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Abstract

Patellofemoral pain syndrome (PFPS), which affects approximately 25% of the
population at some stage in their lives, could be caused by an unstable patellofemoral
joint leading to excessive lateral patellar tracking in postural and functional loadings,
which eventually strains the retro-patellar subchondral bone and triggers the localized
anterior knee pain. Although various medical and physical treatments have been
prescribed for people with PFPS, literature on prevention of PFPS is lacking. Thus, the
overall purpose of this thesis is to explore effects of physical conditioning on patellar
stabilizers among previously untrained adults, in terms of biomechanical, morphological
and functional changes of the passive and active patellar stabilizing structures.

Five experiments were conducted to develop and validate the outcome
measurements and the main study was a prospective investigation with 48 volunteers
randomly allocated in three groups for 8 weeks, namely 1) weight training for muscular
hypertrophy, 2) weight training for muscle strength, and 3) non-exercising control group.
The subjects in the intervention groups were trained 3 times a week and all subjects were
measured twice with 8 weeks apart for their cross-section of vastus medialis obliquus
(VMO), patellar tilt angle and mobility, knee extension force, knee joint position sense
and electromyographic (EMG) characteristics of the distal quadriceps.

After the 8-week trainings, the subjects in both training groups had comparable
and significant increases in the VMO size, passive patellar stability, knee extensor force,
knee joint position sense and EMG onset and amplitude of vasti muscles, whilst the
control group showed no significant change throughout the 8 weeks of study. The
findings of this thesis form a basis for the establishment of a PFPS-prevention exercise
program and enhance our understanding of the bio-kinesiology of the patellofemoral joint

under the influence of systematic physical conditioning.
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Chapter 1

Introduction

1.1. Background

Patellofemoral Pain Syndrome (PFPS) describes the condition of pain over the
anterior aspect of the knee that is exacerbated by functional or physical activities without
other identifiable causative pathologies (Cutbill et al 1997; LaBotz 2004). The PFPS affects
approximately 25% of the population at some stage of their lives (McConnell 1996) with
females being more vulnerable than males (Almeida et al 1999); the pain can be chronic
and even lasts for years (Leppald et al 1998; Jensen et al 2007; Souza & Powers 2008).
The PFPS may be caused by a combination of intrinsic and extrinsic factors. Most of the
intrinsic factors relate to an excessive lateral patellar tracking that leads to excessive strain
on the retro-patellar subchondral bone (Thomee et al 1999; Draper et al 2006), and these
include an imbalance of vasti muscles (Boling et al 2006), increased Q-angle (LaBella
2004), hyper-mobile patella (Witvrouw et al 2000), or tightness of patellar retinaculum
(Fulkerson 1983). Extrinsic factors commonly contributed to PFPS include poor form of
exercise (Powers 2003), excessive duration or frequency of physical activities (Dixit et al
2007). An early study by Fox (1975) reported that 40% of his orthopedic patients without
knee pain had imbalanced muscle development of vastus medialis obliquus (VMO) to

vastus lateralis (VL) and they were prone to develop PFPS.

1.2. Measurable quantities and predisposing factors of PFPS
Although the pathology underlying PFPS is believed to be of multi-faceted and the
exact mechanisms are not yet fully understood, certain measurable quantities of PFPS have

been identified in retrospective studies. Kujala et al (1993) reported a positive correlation



between the lateral patellar tilt by magnetic resonance imaging (MRI) measurement in
patients with anterior knee pain and their subjective symptoms. Pookarnjanamorakot et al
(1998) analyzed the degree of lateral patella tilt with MRI and its correlation with the
symptoms of anterior knee pain, and found that the average patella tilt angle for subjects
without anterior knee pain was 12.8° (SD = 8.4); whereas it was 6.3° (SD = 3.9) for people
with anterior knee pain.

Souza & Gross (1991), Boucher et al (1992), and Makhsous et al (2004) reported that
subjects with PFPS had reduced VMO muscle recruitment in terms of decreased
electromyographic (EMG) amplitude of VMO/VL ratio as compared to asymptomatic
controls in static knee extension. On the temporal aspect, Cowan et al (2001) monitored the
EMG onset time difference between VMO and VL in subjects with PFPS and able-bodied
controls during stair-stepping. They found that the onset of VL occurred before that of
VMO in both the step up/down phases in subjects with PFPS, but no such difference was
found for the controls. In addition, Baker et al (2002) reported the decreased knee joint
position sense in people with PFPS when compared to asymptomatic subjects. Callaghan &
Oldham (2004) found an 18.4% difference in the isokinetic knee extension peak torque
between affected and unaffected legs of patients with PFPS, whist the controls had only a
difference of 7.6% between their dominant and non-dominant legs.

Witvrouw et al (2000) conducted a 2-year prospective study identifying the
predisposing factors of PFPS among 282 students aged 17-21. They reported that a delayed
VMO reflex response time, under-conditioned vertical jump height, inflexible quadriceps
and a hypermobile patella had significant correlations with the incidence of patellofemoral

pain in that population.



1.3. Motivation and statement of the problem

In the treatment of PFPS, surgery may solve the problems of structural abnormalities
such as tight lateral retinaculum (Fu & Maday 1992), whereas physical therapy may correct
the VMO-VL muscle imbalances (Cowan 2002b; Boling et al 2006). Most clinical studies
(Cowan et al 2002b; Hazneci et al 2005; O'Sullivan & Popelas 2005; Yip & Ng 2006;
Boling et al 2006) have focused on the rehabilitation exercises when PFPS was already
developed but preventative exercises for PFPS have not been well investigated.

Ingersoll & Knight (1991) showed that asymptomatic subjects undergoing only 3
weeks of resistive or EMG biofeedback quadriceps training were able to change their
patellar positions under the Merchant’s view of X-ray examination. They hypothesized that
the shortened knee extensor muscles changed the position and might therefore promote a
more favorable patellar tracking, which could decrease the predisposition to lateral patellar
instability.

However, resistive training does not only strengthen the skeletal muscles, but the
adaptations occur in the adjacent tendons, ligaments and fasciae. The enhanced connective
tissue network could develop to withstand the greater tensile loading of the stronger
muscles (Wren et al 2000). As the patellofemoral joint is a freely movable joint stabilized
by muscles and connective tissues over the anterior knee, resistive weight training
programs could have a holistic effect on the physiological functioning of this joint. As there
is little information in the literature on the aforesaid resistive training effect on
patellofemoral joint, the present thesis is conducted to investigate the potential role of
resistive weight training that may impact on the quadriceps muscle and the associated

connective tissues for the functioning of the patellofemoral joint. Cognizant of the strategic



importance of the VMO and the medial patellofemoral ligament being the primary active
and passive stabilizers of the patellofemoral joint (Owings & Grabiner 2002; Steensen et al
2004), this thesis focuses on the physiological functioning of these structures in

maintaining the normal kinematic and kinetic integrity of the patella.

1.4. Anatomy of patellofemoral joint
In order to understand the mechanical functioning of the patellofemoral joint, it is
necessary to review anatomical structures of the lower extremity that constitute to the joint.

The following is a brief review of the anatomy of the patellofemoral joint.

1.4.1. Skeletal and cartilaginous structure

The patellofemoral joint is a synovial joint with considerable mobility. An able-
bodied person can have their patella passively mobilized in any direction over 1 cm along
the frontal plane while the knee is extended and the quadriceps is relaxed (Fox 1975). The
patella, as the central structure of the patellofemoral joint, is the largest sesamoid bone in
the human body. Being triangular in shape and embedded within the quadriceps tendon,
75% of the posterior surface of patella is covered by hyaline cartilage, divided into two
asymmetrical facets by a vertical ridge. The area of the lateral facet is usually broader and
longer than the medial facet with an average width ratio of 1.4 to 1 (Minkoff & Fein 1989)
(fig 1-1). Also, both the lateral and medial facets on the posterior patella can be divided
horizontally into superior, middle and inferior regions (fig 1-2). Draper et al (2006)
investigated asymptomatic subjects with MRI and reported that the average thickness of the
middle region was 4.2 mm; while the superior and inferior region was 3.3 mm and 2.9 mm,

respectively.



As a synovial joint, the patella articulates with the trochlear sulcus (also known as
femoral sulcus) of the distal femur. The trochlear sulcus is concave in shape and formed by
the lateral and medial femoral facets. The sulcus angle is normally less than 150° and the
lateral condyle is more prominent anteriorly than the medial condyle (Carrillon et al 2000;
McNally et al 2000) (figs 1-3). People with shallow trochlear sulcus and hypoplastic lateral
condyle are prone to develop patellar instability (Carrillon et al 2000; Van Huyssteen et al
2006) (fig 1-4). With MR imaging to 11 able-bodied males aged 11-42 years, Van
Huyssteen et al (2006) found that the average cartilage thickness in the lateral and medial
condyles was 3.1 mm and 2.7 mm correspondingly.

The anatomical features of the patellofemoral joint, including the relatively thicker
cartilage of the lateral trochlear sulcus and the larger lateral facet of the patella, is
correlated to experiments that indicated that the lateral patellofemoral contact force is
greater than the medial compartment during postural and functional loadings. Heegaard et
al (1995) measured the magnitude of lateral and medial patellofemoral joint contact forces
using finite element modeling and they found that the Q angle and the knee flexion angle
affected the mediolateral distribution of the joint contact force, as an increase in these
angles was associated with an increase in the lateral patellofemoral contact force.

Eckstein et al (1998) inspected the thickness of the calcified cartilage of human
cadaveric human patellae, and found that the calcified cartilage located on the lateral facet
of patella was significantly thicker than that of the medial side. The increased thickness of
the calcified cartilage (subchondral mineralized tissue) was believed to be due to the long-

term distribution of stress on the articular joint surface (Shimizu et al 1993).



Besier et al (2005) used an EMG-driven finite element modeling to estimate the
patellofemoral stress during 0-60° squatting. They also found that the contact stress was
higher on the lateral patellar cartilage and the corresponding lateral femoral cartilage as
compared to that of the medial side.

As a standard feature in all synovial joints, there is a joint capsule linking the patella
to the femur and tibia. The capsule is thin and loose in order to accommodate the large
range of knee flexion that is approximately 0-145°, and it has little contribution to the
stability of the patellofmoral joint (Reider et al 1981). The stability and mobility of the

patella is mostly determined by the passive and active patellar stabilizers (Fulkerson 2004).
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Figure 1-1: Figure 1-2:
The posterior view of a typical Sagittal view of the mid-patella. It shows different
left patella* regions of the patellar cartilage with distinguishable

thickness in vitro (plastinated specimen)*

*
= Anatomical specimen provided by the anatomy lab, Hong Kong Polytechnic University with permission.



Figure 1-3: MRI transverse view at the mid patellar level while the knee extended.
(a) Line drawn along the lateral and medial facet of the patella (patellar angle)

(b) Sulcus angle measured at the transverse mid-patellar level

The patellofemoral joint cavity is within the line (a) and (b). The sulcus angle
is usually slightly larger than that of the patellar facets, thus there is a space

for the patellar tilting to occur (Fujikawa et al 1983).

Figure 1-4: Left femurs with the articular surface partially outlined in inferior view. The
femur at the right had a relatively flat trochear sulcus, while the middle one

had a relatively prominent lateral condyle*

*
= Anatomical specimen provided by the anatomy lab, Hong Kong Polytechnic University with permission.



1.4.2. Passive patellar stabilizers
Patellar tendon

The patella is connected to the tibia inferiorly through the patellar tendon (also known
as the patellar ligament), which is broad-shaped of about 4-5 cm long and it only allows
minimal amount of elongation due to contraction of the quadriceps. Hansen et al (2006)
tested 12 able-bodied males (30 £ 7 years) by measuring their patellar tendon during
voluntary maximal isometric knee extension at 90° knee flexion (open kinetic chain action).
They found that elongation of the patellar tendon was approximately 4 mm as measured by
the B-mode ultrasound. More recently, Defrate et al (2007) reported that the elongation of
patellar tendon increased with loaded dynamic knee flexion. By using a real-time
fluoroscopy to view the patellar tendon, they found the tendon to have elongated by
approximately 6 mm in the 0-110° single leg lunge (closed kinetic chain action) among
eleven asymptomatic subjects of mixed gender of mean age at 31 £ 8 years.

In addition, the length of patellar tendon can also affect patellar stability. A long
patellar tendon or a high-riding patella is clinically known as “patellar alta”. It is
determined by the PT/PL ratio. The ratio refers to the proportion calculated by the length of
the patellar tendon divided by the length of the patellar bone (fig 1-5) and this ratio has
been correlated to patellar subluxation or dislocation. If the ratio is over 1.3 as measured on
the MRI sagittal view with knee extended (Miller et al 1996), or over 1.25 on the lateral x-
ray with flexed knee at 30° (Insall et al 1972), this would be regarded as clinically long
patellar tendon. Ward et al (2007) have demonstrated that the patellar alta can negatively

affect patellar stability because of the relatively reduced patellofemoral joint contact area.



Figure 1-5: PT/PL ratio. The ratio is formed by the patellar tendon length divided by the
diagonal patellar length at the MRI sagittal image. This example illustrates

that the PT/PL ratio is 0.98 which is within normal range.

Peripatellar retinacula

The peripatellar retinacula have deep and superficial layers (Fulkerson & Gossling
1980; Fulkerson 1990; Nonweiler & DelLee 1994; Nomura et al 1995; Ford & Post 1997;
Powers et al 2006), and researchers (Warren & Marshall 1979; Ruiz & Erickson 1994) even
described the retinacula as consisting of three layers as they included the capsulosynovial
component as the deepest layer. The superficial layer of the retinacula is attached to the
patella and patellar tendon and extends to the fascia of sartorius medially, and the iliotibial
band laterally (Fulkerson & Gossling 1980; Powers et al 2006). While it had been reported
that the superficial layer is not functionally important in stabilizing the patella (Desio et al
1998), recently an in-vitro study (Powers et al 2006) found that if the retinacula was
removed, the tensile loading of the patellar tendon increased 9.6 -16.6% while the
quadriceps was stimulated to contract at 0-60° of knee flexion angles. Since both the

superficial and deep layer of the retinacula were removed in the study, the role of the



superficial patellar retinacula in the knee extension force transmission or patellar stability
has not been fully understood.

In the deep layer of the medial retinacula, medial patellofemoral ligament (MPFL)
has been reported to be the major passive restraint to lateral patellar displacement (Conlan
et al 1993; Desio et al 1998). The MPFL is a fan-shaped fascial band of approximately 50
mm that originates from the adductor tubercle and extends to the upper two third of the
medial patellar border (Conlan et al 1993; Tuxoe et al 2002). The ligament is tightly
adherent to the overlying VMO aponeurosis (Conlan et al 1993). Several researchers
(Bencardino et al 2000; Panagiotopoulos et al 2006) described the anatomical adhesion as
the MPFL-VMO complex. Sallay et al (1996) also found that both the MPFL and the VMO
are usually ruptured simultaneously during acute lateral patellar dislocation.

