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The mechanical properties of the transverse carpal ligament (TCL) have yet to be
comprehensively measured. Failure strain, failure load, ultimate strength, stiffness and elastic
modulus were reported from uniaxial tensile tests. On human cadaveric TCLs, failure strain was
significantly higher in female specimens compared to males. Moreover, regional strain analysis
showed the lateral end of the tissue to strain significantly more than the medial. Biaxial testing at
three different tissue depths was also carried out. Mechanical properties were found to vary
significantly by depth with the deeper layers displaying higher mechanical properties. A
significant difference with respect to loading direction was also observed with the medial/lateral
direction displaying higher mechanical properties than proximal/distal. These results provide
mechanical properties which can be incorporated into finite element models or constitutive
models of the TCL. Furthermore, this work provides a basis for recommendations for noninvasive treatment options for carpal tunnel syndrome.
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1. Chapter 1: Introduction and Background

1.1.Introduction

Currently there is a limited body of research with respect to the material properties of the
isolated transverse carpal ligament (TCL) within the wrist. This ligament is inherently linked to
carpal tunnel syndrome (CTS), an idiopathic neuropathy affecting approximately 3.8% of the
adult population1. Material quantification of this ligament is crucial in order to develop accurate
constitutive equations and finite element models of the carpal tunnel complex. Such models
could reduce the need for expensive and time consuming cadaveric and in-vivo human trials as
potential treatment options could first be evaluated in simulation. Thus, alternative non-invasive
treatment modalities for CTS could be tested in a more cost and time effective manner. Current
attempts to model the carpal tunnel complex are limited in their application as they are either
based on estimated TCL properties2 or are only valid under a narrow set of circumstances3. An
extensive study of the isolated biomechanical properties of the TCL is thus warranted in order to
improve upon these models.
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1.2.Anatomy of the Carpal Tunnel

The carpal tunnel is an anatomical structure which forms an enclosed space through which
the nine extrinsic flexor tendons of the thumb and fingers pass through as well as the median
nerve4,5. It is comprised of the 8 carpal bones (pisiform, hamate, trapezium, trapezoid, lunate,
scaphoid, capitate, triquetrum (Figure 1)) and the TCL6. It is located on the palmer side of the
wrist and is bordered medially by the pisiform bone and the humulus of the hamate and laterally
by the tubercles of the scaphoid and the trapezium4.

Figure 1: Anterior view of the bones of the right wrist and hand (Adapted from Wadsworth (1983)6)
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The transverse carpal ligament forms the palmar roof of the carpal tunnel whilst the
carpal bones form the dorsal base. The TCL is anchored to the wrist through four bony
attachments at the hook of the hamate, the pisiform, the scaphoid, and the trapezium (Figure 2).
It is known to be thicker distally than it is proximally7,8.

Figure 2: X-ray showing relationship of carpal bones to the TCL – H- Hamate, T – Trapezieum, P-Pisoform, S - Scafoid
(adapted from Brooks et al. (2003)5)

Although sometimes used synonymously in the literature, for the purposes of this work,
the terms transverse carpal ligament and flexor retinaculum (FR) are not interchangeable. As
shown in Figure 3, the flexor retinaculum extends from a thick distal aponeurosis between the

3

thenar and hypothenar muscles to a proximal forearm fascia7. Contained within this structure is
the transverse carpal ligament which is delineated by its bony attachments and unless it is
carefully dissected, it is difficult to distinguish from the other portions of the FR. The
predominant collagen fibre orientation of the TCL is in medial/lateral direction followed by
oblique and proximal/distal fibres

9,10

. Although the predominant medial/lateral fibre orientation

is maintained throughout the depth of the tissue, the distribution of the oblique fibre bundles is
thought to vary according to depth9,10. This suggests that material properties may vary according
to depth as well.

Figure 3: Regions of the FR (1=Proximal portion of FR (forearm fascia), 2=TCL, 3=Distal portion of FR (aponeurosis))
(Adapted from Cobb et al. (1993)7)

At the distal end of the FR the median nerve divides into six branches, the recurrent
motor branch, three proper digital nerves, and two common digital nerves5. The median nerve,
4

passes deep to the FR typically along the lateral end of the carpal tunnel4,11. The motor branch
innervates the thenar muscles and the index and middle finger, while the sensory branches
innervate the thumb, index, middle, and radial half of the ring fingers5. Also passing either
through or superficial to the carpal tunnel is the ulnar nerve11. The anatomical course of the ulnar
nerve is known to vary from individual to individual and either passes superficial to the FR or
penetrates the FR between its deep proximal or distal parts and the TCL11. The communicating
branch also varies anatomically which presents a hazard during surgery11. Figure 4 displays the
relationship between the median nerve and the TCL.

5

Figure 4: Location of the TCL relative to relevant anatomical structures (adapted from Katz et al. (2002)12)

Also attaching either to the TCL itself or to the carpal bones are the thenar and
hypothenar muscles (Figure 5). The origin of the thenar muscles is predominantly to the TCL
itself (68%) with the remaining attachments being found on the trapezial ridge and the tubercle
6

of the scaphoid13. The origin of the hypothenar muscle is also predominantly found on the TCL
but to a lesser extent (49%) with the remaining attachments found at the hook of hamate,
pisiform and the volar carpal ligament13.

Figure 5: Origins of the thenar/hypothenar musculature. Thenar origins - TCL (TCL-T), tubercle of the scaphoid (S) and
the trapezial ridge (T). Hypothenar origins – TCL (TCL-H), hook of hamate (*), pisiform (P) and the volar carpal
ligament (VCL). (Adapted from Kung et al. (2005) 13)
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1.3.Transverse Carpal Ligament Function and Carpal Mechanics

The role of the TCL in carpal mechanics has received considerable attention in the research
community. It has been proposed that the TCL’s function in the wrist is threefold, anchoring the
hypothenar and thenar muscles, acting as a pulley in the flexor tendon system, and providing
stability to the carpus. It is well established that the TCL acts as an anchor for the hypothenar
and thenar muscles5,14, however, the other two functions of the TCL are considerably more
complex and have sparked a debate in the literature. It has been proposed that the TCL is an
important component in the flexor pulley system and its transection has been suggested as the
cause of post-operative grip weakness15-17. This occurrence is noted as one of the most
significant complications subsequent to carpal tunnel release surgery15. In 1992 Kline et al.16
analyzed the effect of carpal tunnel release surgery on the flexor pulley system in a cadaveric
study. Their findings noted that transection of the TCL caused increased bowstringing for each
group of tendons which they determined could account for the weakness of grip strength
following carpal tunnel release surgery16. Subsequently, Netscher et al.17 in 1997 also observed
increased excursion of the flexor tendons following carpal tunnel release of the TCL in cadavers.
The study also evaluated the benefits of TCL reconstruction surgery as opposed to simple
transection. They reported a reduction in tendon bowstringing when the TCL was reconstructed
and thus recommended this surgical procedure over simple transection. However, it has also
been speculated that disruption of the thenar musculature is the cause of post-operative grip
weakness instead of bowstringing of the flexor tendons 13-15.

8

The TCL may also provide a third function, providing stability to the carpus. In 1984 Fisk et
al.18 published a clinical study where patient wrists were x-rayed pre and post carpal tunnel
release surgery and compared the configuration of the carpus. They noted that there was a
significant alteration of the contour of the carpal tunnel after division of the FR and thus
concluded that the TCL plays an important role in maintaining carpal stability. In 2010 Xui et
al.19 applied forces to the insertions of the transverse carpal ligament. They analyzed the effect
that transection of the TCL had on the overall stability of the carpal arch. Their results indicated
that the TCL plays an important role in resisting outward deformation of the carpal tunnel19.
Reaching a similar conclusion was Guo et al.2 in 2009 who performed a finite element analysis
on the carpal tunnel and concluded that transection of the TCL had considerable effects on the
displacements of the carpal bones and on the contact stress in the midcarpal joints 2. These results
also suggest an important stabilizing role of the TCL in the carpal tunnel.

However, this stabilizing role of the TCL is not universally accepted in the literature. In 1989
Garcia-Elias et al.20,21 performed both experimental and analytical studies of the transverse
carpal arch. The experimental study loaded the carpus in compression under various conditions
(with the FR or other carpal ligaments divided), and measured the resulting stiffness of the
carpus. The study concluded that the FR did not play a crucial role in maintaining carpal
stability, however, it was found that the transverse intercarpal ligaments connecting the bones of
the distal carpal row were shown to play a much more crucial role in this regard20. In the
analytical study, a mathematical model of the carpal arch was created based on a rigid body
9

spring model theory. The impact of each ligament in the carpal arch was analyzed by removing it
from the model. The study concluded that the FR does not contribute significantly to carpal
stability, whereas the palmar hamate-capitate ligament made the most significant contribution21.
More recently a similar conclusion was reached by Tengrootenhuysen et al22 in 2009 who
measured the spread of carpal bones under loading after gradual sectioning of the TCL, and other
wrist ligaments. Although the authors note that, “incremental sectioning of the TCL significantly
increases the distance between the scaphoid and hamate, current clinical observation does not
support the hypothetical occurrence of carpal instability after TCL release”, and they go on to
conclude that , “…it appears that the carpal arch will still retain reasonable intrinsic stability
even without an intact TCL” 22.

Therefore, the role that the TCL performs in the mechanics of the carpal arch is complex
and not yet completely understood. Thus, determining accurate mechanical properties of the TCL
are necessary in order to create accurate models of the TCL which could help clarify the role of
the TCL in wrist biomechanics.

10

1.4.TCL Modelling

Currently three models of the TCL/carpal tunnel complex have been developed. The
earliest, by Garcia-Elias21, mathematically modeled the carpus transversely as a twodimensional, multibody contact problem. The bony contours of the carpal bones were digitized
and averaged over six subjects. Reaction forces were modeled as a system of compression
springs distributing forces throughout the adjacent surfaces of the carpal bones. Eight ligaments
were modeled as tensile springs with stiffnesses measured in a previous study. This model was
used to analyze the effect of disruption of any one ligament to the overall stability of the carpus.
As mentioned in the previous section, this work concluded that the TCL did not significantly
contribute to carpal stability.

More recently, a finite element model of the carpal tunnel as well as a constitutive model
of the TCL has emerged. The finite element model created by Guo et al.23 in 2007 consisted of a
three-dimensional reconstruction of a series of computed tomography scans of the right wrist of a
healthy male (Figure 6). The model consisted of the 8 carpal bones, articular cartilage, and the
carpal ligaments including the TCL.

11

Figure 6: Finite element model of the TCL (adapted from Guo et al. (2007)23)

However, a limitation of this model was that the material properties of the TCL were
estimated based on measurements of the human forearm interosseous ligament by Stabile et al.
24

. They estimated the elastic modulus of the TCL to be between 100-300MPa but it’s actual

modulus remains unknown. A constitutive model of the TCL was developed by Main et al.3 in
2012 and was developed in order to model the compression of the median nerve against the TCL.
Therefore, tensile material properties were not considered for this model. The TCL was modeled
as a first-order Ogden hyperplastic material with the following equation:
Equation 1: First-Order Constitutive Model of the TCL2

(

)

(
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)

Where strain energy W, is expressed as a function of the principal stretches,

, and material

coefficients α, μ representing specific material properties. These material coefficients were based
on stiffness values which were acquired from indentation testing with an indenter size of 3mm.
However, Holmes et al.25 showed in their 2011 paper however that indenter size significantly
affected stiffness measurements with the highest stiffness measured with the indenter covering
the greatest area of tissue (20mm indenter). Hence, the Main et al. model is only applicable to
structures of approximately 3mm in width loaded in compression against the TCL. It cannot
therefore be applied to predicting overall tissue response as the model created by Guo et al.2
given that the TCL is loaded in tension by its bony attachments.

