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ABSTRACT

A tendon acts like a spring in absorbing and storing elastic energy for energy
efficient movements. In this thesis, the elastic properties of the patellar tendon are
assessed on relation to performance enhancement and injury prevention. Because
jumping athletes experience a high landing impact, there is a strong rationale for
examining the effects of sports participation on the elasticity of the patellar tendon among
volleyball and basketball players. If weakness in hip muscles is found in patients with
anterior knee pain, a similar observation may also occur in patients with patellar
tendinopathy. In addition, the existing findings on the modulation on tendon stiffness in
patients with tendinopathy are inconsistent. Most individuals with tendinopathy
experience pathological changes and pain at the proximal region of the patellar tendon.
Therefore, it is worth re-examining possible regional change in tendon elasticity and its
correlation with pain and function. To further establish the relationships between patellar
tendon elasticity, pain, and dysfunction, an interventional study is needed to assess
whether the changes in the patellar tendon elastic properties are associated with the

modulation of pain.

This thesis includes cross-sectional and prospective studies. Supersonic
shearwave imaging (SSI) technology was hypothesized to provide reliable measurements
on regional tendon elasticity. Using this technology, the elastic properties of patellar
tendon in jumping athletes such as volleyball and basketball players was assessed to
ascertain whether the elastic properties of patellar tendons were modulated when

compared with age- and gender-matched sedentary subjects. The strength of the hip



abductors and external rotators was likely to be weaker in volleyball and basketball
players with patellar tendinopathy when compared with healthy players. The muscle
strength might also be associated with patellar tendon elasticity. Moreover, the reduced in
tendon elasticity in players with unilateral tendinopathy might be associated with the
magnitude of pain. Finally, after a session of extracorporeal shockwave therapy, the
changes in the patellar tendon elastic properties could relate to the modulation of pain in

the treatment group.

Experiment 1: The elastic properties of the eight fresh patellar tendons of pigs
were measured by SSI technology and compared with the tangent traction modulus
calculated from a material testing system (MTS). Spearman correlation coefficient
between the shear elastic modulus from the SSI and tangent traction modulus from the
MTS was 0.82 to 1.00 (p<0.05) on the eight tendons. The intra- and inter-operator
reliabilities of test-retest measurements were conducted on 11 healthy subjects were 0.98

and 0.97, respectively.

Experiment 2 to 5: Male volleyball and basketball players aged between 18 and

35 were recruited from local university and community teams. All athletes practiced their
sports for at least two days per week. Sedentary subjects of similar age and gender, but
who did not participated in any regular sporting activity, were recruited from local
university community. Athletes with patellar tendinopathy were recruited from the same
sport teams. All of the assessments and interventions were conducted at the Hong Kong

Polytechnic University.



Experiment 2: The tendon shear elastic modulus of the subjects was measured at
the proximal patellar tendon to test tendon elasticity and to compare between sedentary
and jumping athletes. Experiment 3: The muscle strength of the hip abductors and
external rotators of athletes with and without patellar tendinopathy was measured using a
hand-held dynamometer. Experiment 4: The magnitude of pressure pain and activity-
related pain were quantified by a hand held algometer and the Victorian Institute of Sport
Assessment-patella (VISA-P) questionnaire in players with unilateral patellar
tendinopathy. Experiment 5: Tendon shear elastic modulus of the proximal patellar
tendon, pressure pain, single-legged declined-squat tests (SLDST) were conducted before

and after a session of extracorporeal shock wave therapy (ESWT).

The results from these studies demonstrated that elastic properties of the patellar
tendon could be adapted with sports participation. Male individuals with long-term
participation in volleyball and basketball had better tendon compliance than sedentary
subjects, in that they showed a lower tendon elastic modulus at the proximal patellar
tendon. The volleyball players showed better tendon compliance compared with the
basketball players (by 24.9%). Age was the only anthropometric factor found to be

related with the patellar tendon elasticity of the volleyball players (r=0.53; p=0.003).

The results further showed that the athletes with patellar tendinopathy had lower
normalized isometric muscle strength in the hip abductors and external rotators when
compared with the healthy controls. The magnitude of reduction was 18.2% and 11.2% in
the hip abductors and external rotators, respectively. In addition, significant increases in
the elastic shear modulus of the patellar tendon (by 48.0%) and vastus lateralis muscle

(by 26.5%) were detected in players with patellar tendinopathy when compared with



healthy controls. Moreover, a negative correlation was established between the shear
elastic modulus of patellar tendon and normalized hip strength, in that weaker hip

strength was associated with a stiffer tendon.

In athletes with unilateral patellar tendinopathy, significant correlations were
found between the tendon shear elastic modulus ratio (shear elastic modulus of painful
over non-painful tendons) and the intensity of pressure pain, VISA-P scores, and the sub-
scores of the VISA-P scores for going down stairs, lunges, single leg hopping, and
squatting. After a session of ESWT on the patellar tendon, a significant reduction in the
tendon shear elastic modulus was observed. More importantly, the reduction in the
tendon shear elastic modulus was related to the reduction in squatting pain and the
composite change on knee range and squatting pain during the SLDST in the treatment

group (r=0.52 and 0.59, respectively). This relationship was not observed in the sham

group.

Five main conclusions could be drawn from the study findings: 1) SSI was a
reliable technique for measuring regional tendon elastic properties. 2) Jumping athletes
had better compliance at the patellar tendon compared with the sedentary subjects. The
volleyball players also showed better tendon compliance when compared with the
basketball players, which might be related to the different physical activities and
demands of the two jumping sports. 3) Decreased in muscle strength of the hip abductors
and external rotators was observed in athletes with patellar tendinopathy when compared
with healthy controls, and the weakness in these muscles was associated with elasticity in
the patellar tendon. 4) Tendon compliance was reduced at the painful site in athletes with

patellar tendinopathy and the reduced in tendon compliance was associated with the



magnitude of pain. 5) A session of ESWT induced a reduction in tendon stiffness that
was also associated with the reduction in the magnitude of pain. Taking together, with
previous findings, these findings indicated that tendon compliance could be modulated.
The findings further demonstrated that the reduction in patellar tendon compliance was
associated with weakness in the hip muscle and the magnitude of pain. A session of
ESWT also induced short-term improvements in tendon compliance and pain. These
findings strongly suggest that the strengthening programs for volleyball and basketball
players should include exercise for the hip abductors and external rotators muscles.
Finally, intervention for improving in tendon compliance, such as ESWT, can be used to

individuals with patellar tendinopathy.

Vi
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CHAPTER 1

INTRODUCTION



1.1 Introduction

The elastic properties of the patellar tendon are essential for shock absorption on
landing from a jump and storing kinetic energy for subsequent jumps. Tendon elasticity
can respond to the mechanical forces applied to the tendon and adapt to strength training
and sport participation. However, the overloading associated with muscle weakness and
inflexibility of the functional kinetic chain may induce excessive strain on the tendon.
When the tendon adaption was to fail, the pathogenesis may occur. Strain-induced
tendinopathies, such as patellar tendinopathy, are one of the most common injuries in
athletes. The prevalence of patellar tendinopathy is highest in sports with jumping

movements.

1.2 Tendon structure

The patellar tendon is the central portion of the common tendon of the quadriceps
muscles, which continues from the inferior pole of the patella to the tibia tuberosity.
Hence, the patellar tendon provides a bone to bone connection. This is difference from
the Achillis tendon that connects muscle to bone. The tendon is composed of connective
tissue within an extracellular matrix. Collagen fibril is the basic unit of the tendon that
composes of 65-80% of collagen fibres (mainly Type I collagen) and approximately 1-2%

of elastic fibres (Kannus 2000) (Fig. 1.1).



Figure 1.1 The basic structure of the tendon
(https://ubcmedicalart.files.wordpress.com)

1.3 Function of the patellar tendon

The patellar tendon is an energy-storing tendon that is responsible for transmitting
muscle-derived forces that produce joint movement (Alexander 2002; Magnusson et al.
2003), act like a spring in storing elastic energy for energy efficient movements
(Arampatzis et al. 2006; Kubo et al. 2010), and function as a “mechanical buffer” to
reduce the rate of force transmission to the muscle to prevent muscle injury (Konow et al.
2012; Magnusson et al. 2003). A rigid tendon is better able to transmit the muscle-
derived force to the bone, whereas, an elastic tendon can store more energy for energy-

efficient movements.

1.3.1 The elastic properties of the patellar tendon and jumping performance

Research has shown that countermovement jump height is related to the elastic
properties of the aponeurosis and the tendon. Walshe and Wilson (1997) found a positive
relationship between the musculotendinous elasticity and countermovement jump height.
The authors suggested that a tendon with more compliance can store and release more

kinetic energy for subsequent jumps. In a later study, Kubo et al. (1999) observed that


http://vearlemedicalart.com/gallery-2/thyroid-2/
http://vearlemedicalart.com/gallery-2/thyroid-2/

greater elasticity at the musculotendinous junction of the vastus lateralis was related to
higher vertical jump height. Kubo et al. (2007) later reported significant relationship
between the elasticity of the Achilles tendon and the height of countermovement and
drop jumps. Collectively, these findings provide evidence that aponeurosis and tendon
elasticity are essential for jumping performance. An elastic tendon can achieve higher

jump heights than a stiff tendon.

1.4 Factors influencing the elastic properties of the patellar tendon

The elastic properties of connective tissues such as the tendon can change with

age and the mechanical loading associated with strength training and habitual exercise.

1.4.1 Age-related modulation of tendon compliance

The elastic properties of the tendon have been found to change with aging. For
example, Kubo et al. (2007) detected a decrease in the stiffness of the Achilles tendon in
older adults when compared with the younger adults. A similar observation was reported
by Stenroth et al. (2012), who found the Achilles tendon were 32% less stiff in the older
group than the younger group. When measuring the elastic properties of the patellar
tendon, Couppe et al. (2009) reported a similar magnitude of difference between old and
young subjects, with the older group showing 29% less stiff than the younger group.
However, Mian et al. (2007) found no significant difference in elastic properties of
muscle-tendon of gastrocnemius medialis between young and old adults. Similarly,
Carroll et al. (2008) also reported that there was no significant difference in elastic
properties of patellar tendon between young adults and old adults. Thus, the effect of age

on the elastic properties of tendon is still inconclusive.



1.4.2 The effect of exercise-related loading on tendon compliance

Physical activities such as strength training and habitual loading can induce
mechanical loading on the tendon and alter its elastic properties. Stiffness of the patellar
tendon was found to have increased by 65% following a 14-week isometric training
program when compared with the control group (Reeves et al. 2003). Eighteen healthy
subjects aged 67 to 74 years were recruited in the study. The elastic properties of the
patellar tendon were assessed by ultrasound imaging with a dynamometer during muscle
contraction. Similarly, three-months’ isometric training on the knee extensors with long
duration contraction induced a 36.4% increase in the stiffness of the vastus lateralis
tendon (Kubo et al. 2001), but no significant change in tendon elasticity was observed
with short duration contraction. In contrast, a single bout of hopping exercise did not
induce significant changes in the elastic properties of the patellar tendon (Peltonen et al.
2010). The same author also found no significant changes in the elastic properties of
Achilles tendon after one hour marathon training (Peltonen et al. 2012). Collectively,
these findings suggested that isometric exercise training induced an increase in tendon
stiffness when the training is of 12-14 weeks. The duration of contraction may also affect

the loading effect on tendon response to loading.

Only one study has investigated the effect of habitual loading on the elastic
properties of the patellar tendon. Westh et al. (2008) assessed the elastic properties of the
patellar tendon in runners and non-runners. Although the patellar tendon was shown to
have greater compliance in the female runners compared with the non-runners (by
14.8%), the difference could not reach a statistically significant level. The results of this

study need to be treated with caution because of the small sample size (only 10 subjects



were recruited in each group). To better understand the loading effects of habitual
exercise, a study with larger sample size and on sports that involve greater loading on the

patellar tendon, such as jumping sports, is needed.

Volleyball and basketball are two common jumping sports that have different
physical demands (Kollias et al. 2004; Laffaye et al. 2007). During training and
competition, volleyball players were found to take more frequent vertical jumps and land
with greater knee flexion (Kollias et al. 2004; Laffaye et al. 2007) than basketball players.
Volleyball players were also found to have greater jumping height (Laffaye et al. 2007).
These findings indicate that volleyball players may experience more impact loading on
the patellar tendon. The elastic properties of the patellar tendon may adapt differently to
the sport-specific loadings from volleyball and basketball training. Knowledge of the
tendon adaptation to each sport would advance our understanding on the relationship
between mechanical loading and tendon adaptation, which is essential for designing
sports-targeted, conditioning program for sport enhancement, and injury prevention. In

this connection, overloading is the major risk factor for tendinopathy.

1.5  Patellar tendinopathy

Patellar tendinopathy is one of the most common sports injuries (Lian et al. 2005).
The condition is diagnosed by a detailed history and physical examination. Clinical
diagnosis of patellar tendinopathy includes sport-related pain and focal tenderness in the
inferior pole of the patella or proximal insertion of the patellar tendon (Khan et al. 1996;
Cook et al. 2000). Jumping, landing and squatting activities, that induce mechanical

loading on the tendon are the common pain provoking activities. The diagnosis of patellar



tendinopathy is further confirmed by ultrasound examination. Regions of hypoechoic
lesion and vascularization in the proximal part of the patellar tendon are detected in some

individuals with patellar tendinopathy (Fig.1.2) (Cook et al. 2004).

Figure 1.2 Ultrasound imaging of a patellar tendon with
tendinopathy. (A) hypoechoic region and (B) increased vascularity.

1.5.1 The prevalence of patellar tendinopathy

The prevalence of patellar tendinopathy was found to be approximately 45% and
32% in elite volleyball players and basketball players, respectively (Lian et al. 2005).
Non-elite volleyball players were found to have the highest prevalence among other non-
elite athletes (Zwerver et al. 2011). The authors reported an incidence rate of 14.4% in
non-elite volleyball players compared to 11.4% in basketball players and 2.5% in soccer
players. In addition, male athletes had higher incidence rates than female athletes, at 10.2%

and 6.4%, respectively.

1.5.2 The etiology of patellar tendinopathy

The etiology of patellar tendinopathy is still not well understood. Overloading
was suggested to be the causative factor in the development of patellar tendinopathy
(Lian et al. 1996). However, the risk factors of tendon overloading are considered to be
multifactorial. Extrinsic factors, such as training frequency, training duration, training

intensity (Neely et al. 1998), and training surface (Lian et al. 2003, Torstensen et al. 1994)



have been investigated and reported. Arthropometry and physical factors were found to
be the intrinsic factors related to the overloading of the patellar tendon. The
arthropometric factors included increased body weight (Crossley et al. 2007; Malliaras et
al. 2007) and waist-to-hip ratio (Gaida et al. 2004; Malliaras et al. 2007). Muscle
inflexibility or weakness of the functional kinetic chain can also induce excessive
mechanical loading on the patellar tendon. These factors are discussed in the following

paragraphs.

1.5.2.1 Physical condition inducing excessive loading on the patellar tendon

Sporting activities, such as the rapid deceleration in landing, place large loads on
the lower extremities. The muscle-tendon units of the hip, knee, and ankle joints act to
dissipate the kinetic energy on landing (Fredberg et al. 1999). Decker et al. (2003)
reported that the knee extensor was the primary shock absorber during landing among
male and female subjects, and the hip muscles were the second largest contributor to
energy absorption during landing among male subjects (Fig.1.3). About 30% of the

energy on landing was absorbed at the hip joint in the male subjects.



= 30%
41%

»29%

Figure 1.3 Joint energy absorption in
the lower extremities during landing

Increased mechanical loading on the patellar tendon can induce deficits in the hip,

knee and ankle regions.

1.5.2.1.1 The hip region

Aside from shock absorption, the hip muscle plays a vital role in landing
kinematics (Jacobs et al. 2007). Jacobs et al. (2007) demonstrated that weaker hip
abductor strength was associated with increased knee valgus displacement when landing
from a jump. Edward et al. (2010) found increased hip adduction and internal rotation
and increased knee abduction and internal rotation during horizontal landing in athletes
with patellar tendon abnormality compared to those with normal tendons. The authors
speculated that the altered kinematics of the hip and knee joints may have increased the

loading on the medial side of the proximal patellar tendon during landing. Notably,



patellar tendinopathy was found to commonly occur in the medial part of the patellar
tendon among subjects with patellar tendinopathy (Yu et al. 1995). Whether the hip
abductor and external rotator muscle are weaker in athletes with patellar tendinopathy has

not been investigated.

Nevertheless, impaired hip strength has been identified as a major risk factor in
the development of other knee problems such as patellar femoral pain syndrome
(Cichanowski et al. 2007; Ireland et al. 2003) and iliotibial band syndrome (Fredericson
et al. 2000). Ireland et al. (2003) used a cross-sectional study to explore the association
between hip strength and patellofermoral pain and reported a significant difference in the
hip strength of subjects with and without patellofermoral pain. Specifically, the hip
abduction and external rotator strength have reduced by 26% and 36%, respectively, in
female subjects with patellofemoral pain when compared with the healthy group. In a
later study, Cichanowski et al. (2007) further confirmed that college level female athletes
with patellofemoral pain have weaker strength in the affected hip abduction and external
rotation muscle when compared with the non-affected side. In view of the high
prevalence of patellar tendinopathy in athletes participating in jumping sports, it is worth
exploring whether hip strength is one of the risk factors in the development of patellar

tendinopathy in the volleyball and basketball players.

1.5.2.1.2 Reduced thigh muscle flexibility

In a two-year prospective study on 138 collegiate athletes, Witvrouw et al (2001)
found the reduced flexibility of the quadriceps and hamstrings contributed to the

development of patellar tendinopathy. During the two-year study period, patellar
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tendinopathy was found in 19 (13.8%) of the 138 athletes. The patellar tendinopathy
group showed reduced flexibility of quadriceps and hamstrings when compared with the
control group. A decrease in muscle flexibility was shown to increase the magnitude of
loading in patellar tendon during knee joint motion, and contribute to patella tendon
overload (Fyfe and Stanish 1992). Van der Worp et al. (2011) proposed that reduced
flexibility of the quadriceps muscles is a major risk factor for the development of patellar
tendinopathy. Notably, in this study, muscle flexibility was quantified by measuring the
range of knee motion using a plastic goniometer. The range of knee motion relies on
flexibility of the quadriceps muscles, elasticity of the patellar tendon and mobility of the
patella-femoral joint. In addition, the quadriceps are composed of four muscles, this
measurement approach cannot identify the source causing the reduction in joint range. To
identify where (the muscle, tendon or joint) and which components of the quadriceps
muscle is having problem for targeted intervention, direct measurement of the muscle

stiffness is needed.

1.5.2.1.3 Ankle dorsiflexion range

Backman and Danielson (2011) showed that a reduction in the ankle dorsiflexion
range (less than 36.5°) was associated with 18.5% to 29.4% risk of developing patellar
tendinopathy among junior elite basketball players within one year when compared to the
players with a dorsiflexion range greater than 36.5°. The authors proposed that the
reduced capacity for energy absorption at the ankle joint due to the reduction in the ankle
dorsiflexion range may increase the loading on the patellar tendon on landing from

jumps.
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In regard to the loading mechanics of jump-landing activities, any deficit along
the functional kinetic chain may induce excessive loading on the patellar tendon. The
patellar tendon may respond by adaptation. However, when adaptation and repair fail,

pathogensis occurs.

1.5.3 Pathogenesis of patellar tendinopathy

In addition to its unclear etiology, the pathogenesis of patellar tendinopathy
remains unknown. Histological and morphological changes have been observed in the
diseased tendon. Histological studies have demonstrated that patellar tendons with
tendinopathy has irregular collagen and poor fiber orientation (Kalebo et al. 1991;
Astrom et al. 1995), hypoxic degeneration (Kannus and Jozsa 1991), collagen
degeneration (Cetti et al. 2003), and mucoid degeneration (Khan et al. 1996). These
findings indicate that patellar tendinopathy is a degenerative rather than an inflammatory
disease (Khan et al. 1996; Maffulli et al. 2004). Morphological changes such as an
increase in tendon thickness (Cook et al. 2000; Kulig et al. 2013) and the cross-sectional
area and physiological modulation in neovascularization (Gisslén and Alfredson 2005;

Wang et al. 2002) have also been detected in tendon with tendinopathy.

1.5.4 Changes in the elastic properties of patellar tendons with tendinopathy

Given the above mentioned changes in the histology and morphology of tendons
with tendinopathy, the diseased tendon will not have the same matrix and size as normal

tendons. These changes may influence the elastic properties of the patellar tendon.

However, only two reported studies have explored the elastic properties of the
patellar tendon with tendinopathy. Helland et al. (2013) observed that the pathological
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tendons were less stiff than healthy tendons. In their study, 13 male volleyball players
with patellar tendinopathy and 15 healthy matched controls were recruited. The elastic
properties of the patellar tendon were measured by ultrasonography and a dynamometer.
Using the same measuring method, Couppé et al. (2013) did not detect significant
difference in the elastic properties of the patellar tendon between seven elite badminton
players with patellar tendinoapthy and nine healthy players. In both reported studies, the
elastic properties of the patellar tendon were assessed using ultrasound imaging with
dynamometry. This technique measures the elastic properties of the musculo-tendon-joint
complex during ramped maximum voluntary isometric contraction. Clinically,
pathological lesions in patellar tendinopathy typically occur at about 5 mm from the apex
of the patella (Cook et al. 2000; Fredberg and Stengaard-Pedersen 2008), site-specific
evaluation of the pathological region may shed light on the tissue elastic changes

associated with tendinopathy.

1.6  Extracorporeal shock wave therapy for patellar tendinopathy

Patellar tendinopathy remains a difficult condition to treat, partly due to its
unclear etiology and pathogensis. The common conservative treatments for patellar

tendinopathy are eccentric training and extracorporeal shock wave therapy (ESWT).

1.6.1 Eccentric training for patellar tendinopathy
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The eccentric training program was first proposed by Cannell et al. (2001). In the
initial study, the subjects were requested to perform for three sets of 15 repetitions of
single-legged squats on a 25° declined board, two times a day for 12 weeks. Eight studies
have subsequently investigated the effectiveness of eccentric training in treating patellar
tendinopathy (Table 1.1). Seven of eight studies were randomized controlled trials. All of
the reported studies showed within-group improvement in the eccentric training group.
However, only three studies showed significant differences between the exercise and
control groups in terms of pain reduction. Five of the reported studies did not detect
significant between group differences. The inconsistency in the findings may be due to
the different in the treatment protocols (Cannell et al. 2001; Frohm et al. 2007; Young et
al. 2005). The efficacy of eccentric training in treating patellar tendinopathy has not been

confirmed yet.

Tablel. 1 Review of effective of eccentric training in treating patellar tendinopathy

Author Design No. Speed Knee angle Follow-up Result

Cannell et al. 2001 RCT 19 Rapid bend NT No Eccentric
group=control group
( both improved )

Purdam et al. 2004 Non-RCT 17 Slow Bend to 90° 15 months Eccentric
knee flexion group >Control group
(p<0.05)
Stasinopoulos et RCT 30 Slow Bend to pain 2 and 4 months Eccentric
al .2004 tolerant group >Contol group
(p<0.05)
Young et al. 2005 RCT 17 Slow Squat to 12 months Eccentric
60°knee group=control group
flexion: ( both improved )
Visnes et al. 2005 RCT 31 Slow Squat to 6 months Eccentric
90°knee group=control group
flexion: ( both improved )
Jonsson et al. RCT 15 Slow Squat to 32 months Eccentric
2005 70°knee group>control group
flexion; (p<0.05)
Babhr et al. 2006 RCT 35 Slow Squat to 3,6 and 12 Eccentric
90°knee months group=control group
flexion; ( both improved )
Frohm et al. 2006 RCT 35 0.11m/s Squat to 3months Eccentric
110°knee group=control group
flexion; ( both improved )

RCT:randomized control trial

1.6.2 ESWT for patellar tendinopathy
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Table 1.2 shows the efficacy of ESWT in treating patellar tendinopathy observed
in five reported studies. All of, the studies except from Zwerver et al. (2011) showed that
ESWT is effective for treating patellar tendinopathy. However, two of the reported
studies were observational studies with no control groups (Peers et al. 2003; Vulpiani et
al. 2007). Two of the three randomized controlled trials provided evidence that ESWT
was able to reduce pain and improve functional ability among subjects with patellar
tendinopathy (Taunton et al. 2003; Wang et al. 2007). Taunton et al. (2003) reported
significant improvements in pain, VISA scores and vertical jump height after 3-5 sessions
of ESWT with 2000 impulses of 0.17 mJ/mm? in ESWT group at three-months’ follow-
up compared with the sham group (using an energy-absorbing pad). Wang et al. (2007)
also found that, after one session of ESWT with 1500 impulses of 0.18mJ/mm?, around
90% of subjects with patellar tendinopathy in the ESWT group were declared to be
successfully treated at two- to three-year post-intervention. In the sham group, the
success rate was only 50%. The authors also advised the subjects to stop sports for six
weeks after intervention. Zwerver et al. (2011) used three sessions of weekly ESWT with
2000 impulses at 0.25 to 0.42mJ/mm*. However, no significant differences in pain and
functional ability were detected between the ESWT and sham groups. The authors
proposed that the lack of significant findings may have been related to the subjects

continuing to participating in sports after the application of the ESWT.

Together, the above studies indicate that when delivered at 0.17-0.18mJ/mm” for
1500-2000 impulses for one to five sessions, ESWT seems to be effective in alleviating

pain and improving function for patients with patellar tendinopathy.
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Tablel. 2 Review of extracorporeal shock wave therapy for patellar tendinopathy

Author Study design Sample size/ Protocol ESWT type Results on pain Follow-up
Duration reduction
Peers et Retrospective 27 0.08 mJ/mm? Siemens 66% improved(p<0.05) 24m
al.2003 cross-sectional Sonocur
analysis 13.9m 3 sessions(1000imp) Focused
Taunton et RCT 20 0.17 mJ/mm* Siemens 70% improved(p<0.05) 3m
al.2003 Sonocur
>3m 3-5sessions (2000imp) Focused
Wang et RCT 50 0.18 mJ/mm* OssaTron 90% improved(p<0.05) 36m
al.2007 16.2m Isessions (1500imp) Focused
Vulpiani et Non-RCT 73 0.08-0.44 mJ/mm?, STORZ 79.9%improved(p<0.05) 24m
al.2007 >3m 3-5sessions Focused
(1500-2500imp)
Zwerver et RCT 62 Tolerance to 0.25 t00.42 Piezowave ESWT group=Placebo 5.5m
al.2011 mJ/mm? group
7.5m 3sessions (2000imp)

1.6.2.1 Characteristics of extracorporeal shockwave

A shock wave is a non-linear pressure wave that is oscillated mechanically, and
characterized by increasingly high pressure within a short period. Positive pressure
impulses from 5 to 100 MPa within 5 ns, and followed by a rapid decrease in pressure of
-10MPa (Ogden et al. 2001). The energy flux density (EFD) represents the amount of
acoustic energy passing through a 1 mm” area per impulse and is expressed in mJ/mm?,
Rompe et al. (1998) proposed that ESWT can be classified as low, medium and high
energy level when the prescribed EDF is <0.08 mJ/mm?, 0.08-0.28 mJ/mm? and 0.29-0.6
mJ/mm?, respectively. Pain is normally felt during the application of ESWT. An
analgesia injection may be applied when high intensity ESWT is prescribed to alleviate
the associated pain (Furia et al. 2008; Schofer et al. 2009). The total energy delivered in a
treatment session is the number of pulses multiplied by the energy per pulse (Ogden et al.

2001).

1.6.2.2 Therapeutic mechanisms of extracorporeal shock wave therapy
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ESWT has been used to treat chronic tendinopathy since the 1990s. However, the

underlying mechanism of ESWT in treating tendinopathies is still not fully understood.

Neovascularization, tissue regeneration, nerve destruction and desensitization are the

proposed mechanisms (Table 1.3).

Table 1.3 Review of possible therapeutic mechanisms of ESWT for tendinopathy

Author Year Specimen ESWT Therapeutic mechanism
Neovascularization
0.18 m/mm’ with New capillary/vascularized
Wang | 2002 | Achilles tendon +16 mJ/mm wit vessels
1000 impulses .
Increased vasculariation (4w-8w)
0.12 ml/mm? eNOS and VEGF
Wang 2003 Achilles tendon wit}.15 00 impulses /Increased vasculariation (4w-
12w)
Tissue regeneration
2
Chen 2004 Achilles tendon .O' ! 6mq/mm Increased TGF-betal and IGF-I
with200 impulses
Increased proliferating cell
. 0.36mJ/mm’ nuclear antigen (PCNA)
Chao 2008 Achilles tendon with100 impulses (at 6 and 24 h) and collagen type
1
Normal human 2 Increased mRNA expression/
Berta 2009 | dermal fibroblast 0.22mJ/mm
cell with1000 impulses | TGFB-1/collagen type 1(6-9days)
Hs 2004 Patellar tendon 0.29m.J/mm2 Increils'ed ﬁYdrOXyprOIme' o
u with1500 impulses pyridinoline concentrations
(4w-16w)
Nerve velocity
conduction
. Epidermal nerve 0.08mJ/mm° Reinnervation of the nerve fibers
Ohtori 2001 . .
fibers with1000 impulses (after 2ws)
A loss of unmyelinated nerve
. 0.9mJ/mm?2 fibers
Hausdorf | 2008 The distal femur with1500 impulses within the femoral nerve
(After 6w)
0.49mJ/mm’ .
Wu 2008 Sciatic nerves with2000 impulses Reduced motor nerve conduction
velocity
Neurotransmitters
0.9mJ/mm? Decreased substance P and
Maier 2003 The distal femur with1500 impulses prostaglandin E(2)
(6-24hours)
Hausdorf | 2008 | The distal femur High-energy Decreased substance P

shockwaves
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Wang et al. (2002) reported that ESWT increased vascularization through the
formation of new capillaries and vessels in the medial one-third of the right Achilles
tendon-bone junction of dogs. The same research group later reported a significant
increase in vascularity in the tendon-bone junction in the Achilles tendon of rabbits
(Wang et al. 2003). Changes in vascularisation after ESWT may attributable to the
release of angiogenetic growth factors including eNOS and VEGF which would induce
vascularization and increase blood supply to promote the healing process in tendon-bone
junction (Wang et al. 2003). However, reduction in vascularization was detected when
ESWT was applied to patients with supraspinatus tendinopathy (Notarnicola et al. 2011).
It is not known whether the modulation in vascularity is different in healthy versus

diseased tendons.

Numerous studies have examined the ESWT induced enhancement of tissue
regeneration. For example, Chen et al. (2004) observed an increase in transforming
growth factor-beta 1 (TGF-81) expression and insulin-like growth factor-I (IGF-I) growth
factors, which are responsible for up-regulating the extracellular matrix and tenocyte
proliferation after the application of ESWT. They also found a significant increase in
proliferating cell nuclear antigen (PCNA) in the ESWT group compared with the control
group, suggesting that ESWT can raise the mitogenic response to stimulate tenocyte
growth and promote the formation of the tendon microstructure. Similarly, Caminoto et al.
(2005) also found an increase in TGF-B1 expression and observed newly formed collagen
fibril was observed in ESWT at four weeks of treatment. Using a rabbit model, Hsu et al.
(2004) investigated the effects of ESWT on patellar tendinopathy. In the study, ESWT

with 1500 impulses at 0.29mJ/mm” was applied on rabbits with patellar tendinopathy.

18



The ultimate tensile load was found to be greater in the ESWT than the in sham group at
the 4™ and the 6™ weeks. In addition, increases in hydroxyproline and pyridinoline
concentrations were observed in the ESWT group. Hydroxyproline and pyridinoline
concentrations are associated with the formation of collagen and crosslinks (Eyre et al.

1984).

The destruction of nerve fibers and damaged nerve endings have been proposed as
the mechanisms for the pain reduction from ESWT (Ohtori et al. 2001; Hausdor et al.
2008; Wu et al. 2008). Ohtori et al. (2001) examined the effects of ESWT on nerve fibers.
They applied ESWT with 1000 impulses at 0.08mJ/mm” to the plantar skin of rats and
observed complete degeneration of the epidermal nerve fibers in the ESWT group.
Reinnervation of the nerve fibers occurred two weeks after the ESWT. These findings
indicated that pain reduction after the ESWT may attributable to the rapid degeneration
of nerve fibers. When high energy ESWT (of 0.9mJ/mm?) was applied for 1500 impulses
on the distal femur, Hausdorf et al. (2008) observed a loss of unmyelinated nerve fibers
within the femoral nerve. Similarly, Wu et al. (2008) found that high energy ESWT with
2000 impulses at 0.49mJ/mm” damaged the sciatic nerves and reduced motor nerve
conduction velocity, which would revert within two weeks. Pain relief using low to

medium ESWT may partly be explained by the destruction of the nerve endings.