Locating inferior to the MPFL, the patellotibial and patellomeniscal ligaments act as
secondary medial patellar restraints (fig 1-6). Conlan et al (1993) studied the deep medial
retinaculum of 25 cadaveric knees with biomechanical testing technique and found that the
MPFL contributed 53 + 15% of the resistance to lateral translation at full knee extension.
The medial patellomeniscal ligament and the medial patellotibial ligament contributed 22 +
9.5% and 5 * 5.9% of resistance to the lateral displacing force respectively.

In a study with 9 cadaveric knees from donors aged 43-70 years, Desio et al (1998)
reported that the MPFL contributed 60 + 13% of the total resistant force when the patella
was translated at 20° of knee flexion; the patellomeniscal ligament and the patellotibial
ligament contributed 13 + 10% and 3 + 3% respectively.

Since medial patellar subluxation or dislocation is clinically uncommon, the

biomechanical property of the deep layer on the lateral retinaculum is less well studied than
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that of the medial side (Nonweiler & Delee 1994). Anatomically, the deep layer consists of
the lateral patellofemoral ligament (also known as epicondylopatellar band), the transverse
ligament and the lateral patellotibial band with the latter two originating from the distal
iliotibial tract to the lateral patellar border (fig 1-6). The transverse ligament may have a
role as the primary lateral passive patellar stabilizer (Fulkerson & Gossling 1980), but this
has yet to be proved by further research. A recent study with MRI examination on
asymptomatic subjects showed that the iliotibial tract located against the lateral femoral
epicondyle at 30° of knee flexion, and moved laterally during knee extension (Fairclough et
al 2006). Also, the gluteus maximus and the tensor fasciae latae insert into the iliotibial

tract, thus these muscles’ action may indirectly affect the patellar kinematics.

|Ii0tibial tract
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Figure 1-6: Components of the deep peripatellar retinacula. The components labeled in
red of a left knee shown in lateral and medial view (modified from Fulkerson
& Gossling 1980; Powers et al 2006; Panagiotopoulos et al 2006).
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The main function of the medial and lateral retinacula is to control the optimal
patellar tracking within the femoral groove and to equalize compression force between the

medial and lateral facets of the patella (Ishibashi et al 2002; Farahmand et al 2004).

1.4.3. Active patellar stabilizers

The quadriceps is composed of four distinctive muscles, namely rectus femoris (RF),
vastus intermedius (V1), vastus medialis (VM) and vastus lateralis (VL). The muscles are
innervated by the femoral nerve that comes from L2-4 of posterior division of lumbar
plexus. They have a common insertion at the base of patella and via the patellar tendon to
the tibial tuberosity (Van De Graaff 1992). When acting as a group, contraction of the
quadriceps muscles would lead to pulling the patella superiorly. The quadriceps angle (also
known as Q-angle) is formed between the line of orientation of the quadriceps and the
direction of the patella tendon. The normal value of the Q-angle is usually less than 15°
(Herrington & Nester 2004). The resultant vector between the quadriceps and the patellar
tendon tends to displace the patella laterally during active knee extensions (Hungerford &
Barry 1979).

If the four muscles in the quadriceps are viewed separately, the RF and VI are located
anterior to femur, and they primarily produce knee extension on the sagittal plane. The VL
and VM locate on each side of the quadriceps, produce knee extension synergistically on
the sagittal plane but antagonistically on the frontal plane for medial/lateral patellar
movement. Therefore, they have been regarded as the primary active patellar stabilizers,
particularly the distal muscle fibers (Cowan et al 2001; Owings & Grabiner 2002;

Fulkerson 2004).
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The VL originates from the greater trochanter and the lateral linea aspera of femur,
and inserts to the superolateral edge of patella. Its muscle fibers angulate towards the shaft
of femur at 15-20 degrees laterally (Weinstabl et al 1989; Van De Graaff 1992). The VM
originates from medial linea aspera of proximal femur and inserts to the superomedial edge
of patella (Van De Graaff 1992). Both the origin and insertion of VL are located slightly
superiorly than that of the VM.

According to the classic study of Lieb & Perry (1968), it was demonstrated that the
VM can further be divided into vastus medialis obliqguus (VMO) and vastus medialis
longus (VML). The muscle fiber orientation of the VML is approximately 15°, while that
of the VMO is about 55° with respect to the shaft of femur. Weinstabl et al (1989) and
Thiranagama (1990) reported that the VMO and VML can be defined by means of the two
separate nerve branches and a fascial plane between the muscles. Also, Conlan et al (1993)
reported that the VMO has an additional origin from the adductor magnus tendon proximal
to the adductor tubercle.

However, there are different views on the anatomy of the VM muscle. Nozic et al
(1997) regarded the separate VMO innervation as exceptional and it only existed in one out
of 50 people; and therefore the study did not support the notion that VMO and VML
functioning as two separate muscles. Additionally, Hubbard et al (1997) had dissected 374
adult cadaveric lower extremities and did not support that the VMO is an anatomically
separate structure from the VML, but they confirmed a difference in fiber orientation
between the proximal and distal VM muscle.

Both the VMO and VL are active throughout knee extension range of motion as

revealed by a fine-wire electromyographic examination (Basmajian & De Luca 1985b). For
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the open kinetic chain knee extension, Lieb and Perry (1968) tested six cadaveric legs and
concluded that the VMO keeps the patella centered on the trochlear sulcus by overcoming
the tracking effect of VL during knee extension (0-90° knee flexion). The study by Goh et
al (1995) with six cadaveric leg specimens study indicated that the absence of VMO
tension causes the patella to displace laterally and increases the load on lateral patellar facet
throughout the range of knee extension from 20-90° knee flexion. For closed kinetic chain
knee extension, Ng et al (1998) measured five human knee specimens’ patellofemoral joint
pressure with different VMO tensions; they found that there was a general increase in the
lateral patellofemoral contact pressure with a decrease in VMO tension at 30° and 90° knee
flexion. Besier et al (2005) used the finite element model analysis and found that if the
VMO muscle strength increased by 20%, the lateral patellar cartilage shear stress shifted
medially without significant rise of the total patellar cartilage shear stress in squatting. Thus,
the balanced synergism between VMO and VL should play an important role in controlling

patellofemoral joint contact pressure distribution during movements.

1.4.4. Kinematics of patella

Throughout the entire range of knee flexion, the patella slides 5-7 cm over the
trochlear groove of the distal femur (Hehne 1990). The path of the patellar sliding is not a
straight line, but is determined by a complex interaction between the passive and active
patellar stabilizers and the geometrical shape of the patellofemoral articular surface
(Fulkerson 2004).

The normal patellar kinematics has been investigated in numerous studies. Since
different measurement methods were used both in vitro and in vivo, many different patellar

tracking patterns have been described (Katchburian et al 2003). The most universally
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agreed patellar tracking is the course of concave lateral curve along the sagittal plane
during dynamic knee flexion (fig 1-7).

At full knee extension, the inferior patella rests in contact with the supratrochlear fat
pad. As the knee flexes, the patella shifts medially and once it enters the trochear sulcus at
20° to 30° of flexion, it begins to shift laterally, thus the first articular contact is made
between the patella and the trochlear sulcus. The articular contact area increases with
further knee flexion. Between 40° to 90° of knee flexion, the patella continues to shift
laterally and sinks deeper into the trochlear sulcus (fig 1-8), then the lateral facet of the
trochlear sulcus functions as an inclined structure to prevent further lateral patellar
translation. From 100° to full knee flexion, the medial and lateral areas of the upper patella
make contact with the respective femoral condyles (Hungerford & Barry 1979; Reider et al

1981, Fujikawa et al 1983; Sheehan et al 1999; Katchburian et al 2003).

Medial

Figure 1-7: Patellar tracking path. The path follows a concave lateral curve from full

extension to full flexion of knee. Inferior view of a left femur.
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Figure 1-8: Contact areas between the patella and the distal femur during various knee
flexion angles. Anterior view of a left knee with patella flipped downward*

(adopted from Hinterwimmer et al 2004; Draper et al 2006).

*
= Anatomical specimen provided by the anatomy lab, Hong Kong Polytechnic University with permission.

1.4.5. Summary on anatomy of patellofemoral joint

The patellofemoral joint as a freely movable joint, consists of multiple elements that
act in a complex synergistic unit. Although anatomical difference exists among individuals,
the joint, in general, has asymmetrical structures and morphology that would translate the
postural and functional loadings to lateral displacement of the patella. Clinically, a person
with weakened or unconditioned medial patellar stabilizers may be prone to excessive

lateral patellar tracking, PFPS, or even patellar subluxation or dislocation.
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1.5. Purpose of the present research

Although various treatments have been prescribed for anterior knee pain, information
on the prevention of PFPS is lacking. As measurable predisposing factors of PFPS have
been identified, an alteration of the factors may help prevent PFPS; the extent of the
alteration that may be generated by weight training is the overall purpose of this thesis. In
other words, this thesis explores the physiological and biomechanical changes induced by
supervised weight training among previously untrained persons, in terms of strength,
morphology and functioning of the passive and active patellar stabilizers. The findings of
this thesis could form a basis for the establishment of a PFPS-prevention exercise program
and enhance our understanding of the bio-kinesiology of the patellofemoral joint under

influence of systematic physical conditioning.

1.6. Organization of this thesis

This thesis consists of three parts that cover seven chapters including the present one.

The layout is illustrated on following page (fig 1-9).
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Part |

Chapter 1 Introduction

\A Part Il

Validity and Methodological Development

Chapter 2 (Study 1) examin_ing the optimal electrode
placement for EMG recording of VMO and distal VL.

Chapter 3 (Study Il) comparing a new method of

determining the EMG onset with an established method.

Chapter 4 (Study I11) designing a reliable device for
quantifying passive lateral patellar mobility, and
investigated the effect of geometrical characteristics of

patellofemoral joint on passive patellar mobility.

Chapter 5 (Study 1V, V) examining the validity of MRI
based measurement for patellar position; and the
reliability of the MRI and ultrasound for the cross-

sectional area of the active patellar stabilizers.

Main study

Chapter 6:(Study VI)
comparing the effect of
two different modes of
weight training on the
active and passive patellar

stabilizers.

\4

Part 111

Chapter 7 Grand discussion of the present thesis

Figure 1-9: Organization of the present thesis.
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Chapter 2
(Study 1)

Optimal Positioning of Electrodes for Surface EMG Examination of Vasti Muscles

2.1. Background and literature review

Electromyography (EMG) is the recording of motor unit action potentials or muscle
compound action potentials. Surface EMG has been widely used in studies of skeletal
muscle activities and quantifying the muscle recruitment and force productions (Basmajian
& De Luca 1985a; De Luca 1997; Farina 2006), also the EMG is one of the main outcome
measurements in the main study (Chapter 6) of this thesis.

The surface EMG represents an extracellular view of changes in sacrolemma
potential related with the propagation of action potentials (Farina 2006). The source of
EMG signal is the alpha motor neurons and its motor units. A motor unit is composed of a
cell body, its axon and muscle fibers that it innervates. When an action potential is initiated
by the motor neuron, it travels down the axons and reaches the motor end plate also known
as neuromuscular junction, and then triggers the release of acetylcholine which increases
the permeability of sacrolemma (Deschenes et al 1994; Green 2004). The increased
permeability of sacrolemma makes the charged ions mobile across the membrane as an
electrical current flow occurs.

When a muscle is relaxed, electrical potential across the sacrolemma remains
relatively constant and is regarded as negative inside and positive outside due to more
negatively charged ions (e.g. hydrogen carbonate) internally and more positively charged

ions (e.g. sodium) externally. Because the human body is electrically conductive, the

19



current flow is propagated to adjacent tissues. If a pair of bipolar electrodes is placed over a
contracting muscle and preferably parallel to the orientation of muscle fibers, the current
researching the electrodes can be detected and electronically processed. A differential
amplifier connected to the bipolar electrodes can operate for the differential signal gain and
common signal removal, thus the surface EMG amplitude and frequency spectrum can be
calculated (Basmajian & De Luca 1985a; De Luca 1997; Farina 2006).

The relative EMG of vastus medialis obliquus (VMO) and vastus lateralis (VL) has
been well studied in the past. As the VMO and VL muscles have different morphological,
functional, and neuromotor characteristics (Lieb & Perry 1968; Karst & Willett 1995;
Powers et al 1996; Crossley et al 2001; Ng 2002), the two muscles work synergistically to
provide the dynamic stabilizing force on the patella during knee extension and imbalance
between the VMO and VL could disturb the dynamic stability of patella. Clinically, the
weakness of the VMO may result in excessive lateral tracking of patella, which has been
regarded as a common cause of PFPS (Mariano & Caruso 1979; McConnell 1996;
Herrington 1998). Furthermore, some studies reported that people with PFPS had reduced
VMO:VL electrical activity ratio (Souza & Gross 1991; Boucher et al 1992, Tang et al
2001) or delayed VMO onset when compared with asymptomatic controls (Voight &
Weider 1991; Witvrouw et al 1996; Cowan et al 2001).

Souza & Gross (1991) reported the averaged VMO:VL activity ratio in healthy
subjects to be approximately 0.52:1 during isometric knee extension which was
significantly different from that of patients with PFPS who demonstrated a ratio of 0.36:1.
Boucher et al (1992) reported the ratio to be approximately 2:1 for asymptomatic subjects

in static terminal knee extension, whereas the ratio for people with PFPS was 1.5:1. Tang et
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al (2001) demonstrated that the normalized ratio was approximately 1:1 for normal subjects
at the 60° knee flexion position during eccentric 120°/sec isokinetic knee extension while
PFPS subjects showed that their ratio was around 0.8:1, a statistical difference was noted
between these groups. The above authors stated that patients with PFPS might differ from
asymptomatic individuals with regard to VMO: VL activation pattern.

In terms of the temporal parameters of the vasti muscle activation, Voight & Weider
(1991) and Witvrouw et al (1996) reported that VL fired significantly earlier than VMO in
the knee jerk reflex in patients with PFPS. Their finding was in contrast to Karst & Willett
(1995) who reported no difference in VMO-VL contraction timing in the knee jerk reflex in
both normal subjects and those with PFPS. Powers et al (1996) also found that the ratio of
VMO:VL activity and the VMO-VL relative onset time were not different between patients
with PFPS and the normal controls during walking or climbing stairs.

Some researchers attempted to develop specific strengthening exercises for the VMO.
Hanten & Schulthies (1990) and Laprade et al (1998) reported that VMO was more active
than VL during isometric knee extension with hip adduction and tibial internal rotation. Ng
& Man (1996) and Lam & Ng (2001) reported that VMO was significantly more active
than VL in static knee extension and squat with internal hip rotation. However, Reynolds et
al (1983) and Mirzabeigi et al (1999) did not support the concept of selective recruitment of
VMO over VL in physical training.

The discrepancies of the above findings could be due to the EMG instruments and
electrode placements not being comparable among these studies. Boucher et al (1992) and
Tang et al (2001) placed an electrode over the motor point of VL at the mid thigh level

which was approximately 15 cm above the upper border of patella. Gilleard et al (1998)
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and Ng (2002) placed the VL electrode at 10 cm above the patella. Souza & Gross (1991),
Cram & Kasman (1998) and Willis et al (2005) reported that the electrode for the VL
muscle was at 5 cm or 6 cm above the patella. Conversely, the electrode placement for
VMO was more consistent among previous studies as most reported the position to be 3 or

4 cm above the supero-medial corner of patella (Gilleard et al 1998; Ng 2002) (fig 2-1).