1.5.Carpal Tunnel Syndrome
1.5.1. CTS Pathology

Although CTS is widely recognized as a diagnosable disorder, its aetiology is still largely
unclear. It is understood, however, that the syndrome is a direct result of compression of the
median nerve against the incompliant TCL26-28. This compression can be traced to increased
pressure inside the carpal tunnel, however, the cause of this increased pressure remains
unclear29,30. Previously, it was speculated that the increased pressure could be attributed to
chronic inflammation inside the carpal tunnel, however, numerous studies have shown that this is
not the case 31-33. Common pathologic findings related to CTS are non-inflammatory fibrosis and
oedema 31-34.
13

CTS can also develop in connection with other diseases or injuries, termed secondary
CTS. Colle’s fracture, a fracture caused by breaking a fall with the palms of one’s hands, is
known to cause CTS symptoms due to the swelling attributable to the fracture27. However, once
the fracture has healed, symptoms subside. Pregnant women are also susceptible to developing
secondary CTS, however once the pregnancy has come to term, symptoms again subside. Certain
diseases which affect the synovium can also cause secondary CTS. These diseases include
diabetes, rheumatoid arthritis, sarcoidosis, purulent tenosynovitis, tuberculosis, systemic lupus
erthematosus, hypo- or hyperthyroidism, gout, and amyloidosis26.

The histology and morphology of the subsynovial connective tissue overlaying the flexor
tendons has garnered much attention recently in an attempt to uncover the aetiology of CTS.
Tenosynovitis, or swelling of the fluid filled sheath (synovium) around a tendon was thought to
be the culprit for the increased pressure inside the carpal tunnel. However, numerous studies
have concluded that tenosynovitis is an unlikely cause of idiopathic CTS 34-40. Yet, recent studies
have shown that subsynovial tissue from those suffering from CTS possess other anomalies such
as characteristics of chronic degeneration (decreased elastin in blood vessel walls and around
vessels, vascular proliferation, vascular hypertrophy and vascular obstruction)

41

, increased

MMP-2 expression associated with rapidly proliferative arteriosclerosis 42, abnormal subsynovial
structure (increased collagen fibre diameter and density)43 and signs of tissue and extracellular
matrix remodeling

44,45

when compared to normal tissue. However, the direct cause of these

pathogenic changes is unknown. It has been hypothesized that repetitive loading of the synovial
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sheath brought on by tendon movement could eventually lead to the morphological and
histological changes seen in subsynovial tissue affected by CTS. In one study, this tissue was
shown to be extremely sensitive to injury46. However, it is unclear how much force or friction
and how many cycles are needed to bring on the pathological changes seen in the subsynovial
tissue26 .

An elegant theory proposed to account for the aetiology of CTS was put forth by
Campiglio32 and is explained as follows in an excerpt from his 1999 article:

“…the disorganization and degradation of the connective tissue suggest the presence of a
degenerative phenomena, probably induced by mechanical forces. A vicious circle could be
hypothesized in which the mechanical stresses of a thickened carpal synovium cause the
degeneration of its connective component, healing with the formation of scar tissue and, finally,
further thickening. This thickening increases the total volume of the carpal tunnel contents and
aggravates the friction of the tendons, thus increasing the mechanical stresses. The triggering
factor of this vicious circle is unclear but the swelling produced by a diffuse ischemia induced by
the typical vascular changes is suggested.”

Similarly in a 2011 review on CTS pathophysiology26 the author notes the current leading
theory for the cause of the disease:
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“On the basis of these biomechanical and histological findings, it has been speculated that
insult to the synovium and the flexor tendons due to aging or repetitive and forceful movement
of the wrist and fingers could lead to degeneration of the synovium and the tendons, leading to
enlargement of the carpal tunnel from the inner side. Thus, the volume of the carpal tunnel
contents increases, leading to median nerve compression and, eventually, idiopathic carpal tunnel
syndrome.”

1.5.2. Diagnosis and Treatment

CTS diagnosis is achieved through three main avenues, symptomology, diagnostic
maneuvers, and electrodiagnostic tests. Often a description of symptoms, typically waking in the
night with numbness or pain in the hands, or pain while grasping objects will be sufficient for an
examining physician to prescribe early non-invasive treatments27. Phalen’s maneuver is the most
commonly applied diagnostic test for determining the presence of CTS12,27. The patient is asked
to report whether flexion of the wrist for 60 seconds elicits pain or paresthesia in the mediannerve distribution

12,27

. Tinel’s sign is also performed which involves tapping lightly over the

volar surface of the wrist12,27. If the patient experiences radiating paresthesia in the digits
innervated by the median nerve, the test is positive for CTS

12,27

. These tests, however, only

possess sensitivity (probability that the test returns a positive result when carpal tunnel syndrome
is present) and specificity (probability that the test returns a negative result when carpal tunnel
syndrome is not present) of 40-80% for Phelans maneuver, and 25-60% (sensitivity) and 67-87%
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(specificity) for Tinel’s sign12. In combination with these methods electrodiagnostic studies can
also be performed in order to test for median nerve impairment12.

Treatment options for CTS range from non-invasive to invasive treatments. Patients in
the early stages of CTS whose main complaint is waking in the night with numbness and tingling
sensations in their hands will typically be advised to wear a splint over their wrists at night27.
This holds the wrist in a neutral position in order to prevent wrist flexion which increases
pressure in the carpal tunnel and can induce symptoms27. For patients whose symptoms persist
after splinting, nonsteroidal anti-inflammatory medications or local corticosteroid injections will
typically be prescribed12. These conservative treatments, however, have only shown to be
effective for those suffering from mild CTS (intermittent numbness and normal sensory and
motor findings on physical examination)

12

. For those in the advanced stages of CTS (constant

numbness, atrophy of the thenar muscles, sensory loss), surgery is the only likely course of
action12. Carpal tunnel release surgery involves transection of the TCL in open surgery (Figure
7) or endoscopically depending on surgeon preference.
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Figure 7: Open surgical transection of the TCL (adapted from Lluch (2007)47)

Simple transection surgery, however, is estimated to only be effective in 75% of cases 26.
Even in successful surgeries, it has been reported that 25% will experience loss of grip strength
and the majority will experience some form of palmar scar pain47. Surgical reconstruction of the
TCL (Figure 8) following transection has been advocated in order to minimize the loss of grip
strength and the disruption of wrist biomechanics following surgery48. This technique involves
suturing transected flaps of the TCL together in various configurations in order to lengthen the
ligament. This procedure has been shown to increase the volume of the carpal tunnel by 3141%48. However, simple transection without reconstruction has been shown to increase the
volume of the carpal tunnel by approximately 33%5. Therefore, in terms of carpal volume
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expansion, both techniques successfully alleviate pressure on the median nerve

49

. However, a

study by Dias et al.50 in 2004 showed no identifiable benefit of surgical reconstruction of the
TCL over simple transection with respect to post surgery symptom relief. More serious
complications can also arise from surgical intervention such as incomplete release, injury to the
median, ulnar, or digital nerves, the ulnar artery, or the superficial palmar arch5..
Notwithstanding, CTS surgery is one of the most common surgeries performed today 51.

Figure 8: Surgical transection of the TCL with reconstruction (adapted from Netscher et al. (1997) 17)
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To date, there has been limited research into manipulative treatments for CTS (Figure 9).
Manipulative treatments involve stretching the TCL in order to relieve pressure inside the carpal
tunnel. In a cadaveric study performed by Li et al.52, a stretching routine was employed via a
lever applying force to the TCL from within the carpal tunnel. The study noted that relatively
small forces (~10N) applied to the TCL could result in a 30% carpal tunnel expansion as
measured by a series of Microscribe measurements52.

Although this study provided the

theoretical framework for alternative treatments of CTS, the application of force directly to the
TCL is not practical means of therapy in a clinical sense. Based on these principles a clinical
treatment was proposed in 2005 by Sucher et al.53

who employed a technique termed

“osteopathic manipulation” to cadaveric wrist samples (Figure 9). This technique involved
manually applying outward forces to the carpal bones, thus stretching the TCL. The study noted
TCL elongation of 13% with a residual recovery of 9%, and also noted that female wrists
strained approximately twice as much as their male counterparts53. The authors noted that this
technique held promise and merits further research and also stated that:

“The difference in response by sex suggests a need for osteopathic researchers to quantify
the elastic properties of ligaments in males and females so that we might establish reference
ranges for the purposes of comparison.”53
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Figure 9: Manipulative Therapy for CTS (adapted from Sucher et al. (2005) 53)

Recently, Porrata et al.54 in 2007 released a study evaluating the treatment efficacy of
their traction device for use as a conservative treatment option for CTS54. Their device consisted
of a C-shaped plate and an air bladder inside the frame attached to a manometer and a bulb
(Figure 10). Through its use, patients could stretch their carpal tunnel in order to relieve the
excess pressure. Patients using the device noted marked decreases in pain, tingling, numbness
and number of times woken up at night54. The device shows a possible new route for
conservative treatment and a plausible alternative to invasive surgery54. However, it should be
noted that this study was carried out by a group who both developed and marketed the device,
thus presenting an obvious conflict of interest.
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Figure 10: Traction Device used by Porrata et al for conservative treatment of CTS (adapted from Porrata et al (2007)54)

1.5.3. Economic Burden

The economic burden of CTS is far reaching. A recent study undertaken for the Workers
Safety and Insurance Board (WSIB) followed 984 Ontario patients (the majority were fabrication
and assembly workers) through insurance claims55. Those who opted for surgery were monitored
for four years. They reported that the mean time off work for those undergoing surgery was 48
days before the surgery took place, and 92 days after. This result is similar to a previous study
which reported 16-71 days off work depending on which surgery was performed (open or
endoscopic) and patient motivation to return to work (either on workers compensation or not)56.
Those who opted for conservative treatments took an average of 116 days off work55. Four years
after surgery patients were asked to complete a questionnaire on the reoccurrence of CTS
symptoms. 46% of workers experienced moderate to severe pain, 47% had moderate to severe
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numbness, and 40% had difficulty grasping and using small objects55. Only 14% were symptom
free four years after surgery55. They concluded that the average total cost in Canadian dollars to
the WSIB exceeded $13,700 per worker for a total cost in excess of $13,200,000 per year55.
However, this figure does not include all the costs related to CTS, as many costs related to CTS
treatment and diagnosis were covered through government insurance (OHIP) 55.

Another study followed up with 4,443 workers in Washington State who filed claims
with the State Fund and compared them to workers claiming for upper-extremity fractures and
medical-only dermatitis. The study looked at how CTS affected their future earning potential
based on two years leading up to surgery, and the six years after. The study found that CTS
claimants recover about half of their pre-injury earnings level relative to that of comparison
groups57. Claimants who opted for surgery had better outcomes then those who did not opt for
surgery 57. The cumulative loss of earnings for the 4,443 claimants was calculated to be $45,000$89,000 per claimant57. It was also found that CTS represented a far greater economic burden
than two comparison medical claims, upper-extremity fractures and medical-only dermatitis.
This was due to the fact that the recovery time was longer for CTS, symptoms were chronic and
would sometimes force workers to find new employment and that CTS is not a visible disorder
leading to long delays in obtaining proper diagnosis and thus resulting in further loss of
productivity57.

23

1.5.4. Incidence of CTS and Gender

It has been consistently reported that the incidence of CTS is higher in women,
specifically post-menopausal women. The first study to analyze sex-based differences in CTS
incidence was Phalen27 in 1966 who reported on his extensive experience with treating carpal
tunnel syndrome. He reported on 439 patients, 67% of whom were women, and more than half
were between 40-60 years of age27. More recent studies have corroborated this gender disparity
in CTS incidence; however, the precise ratio varies depending on the source. Conservatively, it
can be estimated that woman are approximately twice as likely as men to develop CTS at some
point in their life

1,58,59

. It has also been reported that female patients were less likely to have

surgery, took less time off work, and female workers aged 50 and over recovered their earning
power more successfully than older men (interestingly younger men recover better than younger
women)57.

It has been proposed that female sex hormones could play a role in the development of
CTS, given the high rate of CTS in post-menopausal women, oophorectomized women and
pregnant women60-62. However it is unclear how these hormones factor into the aetiology of CTS
as it is has yet to be shown which facet of the syndrome is affected by their action.
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1.5.5. Sex based differences in TCL compliance

Sex based differences in tissue mechanics have been previously reported in human
ligament and tendons. In two studies, one by Chandrashekar et al.63 in 2006 on the ACL, and one
by Kubo et al64 in 2003 on tendons, both showed their respective female samples to be
significantly weaker than their male counterparts. Although differences in TCL properties
between sexes has been observed, the results are mixed and unclear53,65,66. In 1983 Lin et al.66
reported a statistically significant difference in elasticity between male and female TCLs via
mechanical testing accomplished by the hanging of various weights from the tissue. They
reported that female samples were significantly stiffer than their male counterparts. However, the
methodology of study is vague and it is unclear whether the bone-ligament-bone complex was
tested, or excised tissue samples. Furthermore, in their analysis they failed to account for
specimen thickness or size. Thus, it cannot be conclusively stated that this difference in
measured stiffness was attributable to the isolated properties of the TCL or was merely related to
specimen geometry. In 2005 Li also reported female TCLs to be stiffer than their male
counterparts via indentation testing63. However, their measurements included the overlaying soft
tissue including the skin and muscle therefore it is difficult to meaningfully extrapolate this data
to the isolated TCL. Sucher et al.53 also in 2005 showed in their osteopathic manipulation study
that there was a significant difference tissue response of male and female TCLs, with female
samples being more responsive to treatment, implying the female tissue was less stiff than male
tissue. Hence, although sex based differences have been reported, varying testing protocols have
been employed with varying results. Therefore, there is a need to concretely establish if sex
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based differences in tissue properties of the TCL exist in order to develop new or improved
treatment options for CTS.