A hyperstimulation analgesic effect has also been proposed as one of the
treatment mechanisms of ESWT (Ogden et al. 2001; Notarnicola and Moretti 2012;
Zwerver et al. 2011). This analgesic effect is due to the hyperstimulation of the
nociceptors induced by the ESWs. To date, no study has been reported to confirm this

hypothesis.
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1.7 Pain induced motor and neural consequences

The motor and neural consequences of pain have been investigated, mainly with
experimentally induced pain. In animal studies, a decrease in the firing rate of muscle
alpha-motorneurons (Kniffki et al. 1981) and a reduction in the sensibility of muscle
spindles (Mense and Skeppar et al. 1991) were observed with experimentally induced
pain. In human studies, when hypertonic saline was injected in muscles, inhibition of
muscle activities in the tibialis anterior muscle (Graven-Nielsen et al. 1997) and the upper
trapezius muscle (Madeleine et al. 2006) were detected during static and dynamic
contraction. Pain induced by the injection of saline into the infrapatellar fat pad was also
found to alter the delay in the muscle onset of the vastus medialis and the reduction in the
muscle activities in the vastus lateralis muscles during stepping activities (Hodges et al.
2009). These findings suggest that the alteration of the muscle activities can be induced
by pain from non-muscle origins, suggesting that alterations in muscle activation may be
due to central rather than peripheral effects. Furthermore, modulation of the corticospinal
excitability of the muscles in the contralateral limb was reported in the hand (Kofler et al.
2001) and arm (Hoeger Bement et al. 2009) muscles with experimentally induced pain. If
experimentally induced pain does modulate muscle activities, ESWT, a painful
intervention, may induce the reduction of the muscle activities in the ipsilateral and
contralateral limbs. Such information would shed light on the therapeutic mechanism of
ESWT.

1.8 Evaluation of the elastic properties of the patellar tendon

Different types of equipment, from the clinically viable to more complex systems,

have been developed, to measure tissue elastic properties. The material testing system is
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the most direct and valid method for assessing in-vitro tendon elastic properties (Wren et
al. 2003; Thambyah et al. (2000). However, this method cannot be applied on human
study. Hansen et al. (2006) proposed the use of ultrasonography with a dynamometer to
measure the elastic properties of human patellar tendon. With this approach, ultrasound
imaging is used to track tendon elongation during muscle contraction, while the muscle
contraction force is captured from the dynamometer. Tendon stiffness and the Young’s
modulus are computed from the change in force per unit area in relation to the change in
length. This method has been used to assess the changes in tendon elastic properties
associated with ageing (Carroll et al. 2008; Couppé et al. 2009; Kubo et al. 2007),
exercise (Couppé et al.2008; Reeves et al. 2003) and tendinopathy (Helland et al. 2013;
Kulig et al. 2013). This method requires a long acquisition time (Hansen et al. 2006). In

addition, the computed stiffness reflects the stiffness of the muscle-tendon-joint complex.

Direct measurement of the tendon elastic properties has been made possible with
the recent development of ultrasound elastography. Here, a compression force is induced
by an ultrasound probe and the displacement of the tissues is captured from the
ultrasound images. A strain map is then produced to show a strain ratio (Ophir et al.
1991). This method has been used to measure the tendon elastic properties of the Achilles
tendon (Drakonaki et al. 2009; De Zordo et al. 2009; Tan et al. 2012), supraspinatus
tendon (Muraki et al. 2014) and common wrist extensors (De Zordo et al. 2009).
However, this method is operator-dependent, lacks reproducibility and lacks an actual

value of tendon elastic properties (Drakonaki et al. 2009; Klauser et al. 2010).

Supersonic shear imaging (SSI) operates on the principle of transient elastography.

SSI produces elastography images based on the combination of a radiation force and an
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ultrafast ultrasound acquisition imaging system capable of capturing, the propagation of
the resulting shear waves in real time (Bercoff et al. 2004) (Fig. 1.4). The elastic modulus
(E) is computed from the system using the following equation: E=3pV?, where density p
is assumed to be constant (1000kg/m3) in human soft tissue and V is the velocity of the
shear wave propagation (Bercoff et al. 2004). The elastic modulus can be calculated from
the velocity of the propagating wave, when a faster velocity indicates a greater elastic

modulus. The unit is kilopascals (kPa).

SSI is a valid and reliable technique for evaluating the elastic properties of
skeletal muscle (Eby et al. 2013). Eby et al. (2013) found a significant correlation
between Young’s modulus from a material testing system and the shear elastic modulus
from SSI. Furthermore, Nordez et al. (2010) reported a significant linear regression
between shear elastic modulus and EMG activity during sub-maximal contraction of
biceps muscles. The test-retest reliability of SSI has been confirmed on most muscles
including the quadriceps muscles (Koo et al. 2013; Lacourpaille et al. 2012). SSI is a

potential technology for assessing the elastic properties of the patellar tendon.

Figure 1.4 The imaging sequence of the shearwave

images from the Supersonic Shearwave Imaging

System (adopted from Bercoff et al. 2004).
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1.9 Rationales and objectives of this study
1.9.1 Rationales of this study

Tendinopathy results in disruption and disorganization of the tendon fibers.
Previous studies have reported that the elastic properties of patellar tendon were assessed
by the ultrasound imaging with dynamometer, but such approach measures the elastic
properties of whole tendon during ramped maximum voluntary isometric contraction.
Clinically, pathological lesions in patellar tendinopathy commonly occur in the insertion
of patellar tendon. Therefore, site-specific assessment at the pathological region might
shed light on the changes on tissue elastic properties related to tendinopathy. SSI can
provide quantitative values of tendon elastic properties as a selected area of interest.
Therefore, the SSI could evaluate the regional-specific tendon elasticity among subjects

with patellar tendinopathy.

The elastic properties of the patellar tendon are essential for shock absorption on
landing from a jump and storing kinetic energy for subsequent jumps. Tendon elasticity
has been found respond to the mechanical loading applied to the tendon and to adapt to
strength training. Participation in sports, particularly jumping sports, can induce
mechanical loading on the patellar tendon resulting in adaption. The lack of significant
findings in the previous studies may be related to the small sample sizes and the indirect
measurement of the tendon elastic properties. Knowledge of tendon adaptation to sport
would advance our understanding of the relationship between mechanical loading and
tendon adaptation. Such information is essential for designing sport-targeted injury

prevention programs for strain-induced tendinopathy.
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Overloading is the one of main causes of patellar tendinopathy. Reduced hip
muscle strength and quadriceps flexibility are the proposed intrinsic factors for
overloading the patellar tendon. Altered hip kinematic on landing has also been observed
in patients with patellar tendinopathy that may induce excessive loading on the patellar
tendon. Therefore, weakness of the hip abductors and external rotators muscles is more

likely to occur in subjects with patellar tendinopathy than those without.

Changes in tissue histology and morphology have been reported in tendons with
tendinopathy: a diseased tendon does not have the same matrix and size as a normal
tendon. These changes may influence the elastic properties of the patellar tendon.
However, only two studies have been conducted, using small sample size and an indirect
measurement method. Whether the tendon elastic properties are altered and how the

change is related to the tendon pain await further investigation.

ESWT appears to be a safe and effective intervention for patellar tendinopathy.
However, the treatment mechanism is unclear. A hyperstimulation analgesic effect has
also been proposed as one of the treatment mechanisms of ESWT. The analgesic effect is
due to the hyperstimulation of the nociceptors induced from the ESWs. Indeed, motor
and neural consequences have been observed with experimentally-induced pain.
Reductions in muscle and tendon elastic properties may occur due to a decrease in the
firing rate of muscle alpha-motorneurons and/or a reduction of the sensibility of muscle
spindles at the treated limb. Therefore, one session ESWT would modulate the elastic
properties of tendon and muscle as well as explore correlation between the changes of
elastic properties of tendon and pain intensity among subjects with patellar tendinopathy.

The findings would shed light on the therapeutic mechanisms of ESWT.
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1.9.2 Aims of this study

193

The research aims of this study were as follows:

. to assess whether SSI could be used to provide reliable and quantitative

assessments of elastic properties of patellar tendon;

to examine adaptation of the patellar tendon elastic properties induced by
mechanical loading from habitual jumping using volleyball and basketball players
as examples;

to compare the strength of hip abductors and external rotators, the muscle
elasticity of the vastus lateralis and rectus femoris, and tendon stiffness in athlete
with patellar tendinopathy;

to detect the modulation of the tendon elastic properties and examine how these
changes relate to tendon pain in athletes with unilateral patellar tendinopathy;

to explore immediate effects of ESWT on tendon and muscle stiffness and to
correlate the changes in tendon elasticity with the associated improvement in pain.

Hypotheses of this study

The above aims were addressed in five related studies based on the following

research hypothese:

1) SSI would be a reliable method for directly quantifying the elastic properties
of regional-specific patellar tendon.

2) The elastic properties of patellar tendon were adapted in athletes participating
in jumping sports. The adaptation differs between volleyball and basketball

players.

25



3) Weaker hip abductor and external rotator muscles and stiffer vastus lateralis
and rectus femoris muscles were detected in male volleyball and basketball
players with patellar tendinopathy when compared with age- and activity-
matched healthy controls.

4) The elastic properties of patellar tendon were different in male subjects with
and without unilateral patellar tendinopathy. The changes in the patellar
tendon elastic properties were associated the magnitude of tendon pain.

5) A single session of ESWT when prescribed at maximum pain tolerable
intensity induced changes in tendon and muscle stiffness. The change in
elastic properties of the patellar tendons of subjects was related to the change

in activity-related pain.

1.9.4 The structure of the enquiry

This study consists of five inter-related studies

Study 1 (Chapter 2) Elastic modulus on patellar tendon captured from Supersonic
Shear Imaging: correlation with tangent traction modulus computed from material

testing system and test-retest reliability.

Objective 1: To assess the correlation of the elastic modulus captured from SSI and the

tangent traction modulus from a material testing system.

Objective 2: To assess the reliability of the elastic modulus captured by SSI using test-

retest measurements on the patellar tendons.
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Study 2 (Chapter 3): Elastic properties of the proximal patellar tendon: Effects of

age, BMI, leg dominance and sports participation.

Objective 1: To compare the elastic properties of the patellar tendons among sedentary

subjects, volleyball and basketball players.

Objective 2: To examine correlations between the elastic properties of the proximal
patellar tendon with age, body mass index and training intensity among

players.

Study 3 (Chapter 4) Hip strength in male athletes with and without patellar
tendinopathy and its association with the elastic properties of proximal patellar

tendon.

Objective 1: To compare hip muscle strength (abductor and external rotator), quadriceps
muscle stiffness, and patellar tendon elastic properties in athletes with and

without patellar tendinopathy

Objective 2: To determine the optimal cutoff points in hip muscle strength, quadriceps
muscles, and patellar tendon stiffness for identifying athletes with and

without patellar tendinopathy.

Objective 3: To explore possible associations among hip muscle strength, the elastic

properties of quadriceps muscles, and the patellar tendon.

Study 4 (Chapter 5) Changes in morphological and elastic properties of proximal
patellar tendon in athletes with unilateral patellar tendinopathy and their

relationships with pain and functional disability.
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Objective 1: To explore changes in the elastic properties of the patellar tendon in athletes

with unilateral patellar tendinopathy

Objective 2: To explore associations among changes in tendon shear elastic modulus,

pain, and dysfunction in athletes with unilateral patellar tendinopathy

Study 5 (Chapter 6) Immediate effects of one session of extracorporeal shock wave

therapy in athletes with chronic patellar tendinopathy

Objective 1: To determine the effects of a single session ESWT on the elastic properties
of the quadriceps muscle and proximal patellar tendon; as well as pressure

pain in athletes with patellar tendinopathy.

Objective 2: To explore whether change in the elastic properties of the proximal patellar
tendon would be associated with changes on the elastic properties of the

quadriceps muscles and intensity of pain.

These five inter-related studies are reported in subsequent chapters in terms of the
sequence listed under 1.8.4. The main findings of the studies are highlighted and
summarized in Chapter 7. The contributions of this study and the generalizability of the
findings are also discussed in the chapter 7, along with recommendation for further

research.
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CHAPTER 2

ELASTIC MODULUS ON PATELLAR TENDON CAPTURED FROM

SUPERSONIC SHEAR IMAGING: CORRELATION WITH

TANGENT TRACTION MODULUS COMPUTED FROM

MATERIAL TESTING SYSTEM AND TEST-RETEST

RELIABILITY
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2.1 Abstract

Objectives: The objectives of this study were to assess the correlation of the elastic
modulus captured from an SSI and the tangent traction modulus from a material testing
system (MTS); and to assess the reliability of the elastic modulus captured from the SSI,

by using test-retest measurements on the patellar tendons of healthy subjects.

Methods: Eight fresh patellar pig tendons were dissected carefully. The patella and tibia
of the dissected patellar tendon were connected to the 2 clamps with their fibers aligned
using applied force. The tensile force (F) was applied to the 2 crossheads causing
incremental displacement of the 2 clamps (d) in steps of 0.2mm at a test speed of
20mm/min. The force was captured by the load cells and the displacement of the
crossheads was measured by an extensometer. Both values were displayed on-line on a
computer attached to the MTS. The tangent modulus was computed by a self-written
programme based on the formula E= Atensile stress / A tensile strain. The elastic modulus

of pig patellar tendon was assessed by the supersonic shearwave imaging (SSI).

Eleven healthy subjects (8 male, 3 female; age: 26.1+3.2 years, weight: 58.7+12.3
kg, height: 169.2+10.0cm) were invited to participate in this study. Each participant was
examined while lying supine with the knee at 30° of flexion. The elastic modulus of the
patellar tendon was measured using the SSI. Two operators (I and II) participated in the
inter-operator investigation. The operators took turns to examine each subject’s patellar
tendon at one-hour intervals; and by Operator II with a 3-hour interval. Spearmen’s rank
correlation tests were used to assess the level of correlation between the elastic modulus
of the tendon captured from the SSI system and the tangent traction modulus calculated

from the MTS.
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Results: Spearman Correlation coefficients for the elastic modulus and tangent traction
modulus ranged from 0.82 to 1.00 (all p<0.05) on the 8 tendons. The intra and inter-

operator reliabilities were 0.98 (95% CI: 0.93-0.99) and 0.97 (95% CI: 0.93-0.98)

respectively.

Conclusions: The present study has indicated that the elastic modulus on the patellar
tendon measured from the SSI is related closely to the tangent traction modulus
calculated from the MTS. The in- vivo measurement has illustrated excellent reliability of
this tool. The SSI can be applied to evaluate the elastic properties of a healthy patellar
tendon. The diagnostic role of this technique will be investigated by assessing the shear
elastic modulus of normal and pathological tendons, as well as to monitor disease

progression and the efficacy of intervention on individuals with tendon disorders.

Keywords: Elastic modulus, patellar tendon, supersonic shear imaging, tangent traction

modulus, material testing system.
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2.2 Introduction

Tendons are involved in every human motion and subjected to high loads. A
tendon consists of parallel collagen fibers to resist elongation (Calve et al. 2004) and
exhibits viscoelastic properties for force production and absorption (Zajac 1989).
Alteration in tendon stiffness may compromise the tendon’s capacity to absorb and
respond to loads (Arya and Kulig 2010; Maganaris et al. 2002). Quantification of its
elastic properties may help improve our understanding of the underlying causes of

tendon-related disorders, such as tendinopathy.

The elastic properties of tendons have been determined using animal (Wren et al.
2003) and cadaveric (Thambyah et al. 2000) tendons undergoing ramped stretching
imposed by a motor of a material testing system (MTS). It has not yet been established,
however, whether findings from isolated excised tendons can be applied to in-vivo
physiological functions (Maganaris et al. 2002). Ultrasonography is a non-invasive
method for measuring the elastic properties of the human tendon in-vivo (Maganaris et al.
2002; Hansen et al. 2006). This method has been used to examine changes in tendon
stiffness associated with exercise (Reeves et al. 2003) and aging (Carroll et al. 2008).
However, complex methodologies and long acquisition time are the drawbacks of this

approach (Hansen et al. 2006).

Recently, ultrasound elastography has been applied to investigate the mechanical
properties of the Achilles tendon (Drakonaki et al. 2009). Ultrasound elastography (strain
imaging) is a real-time imaging tool for the in vivo estimation of tissue strain distribution
(Itoh et al. 2006; Hall et al. 2003). A compressive force is applied to the tissue surface

inducing transverse tissue displacement, which is calculated from the echo signal set
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before and after the compression (Ophir et al. 1991). The force can be applied manually
(freehand elastography) or mechanically (transient elastography). The absolute value of
the elastic properties cannot be provided from freehand ultrasound elastography. Manual

compression may alter the mechanical properties of the testing tissues.

Supersonic shear imaging (SSI) operates on a transient elastography principle. It
produces elastography images based on the combination of a radiation force and an
ultrafast ultrasound acquisition imaging system capable of capturing in real time, the
propagation of the resulting shear waves (Bercoff et al. 2004). The elastic modulus can be
calculated from the velocity of the propagating wave when a faster velocity indicates a
greater elastic modulus. Therefore, the elastic modulus can be calculated by measuring
the propagation of shear waves. A light touch on the skin with the ultrasound probe is
suggested by the manufacturer and a quantitative elasticity map can be computed from
the system within a few milliseconds. The objectives of this study were: (1) to assess the
correlation of the elastic modulus captured from an SSI and the tangent traction modulus
from anMTS (Experiment I); and (2) to assess the reliability of the elastic modulus
captured from the SSI, by using test-retest measurements on the patellar tendons of
healthy subjects (Experiment II). We hypothesized that there would be a significant
correlation between shear elastic modulus from the SSI and tangent traction modulus
from a MTS and the SSI would be a reliable tool to assess the shear elastic modulus of

patellar tendon.

2.3 Methods and materials

2.3.1 Experiment I
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2.3.1.1 Patellar tendon preparation

Fresh knee joints of pigs are dissected and sold in local food markets. It was not
necessary, therefore, to apply for ethics approval. Eight fresh patellar pig tendons were
dissected carefully from the patella and tibia, and all soft tissues were removed from
around the knee joints, leaving only patella and small tibia tuberosity (Fig. 2.1).The
length of the specimens were measured by a plastic meter (Smartmax; SM-103) that was
used to adjust the distance of the 2 clamps of a material testing system (MTS Synergie
200, MTS System Corporation, Ivry sur Seine Cedex, France) (Fig. 2.2). The room

temperature was controlled at 25 'C.

Figure 2.1 Photographs of a representative patellar tendon. (a) Anterior view for

patellar tendon; (b) The length of the patellar tendon was measured by a meter.

Figure 2.2 Experiment set-up. The gel pad and
transducer were put lightly on the tendon in order to

capture its elasticity using Supersonic Shear Imaging.
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2.3.1.2 Material Testing System

After dissection, the tangent traction modulus of patellar tendon was measured by
a MTS immediately. Thus, the humidity of the specimen did not maintain. The patella
and tibia of the dissected patellar tendon were connected to the 2 clamps with their fibers
aligned using applied force. The tensile force (F) was applied to the 2 crossheads causing
incremental displacement of the 2 clamps (d) in steps of 0.2mm at a test speed of
20mm/min until the force reached 10N. A maximum force of 10N was chosen, based on
our own pilot study. When the applied force exceeded 10N, the elastic modulus reached
the saturation level of SSI (300kPa). The force was captured by the load cells and the
displacement of the crossheads was measured by an extensometer (MTS model 634.12F-
24, MTS System Corporation, Eden Prairie, MN). Both values were displayed on-line on

a computer attached to the material testing system.

2.3.1.3 Ultrasound Measurements

After the specimen was secured between the two clamps, a gel pad (ULTRA
PHONIC FOCUS; Confoming gel pad; USA) was fixed onto the surface of the specimen
in order to capture clear imaging. The cross-sectional area of the tendon was measured
using the B-mode of the An Aixplorer® ultrasound unit (Supersonic Imaging, Aix-en-
Provence, France) in conjunction with a linear-array transducer at 4-15 MHz frequency
(Fig. 2.3). The ultrasound imaging is a reliable tool to assess the tendon cross sectional
area (ICC=0.92) (Gellhorn and Carlson 2013). In addition, it had a higher accuracy for
detecting and measuring the partial-thickness tendon tears when comparing with MRI

(Lobo et al. 2013). Once a clear image of the tendon had been achieved, the shearwave
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elastography mode was activated. To avoid the effect of anisotropy on the measurement,
the probe was aligned with the direction of the fibres. One image was captured from
each increment of 0.2mm when the tension was constant during the elastographic
measurements. The image was frozen when the entire ROI was covered by the color and

stored for off-line analysis.

T
-~

Figure 2.3 An Aixplorer® ultrasound unit

(Supersonic Imaging, Aix-en-Provence, France)

Off-line analysis was conducted on the captured images from the SSI. A circle
that delineated the region of interest (ROI) for the measurement of the elastic modulus
was placed at the proximal, middle and distal parts of the SSI acquisition box on the
patella tendon (Fig 2.4). The colours represented the stiffness of the tissues within the
region of interest and ranged from red (hard) to blue (soft). The diameter of the ROI was
determined by the width of the patellar tendon. Mean values of the elastic modulus on the

patella tendon within the ROI were assessed by the built-in specific quantification
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program. The elastic modulus (E) was computed from the system based on the following

equation (Bercoff et al. 2004):
E ~3pu~3pV

where p is the shear elastic modulus, density p is assumed to be constant (1000kg/m’ ) in
human soft tissue and Vj is the velocity of the shear wave propagation. Due to tendon
anisotropy, the shear elastic modulus was reported (Royer et al. 2011) and the SSI

provides the elastic modulus. Thus, all the values obtained using the SSI was divided by

Figure 2.4 Changes of elastic modulus of pig patella tendon (PT) during increasing
loading (from A to D). Upper images show the color-coded box presentation of the PT

elasticity (red color represents stiffer area and green color represents softer area) with
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the measurement circle representing the region of interest and its corresponding elastic
modulus demonstrating under Q-BoxTM on the right. The bottom images show the

longitudinal grey scale sonograms of the PT to ensure the capture of clear images.

2.3.2 Experiment 11

2.3.2.1 Subjects recruitment

Eleven healthy subjects (8 male, 3 female; age: 26.1+3.2 years, weight: 58.7+12.3
kg, height: 169.2+10.0cm) were invited to participate in this study. These subjects
underwent a clinical examination to exclude patellar tendon disorders, such as patellar
tendinopathy. A further exclusion criterion for participation of healthy subjects was a
history of knee injury or surgery. Clinical examinations, consisting of an assessment of
local tenderness over the patellar tendon and pain aggravation during single leg squatting,

were performed by an experienced physiotherapist.

2.3.2.2 Imaging processing

Each participant was examined while lying supine with the knee at 30° of flexion
(Bensanmoun et al. 2006). The knee was supported on a firm towel and a custom-made
ankle stabilizer was used to keep the leg in neutral alignment on the coronal and
transverse planes. Prior to testing, the subject was instructed to have 5-minutes of rest in
a comfortable and relaxed position in order to tension on the patellar tendon was avoided

(De Zordo et al. 2009). The room temperature was controlled at 25°C.

The elastic modulus of the patellar tendon was measured using an Aixplorer®

ultrasound unit (Supersonic Imaging, Aix-en-Provence, France) in conjunction with a
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linear-array transducer at 4-15 MHz frequency and a high frame rate (up to 20,000
frames/s). The transducer was placed longitudinally on the patellar tendon with the knee
flexion of 30°. The shearwave elastography mode was then activated to measure the
elastic modulus of the proximal part of the patellar tendon. The transducer was stationed
on the skin, with a light pressure on top of a generous amount of coupling gel,
perpendicularly on the skin’s surface. The transducer was kept motionless for 8-12
seconds during the acquisition of the SSI sonogram (Kot et al. 2012). Images were frozen
when the color in the region of interest was uniform and were then stored for off-line

analyses. In total, 3 images were captured for the tendon on each knee.

Two operators (I and II) participated in the inter-operator investigation. Operator I
had about 5 years of experience in ultrasound scanning and SSI training. Operator II was
a sports physiotherapist with about 2 years of experience in ultrasound imaging as well as
SSI short course training. The operators took turns to examine each subject’s patellar
tendon at one-hour intervals; and by Operator II with a 3-hour interval. The results were

not communicated until all subjects had been examined.

A circle that delineated the region of interest (ROI) was centered at the proximal
part of the tested tendon (Fig. 2.5). The diameter of ROI was defined by the thickness of
the tendon, which was the distance between the superior and inferior borders of the
proximal part of the patellar tendon. The mean values of the elastic modulus on the

patellar tendon within the ROI were computed from the system.
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+Q-Box™
Mean 91.0kPa
Min 15.0kPa
Max 140.3kPa
SD 30.2kPa

Diam 6.0mm

Figure 2.5 Typical example of elastic modulus measurement for the proximal
patellar tendon on a healthy subject. Upper images show the color-coded box
presentation of the patellar tendon elasticity (the red color represents the stiffer
area and the green color represents the softer area) with the measurement circle
representing the region of interest and its corresponding elastic modulus
demonstrating under Q-BoxTM on the right. The bottom images show the
longitudinal grey scale sonograms of the patellar tendon to ensure the capture of

clear images.

2.4 Statistical analyses

2.4.1 Experiment |

Data processing was conducted using the software LabVIEW 8.6 (LabVIEW
Professional Development System, USA). The loads (F) and crosshead displacement (d)

were recorded during testing by a computer attached to the MTS. The tensile stress (o)
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was calculated as the applied load divided by the tendon cross-sectional area (Ay)
(0=F/Ay). The tensile strain (¢) was calculated as displacement divided by initial length
(Lo) (e=d/Ly). The tangent modulus was computed by a self-written programme based on
the formula E= Ac / Ag. Spearmen’s rank correlation tests were used to assess the level of
correlation between the elastic modulus of the tendon captured from the SSI system and

the tangent traction modulus calculated from the MTS.
2.4.2 Experiment Il

The dependent measure for analysis was the averaged mean tendon elastic
modulus from all 3 images of the patellar tendon. Both intra- and inter-operator reliability
were examined using intraclass correlation coefficients (ICC). ICC(3,1) was used to
determine the intra-operator reliability and ICC (2,2) was computed to examine the inter-
operator reliability (Portney et al. 2009). The coefficient of variance (CV) was calculated
[using the formula CV= (standard deviation/mean) x100%]. The standard error
measurement was computed (using the formula SEM= standard deviation x V1-ICC), and
minimal detectable difference was calculated (using the formula MDD=1.96xSEMx\2).
All reliability coefficients were interpreted as follows: below 0.499 as poor, 0.500 to
0.699 as moderate, 0.700 to 0.899 as good, and 0.900 to 1.000 as excellent (Domholdt
1993). The statistical analysis was performed using SPSS Version 17.0 for Windows

(SPSS Inc, Chicago, IL).
2.5 Results

2.5.1 Experiment I
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Table 2.1 shows the cross sectional area, resting length, elastic modulus and
tangent traction modulus obtained from the 8§ fresh pig patellar tendons. Figure 5 depicts
the relationships among the SSI and MTS measurements in the specimens. Significant
correlations were found between the 2 variables in all tested specimens, with the

correlation coefficients ranging from 0.82 to 1.00 (all p<0.05, Table 2.2, Fig. 2.6).

Table 2.1 Cross sectional area, resting length, shear elastic modulus and tangent
traction modulus obtained from fresh patellar tendon.

- Cross sectional area Riesiilng Mean shear elastic Mean tangent traction
P19 (mm?) '?rrr‘]?nt)h modulus (kPa) modulus (kPa)
1 86.3 40.0 74.60 2736.52
2 114.0 45.0 73.33 4216.53
3 95.3 42.0 67.61 2079.83
4 71.0 65.0 75.76 5410.50
5 48.6 44.0 35.82 3736.48
6 54.0 55.0 24.34 3420.37
7 48.3 50.0 47.81 2722.72
8 46.6 40.0 52.40 6989.27

Table 2.2 Spearmen’s rank correlation coefficient between the shear elastic modulus
and tangent traction modulus of tendon obtained from SSI and MTS, respectively.

pig Rho p-value
1 0.96 0.000
2 1.00 0.000
3 1.00 0.000
4 1.00 0.000
5 0.82 0.023
6 0.93 0.000
7 0.99 0.000
8 1.00 0.000
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Figure 2.6 Correlations between elastic modulus of tendon captured from a
Shear supersonic imaging and tangent traction modulus of tendon computed
from a material testing system.
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2.5.2 Experiment Il

The intra and inter-operator reliabilities for the measurements of the proximal
patellar tendons in the eleven healthy subjects (22 patellar tendons) were excellent. The
intra-operator reliability value for ICC was 0.98 and for MDD was 4.27kPa,
corresponding to an SEM of 1.54kPa and CV of 29.53%. With regard to the inter-
operator reliability, the ICC value was 0.97 and the MDD value was 4.54kPa,

corresponding to an SEM of 1.64 kPa and a CV of 25.89% (Table 2.3).

Table 2.3 Intra-class coefficient (ICC) values for intra and inter-operator reliabilities on
the shear elastic modulus of patellar tendon.

Intra-operator reliability (Mean+SD)(kPa)

Test 1 Test 2 ICC 95%CI SEM MDD
36.9+10.9 36.0+9.5 0.98 0.93-0.99 1.54kPa  4.27kPa
Inter-operator reliability(Mean+SD)(kPa)
Operator I Operator 11 ICC 95%CI SEM MMD
36.9+10.9 36.749.5 0.97 0.93-0.98 1.64kPa  4.54kPa

Abbreviations: ICC=intra correlation coefficient; CI=confidence index ;SEM=Standard error
measurement ;MDD=minimal detectable difference

2.6 Discussion

Significant correlations were found between the elastic modulus on the patellar
tendon captured from the SSI and the tangent traction modulus computed from the MTS.
Excellent intra and inter-operator reliabilities were obtained when the SSI was performed

on the healthy patellar tendons.

High correlations were observed between the elastic modulus measurement using

the SSI and the tangent traction modulus obtained from the MTS of the 8 pig patellar
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tendons. We also observed large differences in the slopes of different specimens. Hence,
there was no single transformation from the elastic modulus to the tangent modulus that
covered all specimens. We postulate that such differences might relate to the following
factors. The MTS is known to have several inherent limitations. The stretching of the
clamped fibrous tissues is associated with some slippage of inner fibres (Maganaris et al.
2002). In this study, the bones (patella/ tibia tuberosity) were fixed tightly on the MTS.
Some of the stretching force imposed from the MTS might have been taken up at the
system-bone interface, which might have been different on each tendon. Soft tissues
(fat/fascia) around the tendons had to be removed by hand. Any remaining tissues would
have contributed to some of the loads. Despite great care being exercised to clear the
tissue around the tendons, the amount of tissue remaining might have been different on
each tendon. The tangent modulus computed from the MTS might thereby have been
influenced by the above two technical issues to different extents on the tested tendons.
On the other hand, intrinsic factors such as age and gender can contribute to the
viscoelastic properties of the tendon. The viscoelastic properties of the patellar tendon
may alter structurally with age, for example changes in collagen content. In an animal
model, Haut et al (Haut et al. 1992) reported a decrease in the collagen content of the
patellar tendon with age. Similar observations were also found in human studies
(Tkaczuk 1968; Noyes and Grood 1976). Gender may also affect the viscoelastic
properties of the patellar tendon. Kubo (Kubo et al. 2003) reported that the stiffness of
the medial gastrocnemius tendon was significantly higher in males (approximately 37%)
than in females. Note that, in this study. the elastic modulus was calculated based on the

assumption that the density of the medium was a constant. This, however, may have been
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affected by the age or gender of the testing tendons, as we did not control for either of

these.

To the best of our knowledge, the present investigation is the first to report the
relationship between the modulus elastic using the SSI and the tangent traction modulus
from the MTS measurement on tendons. All of the reported studies compared the muscle
elastic modulus with muscle activities based on electromyography studies. Nordez’s was
the first group to report that the elastic modulus of the biceps muscles of 6 healthy
subjects was related strongly to the EMG activity level during muscle isometric
contraction (Nordez and Hug 2010). Significant linear relationships between the elastic
modulus and the individual muscle force were also reported on the small hand muscles
such as the abductor digiti minimi and first dorsal interosseous (Bouillard et al. 2011),
indicating that the elastic modulus could be used to estimate tension inside tissues. In
addition, Maisetti et al. (2012) reported a significant correlation between the elastic
modulus and medial gastrocnemius muscle force during passive stretching. The
correlations reported in the present study were possible only because both moduli were

increased when the tension was increased.

The ultrasonography method has been used extensively over the last 20 years to
assess the elastic properties of tendons. The elastic properties of the tibialis anterior and
gastrocnemius tendons have been measured by ultrasound imaging as a method of
estimating tendon-aponeurosis elongation during the tensile loading induced by the
contraction of the in-series muscle (Maganaris et al. 2002). Hansen et al. (2006) reported
that the method to assess the elastic properties of human patellar tendon is reliable using

ultrasonography with EMG during quadriceps muscle isometric contraction. The EMG
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has been used simply by some authors to correct force measurements from the antagonist
contribution. Although this is a useful method to evaluate the elastic properties of the
tendon, there are some limitations, such as complex techniques (transducer fixation
technique), knee joint movement control, time consumption, complicated data analysis
procedures and dependence on the muscle contraction (Hansen et al. 2006). Due to above
the barriers, it is difficult to apply this method in the hospital and clinic to estimate the
elastic properties of tendons. The SSI has overcome these limitations in the elastic
properties measurement of the tendon, and this study has supported it as a relatively

convenient method of measuring the elastic property of the patellar tendon.