Tang et al (2001)
Boucher et al (1992)

Ng (2002)

Gilleard et al (1998)/'
Willis et al (2005) d
Cram & Kasman (1998) I\

Ng (2002)
Gilleard et al (1998)
Cram & Kasman (1998)

Figure 2-1: Different electrode placement on VMO and VL were used previously by

various researchers.
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2.2. Objectives

In light of the diverse positioning of the VL electrode and the lack of information on
the effects of surface electrode positioning on the EMG recording, there is a need to
examine if electrode positioning would affect the EMG measurements. This has vital
clinical implications because imbalanced VMO:VL EMG activity or VMO-VL onset time
is regarded as contributing factors of PFPS, the effect of electrode positioning must be
considered and controlled in order to use the EMG data for clinical assessments. Therefore,
a study was conducted to investigate the effects of different surface electrode placements
on the VMO:VL activity ratio and VMO-VL relative onset timing. This study was

published in Physical Therapy in Sports in 2006 (Appendix 7).

2.3. Hypothesis
Different EMG electrode placements on the VMO and VL would lead to different

EMG recordings in terms of VMO:VL ratio and VMO-VL onset time.

2.4. Methods
Subjects

Eight able-bodied non-athletic males aged between 24 and 35 years (mean 28.1 years)
were recruited. Subjects with a history of lower limb operations or injuries that required
treatments in the past 6 months were excluded. The study was reviewed and approved by
the Human Ethics Sub-committee of the Hong Kong Polytechnic University prior to data
collection (Appendix 1). All subjects were asked to provide informed written consent
(Appendix 2) and refrain from vigorous physical activities on the day before the study, so

as not to induce fatigue to the muscles.
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List of apparatus

1)

2)

3)

4)
5)
6)

7)

Flexcomp computerized data acquisition system (Thought Technology, Montreal,
Quebec, Canada) (figs 2-2, 2-3).

Single-differential EMG electrode with 500 gain, common mode rejection ratio > 130
dB at 50 Hz, input impedance = 10 Giga-ohm (Myoscan, Thought Technology,
Montreal, Quebec, Canada) (figs 2-3, 2-4).

Disposable silver/silver chloride surface adhesive electrode with a 10 mm circular
contact area and an inter-electrode distance of 20 mm (Multi Bio Sensors, El Paso, TX,
USA) (fig 2-4).

Skin abrasive gel (NuPrep, DO Weaver & Co., Aurora, CO, USA).

Conductive gel (Ultra/Phone, Pharmaceutical Innovations, Newark, NJ, USA)

Skin impedance meter (1089MKIII, UFI, Morro Bay, CA, USA) (fig 2-5).
Isometric/isokinetic dynamometer (Cybex Norm, Henley Healthcare, Nauppauge, NY,

USA) (fig 2-6)

Digital signal processing board Encoder

IBM-type computer
(closure removed)

Figure 2-2: Flexcomp computerized data acquisition system.
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Figure 2-5: Skin impedance meter. Figure 2-6: Isometric/isokinetic dynamometer.
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EMG recordings

Skin on the distal thigh of the dominant leg was shaved and cleansed with skin
abrasive gel (NuPrep, DO Weaver & Co., Aurora, CO, USA) and methylated spirit. The
skin impedance was checked with a skin impedance meter (1089MKIII, UFI, Morro Bay,
CA, USA) (fig 2-5) and a value of less than 50 kQ was deemed acceptable (Hewson et al
2003). After the skin preparation, four single-differential EMG electrodes (Myoscan,
Thought Technology, Montreal, Quebec, Canada) (fig 2-3) were placed over the VMO and
VL with disposable snap electrodes (Multi Bio Sensors, EIl Paso, TX, USA) (fig 2-4). A
thin layer of conductive gel (Ultra/Phone, Pharmaceutical Innovations, Newark, USA) was
put on the electrode surfaces. The electrode for VMO was placed at a point 4 cm above the
supero-medial corner of patella, whereas three electrodes were placed over VL at 5 cm
(electrode 1), 10 cm (electrode 2), and 15 cm (electrode 3) above the supero-lateral corner
of patella (fig 2.7). The orientations of the VMO and VL electrodes were 55° and 15° to the

longitudinal axis of femur, respectively (Lieb & Perry 1968).

VL.
Electrode 3
Electrode 2 VMO:
Electrode 1 Electrode 4

Figure 2-7: Positioning of the EMG electrodes for VL and VMO of the right leg.
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The electrodes were connected to a battery powered encoder (SA9404P, Thought
Technology, Montreal, Quebec, Canada) (figs 2-2, 2-3) with a sampling rate of 1984 Hz.
The encoder was fed to a digital signal processing board (DSP, version 2, Thought
Technology, Montreal, Quebec, Canada) (fig 2-2) installed on a personal computer
(Celeron 400MHz, Windows 98). A data-acquisition software (Ergonomic Suite V1.52,
Thought Technology, Montreal, Quebec, Canada) was used to capture the raw EMG with
bandwidth of 20-500Hz. The raw data were later analyzed off-line with Excel software

(Office 2000, Microsoft, Redmond, WA, USA).

Isometric knee extension

An isometric/isokinetic dynamometer (Cybex Norm, Henley Healthcare, Nauppauge,
NY, USA) was used to measure the isometric maximal voluntary contraction (MVC) on the
dominant leg of each subject with the knee at 45° and hip at 85° of flexion (fig 2-8). The
dominant leg was defined as the one the subjects used to kick a football. Subjects were
requested to perform 5 repetitions of submaximal knee extension to get acquainted with the
isometric testing prior to the MVC test that lasted for 4 seconds. The test was repeated 3
times with a 2-minute rest between each session.

The highest force developed in the 3 tests was regarded as the MVC. Afterwards, the
subjects performed 5 seconds of isometric knee extension at 50% and 75% of their MVVC
with real-time visual signals from the dynamometer screen to guide them on the force
output. These submaximal tests were implemented once because the EMG amplitude
measurement with submaximal muscle contraction was found to be highly repeatable in
short-term (Kollmitzer et al 1999). During the isometric testing, EMG activities of VMO

and VL were recorded with the above data acquisition system and computer.
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Knee perturbation test

After the knee extension tests, the subjects proceeded to a knee perturbation test with
single leg standing so as to induce a stretch reflex in the quadriceps muscles (Ng 2005).
Subjects stood on their dominant leg with the knee extended and the hands lightly touching
the wall in front for balance. A medicine ball of 3.5 kg was used to provide perturbation to
the knee joint. The ball was suspended with a sling from a hook at the ceiling. As the length
of the sling was adjustable, the medicine ball was adjusted to be at the level of the knee
joint of the subjects (fig 2-9). The examiner pulled the ball back until the sling made an
angle of 45° to the vertical behind the subject and upon release of the ball, it would exhibit
a pendulum swing and hit on the back of the subject’s knee to produce a perturbation. The
perturbation test was repeated 3 times with 1 minute in-between while the EMG of VMO

and VL were recorded.

Figure 2-8: Isometric knee extension.
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Figure 2-9: Knee perturbation test.

Data analysis

For the isometric knee extension, the EMG signal was transformed to root-mean-
square (RMS) in time constant of 1000 ms. The initial 2 seconds of EMG data were
excluded so as to avoid the fluctuation of EMG signal. Then each subject’s highest RMS
value of VMO and VL at 50% and 75% MVC were normalized against the respective
muscle’s 100% MVC (Soderberg & Knutson 2000). Since there were 3 VL electrodes and 1
VMO electrode, 3 normalized VMO:VL ratios were obtained for each MVC testing
condition.

For the knee perturbation test, the EMG data were full-wave rectified and the means
and standard deviations of the 100-ms resting EMG signal prior to perturbation were
calculated. The EMG onset was determined as a signal that had 2 standard deviations above
the resting mean for 10 ms or more (McKinley & Pedotti 1992; De Luca 1997). Relative

VMO-VL onset time was calculated by as the onset of VL minis that of the VMO. Since
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there were 3 electrodes on the VL, 3 VMO-VL relative EMG onset times were obtained.
The mean EMG onset time of the 3 perturbation trials was calculated for each subject in
order to minimize random error, and intraclass correlation coefficient (ICC (3,1), absolute
agreement, Cl 95%) was calculated to determine its within-day reliability.

Repeated measures ANOVA (p = 0.05) with Bonferroni adjustment for within-subject
comparisons (SPSS 11.5.1, SPSS Inc., Chicago, IL, USA) was used to analyze the
normalized VMO:VL activity ratio and the relative VMO-VL onset timing difference

among the 3 pairs of the VMO and VL electrodes.

2.5. Results

The ICC (3,1) values of the EMG onset timing difference of VMO-VL in the knee
perturbation measurement were 0.86, 0.87, and 0.87 for the electrode pairs of 1 and 4, 2
and 4, and 3 and 4 respectively. These ICC values indicated that the EMG recordings had
good to very good reliability (Portney & Watkins 2000). The means and standard

deviations of the VMO-VL onset time and VMO:VL EMG activities are listed in table 2-1.

Table 2-1: Dependent variables in isometric knee extension and knee perturbation. The
means (standard deviations) of EMG onset timing during perturbation and EMG

activity ratios of VMO:VL during 50% and 75% of MVC testing

Normalized VMO:VL ratio
Electrode pair VMO-VL onset time (ms)
50% MVC 75% MVC
1&4 1.19 (0.04) 1.24 (0.07) 6.70 (3.35)
2&4 0.97 (0.08) 1.05 (0.08) 8.91 (4.96)
3&4 0.90 (0.09) 0.98 (0.08) 12.28 (7.10)
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Results of repeated measures ANOVA revealed significant differences in both the
VMO:VL ratios and VMO-VL onset time (table 2-2). Post-hoc analyses revealed that the
recording with electrode pair 1:4 was significantly different from the electrode pairs of 2:4
and 3:4 for the onset timing. For the VMO:VL activity ratio, electrode pair 1:4 had higher
ratios than 2:4 and 3:4 at 50% activation level, whereas at 75% of activation level, both 1:4

and 2:4 had higher ratios than 3:4 (table 2-2).

Table 2-2: Results of repeated measures ANOVA with Bonferroni adjustment of EMG data.
As EMG activity ratios of VMO:VL during 50% and 75% of MVC isometric

knee extension and EMG onset timing during perturbation

Measurements ANOVA Pair-wise comparison
df =1.028,
VMO:VL ratio in F=21157 Electrode pair of 1:4 > 2:4 (p=0.018) and 3:4
50% MVC b = 0.002 (p=0.004); 2:4 > 3:4 (p<0.0001)
df =1.044,

VMO VL ratioIn F =10.121, | Electrode pair of 1:4 and 2:4 > 3:4 (p=0.018, 0.004)

75% MV
5% MVC p=0.014

VMO-VL onset df = 2,

difference in knee | F = 10.555. Electrode pair of 1:4 < 2:4 (p=0.03) and 3:4

perturbation 0 = 0.002 (p=0.004)

2.6. Discussion
This study aims to examine the effect of surface electrode positioning on the EMG
recordings of VMO and VL with respect to the onset timing during quadriceps stretch

reflex and EMG voltage during voluntary isometric contraction. Results revealed that
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different positioning of the VL electrodes would significantly affect the EMG onset time
and electrical signal strength during the same activity. The present findings may explain the
discrepancies in the previous studies that reported inconsistent VMO:VL activity ratio and
VMO-VL onset timing (Souza & Gross 1991; Voight & Weider 1991; Boucher et al 1992;
Karst & Willett 1995; Witvrouw et al 1996; Laprade et al 1998; Mirzabeigi et al 1999; Tang
et al 2001). The present results suggested that during submaximal muscle contraction, the
EMG signals obtained from the electrodes 2 and 3 which were closer to the VL innervation
zone at mid thigh level (Warfel 1985) had relatively lower electrical strength and delayed
EMG onset time. These findings are parallel to the reports of Souza & Gross (1991) and
Boucher et al (1992). With the former study positioning the electrodes on mid VL and
reported the VMO:VL ratio to be 2:1, while the latter study positioned the electrode on the
distal VL and reported the ratio to be 0.65:1 for healthy subjects during terminal isometric
knee extension.

The EMG electrodes used in this study contained a differential amplifier with two
recording and one reference terminals. The differential amplifier would magnify the non-
identical signals between the two input terminals and reject any signal which is common to
both (Peek 1987). Theoretically, no EMG signal can be detected if the two recording
terminals are placed equally on both sides of the motor end-plate of a muscle along its fiber
direction. This is because when a muscle action potential is generated at the motor end-
plate and propagates to both ends of the muscle, the signals will be registered as identical
by both input electrode terminals thus cancelled by the differential amplifier (Campbell
1999). However, this never happens with in vivo measurement, because the electrodes

detect muscle action potentials generated by different motor end-plates instead of from a
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single motor end-plate. These signals reach the input terminals at slightly different time
intervals, thus complete cancellation does not occur (Basmajian & De Luca 1985a).

Electrodes located midway between the motor points and tendinous insertion would
result in relatively larger signal amplitude since the action potentials would reach the input
terminals with very different phasic properties (Kleine et al 2001). It has been reported that
the EMG amplitudes of upper trapezius and tibialis anterior muscles would be lower when
the electrodes were placed near the innervation zones during both voluntary contraction
and electrical stimulation (Jensen et al 1993; Merletti et al 1993). This may explain our
present findings that electrode 3 located in the middle of VL had the lowest signal strength
because it is where most of the motor endplates are found and they cluster around this
electrode position (Warfel 1985).

For the relative VMO-VL onset timing, results revealed that the electrode pairs 3 & 4
and 2 & 4 had a significantly greater difference than the pair 1 & 4. This is in agreement
with the finding on the EMG amplitude because the determination of the onset was
dependent on the difference between the voltage of resting muscle electrical signal and that
of the activated muscle action potential. With a relatively lower action potential strength
detected in positions 3 and 2, the rate of voltage build-up in this position would also be
slower, thus the temporal activation point was registered later.

These findings indicate that the EMG activity ratio and onset timing for the VMO and
VL are electrode position dependent. Studies using unique electrode locations over the vasti
muscles could result in incompatible outcomes. However, the finding is restricted to
surface electrodes; it is not known if the same finding can be applied to fine wire EMG as

the wire electrode intramuscularly detects one or few individual motor unit action
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potentials rather than multiple motor unit action potentials monitored at top of skin in the
surface EMG (Basmajian & De Luca 1985a).

One of the limitations in the present study is the lack of external validity because only
asymptomatic subjects were tested, thus the findings may not be directly applicable to
people with PFPS. In addition, all subjects’ knee joints were either positioned at 45° flexion
or full extension; it is natural that if the knee joint flexes by more than 45°, the vasti
muscles will be stretched further, thus the innervation zone of VMO and VL may shift
inferiorly and the EMG characteristics may change accordingly.