1.6.Mechanical Testing of Ligaments

Mechanical testing of ligaments is a complex undertaking as many parameters must be
carefully considered before experimentation can begin. These will be briefly discussed here.

Consideration of loading method is often based on the desired mechanical properties the
researcher is interested in measuring. Uniaxial testing is the most common form of materials
testing and is often used in evaluating engineering material properties. Young’s Modulus, yield
point, stiffness, failure strain, ultimate strength and failure load can all be measured using this
method. However, as biological materials are seldom loaded in vivo along one axis this loading
scenario is not ideal for simulating in vivo loading conditions. Biaxial testing involves
simultaneously loading a sample along two perpendicular axes which allows for a better
representation to in vivo loading conditions. However, only small tissue samples, usually smaller
than 10x10mm, and no thicker than 3mm of tissue can be tested67. Therefore, when using this
method, overall ligament properties must be averaged over many samples at different
regions/depths of the tissue. Indentation testing can also be performed. This method measures
tissue stiffness in compression, based on the relationship between displacement of the indenter
and the resulting force it applies.

Finally a ligament can be tested mechanically via the
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application of known forces (weights). This last method is typically applied to study ligaments as
part of entire intact systems (intact forearms, hands) which are often difficult to incorporate into
materials testing machines. Thus, the underlying/overlaying structures are incorporated into the
measurements, so that isolated properties are not obtained.

Specimen preparation and fixation is a consideration of utmost importance when
mechanically testing ligaments. Whether the sample is excised or tested as part of a complex
(such as a bone-ligament-bone complex) will result in the measurement of different mechanical
properties. Testing of excised samples necessitates either clamping or tethering of the sample to
the testing apparatus. This introduces stress risers to the tissue which can lead to premature
failure of the specimen at the location of clamping/tethering. Testing of bone-ligament-bone
complexes entails securing the specimen to the testing apparatus via their bony attachments and
thus avoids introducing errors related to stress-risers in the experiment. In addition as ligaments
will tend to strain most at their bony attachments when loaded68, this behavior can be measured
which would not be possible with excised samples.

Consideration must also be made relating to the experimental parameters. Many biological
tissues are strain rate dependent, therefore, an appropriate strain rate must be justified. The
appropriate mechanical test (creep test, load to failure, stress relaxation test, ramp test) should be
chosen to measure desired mechanical properties in order to address the experimental hypothesis.
Viscoelastic effects must be also be addressed which will be explored in the next section.
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1.6.6. Viscoelasticity

Soft biological tissues are known to exhibit viscoelasticity69. Viscoelasticity is the
property of materials which can exhibit both viscous and elastic properties while undergoing
deformation. Viscoelastic materials, such as soft biological tissues, can exhibit hysteresis, creep
and stress relaxation behaviour. Hysteresis is said to occur when tissue does not respond
identically during loading and unloading (Figure 11). Creep is the tendency of a material to
continually deform under the application of a constant stress while stress relaxation is the
tendency of a material under constant strain to relieve internal stress. It is thought that this
behaviour is the result of interactions between the solid and fluids phases of in the extracellular
matrix. In order to achieve repeatable results, samples are first preconditioned before mechanical
testing. Preconditioning involves repeatedly loading and unloading a specimen at low stress in
order to reach a stable stress-strain state (Figure 12). The effects of preconditioning on tissue
response are well established and thus it is important to incorporate this into mechanical
testing69-71. Although the experimental procedure to achieve this varies, typically it involves
sinusoidally loading and unloading a sample at low strains (<5%) for 10-20 cycles or until
subsequent trials follow the same hysteresis loop 69-72. Stress relaxation experiments are typically
carried out between 2-10% strain for approximately 100 seconds (Figure 13) 73-76. From this trial
percent relaxation is often reported which is the percent difference between the maximum stress
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achieved in the tissue and the stress in the tissue at the end of the given time period. Furthermore,
stress relaxation behaviour can be curve fitted for computational modelling purposes.
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Figure 11: Representative hysteresis loops for the TCL during preconditioning. Note that the 19th and 20th cycles
completely overlap indicating a repeatable tissue response has been achieved.
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1.6.7. Uniaxial Tissue Testing of Soft Biological Materials

Historically, biological soft tissues have been tested by means of uniaxial mechanical
testing. This involves anchoring a specimen at two ends and applying forces along a single axis
of interest. Measurements are typically taken of cross-sectional area, force, and displacement.
Cross-sectional area is defined as the tissue area perpendicular to the axis of applied force.
Specimen cross-sectional area can be measured using various techniques. For example crosssectional area can be determined using a laser device 77, through precision callipers20 or through
micrometer measurements78. Displacement can either be defined as the absolute motion of an
actuator, or through the relative motion of markers placed directly on the tissue surface. Force is
measured either through the measurement output of a load cell, or through the application of
known forces to the tissue (hanging weights). Using this data along with original specimen
dimensions stress and strain can be calculated. Stress ( ) is defined as force (F) per unit area (A)
and can be described using the following equation:

Equation 2: Formula for stress
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Strain ( ) is defined as change in specimen dimension ( ) relative to its original
dimension ( ). Strain is a unitless quantity and is typically reported as a percentage by the
following equation:

Equation 3: Formula for strain

Young’s modulus (E), is defined as the linear relationship between stress and strain when
plotted against each other on the same set of axes. Young’s modulus is a measure of the stiffness,
or elasticity of a substance. Unlike purely elastic materials, collagenous biological materials
exhibit a non-linear stress-strain curve at low stresses. This region, termed the toe-in region, is a
direct result of the “crimp” pattern of collagen fibers. As these fibres become elongated and
“uncrimped” under load the tissue begins to behave like an elastic material (Figure 14). The
slope of the linear region of the stress-strain curve is termed Young’s Modulus and following
relationship known as Hooke’s law is said to hold true:

Equation 4: Formula for Young’s Modulus
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Figure 14: Transition of orientation of collagen fibres from toe in region (crimped) to linear region (uncrimped)
under increasing stress. (Adapted from Franchi et al. (2007) 104)

In addition to Young’s modulus, the following mechanical properties are also often
reported in the literature for soft biological materials: failure strain (Figure 15) (strain at which
specimen rupture occurs reported as a percentage), ultimate strength (Figure 15) (stress and
which specimen rupture occurs reported in MPa), stiffness (Figure 16) (ratio between force (N)
and displacement (mm) in the linear portion of the force-displacement graph), and failure load
(Figure 16) (force and which specimen rupture occurs often reported in N).
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1.6.8. Biaxial Testing of Soft Biological Tissues

Recently, biaxial testing has emerged as a method for mechanically testing biological
tissues. This method has been applied to skin79, pericardium80 , epicardium81 , visceral pleura82,
myocardium83 and aortic heart valves84 among others. This method of testing has the advantage
of being more relevant to in vivo loading conditions as biological tissues are seldom loaded
along a single axis. Samples are typically secured in a trampoline-like fashion using small metal
rakes, or are held using small clamps (Figure 17). Samples are cut into squares and can be up to
~3mm thick, however samples are usually <1mm85. It is recommended that strain be measured
using optical techniques in the central area of the tissue away from the edges in order to avoid
stress risers as result of sample gripping85. However, this testing method inherently possesses
difficulties as Sacks et al.67 alludes to in their review or biaxial testing of soft biological tissues:

“…the experimental problems include: small specimen sizes, structural and
compositional heterogeneity, difficulty in gripping (without doing damage), dramatic effects of
different gripping techniques (St. Venant-like effects), difficulty in precisely identifying material
axes, difficulty in assuring constant forces along specimen edges, large specimen-to-specimen
variability, and time-dependent changes due to biological degradation” 85.
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Figure 17: Specimen fixation to a biaixal testing apparatus using rakes (adapted from Sacks, Sun (2003)67)

1.7.Mechanical Properties of the TCL

As previously stated, there have been numerous studies that have measured the material
properties of the TCL through analysis of the carpal complex as a whole2,16,17,19,21,22,65. These
studies have typically measured the properties of the TCL by comparing the properties of the
carpal complex before and after transection of the TCL. However, currently there exists limited
knowledge with respect to the isolated mechanical properties of the TCL. In 1989 Garcia-Elias et
al.20 carried out uniaxial testing of n=3 flexor retinaculum and measured an average stiffness of
131.8 (SD 54.4) N/mm and failure load of 343.6 (SD 46.3) N. However, they did not report
strain to failure, Young’s Modulus, or ultimate strength (MPa). There is also no mention of strain
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tracking technique or how the specimens were secured to the testing apparatus. Furthermore, the
study reported testing the flexor retinaculum, a structure which at the time was synonymous with
the TCL. However, the terminology of the structures of the wrist has been refined since then.
Work by Cobb et al.7 redefined the TCL as being contained within the flexor retinaculum. Thus
it is difficult to meaningfully relate this work to the current work as the structure being tested
was likely different. Recently two studies were undertaken by Holmes et al.25,77, one which
looked at the biaxial properties of the transverse carpal ligament the second which looked at the
relationship between transverse carpal ligament stiffness and wrist posture and indenter size. The
first study reported the Young’s modulus of 5mmx5mm biaxially tested excised squares of the
TCL to varying strains and at varying strain rates. A regional analysis was also undertaken
analyzing tissue properties at 6 locations in a grid formation (three adjoining squares at the
proximal extent of the tissue and three at the distal extent). Strain rate was found to not affect
tissue properties and they also reported that the modulus near bone attachment sites was
significantly greater compared to the centre of the tissue77. The second study reported a
maximum stiffness of 40 (SD 3.0) N/mm for the flexed wrist stiffness, 35.9 (SD 3.5) N/mm for
the neutral posture and 34.9 (SD2.8) N/mm for the extended posture25. Indenter size was also
found to significantly affect stiffness with the 20mm indenter producing the largest stiffness
followed by the 10mm, 5mm and 35mm indenters. It was found that the largest stiffness was
observed with the indenter covering the largest area of tissue (the 35mm indenter began to
infringe upon the carpal bones). However, they tested the stiffness of the TCL as part of the
carpal complex and included the underlying tendons. Therefore, this stiffness would not reflect
the isolated properties of the TCL given that tendon stiffness would be contained within this
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measurement. Main et al.3 in 2012 subjected the TCL to unconfined compression and compared
the stiffness near attachment sites to the stiffness away from attachment sites and reported values
of 3.6 (SD 2.7)N/mm and 28.0 (SD 20.2)N/mm respectively. However, as alluded to earlier, as
indenter size has been shown to significantly affect TCL stiffness, it is likely not suitable to
extrapolate the values measured in this study to overall TCL mechanical properties. Li65 in 2005
reported differences in carpal compliance between sexes with female carpal tunnels being less
compliant during indentation testing (reported stiffness of 9.9 N/mm for males and 13.3N/mm
for females). However, this testing was carried out on intact wrists and not excised samples
therefore the stiffness measured included the overlaying soft tissue of the hand. Hence it is
difficult to draw any meaningful conclusions on isolated TCL properties from these
measurements.

1.8.Motivation for current work

The TCL is a ligament of the wrist which is thought to contribute to carpal mechanics in
three ways. These include anchoring the thenar and hypothnar muscles, being a component of the
flexor pulley system and providing stability to the carpus. While the role of the TCL is not
completely understood, its mechanical properties are known to be significant with respect to the
onset of CTS. Its low compliance is known to contribute to the increased pressure in the carpal
tunnel eventually resulting in entrapment of the median nerve.
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Currently there exists a gap of knowledge with respect to the biomechanical properties of the
isolated TCL. Previous studies reporting mechanical properties of the TCL are insufficient for
completely assessing it’s material characteristics. The current work provides a comprehensive
description of the mechanical properties of the TCL as well as an analysis of the sex specific
properties. Results of this work have applications for computational modelling of the TCL as
well as clinical applications with respect to the improvement and evaluation of alternative noninvasive therapies for CTS.