Experiment II evaluated the intra and inter-operator reliability in obtaining the SSI
elastic modulus measurements of the healthy participants’ proximal patellar tendons at
the rest position within-day. If subjects with tendon disorders are assessed several times
by different examiners, it is important to know the intra and inter-operator reliabilities.
The results of this study have demonstrated that the SSI of the proximal patellar tendon
has excellent intra and inter-operator reliabilities in healthy subjects. The SSI can be used
to assess disease progression and the efficacy of intervention on patellar tendons when

evaluations have to be conducted at different time points.

It has been reported that the SSI is a reliable method for evaluating the elastic
properties of muscles. Lacourpaille (Lacourpaille et al. 2012) reported that the ICC value
of intra- and inter-operator reliability among various muscles (gastrocnemius
medialis/tibialis anterior/rectus femoris/biceps brachii/ triceps brachii/ vastus lateralis)
during resting status ranged from 0.81 to 0.95 and 0.42 to 0.94, respectively. Another

study revealed that the intra-operator reliability of the elastic properties of biceps brachii
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during 3% and 7% maximal EMG activity were good (3%, ICC=0.89; 7%, ICC=0.94)
(Kubo et al. 2003). Our intra and inter-reliabilities results of 0.98 and 0.97 respectively
are higher than those reported from these studies of muscles. One of the reasons for this
may be related to the different structures of the muscle and tendon. A tendon consists of
parallel collagen fibers, and it is easier to align and re-align the US probe with the tendon

than with the muscle fibers, resulting in higher reliability.

Drakonaki et al (2009) obtained moderate to good intra and inter-operator
reliability in assessing the stiffness of Achilles tendons using real-time freehand
ultrasound elastography which depends on compressive force. In their study, 25 healthy
subjects were recruited for the assessment of tendon stiffness at the middle third of the
free tendon and the middle part between the myotendinous junction and the calcaneal
insertion. The intra and inter-operator reliabilities ranged from moderate to good (0.51-
0.78). One of the major differences between the SSI and real-time freehand ultrasound
elastography is that the mechanical vibration is induced automatically by using a
radiation force of ultrasound beams (Bercoff et al. 2004).Thus, the SSI technique does
not depend on external force from operators. This may be one of the main explanations

why the SSI technique is more reliable than real-time free-hand ultrasound elastography.

In addition, our study calculated the MDD, which can provide a value to reflect a
real change as a reference for future study. In terms of our findings, the measurement of
the elastic modulus of the patellar tendon should be greater than 4.27kPa (the same
operator) and 4.54kPa (different operator) to reflect real changes with retested

measurements.
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There are some advantages of the SSI technique when compared with other
methods to evaluate the tendon elastic properties. First, it is a reliable and convenient
technique to assess the elastic properties of the tendon. In the present study, the time
required for scanning 2 tendons lasted for 5-8 minutes. Second, the operation of the
machine can be learnt by a novice. Although Operator I (2years) and Operator II (Syears)
had different lengths of experience with the ultrasound scanning technique, the findings
from the present study have demonstrated good intra and inter-reliabilities of the SSI
measurement on the tendon elastic modulus, which indicates that the results could not
have been influenced by the operator’s experience. Finally, the SSI can be used to
evaluate tendon elastic properties that are not affected by the presence of pain. The
conventional approach, based on ultrasonography and the EMG, induces an increase in
the tensile force on the tested tendon that might cause pain on a tendon with pathologies.
These advantages of the SSI make it a promising clinical tool to follow disease

progression and enhance the efficacy of different interventions.

In this study, the mean elastic modulus on the healthy patellar tendons ranged
from 36.0 to 36.9kPa. The results from the present study were higher than those reported
by Kot et al. (2012). The mean elastic modulus on healthy patellar tendons being reported
were 23 to 24 kPa. Such discrepancies might relate to the different method of defining the
ROL. In Kot’s study, the ROI was pre-determined (2mm, 3mm or 4mm). In the present
study, we adopted the approach used by Nordez and Hug (2010). The diameter of the
ROI was defined by the thickness of the tendon, which was the distance between the
superior and inferior borders of the proximal part of the patellar tendon. Note that the

tendon thicknesses in this study ranged from 3 to 7mm and different portions of the
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patellar tendon contain different percentages of collagen fibers (Maisetti et al. 2012). Our

approach, thereby, included the whole rather than portion of the tendon.

2.7 Conclusion

The present study has indicated that the elastic modulus on the patellar tendon
measured from the SSI is related closely to the tangent traction modulus calculated from
the MTS. The in-vivo measurement has illustrated excellent reliability of this tool. The
SSI can be applied to evaluate the elastic properties of a healthy patellar tendon. The
diagnostic role of this technique will be investigated by assessing the shear elastic
modulus of normal and pathological tendons, as well as to monitor disease progression

and the efficacy of intervention on individuals with tendon disorders.
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CHAPTER 3

ELASTIC PROPERTIES OF THE PROXIMAL PATELLAR
TENDON: EFFECTS OF AGE, BMI, LEG DOMINANCE, AND

SPORTS PARTICIPATION
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3.1 Abstract

Purpose: To compare the elastic properties of the patellar tendon among sedentary

subjects, volleyball players, and basketball players, and to examine the correlations
between the elastic properties of the proximal patellar tendon and the age, body mass

index, and training intensity of players.
Study design: Cross-sectional observational study.

Methods: Fifty healthy subjects (20 sedentary, 15 volleyball players, and 15 basketball
players) aged between 18 and 35 were recruited. SSI was used to measure the elastic

properties of the proximal patellar tendons in the dominant and non-dominant knees.

Results: The volleyball players had the lowest tendon shear elastic modulus compared
with the basketball players (by 24.9%, p<0.05) and sedentary subjects (by 42.3%,
p<0.05). The basketball players had significantly lower tendon elastic modulus compared
to the sedentary group (by 23.1%, p<0.05). No significant side-to-side difference in the
tendon shear elastic modulus was detected (p>0.05). A positive correlation was detected
between the patellar tendon shear elastic modulus and age in the volleyball group (partial

correlation r=0.53; p<0.05).

Conclusions: The elastic properties of the patellar tendon can be adapted with sports
participation. The magnitude of the tendon adaptation appeared to be greater for the
volleyball than the basketball players. The volleyball players, who had greater demands
in terms of jump-landing activities and hence more mechanical loading on the patellar

tendon, demonstrated greater tendon compliance than the basketball players. Age was the
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only anthropometric factor related to the elastic properties of patellar tendon in the

volleyball players.

Key words: Elastic properties; proximal patellar tendon; sports activities
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3.2 Introduction

The patellar tendon is an energy-storing tendon responsible for transmitting
muscle-derived forces to produce joint movement (Alexander 2002; Magnusson et al.
2003). The tendon also acts like a spring in storing elastic energy for energy-efficient
movements (Arampatzis et al. 2006; Kubo et al. 2010), and functions as a “mechanical
buffer” in reducing the rate of force transmission to the muscle to prevent muscle injury
(Konow et al. 2012; Magnusson et al. 2003). A rigid tendon is better able to transmit the
muscle-derived force to the bone, whereas an elastic tendon can store more energy for

energy-efficient movements.

Physical activities such as strength training and habitual loading can induce
mechanical loading on the tendon and alter its mechanical properties. Stiffness of the
patellar tendon was found to have increased by 65% after a 14-week isometric training
program (Reeves et al. 2003). The elastic properties of the patellar tendon were assessed
by ultrasound imaging with a dynamometer during muscle contraction. Similarly, three-
months’ of isometric training of knee extensors with long duration contraction was found
to increase tendon stiffness by 36.4% (Kubo et al. 2010). No significant change on
tendon elastic properties was observed with short duration contraction. In contrast, a
single bout of hopping exercise did not induce significant changes in the elastic
properties of the patellar tendon (Peltonen et al. 2010). Collectively, these findings
suggest that 12 to 14 weeks’ isometric exercise training increase tendon stiffness. The

duration of contraction may also affect the loading on tendon.
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Only one study has investigated the effect of habitual loading on the elastic
properties of the patellar tendon. Westh et al. (2008) assessed the elastic properties of
patellar tendon in runners and non-runners. Although the patellar tendon shown greater
compliance in the runner compared to the non-runners (by 14.8%), the difference was not
statistically significant level. These results from this study needs to be treated with
caution because of the small sample size used in the study (only 10 subjects were
recruited in each team). To better understand the loading effects of habitual exercise, a
study with a larger sample size and in sports with more loading on the patellar tendon,

such as the jumping sports, is needed.

Volleyball and basketball are two common jumping sports that have different
physical demands (Kollias et al. 2004; Laffaye et al. 2007). During training and
competition, volleyball players take more frequent vertical jumps and land with greater
knee flexion (Kollias et al. 2004; Laffaye et al. 2007) than basketball players. The
volleyball players were also found to have greater jumping height (Laffaye et al. 2007). It
is likely that the elastic properties of the patellar tendon adapt differently to the sport-
specific loading from volleyball and basketball training. Knowledge of the tendon
adaptation to each sport would advance our understanding of the relationship between
mechanical loading and tendon adaptation. This information is essential for designing
sport-targeted injury prevention programs for strain-induced injuries, such as

tendinopathy.

Aside from mechanical loading, age-related changes in the diameter of the
collagen fibers may contribute to the change in tendon stiffness (Sargon et al. 2005;

Strocchi et al. 1991). Kubo et al. (2007) detected a decrease in the stiffness of the
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Achilles tendon in older adults compared to younger adults. Stenroth et al. (2012) also
found that the Achilles tendons of the older subjects were on average 32% less stiff than
those in the younger group. When measuring the elastic properties of the patellar tendon,
Couppe et al. (2009) reported a similar magnitude of change between old and young
subjects. The older subjects had 29% less stiff than the younger subjects. However, Mian
et al. (2007) found no significant difference in the elastic properties of the muscle-tendon
of the gastrocnemius medialis between young and old adults. Similarly, Carroll et al.
(2008) reported that there were no significant differences in the elastic properties of the
patellar tendon in younger and older adults. Thus, the existing findings on the effects of
age on the elastic properties of the human patellar tendon are inconclusive.

The aim of this study was to investigate the changes in the tendon elastic
properties of the proximal patellar tendon as a result of sports participation. The tendon
shear elastic moduli of sedentary subjects, volleyball players, and basketball players were
compared in the dominant and non-dominant legs. Possible correlations between the
tendon shear elastic modulus, age, BMI, and training intensity were explored. We
hypothesized that volleyball players have better tendon compliance than basketball
players and there would be correlation between tendon shear elastic modulus, age and

body mass.

3.3 Material and methods

3.3.1 Subject recruitment
A convenience sample of 50 healthy male subjects was recruited from the
volleyball and basketball teams of local universities. The participants comprised 20

sedentary subjects, 15 volleyball players, and 15 basketball players. All of the subjects
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were interviewed on their past and current physical activity. The inclusion criteria for
healthy players were as follows. They should train regularly for more than four hours per
week, be free from injury or discomfort in the knee, and not be taking any steroids at the
time of the study. Subjects were excluded if they had had any surgery on the lower limbs.
The sedentary subjects were not involved in any regular exercise and sports training.
3.3.2 Experimental procedure

The study was conducted at the Sports Training Centre at the Hong Kong
Polytechnic University. The body weight and height of all subjects were measured. The
level of training intensity (training hours/week) was self-reported. The dominant leg was
determined by kicking a ball (Lenskjold et al. 2013).
3.3.3 Measurement on tendon elastic properties

The tendon elastic properties were measured using supersonic shearwave imaging
(SSI) technology with an Aixplorer” ultrasound unit (Supersonic Imaging, Aix-en-
Provence, France) equipped with a 4-15 MHz linear-array transducer. The set-up and
procedure are described in Chapter 2. In brief, the musculoskeletal acquisition mode was
used to measure the shear elastic modulus of the patellar tendon with the temporal
averaging (persistence) and spatial smoothing set to medium and six, respectively. The
range of the color scale was pre-set by the manufacturer at 0-600 kPa. The angle between
the ultrasonic beam and tendon fiber orientation would influence the results of tendon
stiffness. In order to minimize the effect of anisotrophy, they suggested that the
transducers will be paralleled to the tendon fibers during measuring the stiffness of

tendon (Brum et al. 2014; DeWall et al. 2014).
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Scanning of patellar tendon was performed with the subject in supine lying, with
the knee in 30  of flexion (Zhang and Fu 2013). The transducer was positioned at the
inferior pole of the patella and aligned with the patellar tendon. The transducer was
stationed on the skin with light pressure on top of a generous amount of coupling gel,
perpendicularly on the surface of the skin. The transducer was kept stationary for 8-12
seconds during the acquisition of the SSI sonogram (Fig. 3.1). A total of 3 images were

captured for the tendon on each knee for off-line analysis.

+Q-Box™
Mean 114.9kPa
Min VENAGE!
Max 152.2kPa
SD 18.9kPa

Diam 5.0mm

Figure 3.1 Representative in vivo image of a proximal patellar tendon. The
patellar tip, superficial and deep border of patellar tendon was identified with
arrows. The size of Q-box™ was based on the superficial and deep border of
patellar tendon. The Q-box ™™ was located in the proximal part of patellar tendon.
Local tendon elastic modulus is estimated at each pixel within the Q-box ™ and

represented by the color map.
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3.3.4 Data Reduction

Off-line analysis was conducted according to the procedures described in last
chapter. In brief, the built-in region of interest (ROI) rectangular box of
13.5mmx12.5mm was placed distal to the apex of the patellar with the patellar tendon
located within its centre part. The Q-Box'™ indicated a semitransparent color map was
centered at the proximal part of the patellar tendon with consistent images and at about
5mm from the apex of the patella. Young’s modulus within the Q-Box™ were computed
and displayed in kPa at the right bottom corner of the computer screen. The mean tendon
shear elastic modulus was calculated by dividing the mean Young’s modulus generated
from the system by 3 (Royer et al. 2011). The patellar tendon shear elastic modulus has

excellent test-retest reliability (with ICC=0.98) (Zhang and Fu 2013).

3.3.,5 Statistical analysis

Descriptive data such as mean+SD were calculated. The Shapiro-Wilk tests were
used to examine the normality distribution of variables. One-way analysis of variance
(ANOVA) was used to compare the age, height, weight, BMI, training intensity between
sedentary, basketball and volleyball players. Bonferroni post hoc analysis was used to
examine group differences. Two-way analysis of covariance tests were used to compare
the tendon shear elastic modulus with group (sedentary, volleyball, basketball) and leg
(dominant and non-dominant) as independent factors with demography and training
variables having significant group difference as covariates. If between-group difference
was identified, Bonferroni post hoc analysis was used to examine group differences.

Partial correlation tests were used to examine the correlations between tendon shear
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elastic modulus with anthropometric characteristics and training intensity controlled by
leg dominance in each group. SPSS version 17.0 (SPSS Inc, Chicago, IL) was used to

perform the statistical analyses. The level of significance was set at p<0.05.

3.4  Results
3.4.1 Subijects characteristics

Twenty sedentary subjects, 15 volleyball players, and 15 basketball players
participated in this study. Significant group differences were detected on age and BMI.
The basketball players were older and had greater BMIs compared with the subjects in
the sedentary and volleyball groups. There were no significant differences in age and
BMI between the volleyball and sedentary groups. There was no significant difference in

the hours of training between the volleyball and basketball groups (Table 3.1).

Table 3.1Characteristics of subjects in the study

Sedentary Basketball Volleyball P value
Variables subjects players players Svs Svs Vs
(n=20) (n=15) (n=15) B V B
Age(y) 24.0+3.4 26.3+3.9 22.2+4.6 0.271 0.566 0.019
Weight(kg) 58.6+6.8 78.5+6.8 68.3+7.4 0.000 0.001 0.001
Height(cm) 170.8+5.8 184.945.7 181.0£5.8 0.000 0.000 0.218
BMI (kg/m’) 20.1+1.6 23.0+1.6 20.8+1.8 0.000 0.567 0.002
/Tviammg hours 0.6+0.5 8.843.9 8.9+4.0 0.000 0.000 0.851
Training years 10.0+5.4 7.1+1.9 0.156

Abbreviations: S=Sedentary subjects; B=Basketball players; V=Volleyball players

3.4.2 Comparison of the tendon elastic properties of the sedentary, volleyball

players, and basketball players

Significant differences in tendon shear elastic modulus were found between 3

groups. The tendon shear elastic modulus of the sedentary, basketball, and volleyball
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groups was found to be 40.2+£10.6 kPa, 30.9+6.1 kPa and 23.2+8.8 kPa, respectively
(Tables 3.2). Sedentary subjects had a significantly higher shear elastic modulus than
volleyball players (by 42.6%; p=0.000) and basketball players (by 18.6%; p=0.003) (Fig
3.2). In addition, the basketball players had a higher shear elastic modulus than the
volleyball players (by 24.9%; p=0.020) (Fig.3.2). No significant side-to-side effects were

detected (Table 3.3; Fig. 3.3).

Table 3.2 Comparisons of patellar tendon shear elastic modulus between three groups

Sedentary Basketball Volleyball
. . P value
shear elastic modulus subjects players players
(kPa) (n=20) (n=15) (n=15) R
Patellar tendon 40.2+10.6 30.9+6.1 23.2+8.8 0.003 0.000 0.020

Abbreviations: S=Sedentary subjects; B=Basketball players; V=Volleyball players

Table 3.3 Side-to-side comparisons of the shear elastic modulus of the proximal patellar tendon

Shear elastic modulus (kPa)

Variables Dominant side Non-dominant side P value
Sedentary subjects (n=20) 39.1+10.1 40.2+10.6 0.382
Basketball players (n=15) 33.848.7 30.9+6.0 0.139
Volleyball players (n=15) 22.6+10.6 23.0+8.8 0.678

Results are presented in terms of mean+SD
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Figure 3.2 Bar graph illustrating the shear elastic modulus of
proximal patellar tendon for sedentary subjects, basketball players

and volleyball players (*p<0.05)
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Figure 3.3 Mean shear elastic modulus of proximal patellar tendon for
sedentary subjects, basketball players and volleyball players. No significant

differences were detected between dominant and non-dominant side.
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3.4.3 The relationships between tendon shear elastic modulus with anthropometric

characteristics and training intensity in each group

Table 3.4 shows the relationships between tendon shear elastic modulus, and
anthropometric characteristics and training intensity of each group. A positive correlation
was found between the tendon shear elastic modulus and age of the volleyball players
(r=0.53; p<0.05). No significant correlation was found between patellar tendon shear
elastic modulus and other factors (weight/height/BMI/training intensity) in any of the

groups.

Table 3.4 Partial correlations coefficient tests were used to examine the correlation between
tendon shear elastic modulus with anthropometric characteristics and training intensity

. Sedentary subjects Basketball players Volleyball players

Variables (n=20) (n=15) (n=15)

Age 0.07 -0.21 0.53*
Weight -0.09 0.01 -0.03
Height -0.28 -0.26 0.19
BMI(kg/m®) 0.12 0.25 -0.19
Training 0.11 0.03 0.19
hours/w

*p<0.05; BMI=body mass index.

35 Discussion

This study aimed to assess the effect of habitual loading on tendon elastic
properties using volleyball and basketball players as examples. The effects of mechanical
loading on the tendon elastic properties were explored in relation to the type of sport, age,
BMI, leg dominance, and training intensity of the subjects. The primary findings indicate
that the volleyball and basketball players showed better compliance on the patellar tendon.

This enhancement was found to be greater in the volleyball players than the basketball
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players. Only the age of male volleyball players was found to be related to tendon

elasticity.

An increase in tendon elasticity at the proximal patellar tendon was observed in
the male volleyball and basketball players compared with the sedentary subjects. Only
one study has investigated the effects of habitual loading on the elastic properties of the
patellar tendon (Westh et al. 2008). Ten runners were found to have a 14.8% increase
tendon compliance compared with 10 non-runners. However, the difference was not
statistically significant, partly due to the small number of subjects. Fifty subjects
participated in the present study and comparison was made between the subjects who
participated and did not participate in jumping sports. Jumping sports involve repetitive
jumping activities, which impose more loading on landing than running on the patellar
tendon. In addition, the SSI technique was used to directly measure the tendon elastic
properties. The ultrasound probe was located at the proximal portion of the patellar
tendon that was found to have greater mechanical loading than other parts of the tendon.
Kongsgaard et al. (2007) reported that 12 weeks of resistance knee extension training
increased the proximal and distal cross-sectional area, but not the mid-region of the
patellar tendon. Based on this observation, the measurements of the tendon elastic
properties were taken at a region with high loading and where pathological changes
would occur, i.e. the proximal portion of the patellar tendon (Kulig et al. 2013). Indeed,
the results of this study indicated greater tendon elasticity at the proximal portion in male

volleyball and basketball players compared with sedentary individuals.

Tendon elastic properties are essential for jumping performance. Walshe and

Wilson (1997) found a positive relationship between tendon elasticity and
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countermovement jump height. The authors suggested that a tendon with more
compliance can store and release more kinetic energy for subsequent jumps. In a later
study, Kubo et al. (1999) observed that greater elasticity at the musculotendinous junction
of the vastus lateralis was related to higher vertical jump height. Kubo et al. (2007) later
reported a significant relationship between the elasticity of the Achilles tendon and the
height of countermovement and drop jumps. Increased tendon elasticity at the proximal
patellar tendon is therefore beneficial to the jump performance of athletes such as
volleyball and basketball players. However, the present study did not confirm whether the
differences in the tendon elastic properties of the sedentary and jumping athletes were
related to sports adaptation or that individuals who could jump higher because of their
better tendon elasticity chose to participate in jumping sports. Further research is needed

to verify the cause-effect relationship.

The magnitude of the mechanical loading associated with basketball and
volleyball appears to be different. During training and competition, volleyball players
perform more vertical jumps and undergo greater knee flexion than basketball players.
The findings from this study provided evidence that volleyball players have 24.9%
greater patellar tendon elasticity than basketball players. Related to the increase in tendon
elasticity, Laffaye et al. (2007) found that volleyball players have a greater jumping
height than basketball players. Further research is needed to directly examine the
correlation between the tendon elastic properties and jumping height. The findings would

provide evidence for performance enhancement programs for jumping athletes.

Side-to-side differences in elastic properties of proximal patellar tendon
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No significant differences were found in the elastic properties of the proximal
patellar tendons of the dominant and non-dominant legs of sedentary subjects, basketball
players, and volleyball players. Couppe et al. (2008) also found that the elastic moduli of
the patellar tendons on the dominant and non-dominant legs were similar in players from
badminton and fencing teams. Together, these findings suggest that there are no side-to-
side differences in the patellar tendon elasticity of sedentary subjects and athletes.
Similarly, Holmes and Alderink (1984) found no significant side-to-side differences in
the strength of the quadriceps muscles. Burgess et al. (2007) observed that the elastic
properties of the tendon were partly affected by the muscle force output, although they
found no significant side-to-side differences in the strength of the quadriceps muscles,
thereby supporting the finding of no significant side-to-side differences in patellar tendon
elasticity. These findings suggest that an internal comparison could be conducted in

patients with unilateral problems, such as patellar tendinopathy.

Although the elastic properties of the proximal patellar tendon were not related to
weight, height, BMI, or training intensity, they were positively correlated with the age of
the volleyball players. This finding indicated that the older volleyball players had stiffer
proximal patellar tendons compared with the younger players with similar training
intensity. In line with this, the digital flexors and extensors of the tendons in mature pigs
were found to be stiffer than in newborn pigs (Shadwick 1990). In a human study, 7
older men were found to have stiffer (by 6.9%) patellar tendons compared to 16 young
men (Carroll et al. 2008). However, the difference was not statistically significant. The
age-related decline in tendon compliance may be due to the decreased water content

(Danielsen et al. 1988), increased fibril diameter (Parry et al. 1978), and cross-link
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increments (Reiser et al. 1987). However, no significant relationships between age and
tendon elastic properties were observed in the sedentary and basketball players. Hence,
the age-related adaptation of the tendon elastic properties was only found in the
volleyball players with high mechanical loading. In this connection, our subjects had age
ranged from 18 to 35 and there was significant different in age between volleyball and
basketball players. Hence, group comparisons were conducted with age as a confounding

factor.

3.6 Limitations

The elastic properties of the proximal patellar tendon were assessed because the
proximal patellar tendon is highly sensitive to mechanical loading (Kongsgaard et al.
2007) and the pathology of the patellar tendon mostly occurs in the proximal region
(Kulig et al. 2013). The finding of an increase in tendon elasticity does not represent
changes in other parts of the tendon. Second, only male subjects were recruited in the
study, therefore the results cannot be generalized to the female population. Further
research is needed to examine the influence of habitual loading on the tendon elastic
properties of female subjects. Lastly, the number of hours of training was used as the
measure of loading induced by sports participation. Other loadings, such as the loading
from conditioning, weight training sessions, and participation in other sports, need to be
examined to gain a better understanding of the effects of the training intensity or training
load on the athletes. Moreover, the finding that training intensity is not related to tendon
elasticity needs to be treated with caution. Further prospective studies are needed to

assess the effects of sports on tendon elasticity while controlling for the training load.
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3.7 Conclusions

In this study, the proximal patellar tendon was found to be more compliant in
males who participated in volleyball and basketball for more than four hours per week
than in sedentary subjects. Moreover, the volleyball players were found to have greater
compliance than the basketball players. These findings suggest that habitual loading may
induce adaptation of patellar tendon elasticity and that the adaptation is sport-specific.
Prospective studies are needed to confirm the effects of habitual loading from sport
participation while controlling for training intensity. In addition, age appeared to reduce
tendon compliance in the volleyball players. However, no side-to-side dissymmetry in the
tendon elastic properties of the proximal patellar tendon was observed in the healthy
sedentary subjects or the athletes. This suggests that volleyball players may experience
more impact loading on the patellar tendon and therefore be more prone to strain-induced

tendinopathy.
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CHAPTER 4

HIP STRENGTH IN MALE ATHLETES WITH AND WITHOUT

PATELLAR TENDINOPATHY AND ITS ASSOCIATION WITH THE

ELASTIC PROPERTIES OF THE PATELLAR TENDON
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4.1 Abstract

Objectives: To compare the muscle strength of the hip abductors and external rotators in
male athletes diagnosed with patellar tendinopathy (PT) with those of healthy controls

and to explore the association between patellar tendon stiffness and hip strength.

Study design: Cross-sectional observational study

Methods: Sixty-six male athletes (mean age of 21.1+4.4 years) participated in this study,
including 33 subjects diagnosed with PT for more than three months. The muscle strength
of the hip abductors and external rotators was quantified using a hand-held dynamometer.
The elastic properties of the patellar tendon and the vastus lateralis (VL) and rectus

lateralis (RF) muscles were assessed using supersonic shearwave imaging technology.

Results: No significant side-to-side differences were detected in the hip muscle strength
and elastic shear modulus on the patellar tendon and the VL and RF muscles in the
control group (paired-t-tests, all p>0.05). MANOVA tests were used to compare the
measurements on the painful side for the subjects with PT and on the dominant leg for the
controls. The normalized hip muscle strength in the PT group was found to be
significantly weaker (all p<0.05) when compared with the healthy controls. In the
subjects with PT, the normalized muscle strength was lower by 18.2%; (p=0.000) and by
11.2% (p=0.007) in the hip abductors and external rotators, respectively, when compared
with the healthy controls. Significant increases in the elastic shear modulus of the patellar
tendon from by 48.0% (p=0.000) and the VL by 26.5% (p=0.000) were observed in the
subjects with PT when compared with the healthy controls. Significant correlations were

detected between the tendon shear elastic modulus and normalized muscle strength of the
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hip abductors (r=-0.49; p=0.004) and external rotators (r=-0.40; p=0.025) in the
volleyball players; and between the tendon shear elastic modulus and normalized muscle
strength of the hip abductors (r=-0.55; p=0.001) in the basketball players. Normalized
muscle strength of the hip abductors of 35.7% and external rotators strength of 17.9%
were found to differentiate subjects with and without PT with a sensitivity of 65.7 % and
68.6% and a specificity of 90.0% and 70.0%, respectively. The Youden’s index for the
shear elastic modulus of the patellar tendon was 39.4 kPa with a sensitivity of 75.0% and
a specificity of 93.3% and the index for the shear elastic modulus of the VL muscle was

4.2 kPa with a sensitivity of 86.1% and a specificity of 90.0%.

Conclusions: Athletes with PT have less muscle strength in the hip abductors and
external rotators muscles. Weakness in the hip muscles is associated with reduced
elasticity in the patellar tendon. These findings suggest that strengthening programs
targeting the hip abductors and external rotators are recommended for the prevention of

patellar tendinopathy in volleyball and basketball players.
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4.2 Introduction

Overloading has been suggested to be a causative factor in the development of
patellar tendinopathy (Lian et al. 1996). The risk factors of tendon overloading are
considered to be multifactorial. Extrinsic factors, such as training frequency, training
duration, training intensity (Neely et al. 1998), and the training surface (Lian et al. 2003;
Torstensen et al. 1994), have been investigated and reported. Intrinsic factors such as
muscle weakness and tightness also induce excessive mechanical loading on the patellar

tendon.

Sporting activities, such as the rapid deceleration from landing, place large loads
on the lower extremities. The muscle-tendon units of the hip, knee, and ankle joints act to
dissipate the kinetic energy on landing (Fredberg et al. 1999). Decker et al. (2003)
reported that the knee extensor was the primary shock absorber during landing among
male and female subjects, and the hip muscles were the second largest contributor to
energy absorption during landing among male subjects. Powers (2010) demonstrated that
reducing demand on the hip muscles during landing would increasing the demand on the
knee extensors, and this maneuver may increase the knee joint flexion moment and
loading on the knee joint. Therefore, weakness in the hip muscles may impose excessive
loading on the patellar tendon. In addition, altered landing kinematics due to inadequate
hip control may contribute to the excessive loading on the knee joint and increased risk of
PT. Edward et al. (2010) observed increased hip adduction and internal rotation and knee
abduction and internal rotation during horizontal landing in athletes with patellar tendon
abnormality when compared with the normal control. The authors speculated that the

altered kinematics on the hip and knee joints may increase the loading on the medial side
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of the proximal patellar tendon during landing. The impaired strength of the abductors
and external rotators of the hip has been identified as a major risk factor for the
development of knee problems such as patellar femoral pain syndrome (Ireland et al.
2003; Cichanowski et al. 2007) and iliotibial band syndrome (Fredericson et al. 2000). To
date, no studies have compared the hip strength in athletes with and without patellar
tendinopathy. In view of the high prevalence of patellar tendinopathy among athletes
participating in jumping sports, it is worth exploring whether hip strength is one of the
risk factors for the development of patellar tendinopathy.

Lower muscle flexibility was found to increase the magnitude of loading on the
patellar tendon during knee motion, and contribute to patella tendon overload (Fyfe et al.
1994). In a two-year prospective study, Witvrouw et al. (2001) found that the lower
flexibility of the quadriceps and hamstrings contributed to the development of PT. Van
der Worp et al. (2011) also proposed that reduced flexibility of the quadriceps muscles is
a major risk factor for the development of patellar tendinopathy. They quantified muscle
flexibility by measuring the range of knee motion using a plaster goniometer. The range
of knee motion relies on the flexibility of the quadriceps muscles, the elasticity of the
patellar tendon, and the mobility of the patella-femoral joint. To identify where (the
muscle, tendon, or joint) and which components of the quadriceps muscles require

targeted intervention, direct measurement of the muscle stiffness is warranted.

The aims of this study were to compare the hip muscle strength (abductors and
external rotators) and the stiffness of the patellar tendon and thigh muscles in jumping

athletes with and without PT and to explore the associations between hip muscle strength,
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the elasticity of the patellar tendon, and the VL and RF muscles. We hypothesized that
athletes with PT would have weaker muscle strength in the hip abductors and external
rotators and increase muscle stiffness in the VL and RF muscles than healthy controls.
Additionally, weaker strength in the hip abductors and external rotators; greater stiffness

in the VL and RF muscles would associate with greater stiffness of the patellar tendon.

4.3 Material and methods
4.3.1 Subject recruitment

Male athletes with PT were recruited from local volleyball and basketball teams
whom had fulfilled the following criteria. Subjects were 1) between 18 and 35 years of
age; had 2) pain in the inferior pole of patella or the proximal part of patellar tendon
aggravation during single leg squatting and jumping (Lian et al. 1996); 3) pain
duration>3 months; 4) maximum intensity of pain in the previous week >3 using a visual
analogue scale (VAS) with 0 as no pain and 10 as the worst pain; 5) VISA score <80
(Zwerver et al. 2011); 6) no history of corticosteroid injection and surgery to the lower
limb; and 7) thickening of proximal part of patellar tendon with area of hypoechoic
signals (Kulig et al. 2013). Age-matched subjects from the same teams with no past
history of knee trauma or surgery and not having anterior knee pain or inflammation were
invited as control. The invited subjects would be physically assessed by an experienced
physical therapist having 13 years of clinical experience and then received
ultrasonography examination from another physical therapist with 3 years of performing
ultrasonography. For subjects with bilateral PT, measurements were taken on the more

painful leg (Bolgla et al. 2008).
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4.3.2 Measurements on muscle strength

Isometric muscle strength of the hip abductors

The isometric strength of the hip abductors was tested using a Nicholas hand-held
dynamometer (Lafayette Instruments, Lafayette, IN, U.S.A). The subjects were tested in
a side-lying position with the examined leg placed uppermost and parallel to the
examination table (Fig. 4.1A). The center of the force pad of a hand-held dynamometer
was placed over a mark located 5 cm proximal to the lateral knee joint line. The subject
was instructed to push the leg upward with maximal effort and to hold for 5 seconds.
During testing hip and knee joint maintained neutral position. After one trial, three
measurements were made, with a 15-second rest between each trial. The mean value from
the three measurements was used for further analysis (Fredericson et al. 2000; Ireland et
al. 2003). This procedure has been shown to have high test-retest reliability of (ICC=0.97)

(Fredericson et al. 2000).

