of SWV/SWE could result
from increased tension in the TCL due to pressure in the
carpal tunnel. According to Laplace law, pressure inside
a cylindrical membrane generates surface tension — the
greater the pressure, the greater the tension. In the cyl-
inder-like carpal tunnel, pressure would cause tensile
stress and strain of the volarly situated TCL. Literature
has shown shear wave elastography can be used as a non-
invasive method to correlate tendon and muscle forces
[23, 24]. For example, a previous study reported tendon
forces can be measured as a linear function of SWV in
a cadaveric patellar tendon model. Bouillard et al. (2012)
showed that SWE of first dorsal interosseous and abduc-
tor digiti minimi was linearly related to the torque gen-
eration by the muscles.

The changes to the shear wave propagation in the TCL
could also be attributed to tension-induced fiber realign-
ment in the TCL when it is under tension. Previous stud-
ies found that the TCL is not a uniform structure, but
rather has collagen fiber bundles oriented in different
directions [33, 34]. Specifically, the dominant fiber direc-
tion is transverse but these fibers are intertwined with
others in the oblique direction towards the pisiform-
trapezium and others in the scaphoid-hamate direction
[33, 34]. When the ligament or tendon is under ten-
sion, the orientation angle of some fibers in the oblique
directions may be offset, or inclined toward the loading
direction [35—37]. Fiber alignment in the direction of the
shear wave propagation could facilitate wave propagation
resulting in higher SWV [38]. In our study; it is likely that
as the carpal tunnel pressure is elevated, more and more
collagen fibers in the TCL realigned from oblique direc-
tion to the transverse direction.

The findings of the linear relationship between SWV/
SWE and carpal tunnel pressure should be interpreted
within specific regions of the TCL. A previous study
demonstrated that the thickness and mechanical modu-
lus of the TCL are region-dependent, varying from radial
to ulnar and from proximal to distal [39]. Moreover, the
unevenness becomes further complicated due to thenar
muscle attachments, where the TCL becomes thicker and
stiffer. Shen et al. used acoustic radiation force impulse
imaging to reveal greater SWV values within the mus-
cle-attached region than those outside of the muscle-
attached region [40]. To avoid the variability caused by
the boundary condition, we restricted the region of inter-
est in the middle part of the middle cross section of the
TCL to obtain the robust, and clinically reproducible
measurement when applied to future clinical studies.
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Sex is expected to play to role in the relation between
SWV/SWE and carpal tunnel pressure, but our study
used only female cadaver hands. It is well known that
females have a higher prevalence of CTS. Sex-related
differences of tissue mechanics have been reported,
including mechanical properties [41-43] and carpal
arch morphology [44, 45] of the TCL. Previous stud-
ies reported that female TCLs are less elastic [41, 46]
and less compliant [42] and a trend of being stiffer [43]
than males. If this difference can explain the difference in
prevalence between sexes, we may be able to address that
in clinical translation with future studies directed at sex
differences of the SWV-pressure relationship.

In conclusion, the ligament most commonly released to
treat CTR shows changes documentable using a relatively
non-invasive technique when tested using cadaveric
specimens to evaluate the relation between SWV and
SWV and carpal tunnel pressure. TCL SWV and SWE
was linearly increased as the tunnel pressure increased
in the physiological plausible range from 0 to 210 mmHg
— findings that underline a potential non-invasive diag-
nostic for the key pathological entity in CTS at the site of
surgical release.
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