In the present study, the variability of subjects’ height was less than 8 cm. Thus the
electrodes being positioned on a few spots on the quadriceps with standardized distance
from the patella may not be a confounding factor for the EMG recording. However, for
clinical measurements, the subjects’ height could vary significantly; the use of a percentage
of limb length may ensure the standardization of the electrode placements for individuals.

This may also enhance between-subject and between-study comparisons.

2.7. Conclusion

The positions of surface electrodes would affect the EMG recording of VMO and VL.
Physical therapists or researchers should be aware that a difference of a few centimeters in
the position of the VL electrode could affect the VMO:VL EMG activity ratio and VMO-

VL onset timing.

2.8. Relevance to the main study
In the main study of this thesis (Chapter 6) that investigated the effect of weight

training on the EMG of vasti muscles, the electrode for VMO was placed at 4 cm above the
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supero-medial corner of patella, whereas the electrodes for VL was placed at 5 cm above
the supero-lateral corner of patella; the electrodes for VMO and VL are placed at the
similar level so that the distal muscle fibers of VM and VL that work synergistically and
directly pulling the patella can be monitored. The orientations of the VMO and VL
electrodes were 55° and 15° to the shaft of femur. Thus, the electrical activity of the VMO
and VL adjacent to the patellofemoral joint could be compared consistently throughout the

thesis.
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Chapter 3
(Study 1)

Development of a New Method for EMG Onset Detection

3.1. Background and literature review

Detection for the onset of skeletal muscle activities is often required in the treatment
of musculoskeletal disorders, muscle training and gait analysis (Winter 1984). For
determining the onset of muscle contraction, most clinicians rely on their visual inspection,
palpation and experience (Kendall et al 1993). However, these observations are rather
subjective and their reliability is often doubtful (Di Fabio 1987). With the need of
improving the objectivity and reliability of muscle onset determination, researchers have
used EMG technique to study the skeletal muscle activities. In order to accurately quantify
the muscle onset time, various quantitative and computerized methods of analyzing the
EMG signals have been developed in the past three decades (Di Fabio 1987; Hodges & Bui
1996; De Luca 1997; Abbink et al 1998).

The most popular method for determining the EMG onset was described by Hodges
& Bui (1996). They processed the EMG signals with 50Hz low-pass filter and rectification;
the time of muscle onset was set as the instance at which the EMG signal was at three
standard deviations above the mean (mean + 3 s.d.) of the baseline signal for at least 25 ms.
This method has since been widely used by various researchers for studying different
muscles under various testing modes (Cowan et al 2001, 2002a,b,c, 2003; Lam & Ng 2001;
Ng & Cheng 2002; Hinman et al 2002; Crossley et al 2004; Ng & Chan 2004; Ng 2005).
For determining the onset of VMO (vastus medialis obliquus) and VL (vastus lateralis), the

method developed by Hodges and Bui (1996) is also most widely used (table 3-1).
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Despite its popularity, analysis of the EMG onset time with that method requires the
original EMG signals to be exported to a computer for mathematical processing, which
may not be convenient for clinicians to perform in the clinical settings. Furthermore, many
EMG systems used by clinicians would only display the EMG waveforms, thus
mathematical processing of the data could not be done online or even offline. Therefore, if
a quantitative, reliable and convenient method for determining the muscle onset time can
be established, it will benefit EMG users in both clinical and research settings.

Vaes et al (2001, 2002) were the first group of researchers that reported the EMG
onset time of the peroneal muscle by using the peak-to-peak amplitude of the surface EMG
signals at double of that of the baseline values (DP-P). This method does not involve
sophisticated EMG signal processing techniques, thus clinicians can trace the EMG output
signals with existing software or use an electrocardiographic caliper to locate the onset
point on the printed waveform (fig 3-1). Therefore, it can be economically implemented in

almost any EMG system that does not have statistical or data exporting functions.
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Figure 3-1: Electrocardiographic caliper can be used to locate EMG onset point as at
double of the baseline amplitude.
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Table 3-1: Summary of EMG onset determination method for VMO and VL (N/A = not applicable)

Author(s)

\Voight & Weider 1991

Karst & Willett 1995

Witvrouw et al 1996

Sheehy et al 1998

Cowan et al 2001

Cowan et al 2002a

Hinman et al 2002

Cowan et al 2002b

Cowan et al 2002c

Brindle et al 2003

Cowan et al 2003

Crossley et al 2004

Ng 2005

Crossley et al 2005

Hinman et al 2005

Subjects

16

15

19

13

33

65

41

10

37

22

40

48

N/A

40

N/A

PFPS  Healthy

41

12

80

15

33

N/A

33

12

37

12

N/A

18

29

N/A

66

VMOI/VL onset induced by

Knee jerk reflex

Knee jerk reflex, active knee
extension

Knee jerk reflex

Ascent and decent stair-
stepping

Ascent and decent stair-
stepping

Ascent and decent stair-
stepping

Ascent and decent stair-
stepping

Stair-stepping with and
without patellar taping

Toes tipping and heel rising
in standing

Ascent and decent stair-
stepping

Toes tipping and heel rising
in standing

Ascent and decent stair-
stepping

Knee perturbation with and
without patellar taping

Ascent and decent stair-
stepping

Ascent and decent stair-
stepping

VMO and VL onset threshold

Visual inspection

1 standard deviation (SD) above
mean of rectified baseline signal

Visual inspection

Peak amplitude of RMS with time
constant of 50ms

3 SD above mean of rectified
baseline signal + 50Hz low-passed

3 SD above mean of rectified
baseline signal + 50Hz low-passed

3 SD above mean of rectified
baseline signal + 50Hz low-passed

3 SD above mean of rectified
baseline signal + 50Hz low-passed

3 SD above mean of rectified
baseline signal + 50Hz low-passed

5 SD above mean of rectified
baseline signal

3 SD above mean of rectified
baseline signal + 50Hz low-passed

3 SD above mean of rectified
baseline signal + 50Hz low-passed

3 SD above mean of rectified
baseline signal

3 SD above mean of rectified
baseline signal + 50Hz low-passed

3 SD above mean of rectified
baseline signal + 50Hz low-passed
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3.2. Objectives

Since the reliability of the double peak-to-peak (DP-P) method and the compatibility
of the results of this method with other established methods such as the mean + 3 s.d. have
not been established, particularly for the patellar active stabilizers VMO and VL, this study
aimed to:

1) examine the reliability of identification of EMG onset using the DP-P method, and

2) compare the results of this method with that of the mean + 3 s.d. method for the

muscles of the knee in able-bodied subjects.

If the DP-P method of muscle onset detection was found to be reliable and the results
were comparable with the other method, it could be applied for studying the VMO and VL
activation of subjects with or without different pathologies in both clinical and research
settings. This study was published in Electromyography and Clinical Neurophysiology in

2005 (Appendix 8).

3.3. Hypothesis
The new DP-P EMG onset detection is repeatable and comparable to the traditional

method of mean + 3 s.d.

3.4. Methods

Subjects

Eleven subjects (five females and six males) with the mean age of 28.4 (+/- 4.8,

ranging 22-35) volunteered to participate in this study. All subjects were healthy with no
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history of lower limb surgery and physical injuries that required medical treatments for at
least 6 months prior to this study. The study was reviewed and approved by the Human
Ethics Sub-committee of the Hong Kong Polytechnic University prior to data collection
(Appendix 3). All subjects were asked to provide written informed consent (Appendix 4)

and abstain from vigorous physical activities on the day before the study.

List of apparatus

1) Apparatus used in this study were the same as those used in Chapter 2 (Study 1) (fig 3-2).

2) Voltage isolator (T9405, Thought Technology, Montreal, Quebec, Canada) (fig 3-2).

Subject connected to
EMG electrodes

Voltage isolator

Computer <¢—

for data collection
and analysis

Voltage fed to data acquisition system

Figure 3-2: EMG and isometric force data acquisition system. The voltage isolator acted
as a surge protector for subjects who were indirectly connected with the AC
(220V) powered Cybex dynamometer, in case of the dynamometer

malfunctions, its leaking AC voltage would not reach the subject.
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Isometric torque and EMG recordings

A dynamometer (Cybex Norm, Henley Healthcare, Nauppauge, NY, USA) was used

to measure the isometric knee extension strength of the subjects’ left leg at 45° of knee

flexion and 85° of hip flexion. The knee extension torque values were converted to DC

voltages (1 V = 80 Nm) and transmitted to a battery powered encoder (SA9404P, Thought
Technology, Montreal, Quebec, Canada) at a sampling rate of 124 Hz via a voltage isolator
(T9405, Thought Technology, Montreal, Quebec, Canada) (fig 3-2). The encoder was also
connected to a digital signal processing board (DSP, version 2, Thought Technology,
Montreal, Quebec, Canada) installed in a personal computer (Celeron 400MHz, Window
98). Data acquisition and analysis software (Ergonomic Suite VV1.52, Thought Technology,
Montreal, Quebec, Canada) was used to provide real-time visual feedback of the torque
output to subjects and for off-line data analyses.

Two single-differential surface electrodes (SA9503M, Thought technology, Montreal,
Quebec, Canada) were connected to the encoder for EMG data capturing. The sampling
rate for the EMG data was 1984 Hz.

This study took place in a laboratory and only one subject was tested at a time. After
all the procedures of the EMG measurement were explained and demonstrated to the
subject, the skin over the VMO and VL of the subject’s dominant leg was prepared by
shaving and cleansing with skin preparation gel (NuPrep, DO Weaver & Co., Aurora, CO,
USA) and alcohol.

The electrode placement was based on the findings reported in Chapter two. The
electrodes for VMO were positioned at 4 cm superior to the superomedial patellar border

and aligned at 55° to the longitudinal femoral axis, whereas the electrodes for VL recording
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were positioned 5 cm superior and aligned at 15° to the femur. The electrodes were secured
on VMO and VL by disposable circular snap electrodes (Multi Bio Sensors, El Paso, TX,
USA) with a standard 2 cm spacing of silver/silver chloride electrodes that have pickup
areas of 1 cm in diameter. A thin layer of conductive gel (Ultra/Phone, Pharmaceutical
Innovations, Newark, USA) was put on the pickup surfaces.

After the above preparations, each subject performed 3 maximal isometric knee
extensions. The highest isometric extensor torque of the 3 contractions was registered as
the maximal voluntary contraction (MVC) of the subject. After registering the MVC, the
subject would be given 2 minutes of rest and then the subject was requested to perform the
following actions in random order:

1) 100% MVC knee extension.

2) 75% MVC knee extension.

3) 50% MVC knee extension.

Visual feedback was provided to the subjects to help them develop the required levels
of MVC. A value of +/-10% around the target level of MCV was regarded as acceptable for
these trials. The EMG of the vasti muscles were repeatedly recorded in three occasions.
The first two recordings were conducted with a 30-minute interval without removing the

electrodes whereas the third recording was at 7 days later (fig 3-3).

1st 30 mins 2nd 7 days 3rd
data collection | — data collection —» | data collection

Figure 3-3: Logistics of data collections each included the EMG at three levels of MVC.
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Data analysis

In the isomeric knee extension trials, three synchronized signals were acquired as two
AC voltages for EMG of the VMO and VL, and one DC voltage for the isomeric knee
extension torque. Since the EMG onset of the vasti occurred prior to the onset of the
isometric torque known as the electromechanical delay (De Luca 1997; Kubo et al 2001),
the onset of the isometric torque was used to act as a reference for calculating the EMG
onset of the vasti muscles. Thus, the sudden increase in the DC voltage was regarded as the
time of the torque onset which was used to minus the time of the EMG onset of the VMO
and VL respectively, and would result in the absolute EMG onsets that could be compared
for its test-retest reliability. The onsets were shown in unit of milliseconds (ms).

EMG onset determined by DP-P: The raw EMG data was processed with a filter of
20-500Hz bandwidth, and then an EMG signal of 200-ms in duration that preceded the
isometric torque onset was manually selected as the baseline reference. The onset of muscle
activation as determined by the DP-P method was regarded as the point at which the EMG
peak-to-peak intensity doubled that of the highest peak-to-peak waveform in the baseline
reference (Vaes et al 2001, 2002; Weerd at al 2004).

EMG onset determined by mean + 3 s.d.: The raw EMG signal was low-pass
filtered with 50 Hz and full-wave rectified. The processed signal was saved at CSV
(comma separated values) file and then fed to the Excel software (Office 2000, Microsoft,
Redmond, WA, USA) for the mean + 3 s.d. analysis. The onset point was determined as the
instance at which the processed signal was higher than 3 standard deviations over the mean
value of the reference signal and such signal lasted for 25ms or longer (Hodges & Bui 1996,

Cowan et al 2002a,b,c, 2003; Hinman et al 2002, 2005; Crossley et al 2005; Ng 2005).
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Test-retest reliability of DP-P: Intra-class Correlation Coefficients (ICC (3,1),
absolute agreement, Cl 95%) was used to establish the test-retest reliability of the EMG
onset time of the vasti muscles being determined by the DP-P.

Relationship between DP-P and mean + 3 s.d.: Linear regression was used to
calculate the r?.

Comparability between DP-P and mean + 3 s.d.: Comparison of the DP-P to the

mean + 3 s.d. was done using paired t-test with alpha level set at 0.05.

3.5. Results
The ICC values for the EMG onset time of the vasti muscles being determined by the
DP-P is shown in table 3-2. A trend of increasing test-retest reliability with decreasing

levels of MVVC was noted.

Table 3-2: The ICC values indicating the reliability of the DP-P method.

100% MVC 75% MVC 50% MVC
Interval VMO VL VMO VL VMO VL
30-min 0.66 0.64 0.76 0.67 0.86 0.75
7-day 0.66 0.63 0.66 0.67 0.80 0.81

The r?values were listed in table 3-3 that showed the DP-P to be fairly predictive to
the mean + s.d. However, a significant difference was found between the results of the two
methods for both VL and VMO (p<0.0001). In the cell point chart that showed the means
(standard deviation) of the EMG onset time of VMO and VL (fig 3-4), it can be seen that
there was a consistent delay in the DP-P method as compared to that of the mean + 3 s.d.

method for the same muscle action.
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Table 3-3: r®values representing relationships between DP-P and mean + 3 s.d.

VMO VL
50% MVC 0.70 0.83
75% MVC 0.57 0.61
100% MVC 0.79 0.65
60
50 A
20 [ [
Time (ms) ] .
30 _ T T
20 1
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Figure 3-4: Comparison of EMG onset time of contraction of VMO and VL determined

by the mean + 3 s.d. and the DP-P methods.

3.6. Discussion

This study aims to examine the test-retest reliability of the DP-P method for EMG

onset identification and to compare the results of DP-P method with the mean + 3 s.d.

method. The findings reveal that the DP-P method has moderate to good reliability with
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ICC (3,1) ranging from 0.63-0.86 (Portney & Watkins 2000). Since EMG measurement is
susceptible to surrounding electromagnetic interference that can substantially increase the
EMG offset, statistics such as the Pearson’s correlation is considered not a suitable index of
reliability when there is a substantial difference between two EMG measurements among
the subjects and their ranks remain the same in the two measurements. Therefore ICC was
used as it can detect both changes in the rank among the subjects tested and the consistency
of the measurements across occasions (Arnold 1997).