Figure 4.1 The hand-held dynamometer was used to
measure the isometric strength of (A) hip abductor and

(B).external rotators

Isometric muscle strength of the hip external rotators
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The strength of the hip external rotators was also measured by the Nicholas hand-
held dynamometer. The subjects were tested while sitting with the trunk kept upright and
the hips and knees flexed to 90° of knee flexion (Fig.4.1B). The tested leg was stabilized
by a strap in order to avoid the hip adduction. The center of the force pad of the
dynamometer was placed 5 cm above the medial malleolus. The subject was instructed to
push the leg inward with maximal effort and hold for 5 seconds. Three measurements
were taken after a practice trial, with a 15 second rest between trials. The mean value of
the three measurements was normalized with body weight for further analysis

(Fredericson et al. 2000; Ireland et al. 2003).

4.3.3 Measurement on tendon and muscle elastic properties

Supersonic shearwave imaging (SSI) was conducted using an Aixplorer®
ultrasound unit (Supersonic Imaging, Aix-en-Provence, France) in conjunction with a 50
mm linear-array transducer at 4-15 MHz frequency to measure the tendon and muscle
shear elastic modulus. The musculoskeletal acquisition mode was used with the temporal
averaging (persistence) and spatial smoothing set to medium and six, respectively. The

elastic images were taken at 1 Hz.

Measurement on the elastic properties of the patellar tendon

Similar procedure was conducted as delineated in chapter 2. In brief, participant
was examined in supine lying with 30° of knee flexion. B-mode was used to locate and
align the patellar tendon longitudinally with the transducer. When a clear image of the
patellar tendon was captured, the shear wave elastography mode was then activated. The

transducer was stationed on the skin with light pressure on top of a generous amount of
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coupling gel, perpendicularly on the surface of the skin. The transducer was kept
stationary for 8-12 seconds during the acquisition of the shearwave elastography map
(Kot et al. 2012). A total of 3 images were captured for the tendon on each knee for off-

line analysis.

Off-line analysis was conducted using the procedures described in a recent paper
(Kot et al. 2012). In brief, the region of interest (ROI) was first defined by a rectangular
box of 13.5 mmx12.5 mm (biggest size provided by the manufacturer) distal to the apex
of the patella and with the patellar tendon located in the center. In the painful tendon, the
circular quantification box (Q-Box™) was centered where hypoechogenicity, disruption,
or fragmentation of the collagen fiber, or focal sonolucency were observed. The diameter
of the Q-Box was determined by the width of the tendon. In the non-painful tendon, the
Q-Box"™ was centered on the proximal part of the patellar tendon with consistent images,

and about 5 mm from the apex of the patella.

Measurement of the elastic properties of vastus lateralis and rectus femoris muscles

The quadriceps muscles of interest were the vastus lateralis muscle and the rectus
femoris muscle. The scanning sites for the muscles were determined as follows: the
vastus lateralis: distal 2/3 along the line from the anterior superior iliac spine (ASIS) to
the lateral side of patella; and the rectus femoris muscle: mid-point from the ASIS to the
superior part of patella. These sites were selected with reference to the recommended
placement of the surface electrodes for electromyography (EMG) (Hermens 1999). The
sites were located and marked with an eye-liner pencil. The muscles were first identified
using the conventional grey-scale of the ultrasound unit. Once the muscles were

identified, the probe was aligned with the fibers of the testing muscles (Eby et al. 2013).
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The shearwave elastography mode was activated to measure the muscle shear elastic
modulus. The probe was stationed on the skin with light pressure for 8-12 seconds (Kot et
al. 2012) (Fig. 4.2). The images were taken when the color in the region of interest was
uniform and stored for off-line analyses. Three images were captured for each muscle. A
circle delineating the ROI was centered on the tested muscle. The diameter of the ROI
was defined by the thickness of the muscle, which was determined by the distance

between the superficial and deep muscle fasciae (Nordez and Hug. 2010).

and(B) VL muscle on elastograph superimposed on a longitudinal grey scale

sonogram of RF and VL muscles, with the circle representing the region of
interest and its corresponding elastic modulus demonstrating under Q-Box ™
on the right. Bottom images show longitudinal grey scale sonograms of RF and
VL muscles on the identical scan planes.

4.3.4 Data reduction

The mean values of the Young’s modulus within the Q-Box™ were computed
and displayed in kPa on the computer screen. The mean tendon and muscle shear elastic
modulus were calculated by dividing the Young’s modulus generated from the system by

three (Royer et al. 2011). The shear elastic modulus of the patellar tendon has been
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shown to have excellent test-retest reliability (with ICC=0.98) (Zhang and Fu 2013). The
ICCs of the shear elastic modulus of the VL and RF muscles was 0.89 and 0.80,

respectively (unpublished data on 30 subjects).

4.3.5 Statistical analysis

SPSS version 17.0 (SPSS Inc, Chicago, IL) was used to perform the statistical
analyses. The data normality of the variables was assessed using the Shapiro-Wilk test.
The continuous variables were expressed as the mean (standard deviation). Chi-square
tests were used to examine the difference in sports between the PT group and the Control
group. Independent t-tests were performed to compare the demographic data between
players with and without PT. Paired t-tests were used for side-to-side comparisons of the
variables in the healthy controls. If no significant side-to-side differences in the variables
in the healthy controls, multivariate analysis of covariance (MANCOVA) tests were used
to compare the hip muscle strength (of the abductors and external rotators) and the shear
elastic modulus of the quadriceps muscles (VL and RF) muscles and patellar tendon
between the painful side in athletes with PT and the dominant side of the controls with
variables with significant group difference as covariates. Receiver operating
characteristic (ROC) curve analyses were conducted on the variables with significant
group differences. Youden’s index was computed to define the threshold value to
differentiate athletes with and without patellar tendinopathy. The area under the curve
(AUC) was also reported. Pearson correlations were used to examine the relationships
between the shear elastic modulus of the patellar tendon, the hip strength (abductor and

external rotator), and the shear elastic moduli of the thigh muscles (VL and RF) in the
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athletes with and without PT. Linear regression analysis was performed on the related

variables. The P values < 0.05 were considered to be statistically significant.

4.4 Results

4.4.1 Subjects characteristics

The age, height, weight, BMI, and training intensity of the participants in the two
groups are shown in Table 4.1. There were no significant differences in age, height, and
weight and sports (p>0.05), but significant differences were found in BMI (p=0.032) and
training hours per week between the two groups (p=0.011) (Table4.1). BMI and training

hours were used as covariates for further analysis.

Table 4.1 Demographic data between PT and control group

. PT Group Control Group

Variables p
(n=36) (n=30)

Age(y) 22.8+4.2 23.54+4.6 0.504
Weight ( kg) 74.1£6.6 72.5£8.4 0.357
Height (cm) 180.1£5.9 182.0+£5.9 0.203
BMI (kg/m” 22.9+1.9 21.842.0 0.032
Sport-specific training (h/wk) 6.3+£3.5 8.7+4.0 0.011
Sports (volleyball/basketball) 17/19 15/15 0.509
Pain duration ( y) 2.6x1.7
Unilateral/Bilateral PT 18/18

Values shown as mean= standard deviation; PT:patellar tendinopathy; BMI: body mass
index.
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4.4.2 Side-to-side comparisons in the healthy controls

No significant differences were found in the strength of the hip abductors and
external rotators in the dominant and non-dominant sides of the healthy controls (p>0.05)
(Table 4.2). In addition, there were no significant side-to-side difference in the shear
elastic modulus of the VL and RF muscles or the patellar tendons (p>0.05) of the healthy

controls (Table 4. 2).

Table 4.2 Side-to-side comparisons of the hip muscle strength and shear elastic modulus of
muscles and patellar tendon in the healthy subjects

Variables Dominant Side Non-dominant Side p
Normalized muscle strength
(%.BW) 42.945.8 42.445.9 0.409
hip abductors
hip external rotators 18.8£3.1 18.9£1.9 0.858
Shear elastic modulus (kPa)
VL muscle 3.6+0.5 3.6+0.5 0.808
RF muscle 3.9+0.9 4.0+0.8 0.650
Patellar tendon 27.1+8.7 27.3x11.2 0.922

Values shown as mean+standard deviation; VL= vastus lateralis; RF=rectus femoris

4.4.3 Comparisons between athletes with and without PT

The athletes with PT exhibited significantly lower strength in the hip abductors
(by 18.2%; p=0.000) and external rotators (by 11.2%; p=0.007) compared with the
controls (Table 4.3; Fig.4.3). Furthermore, the athletes exhibited higher shear elastic
modulus of the VL muscle (by 26.5%; p=0.000) and patellar tendon (by 48.0%; p=0.000)

compared with the controls (Table 4.3).
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Table 4.3 Comparisons of the normalized hip strength and elastic modulus of thigh muscles and
patellar tendon on the painful side of players with PT and dominant side of the healthy players

PT Group  Control Group

Variables p
(n=36) (n=30)
Normalized muscle strength (%6BW)
hip abductors 35.1£6.0 42.9+5.8 0.000
hip external rotators strength 16.7+3.0 18.8+3.1 0.007
VL shear elastic modulus (kPa) 4.9+0.9 3.6+£0.5 0.000
RF shear elastic modulus (kPa) 3.9+0.6 3.9+0.9 0.831
Patellar tendon shear elastic modulus (kPa) 52.1+£20.9 27.1+£8.7 0.000

Values are mean+SD . VL:vastus lateralis; RF: rectus fermoris.
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Figure 4.3 Comparisons in normalized muscle strength
of the hip abductors and external rotators between
painful side among players with PT and dominate side
of control group. Significant difference in hip strength
was found between 2 groups. *Players with patellar

tendinopathy is significantly weaker than controls
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Table 4.4 shows that the shear elastic modulus of the tendon patellar was
significantly correlated with the normalized hip abductors strength (r=-0.49; p=0.004),
normalized hip external rotators strength (r=-0.4; p=0.025) and the shear elastic modulus
of the VL muscle (r=0.38; p=0.035) in the volleyball players. In the basketball players,
the shear elastic modulus of the patellar tendon was significantly correlated with
normalized hip abductors strength (r=-0.55; p=0.001) and the VL shear elastic modulus
(r=0.41; p=0.016). Hence, the higher shear elastic modulus of the patellar tendon was

associated with weaker hip muscle strength and a higher shear elastic modulus of the VL.

Table 4.4 Correlations between patellar tendon elastic modulus with normalized hip muscle
strength as well as shear elastic modulus of thigh muscles of the affected leg.

Variables r p
Volleyball players

Normalized hip abductors strength -0.49 0.004
Normalized external rotators strength -0.40 0.025
Total hip strength -0.53 0.002
VL shear elastic modulus 0.38 0.035
RF shear elastic modulus -0.12 0.503
Basketball players

Normalized hip abductors strength -0.55 0.001
Normalized external rotators strength -0.27 0.151
Total hip strength -0.53 0.002
VL shear elastic modulus 0.41 0.016
RF shear elastic modulus 0.07 0.698
Volleyball+basketball players

Normalized hip abductor strength -0.51 0.000
Normalized external rotator strength -0.34 0.005
Total hip strength -0.53 0.000
VL shear elastic modulus 0.38 0.001
RF shear elastic modulus -0.05 0.699

VL: vastus lateralis; RF: rectus fermoris; Hip strength: a percentage of body weight.

ROC curves were constructed to determine the optimal cutoff point of shear

elastic modulus of the patellar tendon and VL muscle as well as the hip muscle strength
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in differentiating players with and without PT. The Youden”s indexes of the normalized
muscle strength of the hip abductors was 35.7% with a sensitivity of 65.7% and
specificity of 90.0% and of the hip external rotators was 17.9% with a sensitivity of 68.6%
and specificity of 70.0% (all p<0.05; Table 4.5; Fig. 4.4A; Fig. 4.4B). Patellar tendon
with shear elastic modulus had Youden’s index of 39.4 kPa with a sensitivity of 75.0%
and specificity of 93.3% (p<0.05; Table 4.5; Fig. 4.4C). The Youden’s index of the VL
shear elastic modulus was 4.2 kPa with a sensitivity of 86.1% and a specificity of 90.0%

(p<0.05; Table 4.5; Fig. 4.4D).

Table 4.5 Area under the curve, cutoff point value, sensitivity and specificity

Variables AUC Cut-off point ~ Sensitivity ~ Specificity
Normalized hip abductors strength (%) 0.84(0.000) 35.7% 65.7% 90.0%
Normalized hip external rotators o 0 o
strength (%) 0.71(0.004) 17.9% 68.6% 70.0%
gfl‘izl)lar tendon shear elastic modulus 0.87(0.000) 394 75 0% 93.3%
VL muscle shear elastic modulus (kPa) 0.92(0.000) 4.2 86.1% 90.0%

AUC: Area under the curve; VL: vastus lateralis; hip strength: a percentage of body weight (kg)
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Figure 4.4 Scatter plots for (A) Normalized hip abductors strength (%),(B)
normalized hip external rotators strength, (C) patellar tendon shear elastic
modulus and (D) VL muscle shear elastic modulus in the healthy and players

with PT showing the cut-off points. PT denotes patellar tendinopathy.

45 Discussion

The findings from this study indicated that the muscle strength of the hip
abductors and external rotators of the athletes with PT were lower compared with the
healthy controls. The athletes with PT had stiffer patellar tendons and VL muscles. The
stiffness of the patellar tendon was associated with the stiffness of the VL muscle and hip
muscle strength. In addition, the hip muscle strength and tendon and muscle stiffness

could be used to identify athletes with and without PT.

Lower in hip muscle strength among players with PT

85



A significant lower in the muscle strength of the hip abductors and external
rotators was detected in the basketball and volleyball players with PT when compared
with healthy controls. The percentage of reduction in muscle strength was slightly higher
in the hip abductors (by 18.2%) than the external rotators (by 11.2%). These findings
were similar to those of Silva et al (2014), who found that the hip extensors of basketball
and volleyball players with PT were significantly weaker (by 23.5%) than those of the
healthy controls. The muscle strength of the hip extensor was also assessed using a
handheld dynamometer. Hence, weakness in the major hip muscles was found in patients
with PT on the hip abductors and external rotators in addition to the hip extensors. The
optimal cutoff values for the muscle strength of the hip abductors (of 35.7%) and external
rotators (of 17.9%) of basketball and volleyball players with and without PT were
identified. The findings indicated that 90% of the players with normalized muscle
strength of the hip abductors higher than 35.7% and 70.0% of the players with
normalized muscle strength of the external rotators higher than 17.9% were free of
tendon tendinopathy. These findings suggested that the muscle strength of the hip
abductors played a more specific role in identifying players without tendinopathy than the
hip external rotators. The sensitivity in identifying players with PT was fair (65.7%-
68.6%). Together, these findings indicate that strengthening and monitoring the hip
muscles, particularly the hip abductors, is important for the prevention of PT.

The hip abductors and external rotators may be important determinants of the
kinematics of the lower limbs. Weakness in these muscles may induce the abnormal hip
adduction and internal rotation during landing from jumps observed by Edward et al.

(2010). The authors found greater hip adduction/internal rotation during landing in
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athletes with patellar tendon abnormalities compared with athletes with normal patellar
tendons. These altered landing patterns may cause excessive tensile stress on the medial
side of the patellar tendon and lead to patellar tendon injury. In fact, most of the athletes
with PT in this study experienced pain over the medial and central parts of the patellar
tendon. Yu et al. (1995) also observed that tendinopathy occurred in the medial side of
the proximal part of the patellar tendon. Fietzer et al. (2012) reported a 36% greater peak
vertical ground reaction force in dancers with PT compared with the control group.
Bisseling et al. (2007) also found that volleyball players with PT had a stiffer landing
technique (greater knee extensor moment/lesser joint range of motion) compared to the
control group. All of these changes may be associated with the impaired hip muscle that

contributes to the abnormal landing kinematics and overloading on the patellar tendon.

Stiffer patellar tendon and VL muscle in athletes with PT

The patellar tendon and VL muscle of the volleyball and basketball players with
PT were found to be stiffer compared with the control group. Sconfienza et al. (2010)
reported that individuals with Achilles tendon pain had stiffer tendons in the tendon body
than the healthy controls. However, this stiffness was not detected at the myotendinous
junction or the calcaneal enthesis. The measurements in this study were centered at about
5 mm from the apex of the patellar tip and were mainly taken in the tendon body, which

explains why the findings are similar to those of Sconfienza et al. (2010).

In this connection, Witvrouw et al. (2001) concluded from a two-year prospective
study that the lower flexibility of the quadriceps may contribute to the development of

patellar tendinitis. In this study, SSI technology was used to directly measure the muscle
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stiffness of the individual quadriceps components. Increased muscle stiffness was
detected in the VL muscle of the subjects with PT but not in the RF muscle. It is unclear
whether the landing loading differs between the two muscles. In fact, although the VL
and RF muscles have similar types of muscle fibers, the VL muscle is monoarticular and

RF is biarticular.

In this study, an optimal cutoff of the shear elastic moduli for the patellar tendon
(39.4kPa) and the VL muscle (4.2kPa) were also delineated to identify players with and
without PT. Both the tendon and the VL muscle elasticity had high sensitivity (over 75%)
and specificity (over 90%) in identifying players with and without tendinopathy. These
values were higher than those for the hip muscle strength. Hence, players with PT were
able to be identified based on their tendon and muscle elasticity. However, the equipment
is expensive and may not be available, the measurement can be time consuming, and few
clinicians know how to conduct SSI. However, hip muscle strength can be evaluated in
normal clinical settings and sports venue for quick screening, whereas SSI is

recommended when accurate judgment is needed.

Associations between hip muscle strength and patellar and muscle elasticity

The weaker hip abductor/external rotator muscle strength in the basketball and
volleyball players was found to be associated with a stiffer patellar tendon. These
findings indicate the importance of hip muscle strength in preventing the reduction in
tendon elasticity. The muscle-tendon units of the hip, knee, and ankle joints act to
dissipate the kinetic energy on landing (Fredberg et al. 1999). The hip joint absorbs about
30% of the ground reaction force on landing (Decker et al. 2003). Weakness of the hip

muscles may reduce the shock absorption and increase the vertical ground reaction force
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loaded on the patellar tendon on landing from a jump. Indeed, a greater vertical ground
reaction force was found in dancers with PT than in the healthy controls (Fietzer et al.
2012). Bisseling et al. (2008) also demonstrated that volleyball players with PT had a
higher loading rate on the knee extensor moment during landing compared with the
healthy controls. Together with altered landing kinematics and reduced in hip muscle
strength may induce excessive loading on the patellar tendon leading to an increase the
stiffness of patellar tendon. Further assessments of the hip muscle strength, landing
kinematics, and impact force would shed more light on the relationship between hip
muscle strength and the landing kinematics and kinetics.

A positive relationship was also found between the patellar tendon and VL muscle
stiffness. Note that the VL muscle is attached to the base and superolateral border of the
patella and is connected to the lateral side of the patellar tendon via the lateral
retinaculum (Becker et al. 2010). This anatomic relationship shows that the patellar
tendon and VL muscle are closely related. Accordingly, tension in the VL muscle will
induce tension in the patellar tendon. In a cadaveric study, Powers et al. (2006) found that
the tension in the patellar tendon was affected by tension in the lateral retinaculum. The
findings from this study further demonstrate the close relationship between the VL
muscle and patellar tendon tension.

4.6 Limitations

Although weakness in the hip muscles was detected in players with PT, the cause-
effect relationship could not be determined. Impaired hip muscle strength may lead to the
development of PT. The presence of PT and its associated pain may reduce the loading

on the affected limb and thereby induce disuse weakness in the hip muscles. A
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prospective study is required to ascertain the cause and effect relationship between hip
muscle strength and tendon stiffness. Second, only male subjects were recruited in this
study because PT has higher prevalence in male athletes. Therefore, the generalizability
of the findings is limited to male volleyball and basketball players. Finally, only the
subjects with patellar tendinopathy were recruited in the present study. The findings
cannot, therefore, be generalized automatically to other tendinopathies such as Achilles
tendinopathy and supraspinatus tendinopathy. In view of anatomy, there are different
anatomic features between patellar tendon (bone-to-bone) and Achilles tendon and
supraspinatus tendon (bone-to-muscle). Further studies will be conducted to investigate
the changes in elastic properties of Achilles tendon and supraspinatus tendon due to

pathology.

4.7  Clinical implications

Lower the strength of hip abductors and external rotators is related to PT in male
volleyball and basketball players. Strengthening programs for the hip abductors and
external rotators is recommended for volleyball and basketball players to prevent PT.
Stiffer patellar tendons and VL muscles were found in players with PT than in those
without. In addition to localized treatment, treatment should include releasing the VL
muscle stiffness and training the hip muscles of patients with PT. This information can
aid physical therapist to educate the athletes with patellar tendinopathy to stretch
quadriceps muscles and strengthen hip muscles (abductors and external rotators) as a

home exercise.
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4.8 Conclusions

Athletes with PT have less muscle strength in the hip abductor and external
rotator muscles. Weakness in the hip muscles is associated with stiffness in the patellar
tendon. These findings suggest that strengthening programs targeting the hip abductors
and external rotators is recommended for the prevention of PT in volleyball and

basketball players.
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CHAPTER 5

CHANGES IN MORPHOLOGICAL AND ELASTIC PROPERTIES

OF PATELLAR TENDON IN ATHLETES WITH UNILATERAL

PATELLAR TENDINOPATHY AND THEIR RELATIONSHIPS

WITH PAIN AND FUNCTIONAL DISABILITY
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5.1 Abstract

Objectives: To compare the morphology and elastic properties of patellar tendons
between athlete with and without unilateral PT and to examine its association with self-

perceived pain and dysfunction.

Methods: In this cross-sectional study, 33 male athletes (20 healthy and 13 with
unilateral PT) were enrolled. The morphology and elastic properties of the patellar tendon
were assessed by the grey and elastography mode of supersonic shear imaging (SSI)
technique while the intensity of pressure pain, self-perceived pain and dysfunction were
quantified with a 10-1b force to the most painful site and the Victorian Institute of Sport
Assessment-patella (VISA-P) questionnaire, respectively. Paired t-tests were used to
compare the outcome measures (thickness, CSA and shear elastic modulus of patellar
tendon) between the dominant and non-dominant sides in the healthy athletes, and also
the painful and non-painful sides in athletes with unilateral PT. Univariate analysis of
covariance tests were used to compare between the affected side in athletes with PT and
the dominant side of the controls with demographic factors that demonstrated significant
group difference as covariates. Spearman’s rank correlation tests were used to examine
the thickness ratio, CSA ratio and elastic ratio with the pressure pain, individual and total

scores of the VISA-P questionnaire.

Results: In athletes with unilateral PT, the painful tendons had higher shear elastic
modulus and larger tendon than the non-painful side (p<0.05) or the dominant side of the
healthy athletes (p<0.05). Significant correlations were found between tendon shear
elastic modulus ratio (shear elastic modulus of painful over non-painful tendon) and the

intensity of pressure pain (rho = 0.62; p = 0.024), VISA-P scores (rho =-0.61; p = 0.026),
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and the sub-scores of the VISA-P scores on going down stairs, lunge, single leg hopping

and squatting (rho ranged from -0.63 to -0.67; p<0.05).

Conclusions: Athletes with unilateral PT had stiffer and larger tendon on the painful side
than the non-painful side and the dominant side of healthy athletes. No significant
differences on the patellar tendon morphology and elastic properties were detected
between the dominant and non-dominant knees of the healthy control. The ratio of the
shear elastic modulus of painful to non-painful sides was associated with pain and

dysfunction among athletes with unilateral PT.

Keywords: patellar tendinopathy; elastic properties; supersonic shear imaging; pain;

VISA-P
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5.2 Introduction

Patellar tendinopathy (PT) is a common and often chronic knee disorder among
competitive athletes (Witvrouw et al. 2001). Its prevalence has been reported to be as
high as 30% to 45% in athletes involved in jumping sports (Lian et al. 2005). Subjects
with PT are characterized with localized pain at the proximal patellar tendon associated
with jumping and squatting activities that load the tendon (Cook et al. 2000). Since the
primary function of tendon is to transmit tensile loading, any change in its morphology

and elastic properties may affect its function during normal activities.

Tendinopathy results in disruption and disorganization of the tendon fibers
(Maffulli et al. 2004), along with increases in tendon thickness (Cook et al. 2000; Gisslen
et al. 2005) and cross-sectional area (CSA) of the structure affected (Kuling et al. 2013).
Based on ultrasound imaging, Cook et al. (1998) observed hypoechoic changes in human
tendons with tendinopathy. The authors thereby recommended the use of ultrasonography
in addition to clinical examination to confirm the diagnosis of PT. Alteration in the
elastic properties of patellar tendon, however, have not been adequately described. In
individuals with PT, the tendon was found to be more elastic in one study (Helland et al.
2013) but no difference was reported in another 2 studies (Couppé et al. 2013;
Kongsgaard et al. 2010) when compared with controls. In those studies, tendon stiffness
was assessed using ultrasound imaging with dynamometry. This technique measures the
elastic properties of the whole tendon during ramped maximum voluntary isometric
contraction. Clinically, pathological lesions in PT typically occur at about Smm from the
apex of the patella (Cook et al. 2000; Fredberg et al. 2008), therefore site-specific

evaluation at the pathological region might shed light on the changes on tissue elastic
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properties associated with tendinopathy.

Recently, strain imaging has been used to assess regional tendon elastic properties
(De Zordo et al. 2009; Sconfienza et al. 2010). A compressive force is applied either
manually or by the emission of low radiofrequency impulses via an ultrasound probe to
the tendon surface causing tendon displacement. Tissue elasticity is graded as either soft,
intermediate or hard and expressed in colour-coded images (elastogram) (Sconfienza et
al. 2010). Based on this technique, the common extensor tendon was found softer in
subjects with lateral epicondylitis (De Zordo et al. 2009) but harder among those with
Achilles tendinopathy (Sconfienza et al. 2010) than healthy controls. To date, regional-
specific evaluation on tendon elasticity associated with tendinopathy is scarce and
findings are conflicting. In addition, the strain imaging technique provides qualitative but
not quantitative information of tissue elasticity (Itoh et al. 2006; Klauser et al. 2010).
Thus, the magnitude of changes could not be quantified.

The supersonic shear imaging (SSI) technique provides quantitative values of
tendon elastic properties at a selected area of interest (Bercoff et al. 2004; Chen et al.
2013; Dewall et al. 2014; Kot et al. 2012; Zhang and Fu 2013). It relies on measuring the
speed of propagation of shear waves generated by acoustic radiation force and to estimate
the shear elastic modulus of soft tissues (Bercoff et al. 2004). Our recent findings
indicated that the patellar tendon shear elastic modulus measured using SSI has good
intra- and inter-rater reliability and is correlated with the Young’s modulus of the tissue
(Zhang and Fu 2013). Based on this technique, decreases in tendon elastic modulus in
acute ruptured Achilles tendon in human subjects (Chen et al. 2013) and in partial tendon

tears in a porcine model (Dewall et al. 2014) were reported. These studies provide the
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evidence base on the feasibility of using SSI for measuring tendon elastic properties.
However, these findings cannot be generalized to tendon with tendinopathy because this
condition is a degenerative process (Khan et al. 1999). In addition to interruption of
tendon fibrils (Maffulli et al. 2004), changes in fiber type (Ireland et al. 2001) and
increases in collagen cross-link concentration (Kongsgaard et al. 2009) were detected in
tendon with tendinopathy. Based on the SSI technique, quantitative regional-specific
tendon elasticity could be measured and compared between subjects with and without
patellar tendinopathy. Such information could increase our understanding in regional
changes on tissue elastic properties as well as the magnitude of changes. Based on this
approach, we have reported increase in tendon elasticity in players with PT when
compared with healthy controls. We would like to explore further whether there would be
difference on tendon elasticity between the painful and non-painful knee in players with
unilateral patellar tendinopathy.

There is also a question of how the changes in tendon morphological and/or
elastic properties in individuals with PT relate to their perceived pain and dysfunctions.
Increased tendon thickness has been reported to be associated with greater pain among
athletes with PT (Malliaras et al. 2010). To date, the relationship between elastic
properties of tendon and self-perceived pain in individuals with PT has not been
investigated. In view that pain and decrease in functional strength in the tendons could
mean an end to the athletic career of a sportsman, it is therefore important to find out how
changes in tendon morphology and mechanical properties are related to the disability and

dysfunctions in people with PT, so that appropriate remedial measures can be developed.
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The objectives of this study were to 1) compare the elastic modulus of patellar
tendon between dominant and non-dominant sides among healthy subjects; 2) compare
tendon on the painful and non-painful side of the same subject and also with healthy
control subjects and; 3) determine whether changes in tendon shear elastic modulus were
related to pain and dysfunction. We hypothesized that athletes with PT would have
thicker and stiffer patellar tendon when compared with the non-painful side and tendon
morphology and elastic properties might related with intensity of pain and functional

disabilities in athletes with unilateral PT.

53 Materials and methods

5.3.1 Study population

Subjects were recruited from the volleyball, basketball and handball teams of
local universities and the community. Only males were recruited, because PT is more
prevalent in male than female athletes (Lian et al. 2005). The inclusion criteria were as
follows: 1) between 18 and 35 years of age; 2) had unilateral pain in the inferior pole of
patella or the proximal part of patellar tendon; 3) pain duration >3 months; 4) maximum
intensity of pain in the previous week >3 using a visual analogue scale (VAS) with 0 as
no pain and 10 as the worst pain; 5) VISA score <80 (Zwerver et al. 2011); 6) no history
of corticosteroid injection or surgery to the lower limb. All recruited subjects were
physically assessed by an experienced physical therapist who has 13 years of clinical
experience and then ultrasonography examination was conducted by another physical
therapist who has 3 years of experience in ultrasound scanning. The subject was

diagnosed as having PT based on the clinical examination and ultrasonography findings
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that included the following: 1) local tenderness in the inferior pole of patella, or the
proximal part of patellar tendon; 2) pain aggravation during single leg squatting and
jumping (Lian et al. 1996); 3) thickening of proximal part of patellar tendon with area of
hypoechoic signals (Kulig et al. 2013). Twenty healthy athletes, with similar age and
training hours but without clinical symptoms or abnormal ultrasound-based images of the

patellar tendon, were recruited as the controls for this study.

All subjects filled in a form recording their age, weight, height and training
duration per week. Subjects with PT completed the Victorian Institute of Sport
Assessment-patella (VISA-P) questionnaire. The leg of dominance was determined by

asking the subject to kick a ball (Bjornaraa and Fabio 2011).

Ultrasound Examination

An Aixplorer® ultrasound unit (Supersonic Imaging, Aix-en-Provence, France) in
conjunction with a 50-mm linear-array transducer at 4-15 MHz frequency was used in
this study (Bercoff et al. 2004). B-mode was used to measure the tendon thickness and
CSA. Shearwave mode was used to measure the shear elastic modulus of the patellar
tendon at its proximal part. The musculoskeletal acquisition mode was used to measure

the elastic modulus of patella tendon using similar setting as reported in chapter 2.

Each participant was examined in supine lying with 30° of knee flexion
(Bensamoun et al. 2006). The knee was supported on a firm towel and a custom-made
ankle stabilizer to keep the leg in neutral alignment on the coronal and transverse planes.

Prior to testing, the subject was allowed to have 5 minutes of rest in a comfortable
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position in order to unload the tension on the patellar tendon (De Zordo et al. 2009). The

room temperature was controlled at 25°C.

5.3.2 Measurement of patellar tendon thickness and CSA

The thickness and CSA in the inferior pole of patella were measured by grey scale
mode (B-mode) of the Aixplorer® ultrasound unit. The inferior pole of patella was
identified by palpation of the examiner. The transducer was lightly located at the inferior
pole of the patella and the transducer was placed longitudinally on the patellar tendon. B-
mode was activated to capture the image of the patellar tendon and stored for off-line
measurements. The transducer was then turned by 90° so that a transverse view of the
proximal insertion of the patellar tendon could be captured and stored for off-line
analysis. Three images were obtained for measuring the thickness and CSA (Nyland et al.

2006). Both knees were evaluated for all the subjects.

After obtaining the ultrasound images, off-line measurements were performed.
The tendon thickness was measured using the distance measurement software in the
ultrasound machine. Measurements were taken from the inferior pole of patella vertically
to the superior border of the patella tendon (Fig. 5.1A) using a trackball. The CSA of the
patellar tendon (Fig. 5.1B) was measured by the tracing measurement software which
allows the examiner to trace the outer margin of the tendon through the trackball, and the
tracing measurement software was used to calculate the total area traced. The mean from

the 3 measurements were used for statistical analysis.