1.8.9. Objectives

Objective 1: To improve existing constitutive equations and computational models of the carpal
tunnel complex by extensively analyzing the biomechanical properties of the isolated TCL

Hypothesis 1: Given the TCLs role as a pulley in the flexor tendon system as well its stabilizing
role in the carpal complex, it is hypothesized that the TCL will be a stiff upper extremity
ligament

Objective 2: To elucidate any differences in tissue response between sexes in order to improve
existing non-invasive treatment techniques for CTS.
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Hypothesis 2: Based on previous findings, it is hypothesized that female TCLs will strain more
than male TCLs at a given load.

Objective 3: To measure the variation in TCL tissue properties according to increasing tissue
depth in order provide a basis for accurate constitutive modeling of the TCL

Hypothesis 3: Based on previous studies reporting fibre orientation of the TCL it was
hypothesized that the medial/lateral direction would have a higher modulus than the
proximal/distal direction and that modulus would increase with respect to tissue depth.
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Note: Chapter 2 has been submitted for publication in the Journal of Clinical Biomechanics
and as of the submission of this work is out for review.

2. Chapter 2: Uniaxial Biomechanical Properties of the
Transverse Carpal Ligament
2.1.Abstract
Background: The transverse carpal ligament is an integral factor in the aetiology of carpal tunnel
syndrome. This study looked to report the biomechanical properties of this ligament as well as
quantify and compare any sex differences and regional variation in tissue response. We
hypothesized that the mechanical response would not be uniform across the surface, and that
female ligament properties would have higher strain profiles and accompanying lower
mechanical properties.

Methods: Uniaxial testing of twelve (six male, six female) human fresh-frozen cadaveric
transverse carpal ligaments with bony attachments was carried out using an Instron Materials
Testing Machine. Strain was measured via a non-contact optical method.

Findings: The following biomechanical properties of the transverse carpal ligament were
reported in this work: failure strain (Male: 9.2 (SD 5.0), Female: 15.5 (SD 7.1)%) , failure load
(Male: 273 (SD 56.8), Female: 271 (SD 78.1) N), strength (Male: 4.9 (SD 1.5), Female: 4.5 (SD
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1.6) MPa) , stiffness (Male: 45.5 (SD 22.1), Female: 51.6 (SD 20.6) N/mm) and modulus of
elasticity (Male: 52.9 (SD 19.6), Female: 38.2 (SD 21.9) MPa). The regional surface strain of the
transverse carpal ligament was not uniform under uniaxial load, with the lateral side displaying
significantly more strain compared to medial (p<0.0001).

Interpretation: The results of this study provide evidence that manipulative treatments should
focus stretching on the lateral half of the tissue, which experiences larger strains under uniform
loading conditions. In addition, this work has established reference sex based mechanical
properties of the transverse carpal ligament which could provide a basis for the development of
improved non-surgical treatment methods for carpal tunnel syndrome. The results can also be
applied to generate more accurate computational models of the wrist.

Key Words: Transverse carpal ligament, carpal tunnel syndrome, biomechanical properties

2.1.Introduction

Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy which affects
approximately 3.8% of the adult population1. CTS develops when increased pressure inside the
carpal tunnel compresses the median nerve, resulting in numbness, tingling or burning sensations
in the hand

29,30

. It has been consistently noted that woman are more susceptible to developing
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CTS than men by approximately a factor of two; however, an explanation for this has not been
established

1,55,57

. Forming the volar boundary of the carpal tunnel is the transverse carpal

ligament (TCL) which is thought to contribute to carpal stability, provide an anchor to the
hypothenar and thenar muscles and act as a component of the flexor tendon pulley system,
making it a fundamental mechanical component in the carpal anatomy

2,19,47

. Accurate

biomechanical properties of this ligament are necessary to improve existing computational
models of the wrist, evaluate possible non-invasive treatment options, as well as gain insight into
the aetiology of CTS.

While several studies have examined the biomechanical properties of the TCL, varying
testing approaches have been used including indentation testing 3,25,65 , uniaxial testing21, biaxial
testing77, and hanging weights19,66. These widely varying methodologies make comparison
between studies and implementation of the resulting properties into computational models
difficult as only a specific set of properties can be imported into these models.

Current literature suggests that the TCL does not strain uniformly under tensile load. It has
been reported that proximal/distal variations in tissue response exist19,77, however, tensile
medial/lateral variations have yet to be quantified. A study by Kung et al13., 2005 reported
anatomical variations in the TCL in the medial lateral direction since approximately two thirds of
thenar musculature attachments were shown to originate from the lateral end while only about
half of the hypothenar musculature attachments were shown originate from the medial end. Main
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et al.3, 2012 showed via indentation that compressive stiffness of the TCL was lower at locations
close to muscle attachments suggests a basis for medial/lateral variation in tensile tissue
properties. Quantification of medial/lateral variation could have important implications for
manipulative therapies for CTS given that practitioners apply tensile loads to the TCL in the
transverse (medial/lateral) direction53. With regional tissue response elucidated, these nonsurgical CTS treatment methods could be optimized by focusing stretching on the area with the
highest strain capacity.

Sex differences in carpal mechanics have been minimally investigated. Li65, 2005 reported
differences in carpal compliance between sexes with female carpal tunnels being less compliant
during indentation testing. A similar finding by Lin et al.66, 1983 was also reported. However,
Li65, 2005 tested the carpal complex with overlaying muscle and tissue intact, hence the
properties of the TCL were not isolated. Given that carpal tunnel syndrome afflicts twice as
many females compared to males1, a more detailed sex based analysis of TCL properties is
warranted.

The current standard of care for advanced cases of CTS is invasive carpal tunnel release
surgery which involves either complete or partial transection of the TCL12,26,47. Recently,
manipulative treatment has emerged as an alternative to surgery. Sucher et al.53, 2005 reported
increases in carpal arch width after manipulative treatment on cadaveric samples with female
samples being more responsive to treatment. They noted that at a given force, female TCLs
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experienced higher initial and residual elongation than male TCLs. Applying this concept to a
clinical trial, Porrata et al.54, 2007 conducted a small human trial (n=19 patients) for their traction
device for the manipulative treatment of CTS. Patients reported decreases in pain, tingling,
numbness and waking in the night after four weeks and these results were maintained seven
months after treatment. However, this treatment methodology still requires further investigation
and has yet to be proven in an extensive clinical trial. In addition, given that the study was
conducted by a group also marketing and selling the device, a clear conflict of interest was
apparent in the study. These non-surgical treatments all load the TCL in the medial/lateral
direction in order to achieve elongation. Thus, uniaxial testing of this ligament in this direction is
warranted in order to assess and optimize these non-surgical methods. There is also a need to
quantify any sex based differences in material properties in order to establish reference ranges
for comparison.

The purpose of this study was to quantify the uniaxial biomechanical properties of the
TCL as well as illuminate any regional and sex based variation in tissue response. It was
hypothesized based on previous studies that female TCL samples would have higher stiffness
and greater strain at failure compared to their male counterparts. As well, we hypothesized that
mechanical strain distribution would be non-uniform over the surface of the TCL.
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2.2.Methods
2.2.1. Specimen Preparation

The TCL was extracted from twelve fresh-frozen cadaver wrists from six male (84 (SD
10) and six female (75 (SD 15) donors. Specimens were dissected to include the eight carpal
bones, the TCL and its attachments to the scaphoid, hamate, pisiform and the trapezium. Samples
were stored in a freezer at -20◦C until testing which has been shown not to alter tissue
properties86. In order to obtain the two bony end-blocks necessary for uniaxial testing, the carpal
tunnel was separated at the level of the lunate-scaphoid, capitate-trapezoid, and at the second and
third metacarpals.

2.2.2. Experimental Protocol

Human ethics approval to conduct this study was obtained from both the University of
Toronto as well as the University of Guelph. TCL thickness was measured at nine locations in a
grid formation (Figure 18) using a custom built micrometer78. A detailed description of the
custom micrometer and measurement technique can be found in Appendix IV. Measurements at
each location were repeated five times and an average was taken. An average was then taken
across the proximal/distal as well as medial/lateral rows. TCL width was measured using a set of
calipers (Mastercraft Toronto, ON) across the medial, middle, and lateral ends of the tissue.
46

Cross sectional area was calculated by averaging the proximal, middle, and distal thickness
measurements across the tissue and then multiplying this by the tissue width measurement
closest to the area of failure. This was done in order to estimate as closely as possible the area
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Figure 18: Experimental apparatus (pictured left) with attached TCL specimen. The nine markers (black spheres) fixed
to the TCL outline the two regions identified for regional strain analysis (pictured right). Marker positions also
approximate location of thickness measurements.

Cylindrical steel pots for bone fixation were custom built to fit an Instron Universal
Testing Machine (Instron Corp., Canton, MA) (Figure 18). Samples were aligned so that force
was applied in the medial/lateral direction along the known direction of predominant fiber
orientation of the TCL

9,10

. The hamate, capitate, and fourth metacarpal were secured with

sharpened bolts in one pot, and the scaphoid, trapezoid and the first metacarpal were secured in
the other. The two bony endblocks were then potted in acrylic resin to ensure that no bone
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Proximal

under the highest stress in the tissue.

movement occurred during testing. Limiting any bone movement was necessary to ensure that
the mechanical properties measured where only those of the isolated TCL. A 2mm Kirshner wire
(Figure 18) was then drilled through the pisiform into the hamate in order to minimize movement
during testing as it was not possible to secure this small bone with either the resin or with bolts.
Nine markers (2mm lead shot) were then fixed to the specimen using cyanoacrylate cement in a
grid formation in order to create a regional strain profile of the TCL (Figure 18). Markers were
placed in the middle of the specimen and along the hook of hamate and the trapezial ridge in
order to capture strain across the whole tissue.

The ligament was irrigated with saline solution throughout testing to avoid drying.
Before each test, a small preload of 5N was applied to the tissue to avoid tissue slack during
testing. Samples were then preconditioned at 5% strain for 20 cycles at 1Hz which pilot testing
showed to elicit stable tissue response. 5% strain corresponds to less than half the expected
failure strain and thus at this point in the stress-strain curve, premature failures are unlikely to
occur69. Furthermore, Sucher et al.53 (2005) showed that TCLs subjected to 5% and 7% strain
showed no evidence of permanent damage.

Following preconditioning, samples were then subject to a stress relaxation test to 5%
strain at a 1mm/sec and allowed to relax for 90s which is comparable to other studies of tendons
and ligaments73-76. Finally, the tissue was loaded to failure at a strain rate of 100mm/min 87. A
GRAS-20S4M/C camera system (Point Grey Research Inc., Richmond, BC) was used to record
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optical strain for this test and was aligned perpendicular to the tissue surface. The acquisition
interval for both the computer data acquisition system and the camera were both set at 10 Hz and
synchronized.

2.2.3. Strain Calculation

Regional strain across the dorsal/ventral surface was calculated by tracking 8 triangular
elements outlined by the nine markers
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using custom software (Appendix I). Regional strain

was calculated through determination of the Green’s strain tensor of each triangular element. A
detailed description of this method can be found in Appendix II. An average of the four adjacent
triangular elements across the medial and lateral ends of the tissue was then taken creating a
strain profile for the medial and lateral halves of the TCL (Figure 18).

Stress was calculated as force divided by area, where force was measured by the Instron
load cell, and area was defined as the initial calculated rectangular cross-sectional area at the
region of failure from caliper and micrometer measurements described earlier. Young’s modulus
was determined by measuring the slope of the stress-strain plot between 1 and 2.5 MPa of stress
which was experimentally determined to represent the linear portion of the curve for all
specimens (Figure 19). Similarly, stiffness was determined by measuring the linear portion of
the force-displacement plot between 2-4mm of displacement which was experimentally
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determined to represent the linear portion of the curve for all specimens (Figure 19). Strength
was determined by measuring the stress at the moment of failure.
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Figure 19: Representative stress-strain (pictured left) and load-displacement (pictured right) plots. Linear regression was applied to the
highlighted slopes between 1-25MPa on the stress-strain plot to determine Youngs Modulus, and between 2-4mm of displacement

2.2.4. Statistical Analyses

All statistical analyses were conducted using a mixed model where specimen was
included as random effect. Outcome measurements of tissue thickness and regional strain were
assessed by sex and region (medial/lateral); while the measurements of load to failure, elastic
modulus, strength, failure strain and stiffness were assessed only by sex. In all cases P≤0.05 was
required in order to declare a significant difference between means. When appropriate,
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differences were assessed using a least squared means (LSM) procedure. All analyses were
conducted using SAS Version 9.2 (Statistical Analysis Systems, Cary, North Carolina).