The method of DP-P revealed that the EMG onset detection was more repeatable in
the 50% MV C isometric knee extension than higher levels of MVC. This finding is in line
with the report of Kollmitzer et al (1999) in which recordings of root-mean-square EMG
amplitude of isometric knee extension taken at 50% MVC demonstrated better repeatability
than 100% MVC measurements. The good reliability of this method with submaximal
muscle testing is clinically meaningful, because most of the therapeutic exercises or
functional assessments of the vasti muscles are done at submaximal levels, and the EMG
recordings at these submaximal contractions could be compared periodically.

More importantly, the present results revealed very good between-day reliability of
the DP-P method with ICC for between-day comparisons >0.8 at 50% MVC. This finding
implies that the effects of exercise training to facilitate muscle onset may be assessed
reliably with the DP-P method, which has important clinical application value.

The onset times of VMO and VL have been widely explored with the mean + 3 s.d.
method in previous studies (Cowan et al 2001, 2002a,b,c, 2003; Hinman et al 2002, 2005;
Crossley et al 2004, 2005; Ng 2005), thus the validity of comparing the DP-P to this well

established method is justified. Furthermore, accurate measurements of the onset time of
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VMO and VL have vital clinical implications for the management of patients with
patellofemoral pain syndrome, because the treatment for these patients often targets to
facilitate VMO contraction. Developing a user-friendly detection method for clinicians will
facilitate the clinical management of this condition.

However, a point of caution is that the findings on the vasti muscles may not be
generalized to other muscles, because surface EMG recordings could be affected by factors
such as thickness of subcutaneous tissue, electrode placement, cross talk of adjacent
muscles, muscular length and fatigue. In particular, muscles of the limbs work against
inertia whereas muscle in other parts of the body such as the chest wall work against
elasticity and their EMG/force relationships had been reported to be different (Ng & Stokes
1992). Applications of the findings from lower limb muscles to other muscles may need to
be further validated.

When comparing the results of the DP-P with the mean + 3 s.d. method, the DP-P
method showed a constant delay of about 3 ms in the onset time of both VMO and VL (fig
3-4). Since the delay is consistent in both muscles and across all conditions of testing, this
should not affect the comparability of the relative EMG onset time of the two vasti muscles
recorded with either method. In the case of studying the absolute EMG onset time, findings
from the DP-P method cannot be directly compared with the mean + 3 s.d. method.

The difference between the two methods may be explained by the fact that the DP-P
and mean + 3 s.d. methods have inherent difference in their constructs. The mean + 3 s.d.
method relies on signal processing using a 50 Hz low-pass filter and full-wave rectifier to
attenuate the raw EMG signals, so as to transform the AC signals to DC. These processing

techniques would smoothen the signals substantially. Since the muscle onset time is the
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first instance when the signal exceeds the preset threshold, the relatively smoother
waveform would have relatively lower threshold as it has proportionally smaller values of
mean and standard deviation. In contrast, the DP-P method does not process the raw EMG
signal, it only sets the threshold entirely based on the resting signal amplitude, thus the DP-
P would take relatively longer time to reach the onset point than the mean + 3 s.d., which

explains the 3 ms delay in the muscle onset detection with the DP-P method.

3.7. Conclusion

This study shows that the DP-P method is a reliable method to detect the EMG onset
of the vasti muscles in isometric knee extension. The within- and between-day reliability is
particularly high at 50% of MVC. There is a constant delay of about 3 ms with the DP-P
detection method as compared to the mean + 3 s.d. method, thus direct comparison of the

absolute muscle onset time of these two methods should not be done.

3.8. Relevance to the main study

Having determined the reliability and comparability of the DP-P method to an
established mean + 3 s.d. method of EMG onset detection for VMO and VL, the simplicity
of the DP-P is a bonus for handling large amount of EMG data. This method will be used in
the main study of this thesis (Chapter 6) that examines the effects of weight training on the

potential adaptation of the vasti muscles.
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Chapter 4
(Study I11)

Quantification of Lateral Patellar Mobility

4.1. Background and literature review

Increase in lateral patellar mobility has been identified as a predisposing factor for
patellofemoral pain syndrome (PFPS) in both cross-sectional and prospective studies
(Kujala et al 1986; Witvrouw et al 2000). Patellar hypermobility or instability could be a
consequence of patellar subluxation or dislocation, which, if not managed properly, will
predispose the subject to develop patellofemoral pain (Hughston et al 1984; LaBella 2004).
Instability of the patellofemoral joint can be defined as the patella being inherently unstable
or unable to maintain normal tracking or equilibrium in response to external perturbations
(Padua & Blackburn 2003).

Clinically, physicians or physical therapists can perform a manual patellar gliding test to
estimate the patellar mobility by positioning a patient in supine lying with knee extended,
and moving the patella medially or laterally. If the extent of displacement is more than 75%
of the width of patella, it is considered hyper-mobile (Fulkerson 2002). Since a more
precise measurement of passive patellar mobility would be desirable for diagnostic and
research purposes, a few clinical and laboratory testing methods have been developed
(Minkoff & Fein 1989; Fithian et al 1995; Teitge et al 1996).

Radiographically, Minkoff and Fein (1989) and Teitge et al (1996) positioned the patients
on inclined supine lying with knees flexed at 30°; the examiner used a handheld force

gauge (Patellar Pusher, MedMetric, San Diego, CA, USA) to displace the patella medially
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or laterally so that the extent of patellar displacement can be viewed and calculated on x-
ray films (fig 4-1). This stress radiograph of patellofemoral joint was not widely used in
clinical settings, and was more of a research tool (Deie et al 2005). Also, this method has
certain limitations, the x-ray image must be taken with the knees flexed at 30° or more,
otherwise the image of patellofemoral joint would be blocked by the proximal tibia
(Minkoff & Fein 1989). However, the patellofemoral joint is most mobile with a fully
extended knee (Fox 1975), the patellofemoral articular contact area is relatively greater
with knee flexion, thus the radiographic examination with a flexed knee is not ideal if the
soft tissues of patellofemoral joint are evaluated for their elasticity or stiffness (Desio et al
1998; Nomura et al 2006).

Another limitation of the above method is that the lateral patellar displacing force
cannot be directed purely horizontally due to the presence of the other knee that would
block the horizontal pathway of the mediolateral gliding. Therefore, the patella will be
shifted laterally and tilted transversely (fig 4-2).

With a more simple method than stress radiograph, Fithian et al (1995) reported using a
handheld dynamometer to standardize the patellar translating force and a linear
displacement sensor to measure the passive patellar mobility at 30° knee flexion (fig 4-3).

However, all the above methods use a handheld dynamometer which relies heavily on the
examiner’s eye-hand coordination in controlling the patellar displacement by holding the
dynamometer steadily and perpendicularly to the edge of patella. Thus, these methods are
prone to errors which can significantly affect the measurement accuracy, because the
passive range of side-way patellar mobility is usually less than 20mm in asymptomatic

subjects (Fox 1975).
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Figure 4-1: Stress radiograph of patellofemroal joint. Teitge et al (1996) with permission.

PATELLA PUSHER

Figure 4-2: Axial stress x-ray of patellofemoral joint. The patella being displaced by a
force dynamometer (patella pusher), the displacing force was in both horizontal and

downward directions. X-ray image from Minkoff & Fein (1989) with permission.
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Figure 4-3: Passive patellar gliding measurement. Fithian et al (1995) with permission.

4.2. Objectives
In order to reliably quantify the lateral patellar mobility, and to examine the

correlations between patellar mobility and geometry of the patellofemoral joint, this study
aims to:

1) develop a mechanical method to quantify passive patellar gliding which can be used

in the main study of this thesis (Chapter 6),

2) record the axial and sagittal views of the knee with magnetic resonance imaging

(MRI),

3) correlate the results of MRI and mechanical patellar gliding, and

4) define the clinical significance of these measurements.

The work of the current study was presented at the 2" Asia Pacific Conference on
Biomechanics, 2005, Taipei, Taiwan and the Annual Meeting of the American Society of
Biomechanics, 2006, Blacksburg, VA, USA, and will be published in American Journal of

Physical Medicine and Rehabilitation (Appendices 9, 10, 11)
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4.3. Hypothesis
1) Newly designed equipment can reliably measure the passive lateral patellar mobility.
2) The magnitude of patellar mobility can be correlated to the geometries of

patellofemoral joint obtained from the MRI examination.

4.4. Methods

Subjects

1% group

Thirteen able-bodied volunteers (11 males, 2 females) aged between 21 and 40 years (mean
+ SD = 26.6 £+ 4.7) were recruited for investigating the reliability of instrumented patellar
gliding test.

2" group

Seventeen able-bodied volunteers (13 males, 4 females) aged between 18 and 35 years
(mean = SD = 26.7 = 5.1) were recruited for investigating of the relationships between the

geometrical features of patellofemoral joint and lateral patellar mobility.

The study was approved by the Human Ethics Sub-committee of the Hong Kong
Polytechnic University before data collection (Appendix 5). All subjects were requested to

give their written consent prior to the study (Appendix 6).

List of apparatus

1) MRI scanner (Magnetom Avanto, Siemens AG, Erlangen, Germany).
2) Laser-cross projector (SLO1, Land, Hong Kong).

3) Adhesive dressing membrane (Tegaderm, 3M Health Care, St. Paul, MN, USA).
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4) Custom made instrument of lateral patellar gliding test, as an assembly with:
= force gauge transducer (AEF-5, Aikon Engineering Co., Osaka, Japan),
* magnetic motion tracker (pciBird, Ascension Technology, Burlington, VT, USA)
= adjustable platform (Poly-Jaque plastic lab jack, Scienceware, Pequannock, NJ,
USA) (fig 4-4, 4-5).
5) Mechanomyographic (MMG) biofeedback instrument, as an assembly with:
= air coupled transducer (Pulse pickup, 21051D, Hewlett Packard, Palo Alto, CA, USA)
= EMG biofeedback unit (Myotrac, Thought Technology, Montreal, Quebec, Canada)

(fig 4-6).

Instrumented lateral patellar gliding test

The test used a DC magnetic motion tracker with 0.5 mm accuracy (pciBIRD, Ascension
Technology., Burlington, VT, USA) that consisted of three devices, namely magnetic field
transmitter, magnetic field sensor (fig 4-4), and computer digital signal processing card.
The tracker was controlled by an IBM compatible personal computer with a Pentium 111-
500Hz microprocessor (Intel, Santa Clara, CA, USA) running Windows 2000 operating
system (Microsoft, Redmond, WA, USA). Additional software used was the Shared Input
Devices Controller (Swiss Federal Institute of Technology, Lausanne, Switzerland) for
collecting 3-axis ordinate data while the sensor was fixed on a manual patellar gliding
apparatus (AEF-5, Aikon Engineering Co., Osaka, Japan) that seated onto a custom-made
linear slide and supported by a height-adjustable stand (Poly-Jaque plastic lab jack,
Scienceware, Pequannock, NJ, USA) (fig 4-4).

The magnetic field transmitter and the sensor were located lateral and medial to the tested

knee respectively, thus the passive patellar motion can be detected while the patella was
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being pushed (fig 4-5). Data of the transverse axis were collected as the medial to lateral
patellar motion was the primary interest in the measurement, and was collected at a
sampling rate of 100Hz.

During the test, the subject was positioned in supine lying with knees extended and feet
together. The feet and lower legs were secured with no active movement allowed (fig 4-5).
A laser-cross projector (SLO1, Land, Hong Kong) was mounted on a jig above the knees
which emitted a cross mark on the plinth for standardizing the position of the subject (fig 4-
4). The patellar glide apparatus fitted with the magnetic motion tracker was used to
instrumentally glide the subject’s patella laterally in a constant speed of approximately 2
cm/second with 15N force. The data of the patellar displacement was analyzed with Excel
software (Office 2000, Microsoft, Redmond, WA, USA).

Both knees were tested separately with three continuous passive gliding movements and
the average of the three recordings was calculated to minimize random error. In order to
help the subjects to relax their quadriceps muscles during the test, real-time biofeedback
signal was provided with mechanomyography (MMG) of the medial quadriceps muscles.
The MMG signal was detected via an air coupled transducer (Pulse pickup, 21051D,
Hewlett Packard, Palo Alto, CA, USA) connected to a biofeedback unit (Myotrac, Thought
Technology, Montreal, Quebec, Canada) which would provide an audio alarm when the
quadriceps’ MMG signal (root mean square, 100ms time constant) was over its resting
threshold (Bolton et al 1989; Evetovich et al 2007). The MMG transducer was fixed on the
medial quadriceps with an adhesive dressing membrane (Tegaderm, 3M Health Care, St.

Paul, MN, USA) (fig 4-6).
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The 1% group of subjects (n = 13) were tested twice with one-week apart for examining the
test-retest reliability of the instrumented patellar gliding test.
The 2™ group of subjects (n = 17) were tested once with the patellar gliding test and then

scanned with MRI for their knees and thighs.

Cross-laser projector

Heel fixation and
feet strap

Force gauge

Linear slide

Magnetic field sensor

Lab jack

Magnetic field transmitter

Fig 4-4: Instruments for lateral patellar gliding test.
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Feet strap

Shin strap
Magnetic field
transmitter
MMG transducer
Figure 4-5: Instrumented lateral patellar gliding test in use.
MMG transducer

Adhesive dressing membrane for \
stabilizing MMG transducer on skin

Biofeedback machine
that provided real-time
audio feedback

.

Figure 4-6: MMG biofeedback instrument.
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MRI

After the patellar gliding test, the 2" group of subjects received MR imaging of their knees
and lower legs. A 1.5 Tesla MRI scanner with surface coils (Magnetom Avanto, Siemens
AG, Erlangen, Germany) was used to record the sagittal (T1, TI: 600ms, TR: 1180ms, TE:
4.32ms, slice thickness: 2mm) and axial views (T1, TR: 420ms, TE: 50ms, slice thickness:
3mm) of the subjects’ knees and lower thighs with the subjects in the same positioning as
the patellar gliding test. Foam inserts were used to support the surface coils in order to keep
the anterior knees from being compressed by the coils (fig 4-7). The 2-mm and 3-mm MRI
slices were chosen because it can provide clinically acceptable spatial resolution and this
thickness has been used conventionally for the examination of knee ligaments and
tibiofemoral cartilage injuries (Cicuttini et al 2004). Image datasets were saved in DICOM
format for off-line analyses.

Off-line analyses were done with medical image analysis software (MIPAV, version 2.0,
National Institutes of Health, Bethesda, MA, USA) and a graphic digitizer (CTE-430,
Wacom, Vancouver, WA, USA). The MR images were analyzed for the patellar tendon
length/patellar length (TL/PL) ratio (Miller et al 1996; Shabshin et al 2004), the lateral

trochlear inclination (Carrillon et al 2000) and the biomechanical inclination angle (fig 4-8,

4-9, 4-10).