Eleven healthy sedentary subjects were assessed twice with one week apart for

test-retest reliability of patellar tendon thickness and CSA measurements. The inter-rater
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coefficient of correlation of tendon thickness and CSA were 0.94 (CV=18.75%) and 0.98

(CV=132.30%), respectively.
5.3.3 Measurement of patellar tendon elastic modulus

B-mode was used to locate and align the patellar tendon longitudinally with the
transducer. When a clear image of the patellar tendon was captured, the shear wave
elastography mode was then activated. The transducer was stationed on the skin with
light pressure on top of a generous amount of coupling gel, perpendicularly on the
surface of the skin. The transducer was kept stationary for 8-12 seconds during the
acquisition of the SSI map (Kot et al. 2012). A total of 3 images were captured for the

tendon on each knee for off-line analysis.

Off-line analysis was conducted and the procedures have been described in our
recent paper (Kot et al. 2012). The region of interest (ROI) was first defined by a
rectangular box of 13.5mmx12.5mm (biggest size provided from the manufacturer) distal
to the apex of the patella and with the patellar tendon located within its centre part. In the
painful tendon, the circular quantification box (Q-Box'™) was centered where
hypoechogenicity, disruption or fragmentation of collagen fiber, or focal sonolucent were
observed. Similar to a previous study (Fredberg et al. 2008), the pathological lesions in
our subjects were detected an average of 4.6 mm (ranged from 3-7 mm) distal to the apex
of the patella (Fig. 5.1C). The diameter of the Q-Box was determined by the width of the
tendon. In the non-painful tendon, the Q-Box ™ was centered at the proximal part of the
patellar tendon with consistent images and at about Smm from the apex of the patella.

Young’s modulus (E) was estimated by the SSI system based on the following equation.
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E = 3pc?, where p is the density (constant and equal to 1000kg/m?) and c¢ is the velocity
of the shear wave propagation based on the assumption that the tissue is isotropic. A
higher Young’s modulus indicates greater stiffness (Bercoff et al. 2004). The mean and
maximum values of Young’s modulus within the Q-Box™ were computed and displayed
in kPa at the right bottom corner of the computer screen. The mean tendon shear elastic
modulus was calculated by dividing the Young’s modulus generated from the system by
3 (Royer et al. 2011). The SSI has excellent test-retest reliability on patellar tendon shear

elastic modulus (ICC: 0.98; coefficient of variation: 29.53%) (Zhang and Fu 2013).

Proximal part Distal part
f : 1
_ Patellar tendon

Patella

Patella tip

Figure 5.1 Sonography images of the patellar tendon (A)
Thickness of the patellar tendon (dotted line) were measured
from the superior border of the patellar tendon to the tip of the
patellar. (B) Cross-sectional area of the patellar tendon was
measured by tracing the outer margin of the patellar tendon
(dotted circle) (C) Shear elastic modulus of the patellar tendon
was quantified by the elastography. The white circle delineates

the area of interest.
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The ratio of mean shear elastic modulus, tendon thickness and CSA between the
painful and non-painful knee was calculated as elastic ratio, thickness ratio and CSA ratio

in athletes with unilateral PT.

5.3.4 Clinical evaluation

Pressure pain was measured by a hand-held algometer (manufactured by pdt,
Rome, Italy). Pain was provoked through a rubber disc at the end of the algometer. The
participant was positioned in supine lying with 30° of knee flexion on the couch. The
most painful area on the proximal patellar tendon was determined by palpation and then a
10lb force was applied via the algometer onto this area (Fig. 5.2). The intensity of pain
being provoked was reported using a visual analogue scale (VAS) from 0 to 10, with 0
indicating no pain, and 10 indicating the worst pain during testing. The VAS scale is a
reliable and valid scale in the evaluation of patients with anterior knee pain (Crossley et

al. 2004).

Figure 5. 2 Measurement of pressure pain on

patellar tendon
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The VISA-P questionnaire is used to assess the severity of symptoms and
functional ability in subjects with PT (Visentini et al. 1998). The questionnaire comprises
8 questions with 4 on self-perceived pain associated with a functional activity, 2 on the
ability in performing functional activities, and 2 on the ability to play sport. Self-
perceived pain or abilities are rated on a 10-point Likert scale with 0 being the worst pain
or lowest ability and 10 as the least pain and highest ability. The total score of the
questionnaire is 100 and the final score would quantify the functional level. The VISA-P
questionnaire has been used for studies on PT in various athletic populations (Frohm et al.

2004; Lian et al. 2005).

5.3.5 Statistical Analysis

Independent t tests were performed to compare the demographic data between
athletes with and without PT. After the normality distributions were confirmed using the
Shapiro-Wilk tests, paired t-tests were used to compare the outcome measures (thickness,
CSA and shear elastic modulus of patellar tendon) between the dominant and non-
dominant sides in the healthy athletes, and also the painful and non-painful sides in
athletes with unilateral PT. Univariate analysis of covariance tests were used to compare
between the affected side in athletes with PT and the dominant side of the controls with
demographic factors that demonstrated significant group difference as covariates.
Spearman’s rank correlation tests were used to examine the thickness ratio, CSA ratio
and elastic ratio with the pressure pain, individual and total scores of the VISA-P
questionnaire. SPSS version 17.0 (SPSS Inc, Chicago, IL) was used to perform statistical

analyses. A p value of <0.05 was considered as significant for each of the measurements.
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5.4 Results

5.4.1 Participant’s demographic data

Participants’ age, height, weight, BMI and training intensity in the two groups are
shown in Table 5.1. No significant differences were found between the two groups in age,
height, weight, BMI and training intensity (p>0.05), but a medium trend was found in

BMI between the 2 groups (p=0.094; Cohen’s d = 0.52).

Table 5.1 Demography comparison between athletes with and without unilateral PT

Control group PT group

Variables (n=20) (n=13) P Value
Age (y) 24.9+4 .4 22.94+4.6 0.222
Weight, ( kg) 73.4+7.9 76.2+6.3 0.280
Height (cm) 181.7+6.0 180.0£5.7 0.425
BMI ( kg/m?) 22.242.1 23.6£2.4 0.094
Sport-specific training (h/wk) 7.5+£3.7 5.4£2.5 0.102
Injury duration (y) 1.7£1.6
Dominate/non-dominate side (painful side) 8/5

Values shown as mean+ standard deviation; PT=patellar tendinopathy; BMI=body
mass index.

5.4.2 Side-to-side differences on thickness, CSA and shear elastic modulus

In athletes with unilateral PT, B-mode ultrasound measurements revealed
significant differences between the painful and non-painful sides in patellar tendon
thickness (p=0.001) and CSA (p=0.002) (Table 5.2). On average, the painful tendons

were thickened by 33.3% and enlarged by 12.5% in CSA than the non-painful side. The
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shear elastic modulus in the painful side (mean: 43.6 kPa) was significantly higher than

the non-painful side (mean: 25.8 kPa) by 40.8 % (p=0.008).

Table 5.2 Comparisons of the shear elastic modulus, thickness and CSA between
painful and non-painful sides in athletes with unilateral PT

Painful side Non-painful side

Variables (n=13) (n=13) P Value
Shear elastic modulus (kPa) 43.6+17.9 25.8£10.6 0.008*
Thickness (mm) 6.9£1.8 4.6+0.6 0.001*
CSA (cm?) 1.7+0.4 1.4+0.3 0.002*

Values shown as mean+ standard deviation; PT=patellar tendinopathy; CSA=cross
sectional area. *P<0.05.

Side-to-side differences on the outcome measures were not observed in healthy
athletes. There were no significant differences on the patellar tendon morphology and
elastic properties between the dominant and non-dominant sides (p>0.05) despite a trend
of increase in patellar tendon thickness in the dominant than the non-dominant leg
(p=0.095) (Table 5.3). The mean tendon thickness, CSA and shear elastic modulus were
5.6 mm, 1.4 cm” and 27.5 kPa in the dominant leg; 5.3 mm, 1.4 cm?, and 27.9 kPa in the

non-dominant leg.

Table 5.3 Side-to-side comparisons of the shear elastic modulus, thickness and CSA
in healthy athletes

Dominant side Non-dominant side

Variables (n=20) (n=20) P Value
Shear elastic modulus ( kPa) 27.5+11.3 27.9+8.4 0.868
Thickness (mm) 5.6£1.2 5.3£1.0 0.095
CSA (cm?) 1.440.3 1.4+0.3 0.917

Values shown as meanz+ standard deviation; CSA=cross sectional area.
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5.4.3 Comparison of shear elastic modulus, thickness and CSA between healthy

athletes and athletes with unilateral PT

Group differences were observed on the patellar tendon morphology and elastic
properties between athletes with PT and without PT. The mean group differences on the
patellar tendon thickness and CSA were 1.3 mm and 0.3 cm? respectively (Table 5.4).
The shear elastic modulus was increased from 27.5 kPa to 43.6 kPa (by 36.9%, p=0.003)

in the painful tendon among athletes with PT when compared with the controls.

Table 5.4 Comparisons of the shear elastic modulus, thickness and CSA of the patellar
tendon on the painful side of athletes with unilateral PT and dominant side of the
healthy athletes

Variables Control group P group P Value
(n=20) (n=13)

Shear elastic modulus (kPa) 27.5+11.3 43.6+17.9 0.003*

Thickness (mm) 5.6+£1.2 6.9+1.8 0.019*

CSA (cm?) 1.440.3 1.7+0.4 0.032%

Values shown as mean+ standard deviation; PT=patellar tendinopathy; CSA=cross
sectional area.*P<0.05.

5.4.4 Relationships between changes in tendon morphology, elastic properties,

pressure pain and dysfunctions

Table 5.5 shows the relationships between changes in tendon properties, pressure
pain and dysfunctions. Significant negative correlation was found between elastic ratio
and VISA-P scores (rho = -0.61; p=0.026) (Fig. 5.3A). Significant positive correlation
was found between elastic ratio and pressure pain (rho =0.62, p =0.024) (Fig. 5.3B) and
negative relationships were established between elastic ratio and self-perceived pain

based on the sub-scores from the VISA-P questionnaire (rho ranged from -0.63 to -0.67;
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p<0.05) (Fig. 5.3C, 3D, 3F, 3G, 3H) except for the knee extension (rho=-0.26, p=0.394)
(Fig.5.3E). A higher ratio, greater differences between the painful and non-painful tendon,
was associated with greater intensity of pain with pressure and when performing forward
lunge, going down stairs and single leg hopping; as well as greater dysfunctions. Similar

relationships could not be detected with thickness ratio and CSA ratio.

Table 5.5 Spearman’s rank correlations between the ratio of tendon thickness, CSA and
shear elastic modulus of the painful and non-painful side with intensity of pressure pain,
individuals and total VISA-P scores

Morphology Elastic properties
Pain Thickness ratio CS.A Elastic ratio
ratio

Pressure pain 0.53 -0.04 0.62*

Downstairs -0.28 -0.22 -0.65%*

Knee extension 0.02 0.42 -0.26

Single leg hopping -0.30 -0.13 -0.64*

Lunge -0.11 -0.07 -0.67*
Ability

Prolong sitting -0.46 -0.15 -0.63*

Squatting -0.14 0.00 -0.64*
Dysfunction VISA-p score -0.25 -0.07 -0.61*

Abbreviations: CSA=cross sectional area; VISA-P=Victorian Institute of Sports
Assessment-patella Questionnaire;*p<0.05.
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55 Discussion

The present study revealed changes in patellar tendon morphology and elastic
properties in athletes with unilateral PT lasting from 3 months to 6 years. The painful
tendons were thicker and larger in size with an increase in stiffness when compared with
the non-painful side and healthy control subjects. This study also established associations
between elastic properties of patellar tendon and intensity of pressure- and activity-
related pain, as well as dysfunctions in basketball and volleyball players with unilateral

PT.

Morphological changes such as thickening and larger CSA in pathological
tendons, have been reported (Cook et al. 2000; Gisslen et al. 2005; Kuling et al. 2013)
and the changes were about 22.7% in thickness (Gisslen et al. 2005) and 15.8% in CSA
(Gisslen et al. 2005) in the proximal part of the patellar tendon. Cook et al. (Cook et al.
1998) even advocates the use of ultrasound imaging together with clinical examination in
making diagnosis of tendinopathy. In this study, patients were confirmed to have PT
based on both clinical examination and ultrasound imaging, it is therefore not surprising
to find differences on the size and CSA of the pathological tendons from the unaffected
side or the patellar tendon of the healthy controls. In the present study, the tendon size
was increased by 35.7% and the CSA was enlarged by 21.4% in the pathological tendons.
These changes could be explained by an increase in ground substance (Sharma and
Maffulli 2005), collagen fiber disorganization (Maffulli et al. 2004), and hypercellularity

(Kader et al. 2002).

One of the main findings from this study was the change in tendon elastic

properties in athletes with unilateral PT using supersonic shear imaging technique. The
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painful tendons were stiffer than the non-painful side as well as the dominant side of the
healthy controls. The measurements were made on the proximal portion of the tendon
where pain was elicited on palpation and perceived during functional activities of the
lower limb. Patellar tendon elastic properties were previously quantified by
ultrasonography with dynamometry. Kongsgaard et al. (2010) did not find any difference
in the tendon stiffness between 9 healthy individuals and 8 subjects with patellar
tendinopathy. A later study by Couppé et al. (2013) also reported no difference on the
tendon stiffness between the painful and non-painful sides of 7 badminton players with
unilateral PT and also compared with 9 control subjects. Based on a relatively larger
sample, Helland et al. (2013) found significantly lower tendon stiffness (by 21.4%) in the
patellar tendon in 13 volleyball players with PT when compared with 15 controls. In
these studies, elastic properties of the whole tendon were measured so as to unveil the
entire physical properties of the tendon. We were more interested to investigate regional-

specific changes around the pathological region, where pain is normally elicited.

Similar to our study, regional-specific increase in tendon stiffness was reported in
subjects with chronic pain in the Achilles tendons by Sconfienza et al (2010). The
stiffness of Achilles tendons was assessed by ultrasound sonoelastography at the
myotendinous junction, tendon body and calcaneal enthesis. Loss of elasticity was
detected in the tendon body but not in the myotendinous junction or calcaneal enthesis
when compared with control. On the contrary, De Zordo et al (2009) reported decrease in
tendon stiffness at the common extensor origin in patients with lateral epicondylitis.
More study is required to examine whether tendinopathy associated changes in elastic

properties would be different in the lower and upper limb tendons.

111



The study from Sconfienza et al. (2010) observed lower elastic values in areas
with fragmentation and loss of fibrillar texture. In our study, the tendon shear elastic
modulus was measured at the proximal part of the patellar tendon in area of hypoechoic
or fragmentation signals based on ultrasound imaging. On the contrary, lower tendon
stiffness was detected in subjects with acute Achilles tendon rupture (Chen et al. 2013)
and in partial tendon tears in a porcine model (Dewall et al. 2014). Chen et al. (2013)
commented that the shearwave images could not be registered in areas with hematoma.
The elastic value was dramatically reduced to 0 thus lowering the mean value.
Furthermore, changes that occur in tendons with tendinopathy but not in tendons with
acute rupture include transition of collagen fibers between Type I and Type III
(Goncalves-Neto et al. 2002; Ireland et al. 2001); disorganization of collagen fibers
(Maffulli et al. 2004), increase in collagen cross-links (Kongsgaard et al. 2009) and
formation of scar tissues (Hooley and Cohen 1979). These changes would likely increase
tissue elastic modulus. Biochemical and histological tests are suggested to assess changes

on collagen fibers, extracellular matrix and tendon elastic modulus.

The patellar tendon is short and thick where considerable force is transmitted. An
inextensible tendon would have the most efficient force transmission. This tendon also
serves other important functions such as energy storage/release upon loading and
unloading and protection from muscle fiber injury (Magnusson et al. 2003). To serve
these functions, the patellar tendon exhibits spring-like characteristic, due to the presence
of elastic components. Increased tendon stiffness in athletes with PT might be suitable for
rapid and effective force transmission but could affect its function as mechanical buffer

and elastic saving for economy of motion.
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Besides measuring tendon elastic properties at rest, we also correlated the resting
tendon elastic properties with pain and dysfunctions. Significant correlations were found
between pain and dysfunctions with modulation on the tendon elastic properties but not
with tendon morphology (thickness and CSA). Patients with PT are characterized with
pain at the proximal patellar tendon associated with activities that load the tendon (Cook
et al. 2000). The present findings provide evidence that a greater increase in stiffness of
the painful tendon, i.e. greater ratio on the shear elastic modulus between the painful and
non-painful side, are associated with the self-perceived pain with local pressure and
during tendon-loading activities. The mechanism of tendon pain remains unclear, but
previous studies suggested that the tendon pain may be related to neural pathways (nerve
endings) (Danielson et al. 2006), neurotransmitters (glutamate and calcium ions) (Zhao et
al. 1999) and ion channel (Magra et al. 2007). The correlation between pain intensity and
tendon stiffness (the stiffer tendon; the greater pain intensity) may be associated with
over-stretch the ion channel in tendon that is responsible for sensing and transmission
nociception (Sachs 2010). In addition, based on “iceberg theory” the tendon pain may be
attributed to be mechanical loading, adaption to mechanical loading and pain threshold

(Abate et al. 2009).

Most importantly, the dysfunctions as reflected from the VISA-P scores are
related with the modulation in the tendon elastic properties. Tendon pain is closely linked
to loading while excessive energy storage and release (over stretch) to the tendon would
most commonly provoke pain (Lichtwark and Wilson 2005). We could not establish a
relationship between the change in tendon morphology with pain or dysfunction.

Malliaras et al. (2010) found that hypoechoic area and diffuse thickening in patellar
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tendon were more likely to be painful. However, Warden et al. (2007) and the present
study could not establish a relationship between the CSA of patellar tendon and the

VISA-P scores in athletes with unilateral PT.

Interestingly, there was not a significant side-to-side difference in the shear elastic
modulus, thickness and CSA of patellar tendon between the dominant and non-dominant
sides among healthy athletes. Such observations are partially in agreement with the
findings from Couppé et al. (2008). The authors found similar shear elastic modulus
between the dominant and non-dominant legs. The thickness and CSA of patellar tendon,
however, were found to be significantly thicker and larger in the leading leg in fencers
and badminton players when compared with the other leg. A proposed explanation for
this finding is the unilateral/asymmetrical training in these athletes. In our study, we
recruited athletes in volleyball, basketball and handball that are generally regarded as

bilateral sports. .

5.6 Limitations

The prevalence of PT is reported to be between 30% and 45% in the jumping
athletes (Lian et al. 2005), but many of them suffered from bilateral PT. During the study
period, 13 subjects with unilateral PT were recruited. Despite this small sample size,
statistical significant difference was established on patellar tendon shear elastic modulus
and thickness between athletes with and without PT. We also detected correlations
between the tendon elastic modulus and the intensity of pain and functional scores. Such
findings illustrated influence of tendon stiffness on pain and function. However, further

study with larger number of subjects and in female athletes are suggested to support the

114



present findings. Also, we conducted evaluation of tendon elastic properties on the
proximal patellar tendon that does not represent the entire tendon. This is valid because
the pathological changes in patellar tendon occurred mostly in the inferior pole of patella
or proximal part of the tendon (Kulig et al. 2013). However, further study measuring
tendon elastic modulus at different portions of the tendon would provide information on
whether changes are isolated at the pathological region. In addition, ultrasound imaging
was used to determine pathological lesions that had not been verified with histological
tests. The present study was a cross-sectional study, we could not determine whether a
stiffer proximal patellar tendon was the cause or consequence of the PT. Finally, only
male athletes were recruited in this study, thus the findings from this study may not be

generalized to female basketball, handball and volleyball players.

5.7 Conclusions

The present study revealed changes in both morphology and elastic properties at
the painful part of patellar tendon in athletes with unilateral PT. The affected tendons are
stiffer, thicker and have larger cross-sectional area than the non-painful side and the
tendon of healthy controls. In addition, the ratio of the painful and non-painful tendon
elastic properties is associated with the intensity of pressure pain and VISA-p scores in

athletes with unilateral PT.
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CHAPTER 6

IMMEDIATE EFFECTS OF ONE SESSION OF

EXTRACORPOREAL SHOCK WAVE THERAPY IN ATHLETES

WITH PATELLAR TENDINOPATHY
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6.1 Abstract

Background: Patellar tendinopathy is one of the most common sport injuries in jumping
athletes. Changes in the tendon mechanical properties have been detected in athletes with
PT. Extracorporeal shockwave therapy (ESWT), a mechanical and pain provoking
intervention, has been found to be effective in reducing the pain associated with PT.
However, it is not known whether the reduction in pain induced by ESWT is associated

with the modulation of the tendon elastic properties.

Objectives: To examine the immediate effects of ESWT on the elastic properties of the
patellar tendon and the VL muscle and the RF muscle; and to explore the possible
relationships between the changes in tendon resilience, muscle compliance, and the

intensity of pain.
Study design: A single-blinded randomized controlled trial

Methods: Thirty-six male athletes aged between 18 and 32 with PT for more than 3
months (ranged from 3 to 72 months) were recruited from local basketball, volleyball,
and baseball teams. The subjects were randomly assigned to the ESWT or sham groups.
The subjects in the ESWT group received a session of ESWT at their maximum tolerable
pain level at 4Hz for 1500 impulses. The minimum treatment intensity (less than 0.08
mJ/mm?) at 4Hz for 1500 impulses was applied to the subjects in the sham group. SSI
was used to measure tendon and muscle stiffness. The muscles of interest were the VL
and RF muscles. A hand-held algometer was used to apply 10 1b pressure on the tender
spot of the affected tendon. The intensity of the pressure pain was quantified using the

visual analogy scale (VAS). A single-legged declined-squat test (SLDST) was used to
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assess the angle of knee flexion when pain was first perceived and the intensity of the
first-perceived pain (based on the VAS). All of these outcome measures were conducted
before and immediately after the application of ESWT. The percentage changes in the
tendon and muscle shear elastic modulus, the intensity of pressure pain and squatting pain,
and the composite of the knee range and intensity of pain were computed. Univariate
analysis of variance tests were used to assess the between group differences on the
outcome variables. Between-leg differences were assessed using univariate analysis of
variance tests within the ESWT and sham groups. Pearson correlation coefficient tests
were conducted to examine the relationships between the percentage changes in the
tendon and muscle shear elastic modulus, pressure pain, SLDST 4in, and SLDSTpain_angle

in the ESWT and sham groups.

Results: Significantly greater reduction in the tendon shear elastic modulus was detected
in the ESWT group compared with the sham group (p<0.05). The patellar shear elastic
modulus was significantly reduced by 24.7% and 8.0 % in the ESWT and sham groups,
respectively. A significant reduction in the stiffness of the VL muscle was also observed
in the ESWT group (by 18.8%) compared with the sham group (by 10.6%, p=0.041). In
the ESWT group, the change in the tendon shear elastic modulus was related to the
change in the intensity of squatting pain and the composite change in the knee range and
squatting pain (r= 0.52 and 0.59, respectively; all p<0.05). In the sham group, the change
in the tendon shear elastic modulus was related to the change in the VL shear elastic
modulus (r=0.62, p=0.006). No significant changes in the tendon and muscle shear elastic

moduli were detected in the non-treated leg in the ESWT and sham groups.
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Conclusions: When delivered at the maximum tolerable pain intensity, ESWT induced a
significant reduction in tendon stiffness. The increase in tendon compliance was
associated with pain reduction during the single-legged declined-squat test. Our findings
further demonstrate the relationship tendon elasticity and pain in athletes with patellar
tendinopathy. These findings suggest that the change in the tendon mechanical properties
may be one of the mechanisms induced by ESWT in reducing the pain associated with
patellar tendinopathy. Further research is needed to explore the long-term effects of
ESWT on the mechanical properties of the patellar tendon and VL muscle, and their

association with treatment efficacy.

Keywords: extracorporeal shockwave therapy, elastic properties of the patellar tendon,

patellar tendinopathy, single-legged decline squat test
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6.2 Introduction

Patellar tendinopathy (PT) is one of the most common injuries in jumping sports.
Clinically, patients complain of pain localized at the proximal insertion of the patellar
tendon, particularly during squatting and jump-land activities (Cook et al. 2000). Changes
in tissue morphology (Cook et al. 2000; Gisslen et al. 2005; Kuling et al. 2013),
vascularity (Richards et al. 2001; Giombini et al. 2013), and cellular activity (Leadbetter
et al. 1992; Sharma et al. 2005) have been reported in the affected tendon. In a recent
study, a decrease in tendon compliance was detected in patients with PT, and the increase
in tendon stiffness was found to be related to the intensity of self-perceived pain (Zhang

et al. 2014).

Extracorporeal shockwave therapy (ESWT) is a conservative intervention for
treating individuals with PT. Extracorporeal shockwave are acoustic waves characterized
by a high positive peak pressure and a rapid rise time (Ogden et al. 2001). In a recent
review study, van Leeuween et al. (2009) concluded that ESWT appears to be a safe and
promising modality for reducing pain and improving function in individuals with PT. The
conclusion was based on a review of seven studies. However, only three of the studies
were randomized controlled studies. Taunton et al. (2003) and Wang et al (2007) reported
a significant reduction in pain at three months after 1 to 5 sessions of ESWT at 0.17 to
0.18mJ/mm? when delivered 1500-2000 impulses. In contrast, when high intensity ESWT
(0.25 to 0.42mJ/mm?) was prescribed at 4 Hz for 2000 impulses, no significant reduction
in pain was detected compared with the control group. These findings suggest that

medium intensity ESWT is effective in treating PT.
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Despite its effectiveness in treating tendinopathy, the underlying mechanism of
ESWT remains unclear (Wang et al. 2012; van der Worp et al. 2013). The proposed
treatment mechanisms include increased collagen synthesis (Hsu et al. 2004) and growth
factors (Chen et al. 2004; Caminoto et al. 2005), modulation of vascularization (Wang et
al. 2002, Wang et al. 2003), and decreased nerve conduction (Hausdorf et al. 2008; Wu et
al. 2008). Hyperstimulation analgesia is another proposed mechanism because pain is
normally perceived during ESWT (Ogden et al. 2001; Notarnicola and Moretti 2012;
Zwerver et al. 2011). In some studies, ESWT was prescribed at the patients’ maximum
tolerable pain level (Vetrano et al. 2013; Zwerver et al. 2010). However, it remains
unknown whether ESWT can induce a change in pain sensitivity. Increased pain pressure
sensitivity at the tibialis anterior tendon was observed when hypertonic saline was
injected in the healthy tendon tissues (Gibson et al. 2006, Slater et al. 2011). This finding
suggested that pain pressure sensitivity can be modulated with experimentally-induced

pain.

In addition, experimentally induced pain can have motor and neural consequences.
When hypertonic saline was injected into muscles, inhibition of the muscle activities in
the tibialis anterior (Graven-Nielsen et al. 1997), the masseter (Sevensson et al. 1998),
and the upper trapezius (Madeleine et al. 2006) was detected during maximal voluntary
contraction. Pain induced by the injection of saline into the infrapatellar fat pad was also
found to alter the delay in muscle onset of the vastus medialis and lead to a reduction in
muscle activities in the vastus lateralis muscles during stepping activities (Hodges et al.
2009). These findings suggested that the alteration in muscle activities was induced by

pain from a non-muscle origin, suggesting that the alterations in muscle activation may
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be due to central rather than peripheral effects. Furthermore, modulation of the
corticospinal excitability of muscles in the contralateral limb was reported in the hand
(Kofler et al. 2001) and arm (Hoeger Bement et al. 2009) muscles with experimentally
induced pain. If experimentally induced pain can modulate muscle activities, ESWT may
induce a reduction in the muscle activities in the ipsilateral and contralateral limbs. This

information would shed light on the therapeutic mechanisms of ESWT.

The aims of this study were to examine the immediate effects of ESWT on resting
tendon and muscle stiffness, and to explore the possible relationships between changes in
resting tendon resilience, muscle compliance, pressure pain, and squatting pain. In this
study, one session of ESWT was hypothesized to lead to a reduction in tendon and
muscle stiffness and the intensity of pressure pain. The changes in patellar tendon
stiffness were found to be related to the reduction in pain during a single-legged decline-

squat test.

6.3 Materials and methods

6.3.1 Subject recruitment

Thirty-six male subjects with PT were recruited from local university and
community volleyball, basketball, and handball teams. Only males were recruited,
because PT is more prevalent in male athletes (Lian et al. 2005). The inclusion criteria
were as follows: 1) between 18 and 35 years of age (Zwerver et al. 2011); 2) pain in the
inferior pole of the patella or the proximal part of the patellar tendon; 3) pain duration >3
months; 4) maximum intensity of pain in the previous week >3 using a visual analogue

scale (VAS) with 0 as no pain and 10 as the worst pain; 5) VISA score <80 (Zwerver et al.
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2011); and 6) no history of corticosteroid injection or surgery to the lower limb. All
recruited subjects were physically assessed by an experienced physical therapist with 13
years of clinical experience. An ultrasonography examination was then conducted by
another physical therapist with three years of experience in ultrasound scanning. The
subjects were diagnosed as having PT based on the clinical examination and
ultrasonography findings, which included: 1) local tenderness in the inferior pole of the
patella, or the proximal part of the patellar tendon; 2) pain aggravation during single-leg
squatting and jumping; and 3) thickening of the proximal part of the patellar tendon with

areas of hypoechoic signals (Kulig et al. 2013).

All of the subjects filled in a form recording their age, weight, height, and training
duration per week and completed the Victorian Institute of Sport Assessment-patella

(VISA-P) questionnaire.

Figure 6.1 shows the study flow. The subjects were randomized into treatment
and sham groups by drawing cards. Tendon and muscle stiffness, the intensity of pressure
pain, and squatting pain during a single-legged decline squat test (SLDST) were

evaluated before and immediately after intervention.

6.3.2 Assessment of the elastic properties of the patellar tendon and quadriceps

muscle components

The procedures for evaluating the stiffness of the patellar tendon and thigh

muscles were the same as those described in Chapters 2 and 4, respectively.
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6.3.3 Pressure pain evaluation

Pressure pain was measured using the same instrument and following the same
procedure as delineated in Chapter 5. In brief, the pressure pain induced by an algometer

was assessed by the subjects using a visual analogue scale (VAS).

Subjects recruitment (n=43)

Not meetinginclusion
> Criteria (n=7)

h 4

Group randomization (n=36)

v

! !

ESWT group(n=18) Sham group(n=18)
l Pre-intervention assessment l
ESWT group Sham group
Energy flux density: paintolerant Energy flux density: <0.08mJ/mm?2
v v

Post-intervention assessment
*Elasticproperties of patellar tendon and thigh muscles
* Pressurepain
+Singleleg decline squat test (SLDST)

Figure 6.1 Flow chart of the experimental procedure.
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6.3.4 Single-legged declined- squat test

Single-legged decline squat tests were conducted (Kongsgaard et al. 2006;
Zwerver et al. 2007). The angle of knee flexion when pain was first perceived and the
intensity of the first perceived pain were assessed. The subjects were required to stand
single-legged on a 25-degree decline board, and were instructed to flex the knee until
pain was elicited (Fig.6.2). The angle of the knee was measured by a goniometer

(SLDSTangie) and the magnitude of pain was reported using the VAS (SLDSTpain).

Starting position Stopping position

Figure 6.2 Single- legged declined- squat test (A: starting position; B: stop

position when pain eliciting)
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6.3.5 Extracorporeal shock wave intervention

ESWT was delivered by an experienced physical therapist at the Rehabilitation
Clinic of the Hong Kong Polytechnic University. The subjects were positioned in supine
lying with the treated knee supported at 30 degrees of flexion. The most painful spot on
the patellar tendon was palpated and marked. Focused ESWT was delivered by a Storz
Minilith SL1 lithotrypter machine (Storz Medical, Switzerland) at the marked spot (Fig.
6.3). Contact gel was applied between the patellar tendon and the applicator to minimize
the loss of shock wave energy. In the treatment group, 1500 impulses at maximum
tolerable pain were delivered at 4 Hz (Vetrano et al. 2013). A low energy treatment (less
than 0.08mJ/mm?) was delivered at the same frequency and with the same number of
impulses to the sham group. For subjects with bilateral symptom, the more painful side

was selected for intervention.

Figure 6.3 Position of the patient and the shockwave
head of the extracorporeal shock wave therapy for

delivering to the patellar tendinopathy.
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6.3.6 Statistical analysis

Descriptive statistics (mean and standard deviations, percentages) were used to
describe the physical characteristics of the ESWT and sham groups, and the outcome
variables before and after intervention. The percentage changes in the tendon and muscle
shear elastic moduli, pressure pain, SLDSTp.n, and SLDST.nge were computed.
Composite change on pain and knee angle were calculated by summation of SLDST paip,
and SLDSTnge and expressed as SLDSTain_angle. The data normality of these variables
was assessed using the Shapiro-Wilk test. An independent t-test was used to compare the
demographic data of the ESWT and sham groups. Univariate analysis of variance tests
were used to assess the between group differences in the percentage changes in the
tendon and muscle shear elastic moduli, pressure pain, SLDSTpain, and SLDSTpain_angle In
the treated legs. Between-leg differences were assessed using univariate analysis of
variance tests on the outcome variables within each group. Pearson correlation coefficient
tests were conducted to examine the relationships among outcome variables. SPSS
version 17.0 (SPSS Inc, Chicago, IL) was used to perform the statistical analyses. The

level of statistical significance was set at p<0.05.