2.3.Results

Thickness data are summarized in Table 1. Statistical analysis revealed the distal portion
(95% CI: 2.70 to 3.56 mm thick) to be thicker than the proximal (P<0.0001; 95%CI: 1.84 to 2.70
mm thick). No significant differences were found with respect to tissue thickness between sexes
or between medial/lateral regions. Results of mechanical testing are outlined in Table II.
Statistical analysis showed that there were no significant differences between male and female
subjects with respect to the mechanical properties outlined in this table. Figure 20 depicts the
regional failure strain data of female and male samples. The lateral end (95% CI: 12.9 to 20.9 %
strain at failure) was also found to strain significantly more at failure than the medial end
(p<0.0001; 95% CI: 3.78 to 11.79% strain at failure) which was particularly evident in female
samples. All specimens failed through bony avulsion (5 at trapezium insertion, 5 at the hook of
hamate, and 2 at the scaphoid insertion).
Table 1: TCL thickness at four locations

Region
Proximal
Distal
Medial
Lateral

Thickness(mm)
2.27 (0.68)
3.14 (1.09)
2.70 (0.91)
2.79 (0.92)
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Table II: Uniaxial biomechanical properties of the TCL by sex

Gender

Failure
Load (N)

Strength
(MPa)

Stiffness
(N/mm)

Modulus of
Elasticity (MPa)

Stress Relaxation
(% Relaxation

Male
(age 84.2
(10.8))

273 (56.8)

4.9 (1.5)

45.5 (22.1)

52.9 (19.6)

18.0 (6.5)

Female
(age 75.5
(14.5))

271 ( 78.1)

4.5 (1.6)

51.6 (20.6)

38.3 (21.9)

19.7 (12.0)

Lateral

Distal

εf = 24.0(15.8)% Th =2.8(0.7)mm

Proximal

εf = 13.1(9.5)% Th = 2.9(1.0)mm

εf = 4.5(7.6)% Th=2.7(0.9)mm
εf = 7.9(8.1)% Th = 2.7(0.5)mm

Medial
Figure 20: Sex differences between regions (lateral/medial) the failure strain (εf) and thickness (Th) of the TCL by
region.
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2.4.Discussion

To the authors knowledge, this study was the first to extensively determine the isolated
uniaxial biomechanical properties and regional strain variations of the transverse carpal ligament,
as well as to extensively analyze sex based differences in tissue response. Uniaxial testing of
bone-ligament-bone complexes is important to understanding the overall mechanics of a
ligament as its deformation is typically non-uniform and most likely to occur at ligament
insertion sites68.

Furthermore, Main et al.3, 2012 noted significantly lower stiffness near

thenar/hypothenar attachment sites as opposed to the middle of the tissue. Thus including these
muscle/bone attachment sites in uniaxial mechanical testing is crucial in order to ascertain an
accurate representation of the properties of the entire ligament as was done in this work. Based
on previous work noting the predominantly medial/lateral fibre alignment9,10 it is likely that invivo loading is predominantly in this direction from the carpal bones resisting the outward
deformation of the carpal tunnel. However, given its complex fibre arrangement the TCL also
likely resists deformation in other directions as well, however, to a lesser extent.

The results of the thickness measurements of the transverse carpal ligament shown in
Table I were comparable to other studies reporting TCL thickness7,8. The mechanical testing
results suggest that the TCL is a relatively stiff upper extremity ligament with an average
stiffness of 48.6 N/mm and a modulus of 45.6 MPa. It has been previously found that upper
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extremity ligaments vary in stiffness from approximately 10-95 N/mm with elastic moduli values
ranging between 22.6-119.3 MPa17,87,89,90. Differences in failure load between males and females
was not observed, however, given that all samples failed through bony avulsion and were from
elderly individuals this is likely a result of decreased bone quality due to aging. Therefore, it is
difficult to draw any conclusions from this data.

This study reported lower tensile stiffness (48.6 N/mm vs 131.8 N/mm) and failure load
values (272.2 N vs 343.6 N) than those reported by Garcia-Elias et al.20, 1989. However, it is
difficult to draw meaningful comparisons to this work as no mention of fixation or displacement
tracking were provided. In addition, they reported testing the flexor retinaculum which was said
to be synonymous with the TCL. However, since the publication of that work the definition of
the TCL has been refined and is no longer synonymous with the flexor retinaculum. The flexor
retinaculum is now defined as extending from the thick distal aponeurosis between the thenar
and hypothenar muscles to a proximal forearm fascia, whereas the TCL is delineated by its bony
attachments7. Furthermore, their relatively small sample size of three specimens could also
explain the differences between the two studies.

This study found significantly higher strains at failure in the lateral half of the tissue
compared to the medial half, under uniform load across the structure. This difference was also
more pronounced in females compared to males. Kung et al.13, 2005 showed that larger
percentage of thenar musculature takes origin from the TCL in the lateral end than hypothenar
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musculature in the medial end. It is possible that some muscle fibers remain interspersed with the
collagen fibres of the TCL from these insertions91. This could weaken the tissue in the lateral end
which in turn could result in the higher strains observed in the current study. By extension, it is
possible that a larger percentage of hypothenar/thenar attachments to the TCL is present in
females than in males which would consequently lead to the sex based variation in strain profile
seen in the current work. However, it is important to note that other factors could also play a role
in this regard such as possible hormonal effects on tissue properties60-62 or possible gender based
variation in collagen fibre organization.

The finding that suggests that female strained more than male TCLs, reaffirms the results
of Sucher et al.53, 2005 who noted that female samples strained approximately twice as much as
male samples during their cadaveric osteopathic manipulation trials. It is possible that this due to
lower loading in life leading to a more elastic tissue. The same gender difference in residual
elongation however, was not observed in the stress relaxation measurements of this study. This is
likely due to the extended period of loading used by Sucher et al.53, 2005 who applied static
loads for up to three hours, compared to 90 seconds in the current study. However result of the
current study could be used to improve existing manipulative treatments of CTS particularly in
females, possibly by focusing stretching efforts on the lateral end of the tissue. This may be a
more effective means of relieving the pressure inside the carpal tunnel given that the median
nerve is known to course through the lateral end of the carpal tunnel4,11. Along with immediate
implications for manipulative therapy this work could also provide more accurate tissue
properties for constitutive equations for the TCL leading to more accurate finite element models
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of the wrist. The finite element model of the wrist by Guo et al.23 modeled the TCL after the
human interosseous ligament and estimated its modulus to be between 100-300MPa. The results
of this study indicate the TCL to be at least half as stiff as this and therefore, this model may not
be sufficient to support their conclusion that the TCL contributed significantly to carpal stability.
Such a model could be also modified specifically for evaluation of alternative therapies which
could be implemented to accurately test treatment effectiveness in simulation before conducting
cadaveric or in vivo trials.

This study is not without limitations. The sample size (n=12, six female, six male) is
relatively small to detect statistical differences due to sex. Furthermore, all samples were from
elderly individuals and thus the sample pool was not representative of the overall population. An
average thickness was used in the strength and modulus calculations, which does not reflect
representation of the true stress under the given loading conditions. In addition, in order to secure
the markers to the tissue, cyanoacrylate cement was applied directly to the tissue. It is possible
the cement could have slightly altered the surface properties of the tissue thus altering strain
results slightly. However, as in previous studies using a similar technique, this effect is assumed
to be minimal24,92-94. Furthermore, in order to properly grip the specimen the carpus was
sectioned into two bony endblocks to allow potting, thus the resulting loading scenario was not
representative of in-vivo loading conditions. However, gripping in this way was necessary in
order to ensure the specimen remained securely fixated to the loading apparatus during the high
loads present during loading to failure and to ensure the measured modulus was suitable for
eventual importation into finite element models. This loading scenario however, could have
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resulted in lower measured mechanical properties given that the TCL was not loaded
physiologically.

This study was the first to extensively examine the biomechanical properties of the TCL
under uniaxial load. The results support previous research which suggests that the TCL does not
strain uniformly across its surface with the lateral side of the structure straining more compared
to the medial. Future studies could look to build on the work of the current study as well as of
Lin et al.66, 1983 and extensively determine the mechanical properties of TCLs from wrists
afflicted with CTS. A stress relaxation experiment with a visual strain analysis is warranted as
regional variations could be analysed under loading conditions which simulate manual therapy.
Such a study could help optimize manipulative stretching routines by assessing if any region is
able to hold greater residual elongation. Such information could be beneficial as it could allow
for a reduction in the frequency of treatments necessary for symptom relief. Furthermore, a study
examining physiological strains through imaging studies or through modeling or in-vitro
methods is warranted.
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Note: It is the intent of the author to submit Chapter 3 for publication following the submission
of this thesis.

3. Chapter 3: Biaxial Biomechanical Properties of the
Transverse Carpal Ligament depth wise through the tissue

3.1.Abstract
Background: The transverse carpal ligament forms the volar boundary of the carpal tunnel and is
a functional component in carpal anatomy. Its material properties are known to be a crucial
factor in the aetiology of carpal tunnel syndrome. This study looked to analyze possible depthwise variations in tissue properties in order to provide a basis for accurate constitutive models of
the TCL.

Methods: Biaxial testing of 150μm slices from superficial, middle and deep tissue depths of ten
human fresh-frozen cadaveric transverse carpal ligaments was carried out using a Cellscale
BioTester 5000. Properties between the medial-lateral and proximal-distal orientations were
compared, as well as between the proximal and distal ends of the tissue. Tissue strain was
measured via a non-contact optical method.
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Findings: In the medial/lateral direction the moduli of the deep, middle and superficial layers
were 20.4(SD 16.6) MPa, 15.19(SD 8.6) MPa, and 9.95(SD 6.0) MPa respectively. In the
proximal/distal direction the moduli were 8.19(SD 7.4)MPa, 6.21(SD 4.0) MPa and 4.83(SD 4.3)
MPa at the corresponding depths. Significant differences were found with respect to tissue
properties between the medial/lateral and proximal/distal orientations with the medial/lateral
direction displaying a significantly higher modulus. Furthermore, the deeper tissue layers were
also found to have a significantly higher modulus than the superficial layer.

Interpretation: Based on this work and previously reported findings, there is strong evidence that
deep tissue layers of the TCL provide more transverse stability to the carpus than the superficial
layer. These material properties could be incorporated into future computational or constitutive
models of the TCL in order to improve their accuracy.

Key Words: Transverse carpal ligament (syn: flexor retinaculum), carpal tunnel syndrome,
biomechanical properties, biaxial testing

3.2.Introduction

Carpal tunnel syndrome (CTS) is a compression neuropathy of the median nerve at the wrist
which is estimated to affect 3.8% of the general population1. Although research over recent years
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has illuminated many aspects regarding CTS, its precise aetiology is still largely unclear26.
Carpal modeling either through constitutive equations

3,21

or finite element analysis

2,23,95

is an

important method used to enhance our understanding of the aetiology of CTS as well as
evaluating possible non-invasive treatment options.

In order for these models to be valid

however, accurate material properties must first be ascertained.