Figure 4-7: Positioning of subjects for the MRI.
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Figure 4-8: Patellar tendon length/patellar length (TL/PL) ratio. The ratio was formed
by the patellar tendon length divided by the diagonal patellar length at the
sagittal image that demonstrated maximal patellar length.

Figure 4-9: Lateral trochlear inclination. The angle was subtended by a line tangential
to the lateral trochlear facet and the posterior condylar reference line on

the first caniocaudal image that demonstrated cartlilaginous trochlea.

Figure 4-10: Biomechanical inclination angle. The angle was subtended by a line

tangential to the lateral trochlear facet and the supporting surface.
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Statistical analysis

Test-retest reliability of the instrumented lateral patellar gliding test: Paired data
of day 1 and day 2 regarding left leg, right leg and pooled left-right legs were respectively
analyzed using intraclass correlation coefficient (ICC (3,1), p = 0.05, consistency).

Correlation between MRI based measurements and passive lateral patellar
displacement: Since both legs of each subject (n = 17) were measured, this resulted in 34
data. Pearson’s coefficient (p = 0.05, two-tailed) was calculated to examine the correlations

based on data of left leg, right leg, and pooled left-right legs respectively.

4.5. Results

For intra-rater reliability of the patellar gliding test with a 7-day interval, the ICC (3,1)
values were 0.97 (95% CI: 0.90 - 0.99) for left leg, 0.94 (95% CI: 0.82 - 0.98) for right leg,
0.96 (95% CI: 0.94 - 0.98) for pooled left-right legs.

Table 4-1 presents the results of the descriptive data of the patellar gliding test and

MRI measurements.

Table 4-1: Descriptive data of patellar gliding test and MRI based measurements.

Parameter n Mean SD Range
Patellar gliding test (mm) 34 14.2 4 10-25
TL/PL ratio 34 0.95 0.14 0.74-1.33
Lateral trochlear inclination (deg) 34 194 3.9 14-27
Biomechanical inclination angle (deg) | 34 23 3.5 14-28

The correlations between the patellar gliding test and the MRI based measurements

were listed in the table 4-2.




Table 4-2: Correlation between lateral patellar gliding and MRI based measurements.

Left leg Right leg Pooled left-right

Person’s correlation r p r p r p

TL/PL ratio —

Patellar gliding test 0.29 0.246 0.33 0.192 0.31 0.073

Lat. trochlear inclination —

- * - * - *
Patellar gliding test 0.49 0.042 0.57 0.016 0.53 0.001

Biomechanical inclination —

Patellar gliding test -0.68 0.002 -0.65 0.004 -0.67 0.001

* = statistical significance

The graphical presentation of the correlations between passive lateral patellar
mobility and lateral trochlear inclination, and biomechanical inclination angle for the

pooled left-right legs data was shown in figure 4-11.
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Figure 4-11: Bivariate plot with linear regression lines. The plot showed relationships
between patellar mobility and MRI based measurements.

LTI = lateral trochlear inclination, BIA = biomechanical inclination angle
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4.6. Discussion

Carrillon et al (2000) classified that a lateral trochlear inclination of < 11° as femoral
groove dysplasia. This small lateral trochlear inclination would have significant association
with patellar instability. Shabshin et al (2004) studied 245 knees with MR imaging and
reported that a TL/PL ratio of between 0.74 and 1.5 to be normal. If the ratio is over 1.5, it
is classified as patellar alta and this implies a potentially unstable patella due to the
excessively long patellar tendon. Based on these criteria, all the subjects in this study
would be regarded as within the norm.

The current findings suggests that the lateral passive mobility of patella was weakly
correlated to the length of patellar tendon (TL/PL ratio), but it was significantly correlated
with the femoral trochlea in terms of the lateral trochlear inclination and the biomechanical
inclination angle (table 4.2, fig 4-11). As these angles became smaller, the passive patellar
mobility tended to increase. The values of correlation suggest that the biomechanical
inclination angle to be more predictive of the passive patellar mobility than the lateral
trochlear inclination. The findings also suggest that the patellar gliding is a simple and
valid clinical assessment for estimating the femoral trochlear geometry.

The lateral trochlear inclination would not be affected by the hip rotation angle or the
angle of femoral torsion (Hoiseth et al 1989), but the biomechanical inclination angle
would be affected by these angles. This point is clinically important because when a
clinician performs the patellar gliding test (manual or instrumented) on a patient, the hip
rotation angle (limb position) must be controlled as it can affect the biomechanical

inclination angle that may alter the magnitude of the lateral patellar displacement.
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It is believed that when the patella was glided laterally, the gliding force was directed
horizontally and diagonally downwards due to the irregular shape of patella. The force had
induced a reaction force on the lateral facet of the trochlear groove, and this reaction
generated friction in the lateral patellofemoral joint that decreased the patellar translation
(fig 4-12). In other words, an increase in the biomechanical inclination angle would hinder
the patellar lateral gliding movement; and a decrease of it would facilitate the movement.

The patellar gliding test was only performed for the lateral side since the majority of
the patellar disorders happen on the lateral side (Hughston et al 1984). Nonweiler & DeLee
(1994) and Fulkerson (2004) reported that medial patellar subluxation is clinically
uncommon. If the subluxation presents, it is always a complication of lateral retinacular
release. Also, Cutbill et al (1997), Thomee et al (1999) and LaBotz (2004) stated that
excessive lateral patellar tracking plays a role in the development of PFPS. Therefore,

establishing patellar stability on the lateral side is clinically important.

Figure 4-12: Horizontal gliding force created a reaction force in the patellofemoral joint.
(A) = gliding force; (B) = reaction force in the lateral patellofemoral joint.
The reaction force may increase or decrease with the biomechanical

inclination angle (C) as well as hip rotation angle.
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The design of the current instrumented patellar gliding test has been proved to be
repeatable, and it has also solved the problems of the previous versions of passive lateral
patellar mobility measurement that the lateral patellar translation was not purely horizontal
(Minkoff & Fein 1989; Teitge et al 1996), and the translation direction heavily relied on the
examiner’s eye-hand co-ordination (Minkoff & Fein 1989; Fithian et al 1995; Teitge et al
1996). The L-shape patellar pusher in this study could cross over the contralateral knee and
push the tested patella in a horizontal direction (fig 4-13), and the force gauge was guided
by a linear bearing with the laser-cross marking which enabled the standardization of the
subjects’ position (fig 4-4, 4-5). These design features have improved the accuracy of the
patellar gliding test and the logistics of which does not require highly sophisticated set-up.

H L-shape patella pusher

Figure 4-13: Patellar gliding was operated in medio-lateral and horizontal direction.

However, there are some limitations in this non-blinded study that need to be
addressed. Only 17 subjects (34 knees) were tested with most of them being males (n = 13);

the potential gender difference in lower limb alignments or soft tissue compliance may

64



affect the femoral geometry-patellar mobility correlations because it has been reported that
female subjects have a relatively higher TL/PL ratio (Shabshin et al 2004). Since the
subjects being tested were all young and asymptomatic, the findings may not be directly
generalized to older subjects or those with knee pathologies. In the patellar gliding test, a
standard gliding force of 15 N was used rather than a percentage of the subjects’ body
weight, the potential effect of the non-individualized gliding force on the correlations is

therefore unknown.

4.7. Conclusion

When clinicians treat people with excessive patellar mobility, knowing the magnitude and
cause of the problem is essential for planning the treatment programs and evaluation of the
treatment progress. While the magnitude and the cause of patellar mobility can be
examined via mechanical and radiographic means, there was little information on the
correlation between the mechanical and radiographic findings. It is concluded from the
present study that the position of lateral trochlear groove is a determining factor that
reflects the lateral patellar mobility rather than the patellar tendon length among
asymptomatic subjects. Since the hip rotation angle can affect the position of lateral
trochlear groove, clinicians who perform lateral patellar gliding test should recognize the

hip angle as being critical and needs to be controlled.

4.8. Relevance to the main study
The patellar gliding instrument developed in this study will be used in Chapter 6 in which
the potential changes in passive lateral patellar mobility of the subjects with and without

weight training are evaluated.
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Chapter 5
(Study 1V, V)

Imaging for Quantifying Patellar Position and Vastus Medialis Obliquus Size

Study 1V

Validity of magnetic resonance imaging for patellar tilt angle

5.1.1. Background and literature review

The etiology of patellofemoral pain syndrome (PFPS) is multi-factorial, and certain
contributing factors such as excessive patellar tilt can present with subtle physical signs
that are difficult to be quantified or even detected by physical examinations in the clinical
settings. Although a few clinical methods using manual palpation and tape measurement for
estimating the extent of patellar tilt were developed (McConnell 1996; Ingersoll 2000),
validity and reliability of these methods are yet to be proved (Watson et al 2001; McEwan
et al 2007). Conversely, medical imaging including x-ray, computed tomography (CT) and
magnetic resonance image (MRI) have been regarded as objective and reliable methods for
quantifying the angle of patellar tilting (Beaconsfield et al 1994; Murray et al 1999; Muhle
et al 1999; Elias & White 2004).

The excessive lateral patellar tilt has been associated with increased lateral
patellofemoral joint pressure that stresses the retro-patellar subchondral bone (Hungerford
& Maureen 1979; Draper et al 2007) and causes a localized anterior knee pain (Cutbill et al
1997; Thomee et al 1999; LaBotz 2004), therefore this condition is also known as lateral

patellar compression syndrome (Larson et al 1979; Doucette & Goble 1992) (fig 5-1).
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Kujala et al (1993) reported a positive correlation between the lateral patellar tilt by
MRI measurement in patients with anterior knee pain and their subjective symptoms.
Pookarnjanamorakot et al (1998) analyzed the degree of lateral patella tilt with MRI and its
correlation with the symptoms of anterior knee pain, and found that the average patella tilt
angle (fig 5-2) for those without anterior knee pain was 12.8° (SD = 8.4); whereas it was
6.3° (SD = 3.9) for persons with anterior knee pain. However, both studies were
retrospective in nature and therefore it could not determine whether the increased patellar
tilt was a predisposing factor or a result of anterior knee pain.

Since the patella is minimally constrained and its position is largely determined by
the surrounding soft tissues at full knee extension (Fulkerson & Gossling 1980), the
optimal position for imaging the patellar tilt is with an axial view at full knee extension
(Minkoff & Fein 1989; Vahasarja et al 1996). When the knee is flexed by more than 20°,
the patella is drawn into the trochlear sulcus due to the closing angle between the
quadriceps and patellar tendon in the sagittal plane, hence patellar stability and
patellofemoral joint contact area increase with knee flexion (Hungerford & Maureen 1979;
Hinterwimmer et al 2004). However, axial x-ray of patellofemoral joint, also known as
Merchant or sunrise view, cannot produce the most ideal image of static patellar orientation
since the positioning requires the knee to flex by at least 30° (fig 5-3), otherwise the
patellofemoral image would be blocked by the superimposing proximal tibia (Minkoff &
Fein 1989; Vahasarja et al 1996).

Technically, only MRI and CT are able to capture the axial images of the cross-
section of a patellofemoral joint with knee extended. Thus, both modalities have been

extensively used by physicians and researchers in investigating the angle of patellar tilt in
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subjects with or without patellofemoral pain (Inoue et al 1988; Conway et al 1991;
Beaconsfield et al 1994; Guzzanti et al 1994; Delgado-Martinez et al 1996; Powers et al
1999, 2004; Witonski & Goraj 1999; Sathe et al 2002; Ward et al 2002).

There were two image-based measurements using lateral patellar facet as a reference
for calculating the degree of patellar tilt at mid-transverse patellar level, known as patellar
tilt angle (PTA) (fig 5-2) and lateral patellofemoral angle (LPFA) (fig 5-4) (Delgado-
Martinez et al 2000; Shibanuma et al 2005). Wu and Shih (2004) reported both PTA and
LPFA were highly correlated with each other (r = 0.99) and suitable for qualification of the
lateral patellar tilt.

Furthermore, both measurements were reported to have high between-day reliability.
Delgado-Martinez et al (2000) reported that the intra-rater reliability of both CT based
LPFA and PTA measurement to be 0.95 of the Pearson’s coefficient, whereas the intraclass
correlation coefficient (ICC) for MRI based PTA measurement was reported to be 0.95
(Sathe et al 2002).

For the MRI based measurement of patellar tilt, the PTA was reported to be a more
preferable method than the LPFA, since PTA was less sensitive to the location of the
imaging plane as compared with LPFA. In the PTA measurement, the posterior condyles
provided a stable reference line throughout a serial cranio-caudal imaging, while the LPFA
uses the femoral trochlea as a reference, which could change craniocaudally (Fulkerson et
al 1987; Shibanuma et al 2005).

Although MRI based PTA measurement has been regarded a repeatable indicator for
the extent of lateral patellar tilt, little information is available on the validity of PTA

measurement.
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Hypo-pressure on
medial compartment

Hyper-pressure on
lateral compartment

Figure 5-1: Right knee at inferior view illustrates the observable lateral patellar tilting. The
excessive tit could cause extra-pressure on the lateral patellofemoral joint that
stresses the subcondral bone, and reduced pressure on the medial side may

lead to local malnutrition of the cartilage (Hungerford & Maureen 1979).

Figure 5-2: Patellar tilt angle (PTA). The angle is defined as an acute angle subtended by a

line tangential to the lateral patellar facet, with a line parallel to the posterior
condyles. The above is a left knee at inferior view.
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Figure 5-3: Positioning for axial x-ray of patellofemoral joint. This view requires at least

30° of knee flexion (with permission from AliMed, Inc., Dedham, MA, USA).

Figure 5-4: Lateral patellofemoral angle (LPFA). The angle is defined as an acute angle
between a line provided by the femoral trochlea and the lateral patellar facet.

The above is a knee at inferior view.
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5.1.2. Objectives of study IV
This study aimed to compare the PTA measured directly on a frozen patellofemoral
joint section of a pig’s knee with the value obtained from MR imaging of the same

specimen.

5.1.3. Methods

List of apparatus

1) 1.5 Tesla MRI scanner (Magnetom Avanto, Siemens AG, Erlangen, Germany).
2) Goniometer (Lafayette Instrument, Lafayette, IN, USA).

3) Form, plastic bags and plastic box (fig 5-5).

Specimen preparation

A fresh leg (right side, human food-graded) of the domestic pig (Sus Scrofa
Domestica) had been stocked in a refrigerator at -40°C for 12 hours before being
mechanically cut to the slices of 1.5cm thickness. Only two slices that showed the
patellofemoral joint were selected for the MRI scanning (fig 5-5). The two slices provided
four surfaces of the patellofemoral joint at a transverse view and allowed a direct manual
goniometric measurement on the joint using a standard plastic goniometer (Lafayette

Instrument, Lafayette, IN, USA).