6.4 Results

6.4.1 Participant’s demographic data

A total of 43 subjects were recruited for this study. The VAS scores of seven
subjects had reduced to less than 3 when they attended the treatment session. The age,
height, weight, BMI training intensity, and pain duration of the subjects are shown in

Table 6.1. No significant group differences were found in age, BMI, training history,
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training intensity, pain duration, pain intensity, or the VISA scores (p>0.05). In the
ESWT group, the treatment intensity ranged from 0.13mJ/mm?” to 0.33mJ/mm?. All but

one subjects had treatment intensities below 0.28mJ/mm?.

Table 6.1. Subjects characteristics

Variables ESXZlggr)o up Sh?r?llgg())up P Value
Age (y) 21.6£3.0 23.444.6 0.205
Weight ( kg) 76.2+6.3 72.9+5.7 0.106
Height (cm) 182.2+5.7 178.3+6.4 0.059
Body mass index ( kg/m?) 22.9+1.5 22.9+2.1 0.936
Training intensity (hours/w) 6.4+£3.4 4.9+£2.2 0.140
Training years ( y) 8.1+2.4 9.6+4.2 0.215
Duration of symptom 3474224 28.5+27.0 0.461
(months)

Baseline scores

VAS 7.0+1.7 6.7£1.6 0.528
VISA 54.6+£14.3 58.1£9.4 0.392

Values are reported as meantstandard deviation. VAS: visual analogy scale; VISA:
Victorian Institute of Sport Assessment

6.4.2 Treatment effects

Significantly greater reduction on patellar tendon and VL muscle stiffness were
observed in the ESWT group when compared with the sham groups (Table 6.2, all
p<0.05). More specifically the tendon shear elastic modulus was reduced from 54.1kPa to
38.8kPa in the ESWT group; and from 48.6kPa to 42.2kPa in the sham group. The
muscle stiffness of the VL was reduced from 4.9kPa to 3.9kPa in the ESWT group; but

was from 4.6kPa to 4.1kPa in the sham group. No significant group differences were
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detected on the RF muscle stiffness. No significant changes on tendon and muscle shear

elastic modulus were observed in the non-treated leg (Table 6.2).

No significant group difference on the percentage changes on pressure pain was
observed. The percentage changes on pressure pain were 14.2% and 9.2% in the ESWT
and sham groups, respectively (Table 6.2, p>0.05). In addition, there was no significant
difference in SLDSTp,in and SLDST pain_angle between in the ESWT group and in the sham

group (Table 6.2, p>0.05).

Table 6.2 Percentage changes on tissue elasticity and intensity of pressure pain and activity-
related pain

Treated leg Non-treatedleg
Variables ESWT Sh P
roup am group p ESWT group Sham group
(i C18) (n=18) (n=18) (n=18)
Patellar tendon (%)  24.7£17.6 8.0+24.0  0.027 -1.249.3 2.4+14.3 0.392
VL muscle (%) 18.8+10.5 10.6£12.5  0.041 -2.049.5 -6.6£17.0  0.334
RF muscle (%) -3.5425.1 -1.2+18.0  0.377 -0.5¢17.7 -7.9+£31.2  0.398
Pressure pain (%) 14.2+18.7 9.2424.2 0495 - - -
SLDST _uin (%) 2.8+£25.4 14.2430.1 0228 - ---- ----
SLDST pin angte (%0) 1 9417 5 42+11.8 0566 -

Values are reported as mean+standard deviation. VL: vastus lateralis; RF: rectus femoris. %
change after intervention=(pretest-posttest)/(pretest)x100%

Table 6.3 Percentage changes on tissue elasticity after ESWT

ESWT group Sham group p
Variables _ _
Treated leg Non-treated p Treated Non-treated  v/a]ye
leg leg leg
f;t)e”ar tendon  »4 74176 12493 0.000  8.0+24.0 24+143 0397
0
VL muscle (%) 18.8+10.5 -2.049.5 0.000 10.6x12.5 -6.6+x17.0 0.001
RF muscle (%) -3.5+25.1 -0.5+17.7 0.685 -1.2+18.0 -7.9+31.2 0.434

Values are reported as mean+standard deviation. VL: vastus lateralis; RF: rectus femoris. %
change after intervention=(pretest-posttest)/(pretest)x100%
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6.4.3 Relationship among percentage changes in patellar tendon shear elastic
modulus, thigh muscle shear elastic modulus, pressure pain, single-legged declined-

squat pain and range

Table 6.4 shows the correlations between the outcome variables in the ESWT
and sham groups. In the ESWT group, the percentage change in the tendon shear elastic
modulus was related to the percentage change in the intensity of pain during SLDST
(r=0.52, p=0.04) (Table 6.4) and the percentage change in the intensity of pain and knee
range during SLDST (r=0.59, p=0.019) (Table 6.4). In other words, a greater reduction in
the tendon elastic modulus was associated with a greater reduction in pain and composite
reduction on pain and knee range during SLDST. In the sham group, the percentage
change in the patellar shear elastic modulus was related to the percentage change in the

VL shear elastic modulus (r=0.62, p=0.006) (Table 6.4).

Table 6.4 Pearson correlations between percentage changes of patellar tendon shear
elastic modulus and variables

Variables ESWT group Sham group All

VL muscle 0.16 0.62* 0.54*
RF muscle 0.04 0.10 0.07
Pressure pain 0.05 0.27 0.18
SLDST pain 0.52* 0.24 0.25
SLDST angle 0.07 0.04 0.03
SLDST angle+pain 0.59* 0.20 0.21

EFD 0.00

*P<0.05; VL: vastus lateralis; RF: rectus femoris; EFD:energy flux density, all
variables: % changes after intervention.
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6.5 Discussion

In this study, a session of ESWT was found to induce a reduction in the tendon
and muscle stiffness in male jumping athletes with patellar tendinopathy. A greater
reduction in tendon stiffness was associated with a greater reduction in the intensity of
pain during the single-legged decline squat test. This relationship was not observed in the

sham group or the untreated leg of the ESWT group.

The immediate effects of a single session of focused ESWT on the elastic
properties of the patellar tendon were examined. The results revealed that the patellar
tendon shear elastic modulus was significantly reduced by 24.7% in the ESWT group.
This is an important finding because increased tendon stiffness is associated with self-
perceived pain in subjects with PT (Zhang et al. 2014). Changes in tissue compliance
have been observed after therapeutic ultrasound on the skin (Dinno et al. 1989), muscle
(Daraper et al. 2010), and tendon (Lehmann et al. 1970). In these studies, the observed
increase in tissue compliance was attributed to the thermal effects induced by the
ultrasound. The increase in tissue temperature may lead to an increase in tissue
circulation and viscoelasticity. Extracorporeal shockwaves are acoustic waves but have
greater peak pressure than therapeutic ultrasound. Accordingly, an increase in tissue
temperature may have been induced at the treated tendon, leading to the observed
reduction in tendon stiffness. Further research is required to assess the temperature
change induced by ESWT. In addition, the higher pressure stimulus induced by ESWT on
the patellar tendon may have induced a greater reduction in the H-reflex, muscle tone

(Kukulka et al. 1985), and motor nerve extensibility (Bae et al. 2010) compared with the
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sham group. The changes in muscle tone and muscle activation may have indirectly

affected the tendon stiffhess.

Indeed, a significant reduction in VL muscle stiffness was observed in the ESWT
group (by 18%) and in the sham group (by 10%), but showed minimally change in the
untreated leg (by -2% to -6.6%). These findings suggested that the pressure stimulus
induced by the low energy ESWT in the sham group may have induced a reduction in the
resting muscle tone via its influence on the H-reflex (Kukulka et al. 1985). The ESWT
group received greater pressure stimulus and pain at the maximum tolerable intensity.
Pain may also induce a reduction in muscle activity and alter the resting stiffness of the
muscles. Using similar technologies (SSI), Hug et al. (2014) reported that a reduction in
RF muscle stiffness during muscle contraction when pain was experimentally induced by
the injection of hypertonic saline in the RF muscle. In most of the previous studies,
EMGs were used to assess the modulation of muscle activities after experimentally
induced pain. Graven-Nielsen et al. (1997) reported that the EMG activity of the tibialis
anterior muscle was reduced during both static and dynamic contraction after an injection
of 0.5 ml hypertonic saline (5%) into the muscle belly. Madeleine (2006) assessed the
EMG activity of the upper trapezius muscle before and after 0.5 ml injection of
hypertonic saline (5.8%). They also observed a decrease in the muscle activity of the
upper trapezius muscle after the injection. The reduction in muscle activity induced by
experimentally induced pain may be due to a decrease in the firing rate of the muscle
alpha-motorneurons (Kniftki et al. 1981) or a reduction in the extensibility of the muscle
spindles (Mense and Skeppar et al. 1991). The findings from the present study

demonstrated that VL muscle stiffness was reduced in the ESWT and sham groups and
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the magnitude of change was significantly greater in the ESWT group. The change in VL
muscle stiffness may be related to the mechanical stimulus of the ESWT in the treated

and sham groups, and the pain-induced modulation of muscle activity in the ESWT group.

The question remains whether the change in tendon stiffness was related to the
reduction in the intensity of the activity-related pain. The findings of this study indicated
that the reduction in stiffness of the patellar tendon was related to the reduction in pain
during squatting, in that a greater reduction in the stiffness of the patellar tendon was
correlated with a greater reduction in pain during squatting. The possible relationship
between the change in muscle stiffness and pain was assessed by Maher et al. (2013).
They assessed the stiffness of the upper trapezius muscle before and after dry needing at
the muscle myofascial trigger points. In contrast to the findings of this study, the authors
could not establish a relationship between the change in muscle stiffness and pain. In this
study, the relationship between the change in tendon compliance and activity pain was
assessed. After a session of ESWT, the change in the compliance of the patellar tendon
was found to be positively related to the change in pain during single-leg squatting. The

greater compliance of the patellar tendon indicated less pain during single-leg squatting.

The treatment efficacy of ESWT has been reported in patients with PT and
Achillis tendinopathy (Al-Abbad and Simon 2013) in the lower extremity, and with
supraspinatus tendinopathy (Huisstede et al. 2011) in the upper extremity. However, the
underlying mechanism of ESWT remains unclear (Wang et al. 2012). An increase in
collagen synthesis was observed after extracorporeal shockwaves with 1500 impulses at
0.29mJ/mm” were applied to PT in a rabbit model (Hus et al. 2004). Similarly, an

increase in growth factors was reported by Chen et al. (2004). The authors observed an
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increase in transforming growth factor-beta 1 (TGF-81) and insulin-like growth factor-I
(IGF-I) after extracorporeal shockwaves were delivered at 0.16mJ/mm’ with 200
impulses. Increased vascularization was found in healthy animals four weeks post
intervention (Wang et al. 2002). In contrast, an immediate reduction in vascularization
was found in patients with chronic supraspinatus tendinopathy (Notarnicola et al. 2011).
In addition, pain reduction may be related to a decrease in nerve conduction (Ohtori et al.
2001; Wu et al. 2008) or the suppression of substance P and glutamine (Maier et al. 2003).
The findings from this study disclosed a new treatment mechanism induced by ESWT.
The changes in tendon mechanical properties induced by the extracorporeal shockwaves
were found to be related to the perceived intensity of pain during a single-legged
declined- squat test. The ESWT induced change in the tendon shear elastic modulus may
be associated with the pressure effect of the shockwaves and/or the motor and neural

consequences of the intense pain during the intervention.

In this study, no significant treatment effects of pressure pain were detected.
Zwerver et al. (2011) also detected no significant difference in the pain from different
functional activities (jumping/ squatting) after six sessions of ESWT on the patellar
tendon. They proposed that the lack of significant findings was related to the subjects’
continued participation in sport training. However, Wang et al (2007) found a significant
decrease in self-perceived pain while walking up and down stairs after one session of

ESWT on the patellar tendon.

ESWT is a safe and promising modality for reducing pain and improving function
for subjects with PT. However, the most effective protocol has not been established (van

Leeuween et al. 2009; van der Worp et al. 2013). Treatment intensity is one the
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determining factors. Medium intensity (ranging from 0.08mJ/mm?” to 0.28mJ/mm?) but
not high intensity (above 0.28mJ/mm?) ESWT was found to be effective in treating PT
(Rompe et al. 1998; Wang et al. 2007; Taunton et al. 2007; Zwerver et al. 2011). In
addition, the efficacy of ESWT was found to be greater when prescribed at the maximum
tolerable pain level (Chow et al. 2007). In this study, the maximum tolerable pain was
used as the criteria for treatment intensity. The treatment intensities for the majority (over
90%) of the subjects were 0.13 mJ/mm” and 0.17mJ./mm* However, it could not be
established whether the treatment dosage had any effects on tendon and muscle stiffness.
Further research is needed to explore whether the changes in tendon and muscle stiffness
are associated with the treatment dosage. Although ESWT was applied at the maximum

tolerable pain intensity, no subjects suffered edema or intense pain post intervention.
6.6  Scientific and clinical implications

Changes in tissue stiffness were observed after one session of ESWT on the
treated (the tendon) and non-treated (the muscle) sites. The findings indicated that the
ESWT induced local effects on the patellar tendon and distant effects on the VL muscle.
Hence, aside from inducing local stimulation of the tendon, motor/neural consequences
may have led to the change in VL stiffness. The findings also indicated that the reduction
in the stiffness of the patellar tendon was associated with the reduction in activity-related
pain. In addition to ESWT, other therapeutic interventions that can reduce tendon
stiffness could be considered for treating PT. The change in tendon stiffness could also be
used in assessing the treatment efficacy of different interventions, such as platelet-rich

plasma.
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6.7 Limitations

The findings from this study can only be generalized to male athletes involved in
jumping sports. The cumulative effects of ESWT on tendon compliance and their
relationship with treatment efficacy were not assessed. Three to five sessions of ESWT
are commonly recommended for treating PT. However, it is not known whether the
difference in tendon stiffness would be increased with repeated applications of ESWT.
This study aimed to evaluate the local and neural post intervention effects of one session
of ESWT. Long-term follow-ups are also important in assessing the treatment efficacy of
ESWT. A minimum of three months is generally used in assessing the treatment efficacy
of ESWT (Wang et al. 2007; Tanunton et al. 2003). Treatment efficacy has also been
assessed one year after ESWT. Further research is needed to examine the cumulative

effects of ESWT and the treatment efficacy at 3 to 12 months post treatment.

6.8 Conclusions

The findings of this study demonstrated that a single session of ESWT delivered
at the maximum tolerable pain induced significant reductions in tendon stiffness and VL
muscle stiffness. The reduction in tendon stiffness was associated with the subjects’ self-
perceived pain and overall performance during the single-legged declined-squat test.
Overall, the findings suggest that the modulation of the tendon mechanical properties

may be one of the treatment mechanisms of ESWT.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

137



7.1  Rationale of the study

The elastic properties of the patellar tendon are essential for shock absorption on
landing from a jump and for the storage of kinetic energy for subsequent jumps
(Alexander et al. 2002; Arampatzis et al. 2006; Kubo et al. 2010; Magnusson et al. 2003).
A tendon with more compliance can store and release more energy, allowing higher jump
heights to be achieved (Kubo et al. 1999; Walshe and Wilson et al. 1997). It is therefore
important to explore the effects of loading and overloading on tendon elasticity for

performance enhancement and injury prevention.

Sports participation, in particular jumping sports, induces mechanical loading on
the patellar tendon such that adaptation can occur. Volleyball and basketball are two
jumping sports with different physical demands (Kollias et al. 2004; Laffaye et al. 2007).
A comparison of tendon elasticity between sedentary individuals, volleyball players, and
basketball players would provide an insight into the sports-specific loading on the tendon

mechanical properties.

The hip muscles, in addition to sharing the landing impact (Decker et al. 2003),
also control the landing kinematics (Jacobs et al. 2007). The alteration of landing
kinematics increases the landing load on the patellar tendon and is one of the factors that
causes tendinopathy (Edward et al. 2010). To our knowledge, there are no reported
studies investigating hip muscle strength in jumping athletes with patellar tendinopathy
and its correlation with tendon elasticity. The findings from this study will shed light on
the effects of overloading on tendon elasticity and provide scientific evidence for injury

prevention programs.
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Overloading on the patellar tendon has been proposed as the causative factor in the
development of PT (Lian et al. 1996). Changes in collagen orientation (Astrom et al.
1995; Kalebe et al. 1991), tendon thickness (Cook et al. 2000; Kulig et al. 2013), and
cross-section (Gisslén and Alfredson et al. 2005) are likely to change the elastic
properties of the affected tendon. However, no statistically significant difference in
tendon elasticity was detected between athletes with and without PT (Couppe et al. 2013).
Using state-of-the art equipment, tendon elasticity at the site of pain can be measured and
related to the magnitude of pain. Such an approach may unveil regional changes in
tendon elasticity associated with tendinopathy and how such changes are associated with

the magnitude of self-perceived pain.

Extracorporeal Shockwave Therapy (ESWT) is a safe and promising method of
reducing pain and improving function in individuals with PT (van der Worp et al. 2013).
Aside from inducing mechanical effects at the treated site, the associated pain can induce
alterations in the muscle activities in the quadriceps muscle (Hodges et al. 2009). Either
or both effects may lead to a change in tendon elasticity. The association between tendon
elasticity and pain can be established further if ESWT-induced changes in pain are shown

to be associated with changes in tendon elasticity.

Therefore, this thesis’s five interrelated studies had the following aims.

Study 1: Assess the correlation of the shear elastic modulus captured using
Supersonic Shearwave Imaging (SSI), the tangent traction modulus using
a Material Testing System, and the test-retest reliability of the shear elastic

modulus captured from the SSI of the patellar tendon.
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Study 2:

Study 3:

Study 4:

Study 5:

Compare the elastic properties of the patellar tendon between sedentary
subjects, volleyball players, and basketball players and examine the
correlation between the tendon elastic properties and age, body mass index,

and training intensity among players.

Compare the isometric muscle strength of the hip abductors and external
rotators in athletes with and without PT and explore the possible

association between the hip muscle strength and tendon elastic properties.

Explore changes in the elastic properties of the patellar tendon in athletes
with unilateral PT and examine associations between changes in tendon

shear elastic modulus, pain, and dysfunction in athletes with unilateral PT.

Determine the effects of a single session of ESWT on the elastic properties
of the quadriceps muscle and proximal patellar tendon and the magnitude

of pain in athletes with PT.

7.2  Summary of the studies

7.2.1 Study 1. Elastic modulus on the patellar tendon captured using SSI: correlation

with the tangent traction modulus computed using a material testing system

and test-retest reliability

Eight fresh patellar pig tendons were used to examine the correlation between the

shear elastic modulus on the patellar tendon captured using SSI (Aixplorer® ultrasound

unit V4, Aix-en-Provence, France) and the tangent traction modulus computed using a

material testing system. The testing procedures were described in Chapter 2. A good to
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excellent correlation coefficient between the shear elastic modulus from the SSI and
tangent traction modulus from the MTS was 0.82 to 1.00 (p<0.05) In addition, excellent
intra- and inter-operator reliability of the shear elastic modulus captured using the SSI
was established on 22 patellar tendons of 11 healthy human subjects (all ICC >0.90). The

minimum detectable difference of the elastic modulus of the patellar tendon was 4.27 kPa.

The findings of this study indicate that SSI is a reliable tool for measuring the
mechanical properties of the patellar tendon. In addition, any difference in shear elastic

modulus greater than 4.27 kPa can be interpreted as a true difference.

7.2.2 Study 2. Elastic properties of the proximal patellar tendon: effects of age, BMI, leg

dominance, and sports participation

Fifty healthy male subjects aged between 18 and 35, consisting of 20 sedentary
subjects, 15 volleyball players, and 15 basketball players, were recruited. SSI was used to
measure the elastic properties of the proximal patellar tendon on the dominant and non-
dominant knees. The volleyball players had the lowest tendon shear elastic modulus
when compared with the basketball players (by 24.9%, p<0.05) and sedentary subjects
(by 42.3%, p<0.05). The basketball players had a significantly lower tendon shear elastic
modulus when compared with the sedentary group (by 23.1%, p<0.05). No significant
side-to-side difference in the tendon shear elastic modulus was detected (p<0.05). A
positive correlation was detected between the patellar tendon shear elastic modulus and

age in the volleyball group (r=0.53; p=0.003).

The results from this study suggest that habitual loading induces an adaptation of

the patellar tendon elasticity and that the adaptation is sport-specific. However, there is
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no side-to-side dissymmetry in tendon elastic properties at the proximal patellar tendon in
healthy sedentary individuals and athletes. In addition, age seemed to reduce tendon

compliance in the volleyball players.

7.2.3 Study 3. Hip strength in male players with and without PT and its association with

the elastic properties of the patellar tendon

Sixty-six male athletes (mean age of 21.1+4.4 years) participated in this study,
with 33 subjects diagnosed with PT for more than 3 months. The muscle strength of the
hip abductors and external rotators was quantified using a hand-held dynamometer. The
elastic properties of the patellar tendon and the vastus lateralis and rectus femoris

muscles were assessed using SSI technology.

No significant side-to-side differences were detected in the hip muscle strength
and the elastic shear modulus of the tendon and muscles in the control group (all p>0.05).
The normalized isometric hip muscle strength was found to be significantly weaker (by
11.2% to 18.2% in the external rotators and abductors, respectively; all p<0.05), and the
shear elastic modulus was significantly increased in the patellar tendon (by 48%) and in
the vastus lateralis (by 26.5%) in players with PT, when compared with the healthy
controls. A significant correlation was detected between the tendon shear elastic modulus

and normalized isometric muscle strength of the hip muscles.

This study demonstrated that players with PT had lower strength of muscle on
their hip abductors and external rotators. Weakness in these hip muscles was associated
with a reduction in patellar tendon elasticity. Such findings suggest that hip muscle

strength is one of the factors affecting tendon compliance. In addition, training of the hip
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muscles might reduce the incidence of PT for athletes involved in volleyball and

basketball.

7.2.4 Study 4. Changes in the morphological and elastic properties of the patellar tendon
in athletes with unilateral PT and their relationships with pain and functional

disability

Thirty-three male athletes (20 healthy and 13 with unilateral PT) were enrolled.
The morphology and elastic properties of the patellar tendon were assessed by the grey
and elastography mode of SSI. The intensity of pressure pain, self-perceived pain, and
dysfunction were quantified with a 10 Ib force to the most painful site and the Victorian

Institute of Sport Assessment-patella (VISA-p) questionnaire.

The results showed that the painful tendons had a higher shear elastic modulus
and were larger than the non-painful side (p<0.05) or the dominant side of the healthy
athletes (p<0.05). Significant correlations were found between the tendon shear elastic
modulus ratio (painful over non-painful tendon) and the intensity of pressure pain
(rho=0.62; p=0.024), VISA-p scores (rho=-0.61; p=0.026), and the sub-scores of the
VISA-p scores when going down stairs, lunging, single leg hopping, and squatting (rho

ranged from -0.63 to -0.67; p<0.05).

This study revealed changes in both morphology and elastic properties at the
painful part of the patellar tendon in athletes with unilateral PT. The affected tendons
were stiffer, thicker, and had a larger cross-sectional area than the non-painful side and

the tendons of the healthy controls. In addition, the ratio of the painful and non-painful
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tendon shear elastic properties was associated with the intensity of pressure pain and

VISA-p scores in athletes with unilateral PT.

7.2.5 Study 5. Immediate effects of one session of ESWT on the tendon shear elastic

modulus in athletes with chronic PT

Thirty-six male athletes aged between 18 and 32 with PT for more than 3 months
(ranging from 3 to 72 months) were recruited. They were randomly assigned to the
ESWT or control groups. Players in the ESWT group received a session of ESWT at their
maximum tolerable pain level at 4 Hz for 1500 impulses. The minimum treatment
intensity (less than 0.08 mJ/mm?) at 4 Hz for 1500 impulses was applied to the players in
the control group. SSI was used to measure tendon and muscle stiffness. A hand-held
algometer was used to apply a 10 lb pressure at the tender spot of the affected tendon.
The intensity of the pressure pain was quantified using the visual analogy scale (VAS).
The single-legged declined-squat test (SLDST) was used to assess the angle of knee
flexion when the pain was first perceived and the intensity of the first-perceived pain
(based on the VAS). All of these outcome measures were conducted before and

immediately after the application of ESWT.

A significantly greater reduction in the tendon shear elastic modulus was detected
in the ESWT group when compared with the control group (p<0.05). In the ESWT group,
the change in the tendon shear elastic modulus was related to the change in the intensity
of squatting pain and the composite change in the knee range and squatting pain (r=0.52
and 0.59, respectively; all p<0.05). In the control group, the change in the tendon shear

elastic modulus was related to the change in the shear elastic modulus of the vastus
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lateralis muscle (r=0.62, p=0.006). No significant changes in the tendon and muscle shear

elastic modulus were detected in the non-treated leg in the ESWT and control groups.

Our findings demonstrated that a single session of ESWT delivered at maximum
tolerable pain induced significant reduction in tendon stiffness. The reduction in tendon
stiffness was associated with self-perceived pain and composited change in knee range
and pain during the SLDST. These observations further confirm the association between
tendon elasticity and self-perceived pain in patients with PT. Modulation of the tendon’s

mechanical properties may also be one of the treatment mechanisms of ESWT.

7.3 Limitations and future studies

Only male subjects were recruited in this study. The findings from this study
cannot be generalized to female subjects. A similar study on female athletes is strongly
suggested to extend our observations. The elastic properties of the patellar tendon were
evaluated at its proximal portion. Loading effects induced from sports participation and
muscle weakness on the whole tendon or at other parts of the tendon could not be
established. We took measurements at the proximal patellar tendon because that is where
most pathological changes and pain occurred in patients with PT. Further exploration
could be conducted to compare regional differences between jumping athletes with and
without PT. In addition, weakness in the hip muscles and tendon elasticity are related.
Whether such an association is due to a shift in load sharing or an alteration in the
landing kinematics awaits further exploration. Despite an observed increase in the tendon
shear elastic modulus in players diagnosed with tendinopathy, the causes of such a

change have not been established. Further experiments can be conducted to correlate the
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findings from the SSI and histological tests. Lastly, we observed an immediate reduction
in the tendon elasticity after a session of ESWT on the patellar tendon. The long-term
effects of ESWT pain in patients with chronic PT are suggested to explore the treatment

efficacy and mechanism of ESWT.

7.4 Significance of the project

The findings of this project demonstrate that SSI is a reliable method to quantify
the elastic properties of the patellar tendon. Using this technique, localized elastic

properties can be assessed in regions where pathology and pain occur.

Second, our findings suggest that the elastic properties of the patellar tendon can
be modulated with habitual loading. The intensity of modulation seems to be sports
specific. More specifically, the patellar tendon has better compliance in individuals

participating in sports with greater demands for jump-land activities.

Third, weaker muscle strength in the hip abductors and external rotators was
observed in those players with PT. Such information indicates that strengthening
programs targeting the hip abductors and external rotators is recommended for the

prevention of PT for athletes involved in volleyball and basketball.

Fourth, athletes with PT had stiffer tendons when compared with healthy controls.
More importantly, tendon stiffness was associated with self-perceived pain. This
observation suggests that tendon stiffness is one of the causative factors of pain in

individuals with PT.
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Lastly, an increase in tendon elasticity was observed after a session of ESWT.
The reduction in tendon stiffness is associated with a reduction in activity-related pain.
These findings further confirm the relationship between tendon stiffness and pain
associated with PT. Modulation of the tendon’s mechanical properties may be one of the

mechanisms of ESWT.

7.5  New contributions of the projects

1) Established the validity and test-retest reliability of SSI in quantifying regional

tendon elastic properties;

2) Identified modulation on patellar tendon elastic modulus associated with

habitual loading and overloading-induced tendinopathy;

3) Related intrinsic factors such as hip muscle strength and quadriceps muscle

stiffness with patellar tendon stiffness;

4) Confirmed relationship between patellar tendon stiffness and activity-related

pain;

5) Information generated could be used for prevention and rehabilitation of

patellar tendinopathy for volleyball and basketball players.
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Project Title: The effects of extracorporeal shockwave therapy on physiological and mechanical

properties of patellar tendon on patients with patellar tendinopathy

Investigator

Mr. Zhang Zhi Jie and Arthur Lee, PhD candidate, Department of Rehabilitation Sciences, The Hong
Kong Polytechnic University

Supervisor

Chief supervisor: Dr. Amy Fu, PhD, Associate Professor, Department of Rehabilitation Sciences, The
Hong Kong Polytechnic University

Co-supervisor: Prof. Gabriel Ng, PhD, Chair Professor & Associate Head, Department of
Rehabilitation Sciences, The Hong Kong Polytechnic University

Project information:

Introduction

Patellar tendinopathy (PT) is a major problem for many jumping athletes. Clinically, this problem is
usually resistant to conservative treatment when becoming chronic in nature. Extracorporeal
shockwave therapy (ESWT) appears to be a promising treatment with evidence of clinical trials.
Animal studies exploring working mechanism suggested that ESWT might facilitate regeneration of
pathological tendon, and hence improving the mechanical properties (MP). This study aims to
examine whether this mechanism present in vivo human tendon. The research project divided into two

studies, subjects may be arranged to participate in the first or both studies.

Research purposes
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(1) To explore possible change in elastic properties the patellar tendon in athletes with chronic patellar

tendinopathy.

(2) To investigate the effect of ESWT on mechanical properties of patellar tendon and clinical

outcomes in athletes with chronic PT.

(3) To delineate possible relationship among elastic properties of tendon, pain, and functional

performance in athletes with patellar tendinopathy.

Research method and procedures

Study 1: This examination carried in the polytechnic university. Invited subjects will be examined the

followings, which last for 60-120 minutes.

A questionnaire regarding your duration of training, general health condition and knee problems
Clinical examination of knee (if applicable)

Victorian Institute of Sport Assessment (VISA) questionnaire (if applicable)

Mechanical properties testing using ultrasonography and dynamometry as well as shear wave
imaging(detail fact sheet on the procedure will be given on the testing day)

2 test trials of single leg squat in decline board, single leg hop for distance

2 test trials of muscle length measurement of bilateral hamstrings and quadriceps muscles using
passive knee extension and passive knee flexion tests with 5 seconds pause

®  Ultrasound scanning of the quadriceps muscle and patellar tendon using a 12 MHz linear probe
at rest and during contraction

®  Height and weight measurement

Study 2: This examination carried in the polytechnic university. Invited subjects will receive 6
sessions of ESWT, with one in every week. Follow-up evaluations, as described in the study 1 will be

carried at 3,6 and 12 weeks after the first treatment session.

Risks and Discomforts

There is possible of delay muscle soreness or fatigue after dynamometry, squat and hop test, sufficient
rest afterwards should be able to eliminate the discomforts. Subjects receiving ESWT might
experience increase in pain during treatment or 1-2 days after treatment. According to the research

team’s experience, the discomfort normally would subside in 1-2 days.
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Benefits of the Research

This study aims to provide evidence on the treatment effectiveness in the management of PT using
ESWT. In addition, clinician and researchers might enrich their understanding on the working
mechanism of ESWT by knowing the interrelationship among tendon elastic properties, pain and

functional performance in vivo.

Voluntary Participation

Your participation in the study is completely voluntary and you may choose to stop participating at
any time. Your decision not to volunteer will not influence the nature of your relationship with Hong

Kong Polytechnic University either now, or in the future.

Confidentiality

All information you supply during the research will be held in confidence and unless you specifically
indicate your consent, your name or any identifiable information will not appear in any report or

publication of the research. Confidentiality will be provided to the fullest extent possible by law.
Consent

I, , have been explained the details of this study. I voluntarily

consent to participate in this study. I understand that I can withdraw from this study at any time
without giving reasons. I am aware of any potential risk in joining this study. I also understand that
my personal information will not be disclosed to people who are not related to this study and my name

or photograph will not appear on any publications resulted from this study.

I can contact the investigator, Mr. Arthur Lee at telephone 9623 for any questions about this
study. If [ have complaints related to the investigator(s), I can contact Mrs Michelle Leung, secretary
of Departmental Research Committee, at 2766 . I know I will be given a signed copy of this

consent form.