Forming the volar roof of the carpal tunnel is the transverse carpal ligament (TCL) which
anchors the hypothenar and thenar muscles, and is thought to provide stability to the
carpus2,19,21,22, as well as act as a pulley for the flexor tendons14,16,17. Primarily mechanical study
of the TCL has focused on its analysis as part of the carpal complex as a whole19,65,66,96. Recently
however, study of the isolated material properties of the TCL has garnered considerable
attention. Indentation testing3,25,65, application of force via weights19,66, and biaxial testing77 of
the TCL have all contributed to an improved understanding of the role of the TCL in carpal
mechanics. Given its unusual geometry, complex fibre arrangement, and varying proximal/distal
thickness, it is not surprising that regional variation in its material properties has been shown to
exist, which is apparent in Chapter 2 of this work, and in previously reported findings3,19,77.
Isogai et al.9 noted that the arrangement of fibre bundles varied depth-wise through the tissue,
however, did not quantify this. They noted that although the predominant medial/lateral fibre
orientation was maintained throughout, the oblique fibre bundles were usually limited to the
superficial layer. In an effort to quantify the results of Isogai et al.9, Prantil et al.10 analyzed the
fibre orientation of the transverse carpal ligament using the small angle light scattering
technique. Similarly to Isogai et al. 9, they reported that the predominant fibre orientation was
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medial/lateral followed by oblique and proximal/distal fibres. Although they also noted a depth
wise increase in proportion of medial/lateral fibres, it was reported as a trend and not statistically
significant. It is currently not known whether the more highly aligned depths result in higher
planar tensile properties.

Biaxial testing of soft tissue has been carried out on a wide range of tissues77,82,84,97,98.
Recent work by Holmes et al.77 in 2011 measured the biaxial properties of the TCL at six
different tissue locations at full thickness (~2.5mm). Their testing protocol, however, represented
the upper limit of tissue thickness that is recommended to be biaxially tested in this manner67. It
is not known what effect this large tissue thickness has on measured properties and whether they
differ significantly from measurements of thinner samples. As well, this work did not incorporate
optical strain measurements, so that a modulus or a constitutive equation could not be developed
from their results.

Properties measured through biaxial testing can be applied directly to constitutive
models, particularly those which incorporate tissue composition and organization80,99. Such
models have been applied to soft tissue showing regional variation in properties such as the
human supraspinatus tendon98 and would therefore be ideal for modeling the TCL. These types
of models are critical for developing tissue engineering design strategies and predicting
outcomes of tissue repair.
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The purpose of this study was to determine, through biaxial testing of TCL tissue at different
depths, if planar tensile tissue properties of the TCL vary depth wise through the tissue, and if so,
to quantify these differences. It was hypothesized that the medial/lateral direction would display
higher mechanical properties than the proximal/distal direction and also that deeper tissue layers
would display higher mechanical properties than the superficial layer.

3.3.Methods
3.3.1. Specimen Preparation

Ten (six male, and four female) cadaveric wrists (age 70 SD(11) years) were obtained
pre-dissected from the University of Toronto Anatomy department with intact carpal bones and
TCL attachments. Two 6mm by 6mm squares representing proximal and distal sections were
dissected at the midline of the tissue using a scalpel (Figure 21). The thickness of each square
section was then measured using a custom micrometer (Appendix IV). While taking careful
measures to maintain consistent anatomical orientation each square sample was frozen in
cryomatrix (Thermo Fisher Scientific, Waltham MA) to form a solid cube and was sectioned
using a Microtome Cryostat (Leica CM 2050S, Concord, Ontario) into 150µm thick square
slices. A similar technique has also been used to section soft tissue in a previous study98.
Individual slices were then catalogued according to depth and anatomical orientation, transferred
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to microscope slides, wrapped in gauze, soaked in 0.9% phosphate buffered saline (PBS) and
stored in a freezer at -20◦C until testing. This procedure has been shown not to alter tissue
properties86. Samples were separated according to depth into three layers (superficial, middle and
deep) with each layer representing a third of the entire tissue thickness. Identical separation
parameters were also used by Prantil et al.10 in their histological study which therefore allows for
direct comparison between the works.

A
B

Figure 21: Tissue sample locations ( H = Hamate, P = Pisiform, T = Trapezium, S = Scaphoid)

3.3.2. Tissue Mounting

Due to the thin nature of the sample slices, rakes, sutures or clamps could not be utilized
as fixation methods to the CellScale BioTester 5000 (Concord, Ontario). These methods would
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simply tear the tissue at the location of fixation. Instead, a novel gripping technique was used
which involved pressing the sample against two pieces of wax paper (Figure 22) thus forming a
barrier between the tissue and the clamps. Glue was then applied to the edges of the paper to
prevent sample slipping during mounting/testing.

5mm2

15mm2

Wax Paper

Tissue

Figure 22: TCL slice tissue mount utilized for biaxial test. Pictured left are mount dimensions. Pictured right is the mount
assembly

The sample was then inserted into custom vice grips (Figure 23). Once placed in the
grips, set screws were tightened on the wax paper mount and the sample was secured. Using
dissection scissors, four cuts were made from the corner of the tissue mount to the respective
corner of the tissue window (by making these cuts only the mechanical properties of the tissue
would be measured and not those of the wax paper). Graphite powder was then sprinkled over
the tissue to create a speckle pattern to allow tissue strain to be tracked.
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Set screws
Clamp

Clamp

Δd

Δd

Tissue sample

Tissue mount

Figure 23: TCL tissue mount/vice grip assembly shown in cross-section (adapted from Osbourne (2012)

100

). An identical

fixation protocol would be employed for each edge of the tissue mount.

Y
X

8% Biaxial Strain

Figure 24: Experimental set up for biaxial testing. Pictured left is before tissue loading, pictured right was obtained during
the 8% biaxial strain loading cycle
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3.4.Test Protocol

Tissue slack was removed by manually adjusting the actuators until the tissue was visually
taut and a spike in force was observed from the load cell indicating recruitment of the collagen
fibers. A small preload of 10mN was then applied to the tissue. All tests were conducted at 1%
strain/second77. Before each test, 0.9% PBS was applied to the tissue with a cotton swab to avoid
tissue drying. This was done on the underside of the tissue only to avoid shifting or dissolving to
graphite speckle pattern. Samples were first preconditioned at 5% strain for 10 cycles in order to
reduce viscoelastic effects. This was followed by a ramp test at biaxial strain to 8%, followed by
constrained uniaxial tests in the medial/lateral and proximal/distal directions to 8% strain where
the unloaded axis was held at a constant displacement. Following the ramp test a biaxial stress
relaxation test was carried out at 8% strain with a 60s hold. The entire testing protocol took
under three minutes to minimize dehydration effects

3.5.Data Analysis

Actuator displacement, load cell forces and image acquisition were all synchronized and
sampled at 15 Hz. Data acquisition and strain measurements were taken using manufacturer
provided software (LabJoy, Cellscale, Waterloo, Canada). Stress was calculated as the
instantaneous change in force measured by the load cells divided by the initial cross-section area.
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Initial cross-sectional area was defined as the initial slice thickness of 150 µm multiplied by the
distance between opposing grips perpendicular to the direction of applied force as measured by
the actuators. Strain was calculated using two methods. Actuator strain was calculated using the
displacement measured between opposing grips normalized to the original distance between
them at the start of the test. Visual strain was calculated using the manufacturer software which
tracks the movement of speckle patterns inside a user defined grid. Briefly, the method tracks the
coordinate displacement of the speckle pattern to create a deformation matrix. From this
deformation matrix a rotation matrix as well as right Cauchy stretch tensor can be derived. From
this principle strains and angles can be calculated as well as coordinate strains. A more detailed
description of this technique can be found in Appendix III. Principle strains were used for the
constrained uniaxial tests in order to account for all movement of the speckle pattern during tests
(average absolute difference between principle angle and coordinate axis for constrained uniaxial
tests was 9.6 degrees for the constrained medial/lateral tests and 6.65 degress for the constrained
proximal/distal tests). Coordinate strains were used for the biaxial tests in order to assure that
mechanical properties measured were aligned with fibre axis. A 3x3 grid was chosen in the
innermost 3mmx3mm section of the sample in order to avoid stress risers resulting from the
gripping of the sample67.

For each test, a stress-strain plot was created. Elastic moduli were determined through
linear regression of the linear portion of the stress-strain curve performed in Excel. In order for a
test to be valid the trend line was required to possess an R2>0.9 for actuator based stress-strain
curves, and an R2>0.85 for visually determined stress-strain curves. Therefore, for each sample
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eight different moduli were calculated, constrained moduli for the medial/lateral and
proximal/distal directions and biaxial moduli for both directions from both actuator and optical
strain measurements.

3.6.Statistical Analysis

The independent variables consisted of tissue location (proximal or distal), depth (deep,
middle or superficial) and axis (medial/lateral or proximal/distal).

The response variables

included constrained uniaxial strain, biaxial strain and stress relaxation resulting in a total of
three separate ANOVAs. When appropriate, differences between means were assessed using a
Bonferroni-Dun t-test post-hoc procedure. For all analyses, the significance value was set to p
≤0.05. To account for multiple measures being obtained on the same specimen, specimen was
included in all statistical models as a random effect101. All analyses were performed using the
GLM procedure in Minitab_ 13.32 (Minitab, State College, PA, USA).

3.7.Results

The moduli for the deep, middle and superficial layers of the TCL are presented in Figure 25.
Statistical analyses revealed that modulus varied significantly by depth (P=0.009 for biaxial
visual analysis, P=0.011 for constrained uniaxial tests). In the biaxial tests all three depths were
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found to differ significantly from one another while in constrained uniaxial modulus tests only
the deepest region was found to differ significantly from the middle and superficial layers. The
absolute percent difference between actuator measured modulus and the visual modulus was
24% in the medial/lateral direction and 16% in the proximal/distal direction for the constrained
modulus tests and was 31% in the transverse direction and 31% in the oblique direction for the
biaxial test. A comparison between proximal and distal regional moduli can be found in Figure
26. Statistical analyses revealed no significant differences between these two regions.
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Figure 25: (A) Constrained and (B) Biaxial modulus for the deep, middle and superficial layers of the TCL

Statistical analysis showed the medial/lateral direction possessed a significantly higher
modulus than the proximal/distal direction (P=0.000 for constrained uniaxial modulus tests
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and for biaxial tests). However, no significant difference was found between the proximal
and distal locations. Stress relaxation results can be found in Figure 27. Statistical analysis
showed no difference in the stress relaxation properties of the tissue at different depths.
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Figure 27: Stress relaxation comparison between the deep, middle and superficial tissue layers

3.8.Discussion

The primary purpose of this study was to quantify and compare tissue properties at three
different TCL tissue depths. The mechanical properties measured in the current work support
previous histological examinations by Isogai et al.9 and Prantil et al.10 which noted increasing
medial/lateral fibre orientation at increasing depths. However, the measurements taken by Isogai
et al.9 were qualitative in nature and therefore could not show statistically significant differences
between tissue layers. Prantil et al.10, on the other hand, took quantitative measurements but was
limited by their sample size (n=8) and could not show statistically significant differences
between layers and reported their results as a trend. The current work is the first to quantitatively
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measure the properties of these TCL tissue layers and show statistically significant differences
between them. Furthermore, when comparing the small light scattering technique results reported
by Prantil et al.10 to the moduli reported in this work (Figure 28), a similar decreasing trend
between the medial/lateral direction modulus and the medial/lateral fibre alignment percentage at
increasing tissue depth is apparent. Therefore, based on the results presented in this work and
previous findings there is strong evidence of an unequal contribution to tissue mechanical
properties between TCL tissue layers with the deepest layer contributing most significantly.
Given this complex fibre alignment and varying mechanical properties according to depth and
orientation, this therefore suggest complex loading in-vivo and thus validates biaxial testing of
this tissue.
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Figure 28: Comparison between fibre orientation results from Prantil10 (A) and the biaxial results using optical strain measurements
of the current study (B). *PT denotes oblique fibres travelling from the pisiform to the trapezium. SH denotes oblique fibres running
from the scaphoid to the hamate.

Studies reporting a modulus of the TCL are limited, apart from the current study, one study
has reported uniaxial properties and one study has reported biaxial properties. Chapter 2 of this
work reported a modulus of ~45MPa in the medial/lateral direction. In a recent thesis, Prantil102
conducted uniaxial tests on rectangular sections of the TCL using clamps along the predominant
fibre orientation. Prantil102 reported moduli between ~25-60MPa which coincide closely to the
values reported in this work. The slight disparity between the results of this Chapter and these
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results can likely be attributed to different experimental parameters as Prantil102 tested long
excised rectangular sections at full thickness in unconstrained uniaxial tests as opposed to
constrained square 150µm samples as done in this Chapter.