MR scanning

The selected specimens were enclosed in two air-sealed plastic bags and were placed

inside three supporting foam blocks in a plastic box to mimic a human subject lying supine
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for MR scanning (fig 5-5). A 1.5 Tesla MRI scanner with surface coils (Magnetom Avanto,
Siemens AG, Erlangen, Germany) was used to image the specimens. The MRI protocol was
T1 weighted, TR/TE: 420ms/50ms, slice thickness of 3mm and inter-slice gap of 0.3mm.
The MR images were saved in the DICOM format and PTA was measured using image
analysis software (MIPAV, version 2.0, National Institutes of Health, Bethesda, MA, USA)

(fig 5-6).

Figure 5-5: Setting of the MRI-validity study using a pig knee.

a = Specimens were placed vertical in a plastic box

b = 3D MR image of specimens corresponding to the picture a
¢ = Specimen that showed the cross-sectional area of patellofemoral joint
d = MR image of specimen corresponding to the picture c
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Figure 5-6: Actual picture and MR image of a pig patellofemoral joint.

Data Analysis

In light of this being a single sample study, absolute differences between the

goniometric measured PTA with those obtained from MRI were calculated.

5.1.4. Results

The PTA measured in the specimens were 30°, 30°, 25° and 25° respectively, while
the corresponding values obtained from the MR images were 31°, 30°, 25° and 26°
respectively. The difference between the PTA measured on the specimens and the MR

images was between 0 - 1°.

5.1.5. Discussion

Although MRI has been long regarded as a golden standard for visualizing mammal
anatomical structures, MR images could give inaccurate shape and size for a given
structure if the image with slice thickness greater than 1 mm (Port & Pomper 2000).

However, only the latest and high-end MRI scanners can capture the 1-mm thick slices and
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usually the imaging is impractically time-consuming. The present study compared the PTA
directly measured at a physical model and the PTA measured at the corresponding MR
image with 3-mm thickness slice, and did not found the PTAs were significantly different
in the images and the real model.

The model used in this study is a pig knee, the result should be transferable to human
subjects because all components of the patellofemoral joint appear to be similar in both pig
and human (Erne et al 2005). In view of high comparability between the goniometric
measurements with the MRI measurements, current protocol (T1 weighted, TR/TE:
420ms/50ms, 3 mm slice thickness, inter-slice gap 0.3mm, field of view 35x20cm, matrix
448x256) of MR imaging is considered to be a valid tool to examine the PTA.

A 3-mm MRI slice was chosen for the PTA because it can provide clinically
acceptable spatial resolution and this thickness has been conventionally used for the
examination of knee ligaments and tibiofemoral cartilage injuries (Cicuttini et al 2004). If a
thicker MRI slice thickness was chosen, the scanning time can be reduced, but the spatial
resolution will decrease which would make the goniometric measurement on the MR
images more susceptible to error (Shih et al 1993).

Because the MR scanner used in this study was located in a public hospital in which
the regulation was set to limit the non-human scanning, and also the hygiene was a concern

even the specimen was sealed, the number of specimen tested could not be increased.

74



Study V

Comparison of ultrasound and MRI for VMO measurement

5.2.1. Background and literature review

The measurement of human skeletal muscle cross-sectional area is important for
assessing the effects of physical training, disuse, aging, diet or medication (Hubal et al
2005; Kanehisa et al 2005). Atrophy of vastus medialis obliquus (VMO) muscle is
relatively common among patients with patellofemoral pain syndrome (Fox 1975; Doxey
1987; McConnell 1996; Dixit et al 2007). In order to monitor the effectiveness of the
rehabilitation program for patellofemoral pain, clinicians may measure the distal
circumference of the thigh with a measuring tape. However, the distal thigh contains VMO
as well as other muscles and subcutaneous tissues, the circumference measurement may
not precisely address the change in the VMO muscle.

MRI has been regarded as the gold standard for measuring muscle size because
skeletal muscles cross-section area (CSA) measured from magnetic resonance image (MRI)
is in good agreement with those obtained from cadaver sections, and the test-retest
reliability with MRI is high (Fleckenstein et al 1991; Clague et al 1995). For vasti muscles,
Beneke et al (1991) reported an average discrepancy of 1.2% between direct measurements
and MRI based calculation on the cadavers. They also reported that MR imaging of thirty-
eight subjects with mixed genders, the test-retest reliability of the quadriceps CSA
measurement was 0.981. Mitsiopoulos et al (1998) reported that MRI provided precise
measurements (r = 0.99) of skeletal muscle CSA throughout a wide range of values from

10-100cm? as compared with the corresponding cadaveric quadriceps. The authors also

75



showed that both the inter-rater and intra-rater reliability of MR images of thigh muscles
acquired on two separate days were 0.99.

In addition to MRI, human skeletal muscle CSA can also be assessed by diagnostic
B-mode ultrasound. Miyatani et al (2000) investigated the validity of ultrasound for
measuring the CSA of biceps and triceps in 26 young adults and compared with the
corresponding MRI measurements. They reported that a correlation coefficient of 0.96
between the ultrasound measurements and that of the MRI. Esformes et al (2002) studied
the muscle CSA of the tibialis anterior of six healthy subjects by comparing the ultrasound
images with the corresponding MRI. The ultrasonic and MRI methods generated
comparable results and the difference was calculated to be between 0.15% and 5.17%. The
between-day reliability determined by intraclass correlation coefficient (ICC) for the
ultrasound measurement was 0.99.

For ultrasound measurement of the quadriceps muscles, Reeves et al (2004) reported
that the inter-day ICC value of the B-mode ultrasound for the CSA of vastus lateralis of six
healthy adults was 0.99. When comparing the reading of the ultrasound measurement with
the corresponding MRI, a correlation coefficient of 0.99 was found indicating good
comparability of ultrasound with MRI. However, only the vastus lateralis muscle was
measured in their study and the findings may not be directly applied to other muscles such

as the VMO.

5.2.2. Objectives of study V
In view of fact that the correlation between the ultrasonic and MRI measurements on
VMO muscle size has not been investigated, the present study aimed to:

1) design a hand-free ultrasound scanning method, and examine the validity of the
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method for quantifying the VMO cross-sectional area by comparing it with
corresponding MR,

2) investigate between-day reliability of the above ultrasonic scanning for the VMO size.

The present study was presented at the 2007 annual conference of American Society

of Biomechanics held at the San Francisco, CA, USA (Appendix 12).

5.2.3. Methods
Subjects

Six able-bodied subjects (4 males & 2 females, 18-35 years old) participated in this
study on a voluntary basis. The study was approved by the Human Ethics Sub-committee
of the Hong Kong Polytechnic University prior to data collection (Appendix 5). All
subjects were asked to give their written consent (Appendix 6.1, 6.2) and refrain from

vigorous physical activities for 48 hours before the study.

List of apparatus

1) 1.5 Tesla MRI scanner (Magnetom Avanto, Siemens AG, Erlangen, Germany).

2) Custom made ultrasound probe holder, as an assembly with:
m lab jack (Avogadro’s Lab Supply, Miller Placem, NY, USA)
m tilt stage (SMS Optical Co., Hauppauge, NY, USA)
m instrument clip (Stagebeat Ltd., Faenham, Surrey, UK) (fig 5-7).

3) B-mode ultrasound scanner with a 4 MHz annular array probe (Moyager, Ardent Sound,
Mesa, AZ, USA) that was connected to an IBM-type computer with 1.7 G
microprocessor (Pentium 4, Intel, Santa Clara, CA, USA) and Window XP (Home

edition, Microsoft, Redmond, WA, USA) installed.
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4) Ultrasound gel pad (Aquaflex, Parker Lab, Orange, NJ, USA).

5) MRI marker (MR-Spot, Bristol, CT, USA) (fig 5-8).

6) Laser-cross projector (SLO1, Land, Hong Kong).

7) Surgical skin marker (Sklar Instruments, West Chester, PA, USA).

8) Distill water and spiller.

Ultrasound scanning

Subject’s distal thigh at the suprapatellar level was horizontally marked with a
surgical skin marker (Sklar Instruments, West Chester, PA, USA) to indicate the location of
VMO (Nicholas et al 1976; Doxey 1987) (fig 5-8). While the subject was in supine lying
with knees extended and feet together, the feet and lower legs were secured with no active
movement allowed. A laser-cross projector (SLO1, Land, Hong Kong) was mounted on a jig
above the knees which emitted a cross mark on the bed for standardizing the position of the
subjects (fig 5-9).

The ultrasound probe (Voyager, Ardent Sound, Mesa, AZ, USA) was totally
supported by the custom-made probe holder that was adjustable in height and inclination
angle (fig 5-10). A pre-molded ultrasound gel pad (Aquaflex, Parker Lab, Fairfield, NJ,
USA) was used as an acoustic medium between the ultrasound probe and the distal thigh
(fig 5-11). Small amount of distilled water was applied on the distal thigh for enhancing the
contact between the gel pad and the skin. The cross-sectional images captured for VMO
were stored in TIFF format for later analysis with the Kodak 1D 3.5 software (Kodak,
Rochester, NY, USA) and manual tracing with a graphic digitizer (CTE-430, Wacom,

Vancouver, WA, USA).
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The twelve VMO muscles (6 subjects) were scanned again one week later. Thus, the

test-retest reliability of the current ultrasound measurement setting could be examined.

4— Tilt stage

Clip —

Lab jack

Figure 5-7: Hand-free ultrasound probe holder. It was designed to stabilize an ultrasound

probe with minimal compression force on the scanned muscle.

Skin marking for VMO MRI marker

Figure 5.8: VMO muscle was marked for ultrasonic and MR imaging. The left thigh
marked with a horizontal black line at the suprapatellar level for ultrasound
scanning, while the MRI marker was placed at the same spot.
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Figure 5-9: Setting of ultrasound scanning for VMO. A laser pointer projected a cross
mark at the suprapatellar level and the distance between the sole of feet and
the suprapatellar level was used to standardize repeatable positioning for the
ultrasound scanning of the VMO.

Figure 5-10: Static location and inclination angle of the ultrasound probe were adjustable.
The axial VMO image can be captured with minimal compression on the top
of the VMO.
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1 5 B

Figure 5-11: Ultrasonic scanning for VMO. The pre-molded ultrasound gel pad (left) acts

as a medum between the ultrasound probe and the skin underneath (right).

MRI scanning

After the first ultrasound scanning, the subject received MR imaging of their thighs
within 3 hours. A MRI marker (MR-Spot, Bristol, CT, USA) was placed on the
suprapatellar level of thigh with the skin marking for the ultrasonic scan (fig 5-8). A 1.5
Tesla MRI scanner with surface coils (Magnetom Avanto, Siemens AG, Erlangen, Germany)
was used to record the axial views (T1, TR: 420ms, TE: 50ms, slice thickness: 3mm) of the
subjects’ distal thighs with the subjects in the same positioning as in the ultrasound
scanning. Foams were used to support the surface coils in order to keep the anterior thigh
from being compressed by the coils. Image datasets were saved in DICOM format for an
off-line analysis with image analysis software (MIPAV, version 2.0, National Institutes of
Health, Bethesda, MA, USA) and a graphic digitizer (CTE-430, Wacom, Vancouver, WA,

USA).

Data analysis

To find out the correlation between MRI and ultrasound based measurement on VMO

cross-sectional area (CSA), Pearson’s coefficient (p = 0.05) was calculated. Additionally,
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the means and standard deviations (SD) of differences between the values of two imaging
methods were calculated based on the MRI data minus the corresponding ultrasound data
and they were expressed as a % of the MRI data.

For test-retest reliability of ultrasound measurement of VMO size, ICC (3,1)
(consistency, CI 95%, p = 0.05) was calculated for the consistency of the two sets of data

on VMO CSA recorded with 7 days apart.

5.2.4. Results

The current study with twelve VMO muscles (six volunteers) revealed that the
correlation for the VMO muscle measurement between MRI and ultrasound was
significantly high (Pearson’s coefficient = 0.97), and the mean difference between these
two methods the MRI was 5.7% (SD = 3%) with the ultrasound measurement slightly
under estimating the VMO muscle as compared to the MRI (fig 5.12). Furthermore, the
between-day ultrasound measurement was highly repeatable (ICC (3,1) = 0.96, 95% CI =

0.87 - 0.98).

Figure 5-12: VMO in ultrasound and

corresponding MRI image.
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5.2.5. Discussion

The twelve VMO muscles from six subjects each provided two related samples for
the MRI and repeated ultrasonic imaging respectively; the related data were used in data
analyses since the size of left and right legs are always not the same. Also, there was room
for error in measuring VMO size by ultrasound, such as imperfect positioning of the gel
pad that deforms the VMO underneath or the manual tracking over/under outlining the
muscles in calculating the cross sections. This means that an accurate measurement
completed on one’s left leg does not guarantee the same level of accuracy being made on
the right side or vise versus.

Results of this study reveal that the current hand-free ultrasound measurement is
comparable with the MRI based measurement for VMO size, and that the between-day
ultrasound measurement is highly repeatable.

When compared to the MRI measurement, the ultrasound method under estimated the
VMO muscle cross-sectional area by 5.7% (SD = 3%). This could be due to the ultrasound
pad deforming the VMO underneath the skin. However, if the procedures are consistent for
periodical measurements of the same muscle, the predictable under-estimation should not
affect the meaningfulness and reliability of the ultrasound measurement.

The MRI is a costly diagnostic modality with certain contraindications. Subjects with
claustrophobia, metal debris, cardiac or orthopedic implants inside their bodies are not
suitable for MRI. In contrast, the B-mode ultrasound is without any known
contraindications and side effect; it is widely available in hospitals and clinics worldwide.
Thus, this modality should be regarded as a practical and an inexpensive method for

quantification of the VMO size.
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5.2.6. Relevance to the main study

The two studies in this chapter were pilot tests to confirm that both MR and
ultrasound imaging methods are valid and reliable tools for quantification of the patellar tilt
angle and the VMO size. These methods are integral parts of the key measurements for the
main study (Chapter 6) that investigates the effect of weight training on skeletal muscles

and soft tissues surrounding the patellofemoral joint.
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Chapter 6
(Study V1)

Effect of Weight Training on the Active and Passive Patellar Stabilizers

6.1. Background and literature review

Non-traumatic anterior knee pain, or patellofemoral pain syndrome (PFPS), is one of
the most common musculoskeletal conditions in both the general and athletic populations.
The prevalence is between 10%-19%, with female athletes being more susceptible to this
problem (Taunton et al 2002; Murray et al 2005). When exacerbated, PFPS could restrict
the training of the athletes or even cease it altogether. Therefore, prevention of PFPS is
vital in enhancing sports performance and prolonging athletes’ careers.

Various theories have been proposed for the etiology of PFPS. One of the most
prevailing views is that patellar maltracking or instability with or without overuse of the
patellofemoral joint can stress the subchondral bone and patellar retinaculum (Fulkerson
2002; LaBella 2004; O’Donnell et al 2005). Instability of patella can be defined as the
patellofemoral joint being inherently unstable or unable to maintain equilibrium in response
to an external perturbation (Padua & Blackburn 2003).