Signature (subject) Signature (Witness)

Printed name(subject) Printed name(Witness)
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Date Date
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APPEDIX IV
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Shear Elastic Modulus on Patellar Tendon Captured from
Supersonic Shear Imaging: Correlation with Tangent
Traction Modulus Computed from Material Testing
System and Test-Retest Reliability

Zhi Jie Zhang'?, Siu Ngor Fu"

1 Dep of the Hong Keng Polytechnic University, Hung Hom, Kowloon, Hong Kong, 2 D of P
ial Work Injury Hospital, China
Abstract
Characterization of the elastic propenies of a tendon could t the di: is and of tendon injuries.
The purpose of this study was to ine the the shear. etasnc modulus on the patellar tendon
captured from a Supersonic Shear Imaging (SSI) and lhe d from a Material testing

system (MTS) on 8 fresh 1l

1. Test-retest reliability of the shear elastic modulus

pig
captured from the SSI was established in Experi

nt Il on 22 p
the SSI. Spearman Correlation coefficients for the shear elastic

tell of 11 hsaﬂhy human subiecls using
and d from

Al

0.82 to 1.00 (all p<0.05) on the 8 tendons. The intra and inter-operator reliabilities were 0.98 (95% CI: 0. 93-0, 99) and
0.97 (95% CI: 0.93-0.98) respectively. The results from this study demonstrate that the shear elastic modulus of the
patellar tendon measured by the SSl is related to the tangent traction modulus quantified by the MTS. The SSI shows
good intra and inter-op bility. Therefore, the pi study shows that SSI can be used to assess elastic
properties of a tendon.
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Introduction

Tendons are involved in every human motion and

aging [9). F 3 and long
acquisition time are the dmwbacks of this approach 7.
bjected Recently, ul d phy has been applied to

to high loads. A tendon consists of parallel couagen fhers to

resist [1] and exhibi prop for
force prod and ab ion (2]. Alteration in tendon
stiffness may comp the tendon's to absorb and

respond to loads [3,4]. Quanlxﬁcallon of its elastic properties
may help imp our ding of the underlying causes
of tend lated d such as tendinop:
The elastic properties of tendons have been detennlned
using animal [5] and 6] p
stretching imposed by a motor of a material testmg system
(MTS). It has not yet been blished, h A
findings from isolated excised tendons can be applied to in-vivo
hysiol [4]. Ut graphy is a non-invasive
melhod for measuring the elastic properties of the human
tendon in-vivo [4,7]. This method has been used to examine
changes in tendon stiffness associated with exercise [8] and

1 £

PLOS ONE | www.plosone.org

investigate the mechanical properties of the Achilles tendon
[10]. Ultrasound el phy (strain i ) is a I-ti
imaging tool for the in vivo estimation of tissue strain
distribution [11,12]. A compressive force is applied to the tissue
surface Inducing tissue displ which is
calculated from the echo signal set before and after the
compression [13]. The force can be applled manually (freehand
elastography) or i graphy). The
absolute value of the elasuc propemes cannot be prowded
from freehand ult d phy. Manual p
may alter the mechanical properties of the testing tissues.
Supersonic shear imaging (SSI) op on a
principle. It prodi | hy images based
on the combmalion of a radiation force and an ultrafast
ultrasound acquisition i system le of in
real time, the propagation of the resulting shear waves [14].
The elastic modulus can be calculated from the velocity of the

1 June 2013 | Volume 8 | Issue 6 | 68216
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Elastic Modulus and Tangent Traction Modulus

Figure 1. Experiment set-up. (a) The tendon was clamped carefully onto the MTS (anterior view); (b) The gel pad and transducer
were put lightly on the tendon in order to capture its elasticity using Supersonic Shear Imaging.

doi: 10.1371/joumnal.pone.0068216.g001

propagating wave when a faster velocity indicates a greater
elastic modulus. Therefore, the elastic modulus can be
calculated by measuring the propagation of shear waves. A
light touch on the skin with the ultrasound probe is suggested
by the manufacturer and a quantitative elasticity map can be
computed from the system within a few milliseconds. The
objectives of this study were: (1) to assess the correlation of
the shear elastic modulus captured from an SS| and the
tangent traction modulus from a MTS (Experiment I); and (2) to
assess the reliability of the shear elastic modulus captured
from the SSI, by using test-retest measurements on the
patellar tendons of healthy subjects (Experiment II).

Experiment |

Methods

Fresh knee joints of pigs are dissected and sold in local food
market. It was not necessary, therefore, to apply for ethics
approval. A total of eight fresh patellar pig tendons were
dissected carefully from the patella and tibia, and all soft
tissues were removed from around the knee joints, leaving only

PLOS ONE | www.plosone.org

patella and small tibia tuberosity (Figure 1). The length of the
specimens were measured by a plastic meter (Smartmax;
SM-103) that was used to adjust the distance of the 2 clamps
of a material testing system (MTS Synergie 200, MTS System
Corporation, Ivry sur Seine Cedex, France) (Figure 2). The
room temperature was controlled at 25 'C.

The patella and tibia of the dissected patellar tendon were
connected to the 2 clamps with their fibers aligned using
applied force. The tensile force (F) was applied to the 2
crossheads causing incremental displacement of the 2 clamps
(d) in steps of 0.2mm at a test speed of 20mm/min until the
force reached 10N. A maximum force of 10N was chosen
based on our own pilot study. When the applied force
exceeded 10N, the elastic modulus reached the saturation
level of SSI (300kPa). The force was captured by the load cells
and the displ it of the heads was d by an
extensometer (MTS model 634.12F-24, MTS System
Corporation, Eden Prairie, MN). Both values were displayed
on-line on a computer attached to the material testing system.

After the specimen was secured between the two clamps, a
gel pad (ULTRA PHONIC FOCUS; Confoming gel pad; USA)
was fixed onto the surface of the specimen in order to capture

June 2013 | Volume 8 | Issue 6 | e68216
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"

Figure 2. Photographs of a rep

. 1 A

tendon was measured by a meter.
dok: 10.1371fjoumal pane.0068216.9002

clear imaging. The
measured using the B-mode of the An Aixpl

| area of the tendon was

A 1l

(a) Anterior view for patellar tendon; (b) The length of the patellar

tendon cross-secﬁonal area (A,) (0=F/A;). The tensile strain (g)

unit (Supersonic Imaging, Alx-en—Provence. France) in
conjunction with a linear-array transducer at 4-15 MHz
frequency and a high frame rate (up to 20,000 frames/s). Once
a clear image of the tendon had been achieved, the shearwave
elaslography mode was activated. To avoid the effect of

py on the meast the probe was aligned with
the direction of the fibres. One image was captured from each
Increment of 0.2mm when the tension was constant during the
The image was frozen when the
entire ROI was covered by the color and stored for off-line
analysis,

Off-line analysis was d on the captured images from
the SSI. A circle that delineated the region of interest (ROI) for
the measurement of the elastic modulus was placed at the
proximal, middle and distal parts of the SSI acquisition box on
the patella tendon (Figure 3). The colours represented the
stiffness of the tissues within the region of interest and ranged
from red (hard) to blue (soft). The diameter of the ROl was
determined by the width of the patellar tendon. Mean values of
the elastic modulus on the patella tendon within the ROl were

was calculated as divided by initial length (Lj)
(e=d/L,). The tangent modulus was computed by a self-written
programme based on the formula E= Ag/Ae. Spearmen's rank
correlation tests were used to assess the level of correlation
between the shear elastic modulus of the tendon caplured from
the SSI system and the tang: Iculated
from the MTS.

Experiment Il

The subj were fully infs d of the p di as well as
the purpose of this study. Written consent was obtained from
each subject. This study protocol was approved by the Human
Subject Ethics Subcommittee of the Department of
Rehabilitation Science, the Hong Kong Polytechnic University.

Eleven healthy subjects (8 male, 3 female; age: 26.1+3.2
years, weight: 58.7+12.3 kg, height: 169.2+10.0cm) were
invited to participate in lhls sludy These sub]ects underwent a
clinical ination to tendon disorders, such
as patellar tendinopathy. A further exclusion criterion for
of healthy subjects was a history of knee injury or

assessed by the built-in specific quantification prog The
elastic modulus (E) was computed from the system based on

surgety Clinical examinations, consisting of an assessment of

the following equation, E = 3pV,2. Where density p is
to be constant (1000kg/m?) in human soft tissue and V, is the
velocity of the shear wave propagation[14]. Due to tendon
anisotropy, the shear elastic modulus was used in this study
[15). Thus, all the values obtained using the SSI was divided by
3 in this study.
"~ Datap ing was d uslng the softy LabVIEW
886 (LabVIEW"‘ fessional Dy System, USA). The
loads (F) and crosshead dnsplacemenl (d) were recorded
during testing by a computer attached to the MTS. The tensile
stress (0) was calculated as the applied load divided by the

A,

PLOS ONE | www.plosone.org

4 local tend: over the patellar tendon and pain aggravatlan
during single leg squatting were p d by an experi
physiotherapist.

Each participant was examined while lying supine with the
knee at 30° of flexion [16]. The knee was supported on a firm
towel and a custom-made ankle stabilizer was used to keep the
leg in neutral alignment on the coronal and transverse planes.
Prior to testing the subject was allowed to have 5 minutes rest
in this position, to ensure the elastic modulus of the patellar
tendon was evaluated at resting status. The room temperature
was controlled at 25°C.

June 2013 | Volume 8 | Issue 6 | €68216
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Elastic Modulus and Tangent Traction Modulus

Figure 3. Changes of shear elastic modulus of pig patella tendon (PT) during increasing loading (from a to d). Upper
images show the color-coded box presentation of the PT elasticity (red color represents stiffer area and green color represents
softer area) with the measurement circle representing the region of interest and its corresponding shear elastic modulus
demonstrating under Q-Box™ on the right. The 3 measurement circles were placed on the proximal, middle and distal part of the PT
(The diameter of the measurement circle was dependent on the thickness of the tendon). The bottom images show the longitudinal
grey scale sonograms of the PT to ensure the capture of clear images.

doi: 10.1371/joumnal.pone.0068216,9003

The elastic modulus of the patellar tendon was measured
using an Aixplorer® ultrasound unit (Supersonic Imaging, Aix-
en-Provence, France) in conjunction with a linear-array
transducer at 4-15 MHz frequency and a high frame rate (up to
20,000 frames/s). The transducer was placed longitudinally on
the patellar tendon with the knee flexion of 30°. The shear
wave elastography mode was then activated to measure the
elastic modulus of the proximal part of the patellar tendon. The
transducer was stationed on the skin, with a light pressure on
top of a generous amount of coupling gel, perpendicularly on
the skin's surface. The transducer was kept motionless for 8-12
seconds during the acquisition of the SSI sonogram [17].
Images were frozen when the color in the region of interest was
uniform and were then stored for off-line analyses. In total, 3
images were captured for the tendon on each knee.

Two operators (I and Il) participated in the inter-operator
investigation. Operator | had about 5 years of experience in
ultrasound scanning and SSI training. Operator |l was a sports

PLOS ONE | www.plosone.org

physiotherapist with about 2 years of experience in ultrasound
imaging as well as SSI short course training. The operators
took turns to examine each subject's patellar tendon at one-
hour intervals; and by Operator Il with a 3-hour interval. The
results were not communicated until all subjects had been
examined.

A circle that delineated the region of interest (ROl) was
centered at the proximal part of the tested tendon (Figure 4).
The diameter of ROl was defined by the thickness of the
tendon, which was the distance between the superior and
inferior borders of the proximal part of the patellar tendon. The
mean values of the elastic modulus on the patellar tendon
within the ROl were computed from the system.

The dependent measure for analysis was the averaged
mean tendon shear elastic modulus from all 3 images of the
patellar tendon. Both intra and inter-operator reliability were
examined using intraclass correlation coefficients (ICC).
ICC(1,3) was used to determine the intra-operator reliability

June 2013 | Volume 8 | Issue 6 | e68216
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Figure 4. Typical example of elastic modulus
measurement for the proximal patellar tendon on a healthy
subject. Upper images show the color-coded box presentation
of the PT elasticity (the red color represents the stiffer area and
the green color represents the softer area) with the
measurement circle representing the region of interest and its
corresponding elastic modulus demonstrating under Q-Box™
on the right. The transducer was kept motionless for 8 to 12
seconds during the acquisition of the SSI sonogram and the
diameter of the measurement circle was defined by the
thickness of the tendon. The bottom images show the
longitudinal grey scale sonograms of the PT to ensure the
capture of clear images.

doi: 10,1371/joumnal, pone. 0068218 g004

and ICC (2,2) was computed to examine the inter-operator
reliability [18]. The coefficient of variance (CV) was calculated
[using the formula CV = (standard deviation/mean) x100%).
The standard error measurement was computed (using the
formula SEM= standard deviation x v 1-ICC), and minimal
detectable  difference was calculated (using the
formulaMDD=1.96xSEMx V 2). All reliability ceefficients were
interpreted as follows: below 0.499 as poor, 0.500 to 0.699 as
moderate, 0.700 to 0.899 as good, and 0.900 to 1.000 as
excellent [19). The statistical analysis was performed using
SPSS Version 17.0 for Windows (SPSS Inc, Chicago, IL).

Results

Experiment |

Table 1 shows the cross sectional area, resting length, shear
elastic modulus and tangent traction modulus obtained from
the 8 fresh pig patellar tendons. Figure 5 depicts the
relationships among the SSI and MTS measurements in the
specimens. Significant correlations were found between the 2
variables in all tested specimens with the correlation coefficient
ranging from 0.82 to 1.00 (all p<0.05, Table 2 Figure 5).

PLOS ONE | www.plosone.org
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MTS and SSI denote Material Testing System and Shear
Supersonic Imaging.

Experiment Il

The intra and inter-operator reliabilities for the
measurements of the proximal patellar tendons in the eleven
healthy subjects (22 patellar tendons) were excellent. The
intra-operator reliability value for ICC was 0.98 and for MDD
was 4.27kPa, corresponding to an SEM of 1.54kPa and CV of
29.53%. With regard to the inter-operator reliability, the ICC
value was 097 and the MDD value was 13.68kPa,
corresponding to an SEM of 1.46kPa and a CV of 25.89%
(Table 3).

Discussion

Significant correlations were found between the shear elastic
modulus on the patellar tendon captured from the SSI and the
tangent traction modulus computed from the MTS. Excellent
intra and inter-operator reliabilities were obtained when the SSI
was performed on the healthy patellar tendons.

High correlations were observed between the shear elastic
modulus measurement using the SSI and the tangent traction
modulus obtained from the MTS of the 8 pig patellar tendons.
We also observed differences in the slopes of different
specimens, Hence, there was no single transformation from the
elastic modulus to the tangent modulus that covered all
specimens, We postulate that such differences might relate to
the following factors. The MTS is known to have several
inherent limitations. The stretching of the clamped fibrous
tissues is associated with some slippage of inner fibres [4]. In
this study, the bones (patella/ tibia tuberosity) were fixed tightly
on the MTS. Some of the stretching force imposed from the
MTS might have been taken up at the system-bone interface,
which might have been different on each tendon. Soft tissues
(fat/fascia) around the d had to be d by hand.
Any remaining tissues would have contributed to some of the
loads. Despite great care being exercised to clear the tissue
around the tendons, the amount of tissue remaining might have
been different on each tendon. The tangent modulus computed
from the MTS might thereby have been influenced by the
above two technical issues to different extents on the tested
tendons. On the other hand, intrinsic factors such as age and
gender can contribute to the viscoelastic properties of the
tendon. The viscoelastic properties of the patellar tendon may
alter structurally with age, for example changes in collagen
content. In an animal model, Haut et al. [20] reported a
decrease in the collagen content of the patellar tendon with
age. Similar observations were also found in human studies
[21,22]. Gender may also affect the viscoelastic properties of
the patellar tendon. Kubo [23] reported that the stiffness of the
medial gastrocnemius tendon was significantly higher in males
(approximately 37%) than in females. Note that, in this study,
the elastic modulus was calculated based on the assumption
that the density of the medium was a constant. This, however,
may have been affected by the age or gender of the testing
tendons, as we did not control for either of these factors.

June 2013 | Volume 8 | Issue 6 | €68216
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Table 1. Cross sectional area, resting length, shear elastic
modulus and tangent traction modulus obtained from fresh
patellar tendon.

Mean tangent
Cross sectional Resting length Mean shear elastic traction modulus

Elastic Modulus and Tangent Traction Modulus

muscle force were also reported on the small hand muscles
such as the abductor digiti minimi and first dorsal interosseous
[25], indicating that the elastic modulus could be used to
estimate tension inside tissues. In addition, Maisetti [27]
reported a significant lation b the elastic
and medial gastrocnemius muscle force during passive
stretching. The correlations reported in the present study were

Al

. A ) () modulus (kPa) (kPa) possjble onty becaus‘.e both meduli were increased when the
was

1 8.3 400 748 27365 .

2 1140 450 753 42165 The ultrasonography method has been used extensively over
5 95.'3 42'1, 87:& 207323 the last 20 years to assess the elastic properties of tendons.
P 710 60 758 4105 The elastic properties of the tibialis anterior and gastrocnemius
5 4858 440 388 37365 tandons. have been by, \tssaung imeging 85 8
s 540 550 243 4204 of stima tendon-ap g 1 during the
7 Wi 560 a8 27227 tensile loading induced by the of the i ries
s P 400 524 69693 muscle [4]. Hansen [7] reported that the method to assess the

Table 2. Spearmen's rank correlation coefficient between
the shear elastic modulus and tangent traction modulus of
tendon obtained from SSI and MTS, respectively,

plg Rha p-value
1 0.96 0.000
2 1.00 0.000
3 1.00 0.000
4 1.00 0.000
5 0.82 0.023
] 0.93 0.000
7 0.99 0.000
8 1.00 0.000

Table 3. Intra-class coefficient (ICC) values for intra and

elastic properties of human patellar tendon is reliable using
ultrasonography with EMG during quadriceps muscle isometric
contraction. The EMG has been used simply by some authors
to correct force measurements from the antagonist
contribution. Although this is a useful method to evaluate the
elastic properties of the tendon, there are some limitations,
such as q (! d fixation technique)
knee joint movement control, time consumption, complicated
data lysis p and dep on the muscle
contraction [7]. Due to above the barriers, it is difficult to apply
this method in the hospital and clinic to estimate the elastic
properties of tendons. The SSI has overcome these limitations
in the elastic properties measurement of the tendon, and this
study has supported it as a relatively t method of
ing the elastic property of the patellar tendon.

Experiment |l evaluated the intra and inter-operator reliability
in obtaining the SSI elastic modulus measurements of the
healthy participants' proximal patell d at the rest
position within-day. If subjects with tendon disorders are

inter-operator reliabilities on the shear elastic modulus of
patellar tendon.

d | times by different examiners, it is important
to know the intra and inter-operator reliabilities. The results of
this study have demonstrated that the SSI of the proximal

patellar tendon has excellent intra and inter-operator

I P y D) (kPa) reliabilities in healthy subjects. The SSI can be used to assess

Test 1 Test 2 ec 95%cl SEM MDD di progression and the efficacy of intervention on patellar

36.9¢10.9 36.0:95 098 083-099 1.54kPa  4.27kPa tendons when evaluations have to be conducted at different
Intor-op ) (kPa) time points.

Operator | Operator Il ec  95%CH SEM MMD It has been reported that the SSI is a reliable method for

3694109 36,7295 097 093098 164kPa 4.54kPa evaluating the elastic properties of muscles. Lacourpaille [26]

Abbreviations: ICC = intra Cl= index, SEM = reported that the ICC value of intra- and inter-operator reliability

standard error MOD = minimal among various | (g i dialisAtibialis

iorfrectus f is/biceps brachii/ triceps brachii/ vastus

. : Gaatiant lateralis) during resting status ranged from 0.81 to 0.95 and

" ;";her:::;":h‘;"' ot the etin s';:: 042 to 0.84, respectively. Another study revealed that the

using the SSI and the tangent traction modulus from the MTS

on tendi All of the reported studies pared
the muscle elastic modulus with muscle activities based on
electromyography (EMG) studies. Nordez's [24] was the first
group to report that the elastic modulus of the biceps muscles
of 6 healthy subjects was related strongly to the EMG activity
level during muscle isometric contraction. Significant linear
relationships between the elastic modulus and the individual

PLOS ONE | www.plosone.arg

intra-operator reliability of the elastic properties of biceps
brachii during 3% and 7% maximal EMG activity were good
(3%, ICC=0.89; 7%, ICC=0.94) [23]. Our intra and inter-
reliabilities results of 0.98 and 0.97 respectively are higher than
those reported from these studies of muscles. One of the
reasons for this may be related to the different structures of the
muscle and tendon. A tendon ists of parallel collag

fibers, and it is easier to align and re-align the US probe with

June 2013 | Volume 8 | Issue 6 | e68216
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the tendon than with the muscle fibers, resulting in higher
reliability.

Drakonaki et al. [10] obtained moderate to good intra and
inter-operator reliability in assessmg the strﬁness of Achulles
tendons using realdtime fi
which depends on compressive force. In their study, 25 healthy
subjects were recruited for the assessment of tendon stiffness
at the middle third of the free tendon and the middle pan
b the my di junction and the cal

Elastic Modulus and Tangent Traction Modulus

tested tendon that might cause pain on a tendon with

logies. These ad of the SSI make it a promising
cllmcal tool to follow di prog jon and enh the
efficacy of different interventions.

In this study, the mean shear elastic modulus on the healthy
patellar tendons ranged from 36.0 to 36.9kPa. The results from
the present study were higher than those reported by Kot [17].
The mean shear elastic modulus on healthy patellar tendons
being d were 23 to 24 kPa. Such discrepancies might

insertion, The intra and inter-operator reliabilities ranged from
moderate to good (0.51-0.78). One of lhe major dnfferences
between the SSI and -t

relate lor the different method of defining the ROIL. In Kot's
study, the ROl was pre-determined (2mm, 3mm or 4mm). In

elastography is that the hanical vib is induced
automatically by using a radiation force of ultrasound beams
[14]. Thus, the SSI technique does not depend on external
force from operators. This may be one of the main explanations
why the SSI technique is more reliable than real-time free-hand
ultrasound elastography.

In addition, our study calculated the MDD, which can provide
a value to reflect a real change as a reference for future study.
In terms of our findings, the meast of the elastic
modulus of the patellar tendon should be greater than 4.27kPa
(the same operator) and 4.54kPa (different operator) to reflect
real changes with retested

There are some advantages of the SS| technique when
compared with other methods to evaluate the tendon elastic
properties. First, it is a reliable and convenient technique to
assess the elastic properties of the tendon. In the present
study, the time required for scanning 2 tendons lasted for 5-8
minutes. Si d, the op of the hine can be learnt by
a novice. Although Operator | (2years) and Operator Il (Syears)
had different lengths of experience with the ultrasound
scanning technique, the findings from the present study have
demonstrated good intra and inter-reliabilities of the SSI
measurement on the tendon elastic modulus, which indicates
that the results could not have been influenced by the
operator's experience. Finally, the SS| can be used to evaluate
tendon elastic prop that are not affected by the p

the p study, we adopted the app h used by Nordez
and Hug [24]. The diameter of the ROl was defined by the
thickness of the tendon, which was the distance between the
superior and inferior borders of the proximal part of the patellar
tendon. Note that the tendon thicknesses in this study ranged
from 3 to 7mm and different portions of the patellar tendon
contain different percentages of collagen fibers [28]. Our
approach, thereby, included the whole rather than portion of
the tendon.

Conclusion

The present study has indicated that the shear elastic
modulus on the patellar tendon measured from the SSI is
related closely to the tang duls lculated from
the MTS. The in-vivo t has ill ted excellent
reliability of this tool. The SSI can be applied to evaluate the
elastic properties of a healthy patellar tendon. The diagnostic
role of this technique will be investigated by assessing the
shear elastic mcdulus of normal and pathological tendons, as
well as to i ion and the efficacy of
intervention on individuals w:th (endon disorders.
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of pain. The conventional approach based on ultr
and the EMG, induces an increase in the tensile force on the
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of Paullar Tendion o Athiotes with Usiateal Fatpler

Introduction

Paredlar tencdangpathy FT) b & commen ad ofien chroesc knee
Ewrder amorg competitive athletes [11 s provakence las been
weported e be a Bagh as 3% w0 45% in athbeas valved in
penpieyg spoens [2]. Soljects with PT ame dharacterized with
bwakaed pan 8 the proxend paellar wndon ssocated with
Jurnpiogg and squatiing activities that K the wndon [T] Sinor (he
pramzy functicn of wadon & W0 tranes) weode badicg, any
change in & morphodogy ad clate gropertes ey afect in
Sorcton doneeg normal sctivities.
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Tondinopahy rovds in dirgetion and Gy hott of thee
tendon fikem {1 akmg weli increaes in eadon hicknes [1.5]
and crompenctional area CSA) of the gt afecied (6] Boal
o erasound imagng, Cood @ Al [7] wlwered hyporchos
chasges in hunan teodom with sndioopathy. The mtton
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dinical examiration o confimn the dugmosis of PT. Alseration w
the datic properties of patelle tendon, however, ave niot been
adequancly daoribed. In sdivduak with PT, the tendon was
fimasd 40 be more clatic & toe wody B8] bet o difereace wan
reported @ amother 2 stielies [%-10] whon compared  with
comtrole In thoee studies, tendon wiffies wa ssowd wing
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wperior border of the pateliar tendon 10 the tip of the patellar, B Costanctionsd wes of the pate e ndon win mesioned by bacng the
Cnter margit of the patellar tndon KBotted crdlel I0) Stwar clastic modubs of the patelle headon wae quantied by the elatogupiy. The white

e definentes the ares of interect
ot 10137 ourral poce 0108337 5001
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of collagen fiber, or focal somducet were olnervel. Siniler 10 2
peevions stady [11], the gatholagical kedon & o sdippon ware
descted an awerage of 4.6 e (eanged from 37 mes) divtal w the
wpex of the patella (A lC) The damaes of the QBox was
determined by the widkh of the fendon. Tn the noa-painfad savdon,
the Q-Box was conterwd & the proxinal part of the pasdlar teradon
with consdent imagpo and 3t dbout 5 man from the apex of the
putedls, Youngh medulas F) was cln.hd by the SSI wytem
based on the following equation. E=3p’, when p is the donsity
foommtan and equal to lmoum\»m & the velacity of the
diear wave progugation basad oo the amegiion tat the tase is
votropic. A higher Yomngs modubis indicates greater oiffiies
[20]. The mwean and maximam vakes of Youny's modak within
the QB were congumed and deployed in kPa at the nght
bottoen coetier of the compitet screen, The mes tendon shear
datic modulos was cakeuliged by dividing the Youngs modubas
wowrated from the system by 3 [31]. The SSI has exoeBent e~
ot mekalality on patdlar serdon dear datlc modaln 10C
098, coefSciera of varation: 20.33%) [17].

The mtio of mean shear datc modds, tendon thicknes and
CSA betwenn the painfl and noo-panfol kee wan caloulased a
date mtic, thckses rio 2nd CSA mto b athlets with

Table 1. Demography comp b hietes with and with ateral PT,
Vartables Comtred grovp PT group PV
ne2a mern

Aoy M= ezt o
Hoght an wLr=a0 o=y aax
.oc.«kn-. M Tz ‘n:z.,s Nﬂ
| Paey darston y tr=is
Uomesterondomicate ode Rardy! sele) L 23

Vel shown as mesns drd 71w parels wnds ¥ BV« body mams P

0 V0 V17V ol pane 01 0K2A7.1001

reported wing a vyl anakgee scake (VAS) from 0 w0 10, with 0
irchcating mo pain, and 10 indeatig the word pain during teting,
The VAS wde n 3 mhalle and valid sale in the evakiation of
patients with anterior kee pain [32].

The VISAP quetionmaine & used 10 wwew the severey of

$ =d functicemal abley i subjeens with PT [35], The
quetoreaite copree 8 questions with 4 on e perceied pain
emoviated with 2 functional activity, 2 oo the alality in perforning
funcrional activities, and 2 on the abiity w play pont. Self-
prerceivnd pain o alabtios are rated o0 2 10geint Likert scale with
0 bersg the wont pan ce lowet abillty and 10 2 the keat pain and
highest abdity. The wtal wom of de questionnsre is 100 and the
final wom woull quantify the factiond kwl The VISA-P
quentioreaire b been wed for st on PT in varloo athben

ogdations [2.34].

Statstical Analysis

Independent § tests were pedonmed to compame the deamo-
graphac data between athlotes with and without PT. Aller the
neonmabty Sdrbticon wem corfimind ming the Shapiro-Wilk
fests, puired fests were ted 10 compare the outcome meaures

wsilgeral PT.

Clinical Evaluation
Premwre pain wa measred by o handheld alge

Olick CSA and shear ehatic modulin of paredlar sendon)
tctworn the & e and dom s wides w the haakby
Madﬁodtﬁh&fdnﬂdw‘d&&-hd&n-ﬁh
Rateral PT. Univari € tests were wed W
e thdlcal-kmnﬂmvdu?l'mdh

:lm-u-l \dr of the amtrob with demographic facson that

rancfacumd by pdt, Roene, Talyy qumpmkd throagh
2 roliber diec # the end of the aly . The p way
puncnrqu;bc),ugwlh!)‘d’hm Sexion <n the axsch,
desermined by paluaton and then & 100b fome war appliod via the
Agomeser oot tha area, The #utenaity of pain being peovolad was

of sgnificant goup difference = covarigm Speas
man’s rok corrdation tests were wad 0 camine the thickaes
ratey, OSA rato and dstic mtio with the pressire pain, dividasl
and total o of the VISA-P questionoaire, SPSS venvicn 17.0
SPSS D, Chacagn, 1) was wwed o pedonm stgistical sakes, A

PLOS ONE | www plosone ong

Table 2, Comparisors of the shear elastic madulus, thickress and CSA b panful and non-pairful sides in athetes with
uniateral PT.
| Variables Pawdul side Moo pamiul sade PVl
ime3i ine13)
Do slac madukn, P Qszue 118 oo
Tvaaen mn vz aszte L
A, o' 1i=aa (YETT] o
Vakurs howm 3¢ means dard dev #epatele endoogathy OA soms aces PCam
o 1 L Vel pone 0V0RLLT 2000
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Changes n Bastic P of Patelter Tendinoput by
Table 3. Sideto-sikde comparsons of the shear elistic modulus, thickness and CSA in heakhy athetes
Varabies Dominant ude Non doeninant tide #Vakoe
nea tne200
Q‘*m s zugtu n.?zu s
A, e’ 1200 tAzaa anr
Walurs hown 3t mesns tedrd dovaton (A e ot wntonal s
& 101171 Sl pane 2108117 4003
P ovalue of <005 was comiderar] as sgnioant for each of e without PT. The mean groa Effenmons on the endon

T en .

Results

Participant's demographic data

Panicipunty’ age, height, weight, B\ and traiing iosersity in
the two groups are slown in Tabke |, No dgufcat dffaaos
were found between the two groapn (e age, height, weighe, BMI
v traivang izactwity 0 >0.00), bt 4 enevliam trend was found in
BMT Lerwoen the 2 gougw (o= 0.00%; Coben's d =052).