To the author’s knowledge only Holmes et al.77 has reported the biaxial elastic modulus of
the TCL. However, Holmes et al.77 tested full thickness (~2.5mm) samples using rakes and
actuator based strain measurements as opposed to 150µm samples tested using clamps and visual
strain measurements as was done in the current study. Comparison between actuator and visual
strain measurements done on full thickness samples in a preliminary studies performed by the
author of this work using a similar protocol as Holmes et al.77 revealed that grip to grip
measurements were not representative of strains occurring in the central region of the tissue. A
similar finding has also been reported in a previous study which advocated the use of visual
strain measurements over grip to grip measurements103. It was noted that for a 15% actuator
based strain measurement, the visual strain from the innermost 3mmx3mm square were in reality
closer to ~10% based on visual measurements. Furthermore, differences in fixation method must
also be accounted for in order to compare the two works. Waldman et al.104 noted that when
testing the same specimen using clamping or tethering as fixation, the modulus obtained from the
tests using clamps exhibited a modulus approximately 3x larger than obtained from the tethering
tests104. For comparison, the 8% strain biaxial tests (visual and actuator strain measurements
were similar) of the current study were compared to the 15% strain biaxial tests of the Holmes et
al.77 study. When accounting for the difference in fixation method the values measured in the
current study are on average 4.5x larger than those measured by Holmes et al.77 in the same
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region of tissue. This remaining disparity can likely be attributed to difficulties inherent in
biaxially testing specimens approaching 3mm in thickness such as unequal contribution of
different tissue layers to mechanical properties, rakes not penetrating whole tissue thickness
during fixation, fibres not being stretched between rakes, tearing of the sample away from the
rakes during testing or amplification of errors resulting from St.Venants effects (non-uniform
stress distribution at the centre of the tissue). Preliminary work (unpublished data) indicated that
thinner tissue samples (approaching ~1mm in thickness) tended to exhibit a modulus closer to
the values obtained from the 150µm thick slices. The disparity between the full thickness tests
and 150µm tests suggest that the upper limit for measuring meaningful modulus values from
excised samples in a biaxial tester through clamping or tethering may in fact be significantly
thinner than the 3mm limit as noted by Sacks67. Notwithstanding Sacks does suggest that
samples be <1mm in thickness for optimal results67. Thus, this topic surely merits further
research in order to establish the precise effect of tissue thickness on measured biaxial
mechanical properties.

Curiously, Holmes et al. did not observe a significant difference in mechanical properties
between the proximal/distal and medial/lateral directions. Given the histological studies
previously mentioned which showed a clear distinction between in fibre alignment between the
orientations and the significant differences observed in this work it is difficult to explain how
this was not observed by Holmes et al. It is likely that this is an artifact of testing samples >1mm
in thickness, or a result of their small sample size (n=4).
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In a recent study Szczesny et al.98 measured the biaxial properties of the human
supraspinatus tendon using an almost identical technique to that of this study and reported a
modulus of 69.2MPa in the direction of predominant fibre orientation. Kuhlmann et al.89 reported
that ligaments were ~5x weaker with respect to modulus measurements than tendons on average.
This is reflected in the results of the current study which report the TCL to be ~4x weaker than
the supraspinatus tendon tested by Szczesny et al. 98. It was also consistently found that biaxial
moduli were higher than constrained moduli. This finding was also observed by Gregory et al.105.
This result was expected as during constrained testing the tissue could narrow slightly in the
direction perpendicular to the direction of applied force. During biaxial testing tissue, however,
the tissue is stretched in both directions simultaneously thus resulting in a higher modulus value.

Previous biaxial testing of human tissue has primarily been performed on tissue
undergoing radial expansion and contraction such as the aorta97, pericardium80, and vessels106.
Reports of biaxial testing on orthopaedic soft tissues are limited. Furthermore, many such studies
focus on developing constitutive equations which often require inputs of material constants
which cannot be easily attached with a physical interpretation. Thus, comparison between the
current study and these studies is difficult. However, biaxial studies on the annulus fibrosous and
the aorta have reported mechanical properties which can be compared to this work. Gregory et
al.105 reported the biaxial modulus of the annulus fibrosous to be 6.95 MPa (thickness 0.36mm)
while a study by Shah et al.97 reported the average biaxial modulus of the aorta to be 9.95MPa
(thickness 1.5mm). Given that the TCL is a structural orthopaedic soft tissue it follows that it’s
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mechanical properties would fall at the higher end of these reported properties as was shown in
the current study which reported a biaxial modulus of ~15 MPa.

These results could be applied in future studies to develop accurate constitutive models of
the TCL as in previous studies on soft tissue

81,84,98,107

. Such studies are important for the

development and evaluation of engineered tissue analogues. Similar to the current work, Stella et
al.84, also observed varying mechanical properties of different layers of the aortic leaflet under
biaxial loading and noted the importance of incorporating layer specific properties into
constitutive models. These models are crucial for the development of engineered tissues as they
serve to characterize the mechanical properties of native tissue. It is possible that the future
development of TCL tissue analogues could be a means of treatment of CTS by tissue
engineering a slightly more compliant tissue to relieve pressure in the carpal tunnel without
compromising the stability of the carpus or its function as a pulley.

This study is not without limitations. The sample size of the current study was small, and
results indicated large individual variation thus making the detection of significance difficult.
Furthermore, all specimens were from elderly individuals which could have resulted in decreased
mechanical properties and were not representative of the overall population. As with any biaxial
fixation method there are errors inherent in clamping samples such as stress shielding which
could have created artificially higher moduli. In addition, the tolerance of the cryostat was not
known, hence a possible variation in specimen thickness could have altered measured tissue
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properties. In addition, Lagrangian strain was used in modulus calculations which was necessary
given the difficulty in measuring changes in tissue thickness in real time during mechanical
testing. Therefore, the measured stress values were likely an underestimate of actual tissue
properties. Additionally, although care was taken to align the clamps, had the clamps not been
perfectly aligned, the cross-sectional area under load would no longer be perpendicular to the
loading direction and therefore alter the stress results. Furthermore, the three dimensional
collagen architecture of this tissue was not considered in the sense that fibres running in the
anterior/posterior direction were not considered and their effect on tissue properties was not
measured. In addition difficulties in applying a constant pre-load could have had an effect on
measured properties. Given the thin nature of the slices it was difficult to judge when the
collagen fibres engaged were from the small spike in force measured by the load cell indicating
the zero strain condition. It is possible that from specimen to specimen this zero strain state
differed resulting in each test beginning with the specimen slightly more or less strained than the
last. However, this effect is expected to be small as moduli were taken from the linear portion of
the stress strain curve and not the toe-in region. This difficulty is common however in biaxial
testing of thin slices of soft tissue and has been reported in a study using a similar technique98.
Finally, histology on the samples tested was not performed and thus the connection between
fibre alignment and mechanical properties were note based on sample specific orientation.

Based on previous histological examination of the TCL, there is strong evidence of a
variance in collagen fibre bundle orientation depth-wise through the tissue however until the
results presented in this work, had not been shown to be significant. These results show that the
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deepest tissue layer contributes the bulk of the mechanical properties of the TCL. Future studies
could seek to incorporate the results of this study to create accurate constitutive equations to
model TCL loaded in biaxial tension. Furthermore, given the variance in results between full and
partial thickness results, a study comparing results between full and partial thickness modulus
between identical samples is warranted. This could therefore contribute to the standardization of
the proper protocol for biaxially testing excised soft tissue samples.
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4. Chapter 4: Conclusions and Recommendations

Currently, the mechanics of the carpal tunnel complex are not completely understood.
Many studies related to TCL function remain debated in literature particularly related to the
precise mechanical role of the TCL as part of the carpal complex, as well as how transection of
this ligament affects carpal mechanics. The purpose of this work was to add to the current body
of knowledge related to wrist biomechanics and comment on non-surgical treatment methods for
CTS. By quantifying the mechanical properties of the TCL, more accurate modeling of the TCL
and therefore the carpal complex as a whole can be achieved.

Results of uniaxial tissue testing of the TCL showed no statistically significant
differences between male and female tissue with respect to failure load, ultimate strength, elastic
modulus and stiffness. However, differences in failure strain were significant. Through regional
strain analysis, the lateral end of the tissue was found to strain significantly more than the medial
end. This was particularly evident in female samples. These results hold promising implications
for manipulative therapy for CTS. Given that the TCL was observed to strain more in the lateral
end, focusing stretching efforts at this location could be a more effective means of relieving
pressure on the median nerve particularly given that it is known to course through this side of the
carpal tunnel. Furthermore, as female TCLs were shown to exhibit higher strains compared to
males, this suggests that females may be more responsive to manipulative treatment. The results
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of this study support observations by Sucher et al.53 who observed that female cadaveric wrists
were more responsive to manipulative treatment. Thus, manipulative treatment would result in
more of the desired TCL elongation in females, which would in turn lead to increased volume of
the carpal tunnel through increased convexity of the TCL itself. If these methods prove effective,
they could represent a feasible alternative to invasive surgery and would therefore avoid its
inherent complications.

Given the nature of the multi-factorial aetiology of CTS, it is likely that the higher
incidence of CTS in females is also multi-factorial in nature. The connection between female sex
hormones and a higher risk of developing CTS in women is strong given the large body of
evidence in its support60-62. However, how these hormones directly affect pressure inside the
carpal tunnel has yet to be determined, theories have been put forth which could someday cement
this link51. It is not known from the results of this work whether this difference in material
properties is as a result of some hormonal effect or whether it is completely independent. It is
important to note that all female cadaveric samples obtained for this study were from elderly
women. A study, similar to the one performed in this work is warranted to extensively measure
the mechanical properties of pre-menopausal women to establish whether the gender differences
in TCL properties are still apparent. However, it is also possible that variations in collagen fibre
alignment, or a sex based variation in thenar/hypothenar muscle attachments may be responsible
for these observed differences in material properties.
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In order to further evaluate manipulative therapies for CTS, a regional stress relaxation
analysis over extended time periods longer than those utilized in this work is warranted. With
such analysis the potential effectiveness of these non-invasive manipulative treatment methods
could be further elucidated. Thus, recommendations could be made with regards to their long
term effectiveness or with regards to the proper periodization of the treatment. If the tissue is
found to relax too quickly and not hold adequate residual elongation its effectiveness as a
treatment may come into question (patient may require too many treatments over a short period
of time to be realistically feasible). Such a study however, would not be feasible with a cadaveric
study because of the time lengths involved (biological processes such as healing would become a
factor) and would be more suited to a finite element study incorporating the mechanical
properties reported in this work.

The results outlined in this study are particularly pertinent to computational modelling of
the TCL. More accurate models of the wrist/carpal complex could implement the properties
measured in this work which could serve multiple purposes. For instance, models could be
created to assess different manipulative treatment options for CTS before conducting cadaveric
or human trials. Or, a new, more effective manipulative method could be devised based on
analysis of the model itself. As with previous models of the TCL, a new model implementing
the properties measured in this study could be applied to study the implications of carpal tunnel
release surgery similar to the one created by Guo et al. (2009)2. Specifically, it could be applied
to discern the effects of transection of the ligament during carpal tunnel release surgery with
respect to the flexor pulley system as well as the stability of the carpus. With the role of the
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ligament further clarified, recommendations for surgical procedures could be made, such as to
evaluate the various surgical TCL reconstruction techniques which elongate the TCL by suturing
together flaps of the TCL in varying configurations48. These techniques could be modeled first in
simulation in order to evaluate their effectiveness and to discern which technique would result in
the largest increase in carpal volume.

Results of the Chapter 3 of this work relate closely with previously published studies on the
fibre orientation of the TCL9,10. The biaxial mechanical testing performed during the current
study support these histological studies which report a higher percentage of medial/lateral fibres
at deeper tissue depths reflected by significantly higher measured modulus values. Furthermore,
the material anisotropy reported by the same studies was also reflected in this study by the
significantly higher modulus reported in the medial/lateral fibre direction as opposed to the
proximal/distal. However, properties in this study were many times higher than those measured
in previous testing of full thickness samples. Given that a recent study on tendon using an almost
identical technique reported values that coincide closely with this work, it appears likely that
there is a dependence on measured mechanical properties and tissue thickness when approaching
a certain threshold. A future study could look to establish this connection and determine more
concretely to what thickness biaxial mechanical properties can be meaningfully measured.

Furthermore, the properties measured in this study could also be used to develop constitutive
models of the TCL. Such models would have implications in the possible future development
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and evaluation of engineered TCL analogues. This could become a possible treatment avenue for
CTS by engineering tissue properties that coincide closely to native tissue but also possess
properties to relieve pressure on the median nerve.

This work is not without limitations. The small sample sizes of each study (n=12 in Chapter
2, n=10 in Chapter 3) made detection of statistical significance difficult given the large amount
of variation inherent in human cadaveric specimens. Furthermore, all specimens were cadaveric
samples from elderly individuals and thus may not be representative of the overall population. In
addition, engineering strain was used in order to calculate tissue modulus. This was necessary
due to the difficulty inherent in measuring decreasing tissue thickness in real time while a sample
undergoes deformation. Thus, the moduli measured in this work likely represent an
underestimation of actual tissue properties as they are based on engineering strain and not true
strain.

This work has provided a theoretical basis for the development of improved manipulative
treatments of CTS. Furthermore, it has provided a basis for the development of more accurate
computational and constitutive models of the wrist/carpal complex which could have future
implications for surgical recommendations for carpal tunnel release surgery or future engineered
TCL tissue analogues. Finally, this work has implications for refining the technique for biaxially
testing soft tissue. Further standardization of biaxial testing is crucial in order to allow
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meaningful comparison between studies.
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Appendix I: Computer Programs

Matlab program #1: tracks markers placed on tissue samples
function Centroid = MarkerTracker(Dir)
%MarkerCentroids Algorithm to detect fiducial markers in image.
%function [Centroid, MarkerImage] = MarkerCentroids(I) detects fiducial
%markers centroid locations in a sequence of images and returns the marker
centroid
%locations in an excel file and outputs the tracked marker images.

%Supports batch processing demo, ipexbatch.

%Justin Steeds & Anton Semechko, University of Guelph School of Engineering –
Modified by Allan Brett, University of Guelph School of Engineering

% Date: March, 9, 2009
% Modified May 2010

files = dir('*.tif');

if nargin==0, Dir=cd; end
if ~strcmpi(Dir(end),'\'), Dir=strcat(Dir,'\'); end
Dir=strcat(Dir,'MiddleTwoMarkers16-60\');
if ~exist(Dir,'dir'), mkdir(Dir); end

Centroid=[];
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for k=1:numel(files)

I = imread(files(k).name);

%Image Cropping Parameters - determine using ImageJ on last image

xmin =473;

ymin = 411;

width =375;

height =608;

%Image Window Thresholding Parameters

low = 35;
high = 36;

lownorm=low/255; %normalizes low to be between 0 and 1

highnorm=high/255; %normalizes high to be between 0 and 1

%Crop Image

Cropped = imcrop(I, [xmin ymin width height]);

% Adjust Image Contrast
Adjust=imadjust(Cropped,[lownorm; highnorm], []);
histeqI=histeq(Adjust);

%Convert to a binary image
level=graythresh(histeqI);
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bw = im2bw(histeqI,level);

%Change black pixels to white and vice versa
bw=~bw;

%Morphological Operations
bw=imclose(bw,strel('disk',10));
bw=bwmorph(bw, 'fill');
bw=bwmorph(bw, 'bridge');
% bw=bwmorph(bw, 'majority', 10);
bw=imfill(bw,'holes'); %fills a hole of a binary image

%Label Markers
[labeled,numObjects] = bwlabel(bw,8);
numObjects

% Find the centroids

C=regionprops(labeled,'Centroid');
C=struct2cell(C);
C=cell2mat(C(:));
C=[C(1,:),C(2,:), C(3,:), C(4,:),C(5,:),C(6,:), C(7,:), C(8,:), C(9,:)];
Centroid=[Centroid;C];

% Color the markers
bw=label2rgb(labeled,'lines','w');

% Write the image
im_name=sprintf('%sMakrers%s.tif',Dir,num2str(k));
imwrite(bw,im_name)

disp(sprintf('Processing of image# %d (out of %d)
complete.',k,numel(files)))
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end

SSname=sprintf('%sCentroids.xls',Dir);
xlswrite(SSname,Centroid)

Matlab Program #2: calculates regional strain values
%
Program reads displacement values of markers and returns regional strain
values. Program must be run separately for each region, does not
automatically calculate for all regions. Strain calculation method can be
found outlined in Appendix II of this report.

Allan Brett, University of Guelph School of Engineering

% Date: July 2011

M = dlmread('region.txt','\t'); %reads text file containing displacement
values

[rows,cols] = size(M); %counts the number of rows and columns to set the loop

%separates M matrix into separate coordinate values

for i = 1:rows-1;

X1 = M(1,1);
Y1 = M(1,2);

x1 = M((i+1),1);
y1 = M((i+1),2);
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X2 = M(1,3);
Y2 = M(1,4);

x2 = M((i+1),3);
y2 = M((i+1),4);

X3 = M(1,5);
Y3 = M(1,6);

x3 = M((i+1),5);
y3 = M((i+1),6);
%calculates value of variables A,B,C,D,E,F

A =((Y1*x2) - (Y1*x3) - (Y2*x1) + (Y2*x3) + (Y3*x1) - (Y3*x2))/((Y1*X2) (Y1*X3) - (Y2*X1)+(Y2*X3) + (Y3*X1) - (Y3*X2));

B = ((X2*y1)-(X3*y1) - (X1*y2)+(X3*y2)+(X1*y3)-(X2*y3))/ ((Y1*X2) - (Y1*X3) (Y2*X1)+(Y2*X3) + (Y3*X1) - (Y3*X2));

C = ((-X1*x2)+(X2*x1)+(X1*x3)-(X2*x3)-(X3*x1)+(X3*x2))/((Y1*X2) - (Y1*X3) (Y2*X1)+(Y2*X3) + (Y3*X1) - (Y3*X2));

D = ((Y1*y2)- (Y2*y1)-(Y1*y3)+(Y2*y3)+(Y3*y1)-(Y3*y2))/ ((Y1*X2) - (Y1*X3) (Y2*X1)+(Y2*X3) + (Y3*X1) - (Y3*X2));

E = ((Y1*X2*x3) - (Y1*X3*x2) - (X1*Y2*x3)+(Y2*X3*x1)+(Y2*X3*x2)-(X2*Y3*x1)) /
((Y1*X2)-(Y1*X3)-(Y2*X1)+(Y2*X3)+(Y3*X1)-(Y3*X2));

F = ((-Y1*X3*x2)+(Y2*X3*y1)+(X2*Y1*y3)-(Y2*X1*x3)-(Y3*X2*x3)(Y3*X2*x1)+(Y3*X1*x2))/((Y1*X2)-(Y1*X3)-(Y2*X1)+(Y2*X3)+(Y3*X1)-(Y3*X2));

I = [1,0,0;0,1,0;0,0,1]; %identity matrix

105

%calculates deformation gradient, and the resulting strain tensor and outputs
desired strains in the X and Y direction

deformgradient = [A,C,0;D,B,0;0,0,1];
straintensor(:,:,i) = (0.5*(((transpose(deformgradient))*deformgradient)-I));
yystrain(i,:) = straintensor(2,2,i);
xxstrain(i,:) = straintensor (1,1,i);
strain(i,:) = [xxstrain(i,:), yystrain(i,:)];

end

xlswrite('strainregion',strain)
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Appendix II: Visual Strain determination for Experiment #1

Figure 29: Description of naming convention used for the triangular element strain tracking method
(adpated from Cowin, Doty (2007)88)

Regional strain analysis from Chapter 2 was carried out by tracking strain of triangular
elements such as the one shown in Figure 29. Using the naming convention of the points
described in Figure 29, the equations of motion for each point can be described by the equations
depicted in Equation 5 to Equation 10. However, before strain can be determined the coefficients
A, B, C, D, E and F must first be calculated using Equation 11 to Equation 15. The deformation
matrix F can then be calculated using Equation 16, and subsequently the Green’s strain tensor
can be calculated using Equation 17. Through use of an automated computer program (Appendix
I) the strain can be then analyzed frame by frame.

Equation 5: Description of the deformation of a triangular element (Part I)
( )

( )

( )

( )
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( )

( )

( )

Equation 6: Description of the deformation of a triangular element (Part II)
( )

( )

( )

( )

( )

( )

( )

Equation 7: Description of the deformation of a triangular element (Part III)
( )

( )

( )

( )

( )

( )

( )

Equation 8: Description of the deformation of a triangular element (Part IV)
( )

( )

( )

( )

( )

( )

( )

Equation 9: Description of the deformation of a triangular element (Part V)
( )

( )

( )

( )

( )

( )

( )

Equation 10: Description of the deformation of a triangular element (Part VI)
( )

( )

( )

( )

( )

( )

( )

Equation 11: Equation for the coefficient, A(t), to be substituted into the deformation equations
( ) ( )

( )

( )

( ) ( )

( ) ( )
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Equation 12: Equation for the coefficient, B(t), to be substituted into the deformation equations
( ) ( )

( )

( )

( ) ( )

( ) ( )

( )

( ) ( )

( ) ( )

( )

( ) ( )

( ) ( )

( ) ( )
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Equation 13: Equation for the coefficient, C(t), to be substituted into the deformation equations
( ) ( )
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Equation 14: Equation for the coefficient, C(t), to be substituted into the deformation equations
( ) ( )
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Equation 15: Equation for the coefficient, C(t), to be substituted into the deformation equations
( )

( )

( ) ( )

( ) ( )

( )

( ) ( )

( )
( ) ( )

( )

( ) ( )

( ) ( )

( ) ( )

( )

( )

( ) ( )

( )

( )

( ) ( )

( ) ( )

Equation 17: Green’s strain tensor
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( ) ( )

Equation 16: Deformation Matrix
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Appendix III: Visual Strain determination for Experiment #2
Visual strain determination for the Chapter III was performed using manufacturer provided
software based upon the visual strain tracking method outlined by Velduis et al.108. This method
involves measuring the change in vector length from an initial and deformed state relative to a
central point. Using the naming convention shown in Figure 30 a unique tensor F is created using
Equation 18. This equation applies a least squares algorithm in order to reduce the effects of
tracking errors on tissue strain values. F can then be decomposed into its rotation R and stress
tensor U (Equation 20). By applying the coefficients a,b,c,d measured in Equation 19 to Equation
21 one can calculate the rotation matrix (R) for the deformation. Similarly, by applying to same
coefficients to
Equation 22 one can calculate a right stretch tensor (U) for the deformation.

Figure 30: Naming convention and example of planar deformation of a nine marker grid for the vector strain method
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Equation 18: Least squares algorithm that maps vectors Vi to their deformed vector W

Equation 19: F matrix expressed as coefficients

Equation 20: Decomposition of F into rotation matrix R and right stress tensor U

Equation 21: Rotation matrix of F (Note sgn(a+d) is a sign function whose value is 1 if a+d is positive and -1 if a+d is
negative)

Equation 22: Right stretch tensor
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Principle stretches are thus the eigenvalues, λ, of matrix U. The direction of the
eigenvalues are represented by the eigenvectors of matrix U. In order to express these
eigenvectors with respect to an unrotated frame they are first premultiplied by R-1=RT. Principle
strains, ε, are then calculated from the principle stretches as follows:

Equation 23: Equation relating principle strains to principle stretches

Principle angles can be calculated from the rotation matrix (R). This process has been
implemented into manufacturer software included with the Biotester 5000 (Cellscale, Waterloo)
for visually tracking strain.
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Appendix IV: Custom Micrometer

Tissue thickness measurements were taken using a custom micrometer (Figure 31) built
based on method outlined in a previous work78. A needle tip was secured to the moving end of
the micrometer while a lexan plate was secured to base. An electrical circuit was then created by
attaching alligator clamps connected to a 9V battery and a voltmeter to the lexan plate and to the
moveable end of the micrometer. The circuit was complete once the conductive tip came into
contact with the lexan plate or with a specimen placed on the plate which was indicated by a
voltmeter. The following protocol was then taken while measuring tissue thickness. A control
measurement was first taken by advancing the conductive needle to the lexan plate until the
voltmeter indicated a completed circuit and a reading was taken from the graduations on the side
of the micrometer. Tissue thickness was then measured by placing a specimen on the lexan plate
and advancing the conductive tip until contact was made and again a reading was taken from the
graduations on the side of the micrometer. This was repeated five times and an average of these
measurements was taken. Tissue thickness was calculated by the difference between the control
measurement and the average measurement of the specimen on the plate.
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Micrometer
Graduations

Conductive Tip

Lexan Plate

Figure 31: Custom micrometer used for tissue thickness measurements
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