Side-toside differences on thickness, CSA and shear
dastic modulus

in athbeter with unilueral PT, Benode slimmound messsre
oty rwa«l sgnfcant dfforerco betwoen the painkil sl

d sicdes i patelar teredon thickness (p = 0.001) and CSA
p'm (l’nhk?, On average, the panful wndom wore
ackewed Ly 35.9% und enlarged by 125% i CSA tun the
ronpainfid e, The diotr dagic moduhe in the jainfd sle
fmearc 436 APS) was aignificanly higher than the noo-guinful dde
grears 258 WPa) by 40.5% (p 70,008,

Sde-torsdde dffemrces on the culone measees wen ool
olworvad in headily athdaes, There were no agnificant differonces
o the patedler tendon morphalogy and clastic propemies tetween
the dominant and son<dytena dido §20.05 dogie 3 trend of
naease in patella weodon tidknes e dominan than e
modenmant kg p=0005 (Tabk 3, The mem tendon
Mnmummngtm-wunua’
w0 27.5 kPa in the donsimant kg 5.8 s, 1.8 e, a0ed 274 kP
o the ma-dommant kg,

Comparison of shear elastic modulus, thickness and CSA
between healthy athietes and athietes with unilateral PT

Growgy dilfleresces wore obserwed on the paseller tendon
morphology and elastic progertion letwaen athdetes with PT and

undateral PT and dominant side of the healtty athleter

thekams and CSA were 13 e and 03 o', g tavely
Makie 4. The thew dagic moddis war incrased Suen
27.5 WPa 10 456 kP iy 36.9%, p » 0.005) & the painful tendon
among sthletes with PT when comparal with the costrols

Relationships between changes in tendon morphology,
ehstc properties, pressure pain and dysfunctions

Taike 5 dhows e celatimbipn detwern change in tmdon
ropatio, presmure pain and dydunctions Sigeifcant nogstve
comelation war foand baween chatc mtho and VISAP woen
(o = 061 p = 0026 (Fe. 2A). SigniScant pakive corrdaion
wat fund betwern datic r2o and prsure pain (the =062,
P=0M24) (Fu. 2B) and negative relationshipy were estabilished
Tetwirn elamic rato amd sdfgeraved pan baad on the wi-
wores from the VISA-P ke ko ranged fromm ~0.63 w0
=067, p<018) (Fy. 2C, 20, 2F, 26, 2H) axcrpt for the knee
eanion yho = <026, p=0394) Fig 20. A higher raio,
greater Aferwnce bitwean the panfil and son-paiedad weodon,
win amociatal with groater intermity of pain with presure and
when perfimning forwand hage, going down daies and singe leg
hopping a wdl as greso dofunctions. Sesle whitionahigs
ook ot be detectod with ticknew rato and CSA atio,

Discussion

The prewes wudy rewaled change i pasellar  sendon
morphodogy and ehitic peoperties in ahiectes with unlienal PT
Rastireg from 3 monthe 80 6 years, The painful sendons were thicker
aeed langee in sine with an bncmase in diffies whes compared with
the notquindud vide and healhy coserol mlgocn This stidy sbe
estalblsbed swociation b dasic pe e of puodle
hwnwmﬁpmmudmmhdmmwl
w dysfonctioen in baketball and velleytiall playors with urslten!
?‘l‘

Muorphiologcal changes such a0 thickening and lasper CSA n
pathedrgcal enckng, haw teen roporsed [1,56) and the chage

Table 4. Comparisors of the shear elastic modutus, thickness and CSA of the patedar tendon on the panful side of athictes with

Varables Control growp T grovp FVdos
nela (m=131

Shear siazic madubn, Py Wiz asse ooy

A om® 1az0) 10 oz

e 101 17V jonsrnal pane 010KLLS 2004
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were about 227% in tackoens [5] and 15.8% in CSA [B] o the
prosamal part of e padly tendon Gk @ sl [7] ewn
-‘l«nlnllwnnd_'.. d ther with dinical

Table 5. 5p n's ank correl b the ratio of tendon thickness, CSA and shear elastic modulus of the painful and
non-panhd side with ntensity of pressuse pan, individuals and 1otal SAP scores,
Morphology Mastic propartes

e s o -e0e oex

Lnge -an -an? -0ar

oo seng -0 014 -oar
Oy funcson 7
Abevetom CA «aon exSons see. WA Vo o Spoey PEsa Qv *rmon
B 101 17U o pane CORXIS 90075

uohmdmdrﬁdmmmdmh:»mﬂ On e
L De Zawla w tendon wifives o the

L

i & making diageoss of sndinoquthy. In thin wdy,
plbnmmﬁmdmhn"hmdmhmbd.nl
on and 1 sragiog, # i thoehom not sepreng

0 fined differvnces on the siae and CSA of the puthadogical sendhons
o e waflloow] ade or the padhe wndon of the heakhy
controh. Tn the presord shudy, the tendon soe wa inceased iy
ﬂT\MI&rC&Amn&g«!bp?ll\ntﬁpﬂh\pﬂl

ongin ko patients with Laeral epacondyhin [15]
Morr study w mguead W0 exzmine whether tndnguehy
anociated changes in elatic properties would be dfforent o the
bower and wggrer Bmb wendoas
The stialy o Somfienza et al [12] obwerved o elastic
vakies 0 areas with fagmentaton and s of ledlar testure. ko
omr stiedy, the bndon sdear dagic moduley wis mwavaad at the
pmhﬂynudhpﬁﬁm&mnmdhppn«hota

lu-&m‘.‘n-o-rl-npmuhwhi-dbym'
35, ol ﬂmd-m.n-th(qnl
[
One of the main fondkngs fmom this stady wan the clange in
sendon. dadic gropertic B athleses with ussliteral PT wing
wpersonic shew imagng tchnagon The paafol tendom were
.&tmwn?ﬂnl&-ﬁln&chmﬂkdﬂn
Yo dihy d mm&ml&r sl

ugeak bawd on ltrasosnsd mmagoy On te
mmuy Tower senckom stiffivess was detecterd inosuljocts wich acute
Achilles sendon ruptare (18] and & paetid sendon sears 2
porcame model (19 Chen o ol [185] commentad that the
shearwave pngtes cmld not be segitered o arean with hermasera,
The bt vl was deansaically redaced 80 0 thas bwering the
mean valie Furthenmere, changes thar aocur i wados wih

wmdwmmw-nm«- el

$ oy bet rad i tendine with acute rupture adude

L 14

perdved during functiomal actwvites of the ke Benb. Pusellar
tnchon dastic progertas were presioudy quantified by eltras-
wraphiy with dy try. Kosgpaeaard e al (9 &d oo find
wny difference i the tondon st botween 9 healdy indniduds
and 83ubjects with pusdiar sendinoguthy. A Lser study by Couppé
o 4 nq.lu-upminlm&mmd'm-a&u
twtween the panfal and ncer d sides of 7 badni

of collagen Bbers between Typee §and Type B 2337
dsonganiesion of colligen Oben [4], inreaw i adligen crom-
hnks [24] and Sommasion of scar tmeses [38], Tl-vrhn'u-vﬁ
hkely moresse tisue dadic modules. Bochesical and hntologs
murmﬂ»m;hwmdlq-aﬂn\m‘
Rular matox and tendon el modobis
Thpﬁ!lumhnh&an:nl“ﬂ:nmnbkﬂkfm«
bt J Bk wendon would haw the most

with swwdlaeral FT sl b:u-pndudlhﬂromd-bhm
Baed on a redatvely langer samgpdo, HeBand o ol [8] Sound
ugiifcandy biwer tendon a@fees by 21.4%) o de patellar
tenchom in 13 volleyball playen with PT when conguared with 15
contok. In thew sudies, datc prperties of the whale tendon
were measurad w avio sewved the mre plyvacd progeertes of the
tvdon. We were more Btorested 1o invetigate regondspecilic
chinges asowsl the pabologal ragon, where pain i noceally
dreed

Swmilar % our snady, repponal-prec®ic incmase in tenbon
ropanted i wbjocts with chroa pain in the Achilles

eflicien) force a Thas don  sho weves other
gmrtant funcions ssch as enengy sooge /rdeiwe upon bading
Mushﬁglndputdmfn-mw&fbclm[ﬂ To
wrw thae § the b ealilitn panglie
dharawridic, due o the preserce of elagic  components
Inceeased teedon wiffiess o sthdeses with PT might I autable
for mapal and offoctve fece Bammidon bt could ot
funcrion as mechanical buffer and dasic saving for economy of
ekion,

Besides mwamnng sendon elatic properties a1 rst, we abo

elastic

wifoms wa mnrluaduhmﬁqndnch‘kmh-ﬁhpﬂnnd
tovdons by Sconfienaa ot d [12]. The difnes of Ackiber ok dysfn timn. Sgmiicant comelitiom were foud tetworn pain
v-u-dhy-ln-u-l aghy o e tuy & ard dydunctions with modedation on the temdk Properties

arel gal mllrula-ofdﬂiotyw wnmmmwm-dmmm

dnmrdmdnu-lmhmhvh:nan the royotendinoes jumction
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tencons associated with scivities that boad the tendon [3]. The
proant findiogs provide evidenor that » s i
siffisens of the gainful lendon, Le. greaser ratia oo the shear elastic
b botween the painfol and mon-panfiol sile, are mocised
with the self-perceived pain with kol presire and during tend

Changey in Bastic Pr

of Patelle Tendvopsty

fendegs WBntrated influence of tendon wilfes o pam and
function. However, Srther atudy with lager memder of sljpron
and in Emale athleden are mggested 10 suppont the present

Aba, we conduted evabaston of tndon el

bading activities, Mo mportandy, the dydfanctions as refleosed
fom the VISAP woms we rdatal with the sraxdulation in die

properties on the proximal patellar teadon that dos ot repreent
the entaw tendon, ‘l‘ihurddmﬁnluhdvd changes n

sondon datic properties. Tendon puin i dosly knked 1o bading
while exoemive ermrgy Worage @ redease fower atrecly 1o the

ks 4 relatiombip b the charge I tendon reepdiology
udlphudylm&lﬁnai.m]hudlhl
hypocchoic aea and difine Gackesiny in pateBar smdon were
mare lkely 10 be panfsl M,Mnni[ll)-ulﬂn
provent sty coekd not etalish 4 rdicedig letween the CSA
of pandlar sendon and e VISAP sores i athletes with
rralaterad PT.

leterestingly, there was wot & signiicant sideso-dde diffesne
i the shear elatic moddu, thickams and CSA of paeBar widon
b the doeni and doninart sides ansoig heakhy
whbte, Such chwnations am partally ® with the
Iulhpﬁm(‘mm«al[‘!’ 'nundmlz-hhih-hu
dwte maduk : by,
Th&kkmu-lﬂﬁkd;&luuﬁm.bm,whnl»
bee significansly thicker aned larger (o the bading kg 0 fencen
Mm*-wwﬁc&h«krl‘,Amﬂ
oxplaration for this Grding in the wmdateral/
o thae ahkim, hw'ldy.v-rmd-duhh.inu&yhl
Tadkethad and Yardbul diat are generally regarded @ blaseral
sots.

Uimitations of the present study

The prevabmor of PT i reported 10 be hetwenn 30% and 45%
i the potrgang atdetes [2], but smany of tham suflered frcen
tidaroral PT. During the study perad, 13 milipects with undaseral
FI' wen recruied, Dopiie this ioul wenple s, gathical
sgvifcant difoence war otdbded on patdlir lndon shear
“* Ad MJJ.I. » ') “‘h.d i
PT. We abo o 4 datwon | the wrdon chutic
ook and the mpenalty of pain and Kiectimal wores. Such

t Wm&l.ujlq—.klmkﬁ-lbmr;hu-bﬂ
Cunnrs b e devsogmnnt of paeber it oo aNete prpndaiom. A

g oo v waly Ass | Spewn Med 20 190 190

Fian OO0, Bngrtresm 1. Babe K 2008 Brradrsor of jmijon s biee aonng ohr

-&-l—“-man.--‘nﬁh Spen Mal 14 %)

"~

L} mn.mmn-?&n‘hl.mh-uubq-q-,—
Py & et wd culy of 2N
n‘-‘--m—g 1e- ll”‘kuﬂjﬂd‘nhnﬂh

I‘Ah.'.o\ Capass G, Faow AW, Bl A #5 &l (X008 Senie
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:
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paselar wodon ecd montly {n the inferior pole of patdls oo
proninul part of the wendon 1], However, further stady scasring
sendon dasic modau st Eferent poctionn of the tendon woukl
pronide informaticn oa whether changes are bolitad a1 the
pothalogal regon. In addition, dinsomd magng was wael o
deterrsine pathologicad levions that lad oot been werifind weh
Timtodoggical bests. The present stady was & crosssectionsd sudy, we
cokd mot & i whether 3 ifler provimal paseBas sendon was
the caiwe o comagqumnae of the PT. Finally, cnly male athletes
were nocnaited in (hae andy, thus the fireding froe thin sudy may
not b generalivnd W fomake bashetludl, landall and volleybald
players

Conclusions

The prewent stuldy in toth mombalogy and
elutic progerties at the paifl pant of patdler tendon in athiets
with umsbitenul PT. The affocted tomdoos are stiffer, thicker and
have Linger cromaectiond arm than the monpainkil sde and e
tseredon of healthy controle Tn addithon, the ratio of the pasdid and

tondon elute pogertes b swocixied with e
itermiy of presure pain avd VISAp sores in athlaes with
wnlarersl PT,
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Abstract
Standardization on Shear wave ultrascund
accurate, but also detea

evaluated the variatiom

of the rectus femorls musde and patellar tendon were found
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dferences over time that may be attributed to true
culkndnhdmﬂ-dmcn.. when different technical aspects ween
ahered. The results of this study indicated that varstiors of elastic o
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(SWUE) technical settings wil ensure that the rewults are
changes.

muscle and tendon were found when
n elastic modubis

significent dfferences
different acquisition times of the SWUE The

Lo, whvch permats.

The Hong raag

Introduction

The baamechanical progetan of e muwadodektal sscn are
difficult 10 mees bocame these vnucturs comnt of comphes adive
or pasive toues (1] When o dectrical exditagion ooun o the
munche Slwry, & mechanial rmpome wil rek, = the form of
hortering, B sddtion o a2 modficstion of the mechaicl
progertees, in the form of kandmng, Usderstanding  munde
mechank d progerties b ewantial in diokal Sagnoos and mwasch
ot pasxcdoskedetal ingana ol mowmererelaed Saorders, ol
the spplication of this knowdedge 10 pathont can s comtrd o
whabdeation (2]

Siffewem of wfl imus b dinically sowund with Gnctonal
oaminations &g, the mansd msde tew), valilsted duical
wabs kg, modfied Adwonh yalk), foece mesnrement ueng
Farlluwk] ared mokinetic dymamonmeters, and wirface and foe wite
dammyogaghy (EMGL Whik e mesucments provide
nbianstinn (he Enils cx we 10 rack the changes bn anede
e ton in thee pationts, some am sulsective or unmekalie [5.3].

Recrraly, imaging technigues have teen apglied 10 Bvetigae
numcle finction, Fxtemae rowarch in the fekd of masde acivity
Iearsranents by MRI uui'lkma e imporsant mle of minde
MR in phny : & and dur:w [,
Magnetc  rexmance rlmlwh mur WA nosmvadve
dsticky imagng wchnigue bwal on a4 pliseswmine MR
waquence that detects the p W of shear waves geowraed
by an exermal vibooor. o applicatons cover several Sdds,
Bduding athojedes, pon eedome, phvacal edcne sl
whabikation, sadamobgy, anl damatclogy, dew maindy
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bl 1o mvestigate the effecn otnmmv S patients with mas e
wrasticity by andng o analyse. H er, the
rovokstion of thin sechnaque ressazn Brediod and the linge size of
mecharol vibrson cmtrains mesurement conditions, which
Bty the appboation of MRE 10 the musadenkeletal weters

vau wave ahrasend datograpby (SWUR w a tiew rraktione

higue with fechiand capalalives that wes

wlermcund 10 -.unnh.um\y anen thswe diflrencs & wifno
SWUE oporates o0 ramient dastigraphy principles, by measir-
frng the peogugation of diesr waves induced by Wheations agphal
at vanions fraque scies, which are then used 1o et the elaste
modubis of the redaxed and contraced qualricags mnde group
(8], Sidowcqae raly, tramsont e latogeaply wis apphed w0 muwbe o
qoantify the anisotmpac progesios of musde vioe [1].

Althragh SWUE has an scceptabile relability oo the asessnent
of munde @d wadon (9, idormation regandng the technical
wpect on the SWUE w atill scarce, with a lack of comwmun. The
Geue comperson wught will e operasor dependent, and cven
o dgha wadh of the slin might infloeme the dasogragly revlt
110} Few atidies on SWUE have regurted the choioe of the regon
of ieret (RODY skee (18], whik it efbt oo SWUE
mcamrenents has not vyt beon nvestigasad. SWUE erablked the
congutgion of 3 quarsitative daticily map of an ongen in jun
& v malieconds (1], whach fferad from the 8-12 womh
scquidton teme of the SWUE snogram, saggested by maier
Geturer’s peefermd witing,

Standadisation oo SWUE wchmaal wttings will not only
enmre that the rauds an scurse, but ako detct sy diffoeme
ower b that may b attrdated 10 e phiysokgncal dhanges
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The provent staly aimad o eviliate the vanatiom of ehatic
modudes of mencke and wendon wing shear waw Wirsound
wragiog when Sfem i sochokal agecn were doored ramdaca’y
o, ROTS swre, and aopanition tene.

Methods

Bhics Statement

Tnformed, writhon consent wis oltaioed from axch subpea. This
auely weas appeoved by the Human Sulgact Bithio Subscnsnisee
of the Depurtmment of Relubiludnn Scemncm, the Hong Kong
Folytw bk Uniersiy,

Twerey houkhy wbgects (14 makey, 6 fenmaled were reaved in
i sy, Thigh moches of 40 ke from 20 sibjocn were sswased
by SWUE. Exchobin crieeria for the bealhy sdipeces encduled

Virlod Settinge oo Seicity of Muicle & Teedon

o o0 the saface of the din widhout Rinher gyiying anelocnal
areas of villes i de RF and PT. Hard presore wis prosonied
by placing the Eanelucer with 4 grea forer st coold deforn e
ko of the RF and PT, where maderate jrome was
presented by placing the tesnsdocer wieh 4 goothe farce that could
Jut borely deform the thicknes of the RF Figuse 1) and PT

2 Wien evaluating the diffrence dn the elatic modidin
of the RF aeed PT with diffcress tramdacer pomares sppled, the
her twi becheicd parametees vy fudu dw prefermd/
wiggrsed witags g o the

ROt Size

ROUs sice wan caegorond mso thiee bk & 10, and 12 oo
hanwirr) for the RF Fagare 5) and three levels 2, 5, anel 4 oun
diatneser) foe the PT Figuer 4), coquatively. Vigbon sy of ROL
warw pliced i 3 commic manmer i e coster of the SWUE

-dhhlumnfqla-'&fmfhwmp«{dn
wibeets wan 21-33 y (mean, 264215,

Al wkrawmed ¢ * d with the Anple-
«'-Imunlmhm)nmuvdlla‘bﬂ)ﬂh 30w
Brwear tassducer [Supersools Renaging, A France).

Mawtmumutnﬂmm

L d by the wane
twwﬂ‘)dhww“ﬂhd&mﬂﬁo
d dwierg

stion box on both de RF and PT. When eaalusting the
fferenor on the et medibis of the RF and PT with ROTY
e wed, the other two sectnicd pammeten wem Guad with the
prefermd/ sogresed settings of the mavulacturer.

Acquisition Time of the SWUE

Accgaithon tisne of the SWUE wmotan wa catoporiand o 4
levede 5 10, 15, amd 20 scondk, The tramdkcer was kept
m&g:qxawmma—;m:;ma
the SWUE wnogram, aid the cormg g elatic madadan of
the RF e PT wan estinatod wpectively. Wh:-uﬂu.glhv
Aifference on the dasic modkdus of de RF and PT with diferent

the T the ol
examaration, mitgects bl wipiee on the exammasion couch in
2 rooen vet 31 25 °C, with the kevew an 307 of flevion [12]. A cumtons
rade sk galalaer was wmal 0 maintais the hp 0 weutral
‘M'ﬂr-&*ﬂlﬂdhdﬂ-pﬁhk&vumbﬁn

of the W eomare the elatic
mdmb“n&nwn eaned 3 resting plose.
'ﬂ!ld dnﬂlmmﬁmhﬂv;ul;ﬂhn‘n(mwn
The W ke e RF W

quisition tenes of the SWUE , the othier two sechisical

prrarmetery were feed wigh the poeferrad foggeted sestings of the
mandacter

Statistical Analysis
T\nl«ﬂdmdhd‘w—tmhpva

the thewe § o s Tmnical par

RO sive, Aapum-mu ..{ausmm m\hﬂv

2 ined with wh
srlace sleciiodes Eor ok "
Mwlfﬂ"mhﬂyw
waycde uimoumd. Trasverse view of the RF was oluained by
plicing de tmuaduer oo the markal poist, Onee dee masce
n-nmwmma-muww»m
ieudral view, Longradnal wan pfame of the PT wan
pﬁmdby[hm‘ﬂnmulhkultllkﬂd
pardls, with e bnee at 3 of fexion 10 wraighten the tondon,
moidng smbotropy. SWUE mode was then activatad o swasure
e ehatc moddun of muade and tendon. The tramdocer was
datiosed very fightly on top of a gemorons amosat of copling g,
porpendbadady an the sulae of the shin, The tramdomr win
Rept mckiontes for 8 40 12 o during the soguistom of the
SWUE wngram.
A drde tha ddineated the ragion of nterar RO G the
of datsc moddin war placed at the conter of the
SWUF, scxpuiiion toa on both the RF wd PT. The di o

b and] mean values of the dastic « meadidun of the RF and
PT wem calodased by the Friedean Tes wigh Duna's sadtiphe
compurnon tests for pot-hoc analye, GraghPad TeStar vl wae
weas e foe Al staretical makyses Graph Pad Softwan Toc, San
Diegn, CA, USAL

Results

A total of 80 RF and PT were evalusted with ot &
in the 20 headily -tytllodniu-nlﬂuwncm
dgrificant dfferences <005, Tabde 1) i both the ssoximmn
wod mean vioe of the datic moduls of the RF and FT when
hfferent sranaducer’s mquﬂh‘. hﬂhﬂ ovakigion

wing poehoc Do’y mdigd Scased that
*m-mwnwmhmwudm
d‘mmﬁlon-ﬂqdmudw

I e, while med & signifcansly weadler
mm‘m&l&mﬂ. lh.n-hama‘uih
Yard

the RO was defined by the thickies of the RF wd PT [14],
Maxiseen sod mean vakues of Elatic moddis in kPs) oo the RF
sl FT within the RO! were etinatnd by the bl agecife
paantficaton peogran.

rnmﬂ Pcswn
d imto 3 leveks Tight,

Mnuudhrﬂl)‘umn:uw-phnqlk
teansducer very Nghely on twp of 2 gem st of coupll

I“nbwdhhm-bfmmwm
Talde 2 in the muxivesan vakie of the datic modiba of the RF
wnsd PT wheen different ROTS sise wan el Further evahusaon of
the ek wiig poavhor Dumy oudtiple comparbons tess
iaoxted st a v sradler sssenum clate eodudin of
RF maabed fomm ueing the B mm diametar ROTs dor, than that of
wing the 10 mm and 12 o Barwier ROTy sive, whilke
» sgodicady seuBer maimum el mohdn of RF wee
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meoan value of the dastic smodibis of Bee RY and PT wigh dilarom trarmdhacer Can be placed oo e e, Dt abo quantitatnedy
wgeknion times of O SWUF soncgmum were sl (po 00 rewnty the codise walk wih e maxinmn and e an el
modidoe vadoes expresed i kP Previos s have denon
Discussion trated g SWUE » capalée of sstnating the st moshdon o
T bt o the Dest of or Krewd [N i e n
SWUE & a new mal i irmonsud sy conede  that tandarbzstion of SWUE's sechiical settinen wisch has hindered
punttatiwly eesam he dotic madchis of local e, Tia i dnical gplications. The rouks of e sudy indi-atad tha

oot Moderate Hand

Figure L Longitedinal sonograms of petells tendon (PT) ken with dFfferent trersducer's pressure. Upper smages thow cokorcoded

PT ebntiory (@i%e wess were codad i red snd oMot areas i Diue) supeel meoced on ogiud nad grey vCte 18000 ses of T
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S0k 10 1 371 /omanad poow 044148

LON ONE | wwis ploione org ) A Naw B stasan

178



L Tendor

Figure 3. Longitudine sonograms of rectus femaris (RF) with elastic madublos me ssured by various region of inserest (ROL's slzes
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Rowls of e promt sudy showed diat ture e
e Afermers in e masimun wlee of e el
modubin of e RF aod PT when Sfemma RO dow was wend.
he dustic moduhis of the RY od PT
creasal with increasisg RO e The alugee of de ROE i
the himaoond wmk wae & cdeodar st by defasdt, widy
& range of dametry (2-12 ol B te svammment of the
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mmum-.lmomh-ud
el Banad widy oo e Effrontbion of he el
wodibis  between beign  aed  malgnamt beawn  [17-09,
lh.‘uv(hcdarnllhk(‘mhﬁiiﬁbyd-nd
the wpeosad  malgruncy. However, in the  mosaibadekmal
aystem, Rndciare /physabersgia aee imermtnd in wadorsand-

the wwan waliwe of the clasticity moddhas of O RF and PT wis
Grmed, wham dilforwm RO vioe wan ined, diwe 10 the swragg
dlhchﬁ‘atd\lubhdﬁamlimnfla.mﬁ". .

b preferdile b regont e mean value of e clitic medilus of
the munde armd tendon when uarg dflerent RO slee soron
dfcrwm wamng vsdom.

umganing Bffrent soquiston Mmey of SWUE sceograma.
mw.—m-«.mu.wwum

dsiation of the shon ke of SWUE somngrans,
mangkg Trom 5 sconds (16) 1020 secomads [190 which
Efemd fram the mandactore’s sgggotnl dirgiea (8-12
woomdd, Aldhough fere was ) ol s Elleeoe foued in
both the mainian and mean valee of the el modube of
the RF amd PT with swmand acquistion time wp o 20

Yable 1, Comparison of the maxmum and mesn value of Clistc modulss of RF and PT when different rarsduce’s pressare was
poled
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winnck, e operainr daodd be of the ducer’s
postoamyg doace e may be 4 postion (Bt of Se tranaduoer
whesi adquisiion tee facroews, which woull sl e
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The vakiated the e of dhe elaste
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ROUN vine, and acquintion tinw, wing dhear wae chraund
imagey Howewer, otber Tacdon wuch s the inderling comples
mecharacal peopenties of emwkodkdesl Haues, =d low
mewroencde oo woddd et the flies of mosubs
dabotd thwoes, wew not ealusied in e wudy, Further duda
W etabldy the noem of e datianadude of essdoddetal
thamien i healthy wlpon, obte sthdace and jutents with
varow mancde Bjaties an oggeted. Tousduier's presures
were witipctivdy appled e the promt sudy, which Bmitd e
mnﬂmnm“nwmm
Alhogh =3 ihe ul ! e ferned Ly
& vinghe operator, sl ive wechsig by‘ w o tle
deformation of wromes 10 enare oot ddfforene peesaires
war apphed Grther tuder on guatifying the tanuurt’s
premare xpphed asd sts efeqs on elone modules sre sagpesed

Condusions

SWUE s vl imagiog e baigue io evaluating the vanastiom
of the ehatic madaln of the moncke and sndom, The SWUE o0
the sl and veradom dundd be purformed with the laghunt
tramducer’s provan, & duder acgadtion tane foe the SWUE
wiingratn, whie tesnring e mean Flse mohdn wgantles
the mgion of imemea RODN soe. Comadoralie acson doddd Le
tabew in the standandisation of varies sechnacal witng bdoe
oblusing ineardrghd data Br diagioni ased for gudiog oo e
therapy.

Table 2. Comparison of the maimum and mean walue of Blastic modulus of AF and T when different BOUs 300 was used.
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APPENDIX VI

Poster in 2011 World Federation for Ultrasound in Medicine and Biology

VS SR I FE L VI A Y S VATV W) WAy
but US findings are not sufficiently incing for the of We
show US findings correlated with MR findings to provide enough
conviction to the US operator,
Imaging Findings or Procedure Details: 1. The forearm is supinasted
and placed on the thigh for evaluation of the long head of the biceps.
’Tbemmummlly rotated, 1o bring the tendon info a more anterior
for of subscapularis tendon. 3. The hand is placed on
the buttock with the elbow potnted backward for evalustion of supraspi-
natus tendon. 4. The arm is bent in front of the chest and held contralat-
eral 10 the shoulder for cwhmmg the infr ¥ ad postgh
fossa. 5.0y namic anationis g dduring laterad ¢ elevy-
tion of the anm for evaluation ollhe subdeltoid bursa wall Itnchningot
adhesion. 6, An acromioclaviclular joint view is obtained.
Conclusion: High-resolusion US is a very usueful modality for rotator
cuff and non-rotaor cuff disease. Especially on dynamic US, adhesive
capsulitis can be diagnosed by restriction of the shiding movement of
the suprpaspinatus endon under the acromion during the abduction of
the wrm, Ultrasonography findings of the rotstor cuff and non-rotator
cuff lesions are usually according to MR findings.
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Development of Puncture Needle-Type Acoustic Impedance
Measurement System for Bone Density Measurement by
Ultrasonic Interference Method

M. Yoshizawa.' T. ¥ T trie” N. Tagawa.* T Moriya,” K. Itoh®
"Department of Monoaduri, Tokyo Metropolitan College of Industrial
Techmlogy, Tokyo/JP. *Tokvo Metropolitan College of Industrial
Technology, Tokyo/JP, *Microsonic Co., Lid., Tokvo/JP. “Tokyo
Metropolita University. Tokyo/IP, (Professor emeritus) Tokyo
Metropolita University. Tokyo/JP. *Hitachi-Omiva Saiseikai Hospital
IharakilJP

Purpose: The purpose of this study is to develop a puncture needle-type
bone density measurement system.

Material & Methods: This system consists of a fused quantz fiber as
a Tine of the ul od attached with a tranducer. The
fiber is inserted in a puncture needle, The puncture needle is inserted
10 the body, and then the fiber is pushed out of the needle and contacts
with the surface of the bone through soft tissue, The acoustic impedance
of the bone is obtained by the ult interfe ethod
Results: A fused quartz fiber (0.88 mm diameter, 161 mm length) was
connected 1o o transducer. An electrical burdt wave (7 cycle, 50 Vy,
amplitude, 8.0 MH2 center frequency) was applied. The fiber was in-
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Purpose: Skeletal muscle atrophy typically results fromreduced muscle
use, a5 in unloading, bed rest, denervation, and space flight. Skeletal
muscle cells are susceptible too stress induced through el
transport wndd oxygen fux during nonmal contraction, and this stress may
with intensity. Th an understanding of vibra-
ton, ultrasound, light and chemical meqay stimulator i important in
terms of developing methods for ng | muscle dunage. We
investigated the effects of KTHM16 on muscle disorders and the under-
lying mechanism of oxidative stress-induced C.Ciy skeletal muscle
myoblast dumage.
Material & Methods: To assess the protective effects of KTI416 on
oxidative stressinduced C,C) » skeletal muscle myoblasts, we
the visbility of the cells, showing that KTJ416 pre-treatment signifi-
cantly reduced the decreased cell viability after H,0, treatment. We
alw investigated the mechanism of this protective effect of KTI416.
Results: In Western blot analysis, the heat shock protein-70 levels
increased significantly in the KTJ416-pretreated myoblasts, We used
high per formance liquid chromatography to e xamine the level of endog-
nous sde after pre with KTI416 followed by exposure
© H05 While hydrogen peroxide i d the content to
spproximutely 166% of the control level, pre-trestment with KTJ316in-
hibited this increase, maintaining the ceramide content at the control
level.
Conclusion: We demonsirated that KTJ416 regulates ceramide levelsto
protect against oxidative stress-induced CCy; muscle myoblast
damage. We sugges the potential benefits in the treatment of oxidative
stresserelated muscle disorders.
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ShearWave Ulrmd Elastography of Thigh Musdes:
.-
Z. Zhijie, rc c-. LW S Fd
Department of Rehabilitation Sciences, The Hong Kong Polytechnic
University, Hong Hom/HK. “The Hong Kong Polytechnic University.,
Hong Hom/HK

Purpose: The objective of this study was to investigate the intra- and
inter-rater reliability of thigh muscles using ShearWave Ulrasound
Elsstography (SWUE),

Material & Methods: 1] healthy subjects (8 male, 3 female; age: 26,14
3.2 years; weight: S8.7 + 123 kg: heaght: 169.2 + 10.0 cm) were re-
cruited, Four thigh musclkes were 1 by SWUE (Aixpl Super-
sonic Imaging, Aix-en-Provence, France ) by two raters within a day and
one hour apart; and by the first rter twice with 3 hours apart. The thigh
muscles being evaluated were rector femonis (RF), vastus lteralis ( VL),
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CHANGES IN ELASTIC PROPERTIES OF PATELLAR TENDON IN
ATHLETES WITH UNILATERAL PATELLAR TENDINOPATHY AND ITS
RELATIONSHIP WITH FUNCTIONAL ABILITIES AND PAIN.

Zhang. Z.J.! Lee, AW.C.! and Fu. ASN
Deparment of Rehabilitation Sciences, The Hong Kong Polytechnic University, Hung
Hom, Kowloon, Hong Kong, China

Background:

Patellar tendinopathy (PT) 1s one of the most common musculoskeletal disorders among
athletes related to in jumping sports. The tendmopathy may influence the elastic
properties of tendon and pain as well as functional abilities, The purposes of this study
were to compare the elastic properties of healthy and patellar tendon with tendinopathy in
athletes with unilateral PT and examine its relationship with the intensity of pain and
functional abilities.

Methods:

Fourteen male athletes participated in jumping sports aged between 18 and 31 with
unilateral PT were enrolled. The morphological and elastic properties of the patellar
tendon were assessed by the grey and elastography mode of an Ultrasound machine
(Supersonic Imaging. Aix-en-Provence, France). The Victorian Institute of Sport
Assessment-patella (VISA-p) scale was used to evaluate functional abilities of athletes as
well as the intensity of pain during certain activities.

Results:

Significantly higher shear elastic modulus (from 15.74 kPa to 85.64 kPa: by 46.8%).
thicken tendon (from 0.55¢m to 1.04cm: by 36.0%) and larger CSA (from 1.16em” to
2.18em™ by 14.7 %) were found mn the patellar tendon with tendonopathy when
compared the healthy side (using paired tests, all p<0.05). Significant correlations were
identified between side-to-side differences in patellar tendon shear elastic modulus and
the VISA score (tho=-0.81: p<0.05): as well as the intensity of pain during down stairs.
lunging and single leg jumping (rho ranged from 0.69 to 0.77: p<0.05) .

Discussion & Conclusion:

The patellar tendon with tendonopathy 1s stiffer, thicker and larger when compared with
the non-painful side. Side-to-side difference in the elastic modulus is related to
dysfunction and pain perceived from the athletes during some common activities.
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International Scientific 5th & 6th September 2014

Tendinopathy Symposium Oxford, UK

Home Programme Pk

Programme

The 3rd International Scientific Tendinopathy Symposium (ISTS) will run from
Friday 5th to Saturday 6th September 2014, followed by an optional
Tendinonpathy clinical workshop on Sunday 7th September. The scientific
programme is available here: ISTS_Programi 2014 pdf

4 e LR

Plenary Speakers:

Translational

« The aetiology of tendinopathy: George Murrell (Sydney)

« Paintherapies: Paul Ackermann (Stockholm)

¢ Drug discovery for tendon repair and regeneration — a novel frontier: Olivier
Leupin (Basel)

* Genetics of tendinopathy: Maicolm Collins (Cape Town)

Basic Science

« Cell biology and growth factors: Britt Wildemann (Beriin)

« Tendon stem / progenitor cell and its role in the development of degenerative
tendinopathy (co-sponsored ISL&T): James Wang (Pittsburgh)

« Promoting repair in fatigue damaged tendons: Nelly Andarawis-Puri (New
York)

« Synthesis and assembly of the collagenous extracellular matrix in tendon: Liz _
Laird (Liverpool) S ponsors

* Mechanotransduction - The tenocyte and its response to strain in a stressful

environment: Graham Riley (Norwich) B S M
Clinical Pathways i 2 ot s s

+ Stem cell therapy for tendinopathy — what is the evidence from animal
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