Patellar stability is maintained by the interactions of active and passive patellar
stabilizers (Arendt 2005). Vastus medialis obliquus (VMOQO) is regarded as the primary
active stabilizer (Mariani & Caruso 1979; Souza & Gross 1991; Boucher et al 1992), while
medial patellofemoral ligament (MPFL) is the primary passive stabilizer (Arendt et al 2002;
Amis et al 2003; Hinton & Sharma 2003). These structures guard against excessive lateral

patellar tracking, which is regarded as the underlying pathological mechanism of PFPS,
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patellar subluxation and dislocation (Hughston et al 1984; Fisher 1986; Wilk et al 1998;
Grelsamer 2000). Theoretically, loading induced by regular resistance training can lead to
morphological, biomechanical and neurological adaptations of the patellar stabilizers
(Hayashi 1996; Folland & Williams 2007), which in turn, may enhance the patellar stability
and minimize the risk of developing PFPS.

It has long been reported that physical exercise may well lead to hypertrophy of the
skeletal muscles and strengthening of the ligaments which are important for sports injury
prevention (Reid & Schiffbauer 1957; Adams 1966). A number of researchers have studied
and reported the effects of physical exercise on injury prevention and rehabilitation. The
following discussion presents an outline of the findings. Cahill and Griffith (1978) reported
a decrease in the incidence and severity of knee injuries in high school male football
players after a 6-week pre-season conditioning that included weight training, agility drills,
flexibility and cardiovascular exercises. A few years later, Hejna et al (1982) studied high
school athletes’ injury rate and found that those who performed physical conditioning had
far fewer injuries (26.2%) than their counterparts not engaged in physical conditioning
(72.4%). Also, the time required for rehabilitation of the athletes who underwent the
conditioning program was 2 days as opposed to 4.8 days for those who had not undergone
the conditioning program. More recently, Hewett et al (1999) evaluated the effects of a 6-
week conditioning program on the incidence of knee injury in high school female athletes
and found a significantly lower incidence of knee ligament sprain or rupture than the
control group. In the following year, Heidt et al (2000) reported that high school female
soccer players who underwent pre-season conditioning had significantly fewer lower-limb

injuries than those without the conditioning.
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Notwithstanding the positive reports from the previous studies about the effects of

physical conditioning on the musculoskeletal system, little information is available

regarding the effect of physical conditioning on the patellofemoral joint and its surrounding

soft tissues with different exercise protocols. Therefore, the present study was conducted to

evaluate the effects of two weight training programs on the change in size of the VMO,

mobility of the patella; patellar position; strength of the knee extensors; recruitment and

onset timing of vasti muscles; as well as knee joint proprioception before and after the

weight training programs. These outcome measures were selected since they were regarded

as predisposing factors for PFPS (table 6-1).

Table 6-1: Measurable quantities related to PFPS

Quantity Author(s) and finding Study design Measurement
Quadriceps Doxey (1987): Quadriceps thickness was significantly | Retrospective, | B-mode
thickness thinner in males with PFPS than the controls. cross-sectional | ultrasound

Souza & Gross (1991): Significantly decreased
VMO/VL ratio among subjects with PFPS compared
VMO/VL Retrospective,

amplitude ratio

to controls in isometric knee extension.

Boucher et al (1992): Same as above.

Makhsous et al (2004): Same as above.

cross-sectional

Surface EMG

Patellar tilt

angle

Kujala et al (1993): Positive correlation between
patellar tilt angle and knee pain score in patients with

patellofemoral pain

Pookarnjanamorakot et al (1998): Increased patellar
tilt angle in persons with anterior knee pain when

compared with asymptomatic subjects.

Retrospective,

cross-sectional

MRI
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Table 6-1: Measurable quantities related to PFPS (continued)

Quantity Author(s) and finding Study design Measurement
Cowan et al (2001): Subjects with PFPS’ VL onset
. . . . . Retrospective,
time occurred prior to that of VMO in stairs stepping, P
. . cross-sectional
while the controls showed the opposite pattern.
VMO-VL Surface EMG
. Boling et al (2006): Same as above. Also the author Prospective,
onset time
. found PFPS subjects’ EMG pattern was changeable longitudinal
difference
after therapeutic exercises. for 6 weeks

Passive lateral

Witvrouw et al (2000): Increased lateral patellar

Prospective,

Custom-made

patellar mobility had a significant correlation with incidence | longitudinal measurement
mobility of PFPS. for 2 years device
Baker et al (2002): Decreased knee joint position
. . . Optical motion
sense in persons with PFPS when compared with P
- . i . capture system
Knee joint subjects without symptoms. Retrospective,

proprioception

cross-sectional

Hazneci et al (2005): same as above. Cybex
dynamometer
Callaghan & Oldham (2004): Difference of the
Knee extensor | isokinetic knee extension torque between affected and | Retrospective, | Isokinetic
force unaffected legs of patients with PFPS was cross-sectional | machine

significantly higher than that of controls.

6.2. Objectives

This study aimed to assess the effectiveness of two modes of weight training

(muscle hypertrophy versus muscular strength) on active and passive patellar stabilizers of

previously untrained persons. The comparison of the outcomes of two different exercise

protocols would have the clinical significance as a reference for athletic trainers and

rehabilitation practitioners who prescribe exercises for athletes and patients.
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6.3. Hypotheses to be tested

The hypotheses of this study were that weight training would:
1) enlarge the VMO cross-sectional area.

2) alter the patellar tilt angle.

3) alter the passive patellar mobility.

4) increase the knee extension torque.

5) alter the VMO-VL onset time difference.

6) alter the VMO/VL ratio of EMG amplitude.

7) alter the knee joint position sense.

6.3. Methods
Subjects

Fifty-three volunteers (37 males and 16 females) aged between 18 and 35 years (mean
= 29.2, SD = 4.9) participated in this study. The recruitment criteria were that participants
had:
1) never engaged in regular weight training;
2) no known pathology of lower extremity and torso;
3) no pain or injury of their lower limbs and torso for at least 6 months prior to the study;
4) no metal implant inside body (except permanent dental implant);
and were:
5) free from medical conditions including cardiovascular, respiratory, endocrine and
metabolic diseases or any conditions that require periodical checkup or medication;

6) not pregnant.
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The study was approved by the Human Ethics Sub-committee of the Hong Kong

Polytechnic University (Appendix 5), and all subjects were requested to give written

consent before their participation in the study (Appendices 6.1~6.4).

Five volunteers had withdrawn during the study; four subjects claimed training

schedule conflict with their works, one declared that he lost his interest. The reminding

forty-eight subjects completed all the required trainings and tests.

List of apparatus

1)

2)

3)

4)

5)
6)
7)
8)
9
10)
11)

12)

Flexcomp computerized data acquisition system (Thought Technology, Montreal,
Quebec, Canada) (fig 6-1).

Single-differential EMG electrode (Myoscan, Thought Technology, Montreal, Quebec,
Canada) (fig 6-1).

Electrogoniometer (SG150, Biometrics, Cwmfelinfach, UK) (fig 6-1).

Disposable silver/silver chloride surface adhesive electrode (Multi Bio Sensors, El
Paso, TX, USA).

Skin abrasive gel (NuPrep, DO Weaver & Co., Aurora, CO, USA).

Conductive gel (Signa Gel, Paker Laboratories Inc., Fairfield, NJ, USA).

Skin impedance meter (1089MKIII, UFI, Morro Bay, CA, USA).

\oltage isolator (T9405, Thought Technology, Montreal, Quebec, Canada).

Isometric dynamometer (Cybex Norm, Henley Healthcare, Nauppauge, NY, USA).
Medicine ball (2.7kg, Sissel, Inc., Sumas, WA, USA).

MRI scanner (Magnetom Avanto, 1.5 Tesla, Siemens AG, Erlangen, Germany).
B-mode ultrasound scanner with a 4 MHz annular array probe (Moyager, Ardent Sound,

Mesa, AZ, USA).
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13) Ultrasound gel pad (Aquaflex, Parker Lab, Fairfield, NJ, USA).

14) Hardness gauge (PTC Instruments, Los Angeles, CA, USA) (fig 6-8).

Modes of weight training

Although most previous studies (Berger 1962; Kaneko et al 1983; Kraemer et al 1995,
1997; Campos et al 2002; Ronnestad et al 2007) on weight training prescription for specific
neuromuscular adaptations tended to adopt small sample sizes and short training periods,
the majority of these studies concluded that if the primary goal of weight training is muscle
hypertrophy while strength gain is secondary, the training protocol should be of moderate
loading and repetition (e.g. 4 sets x 8-12 repetition maximum). Conversely, if strength
enhancement is the principal purpose, then the training prescription would be of high
loading and low repetition (e.g. 5 sets x 2-6 repetition maximum). These training principles
have been accepted by the National Strength and Conditioning Association, USA (Baechle
& Earle 2000).

Based on the above training principles, the subjects were quasi-randomly allocated
into one of three groups, namely, muscle hypertrophy training (program H), muscle
strength training (program S) and no-exercise control group. In order to have equal number
of males and females in each group, the stratified allocation for gender was applied. This
study was not a blinded study, thus the assessor was not blind to the group allocation.

Both programs H and S contained 24 sessions distributed evenly over a period of 8
weeks with 3 sessions per week (table 6-2); at least 48-hour rest was allowed between the
sessions. All sessions were conducted by the same trainer (certified strength and

conditioning specialist) to each subject on an individual basis.
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Table 6-2: Two modes of progressive and supervised weight training programs

Program H* Program S*
Exercise Parallel squat Parallel squat

Knee extension (fig 6-2) Knee extension (fig 6-2)
Set x rep 4 x 10 for each exercise 5 x 5 for each exercise
Rest between set 1 minute 2 minutes
Intensity 10 repetition maximum 5 repetition maximum

* = All weight training was isotonic, the concentric or eccentric phase was approximately 1
second. Also, standardized stretching for quadriceps, hamstrings, gluteus and calf muscles
was requested before and after each training session (fig 6-3); the session lasted for 30-40

minutes for each subject.

Figure 6-1: Flexcomp data acquisition system. The system had four EMG electrodes and

two electrogoniometers connected.
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Parallel barbell squat with Smith machine Leg extension with resistance
(Icarian, Sun Valley, CA, USA) (Apollo 350, Tuff Stuff, Pomona, CA, USA)

Figure 6-2: Weight training used in current study.

Hamstrings Gluteals

Figure 6-3: Standardized stretching. 10 seconds % 4 sets for each form.
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Measurements
All the subjects were tested once before and once after the 8-week training, and had

been asked to abstain from vigorous physical activities for 48 hours before the tests.

Cross-sectional area of VMO

Both MRI and B-mode ultrasound imaging techniques were used for measuring the
cross-sectional area of VMO. Half of the subjects in each training group had MRI
measurement taken before and after the 8-week training program. The other subjects in the
training groups and all subjects in the control group took B-mode ultrasound imaging. The
MRI (Beneke et al 1991; Mitsiopoulos et al 1998) and ultrasound imaging (Miyatani et al
2002; Wong & Ng 2007) have been confirmed to be valid and repeatable for measuring the
vasti muscle cross-sectional area.

For the MRI examinations, subjects were supine, lying with knees extended and feet
held together by adhesive tape. A 1.5 Tesla MRI scanner with surface coils (Magnetom
Avanto, Siemens AG, Erlangen, Germany) was used to record the axial T1-weighted images
(TR/TE: 420ms/50ms, slice thickness 3mm, inter-slice gap 0.3mm, field of view 35x20cm,
matrix 448x256) of the subjects’ knees and thighs. Foam blocks were used to support the
surface coils in order to keep the anterior thighs and knees from being compressed by the
coils. The MRI scanning lasted for 20-30 minutes and took place at the Queen Elizabeth
Hospital, Kowloon, Hong Kong.

The image datasets were saved in DICOM format for off-line analysis. A line was
drawn from the lateral knee joint line to the ipsilateral anterior superior iliac spine and the
images obtained on a plane 10% proximal to the knee joint line were used to represent the

VMO cross-sectional area (fig 6-4). The borders of the VMO muscle were traced manually
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with an image analysis software (MIPAV, version 2.0, National Institutes of Health,
Bethesda, MA, USA) and a graphic digitizer (CTE-430, Wacom, Vancouver, WA, USA).

For the ultrasound imaging, the positioning of subject and identification of VMO
followed the same procedures as the MRI. A diagnostic B-mode ultrasound scanner with a
4 MHz curved array probe (Moyager, Ardent Sound, Mesa, AZ, USA) was used to capture
the VMO muscle cross-sectional area. The probe was totally supported by a custom-made
mechanical stand that was adjustable in height and inclination angle (fig 6-5). A pre-
molded ultrasound gel pad (Aquaflex, Parker Lab, Fairfield, NJ, USA) was used as an
acoustic medium between the ultrasound probe and the VMO underneath. The ultrasound
imaging lasted for 15-20 minutes and took place at the Department of Rehabilitation
Sciences of the Hong Kong Polytechnic University.

The images captured for VMO were stored in DICOM format for later analysis with
the Kodak 1D 3.5 software (Kodak, Rochester, NY, USA) by manual tracing with a graphic
digitizer (CTE-430, Wacom, Vancouver, WA, USA). A pilot study was described in Chapter
5 of this thesis which revealed that the correlation between the MRI and the ultrasound
imaging for the VMO muscle was significantly close (Pearson’s coefficient = 0.97), and the

between-day ultrasound measurement was repeatable (Intra-rater ICC (3,1) = 0.96).

Patellar tilt angle

Subjects in the training group who received the MRI also had their patellar tilt angle
(PTA) measured at the mid-transverse patellar axial view (Shibanuma et al 2005). The PTA
measurement was subtended by a line parallel with the lateral patellar facet and the
posterior condylar line (fig 6-6). The measurement was reported to be reliable for between-

day measurement, with an intra-rater ICC value of 0.95 (Sathe et al 2002).
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100% —

Figure 6-4: Selection of MRI images for analyzing VMO size and PTA. VMO muscle at
distal 10% of the length between anterior superior iliac spine and lateral knee

joint line, and the image at mid-transverse patellar level.

Figure 6-5: Hand-free ultrasound imaging for Figure 6-6: MRI based PTA measurement.
VMO cross-sectional area.

Passive lateral patellar mobility
The instrument developed to reliably measure the passive lateral patellar translation

described in Chapter 4 was used in this study. Briefly, with the subjects in supine-lying,
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with knees extended and feet together, the ankles and lower legs were secured to restrict
lower limb movements. A patellar glide apparatus (fig 6-7) consisting of an assembly with
a force gauge (AEF-5, Aikon Engineering Co., Osaka, Japan), an electromagnetic motion
tracker (pciBird, Ascension Technology Corp., Burlington, VT, USA), a custom made
plastic linear slide and an adjustable platform (Poly-Jaque plastic lab jack, Scienceware,
Pequannock, NJ, USA) was used to glide the subject’s patella laterally at a constant
velocity of 2 cm/s. The gliding force was 15 N, and the linear displacement of the patella
was collected for analysis with Excel software (Office 2000, Microsoft, Redmond, WA,
USA). Both knees were tested with three passive gliding tests and the average of these

recordings was calculated to minimize random error.

Figure 6-7: Setting of passive patellar mobility measurement. E = Electromagnetic tracker,
M = MMG biofeedback, F = Force gauge

Isometric knee extension torque test
A dynamometer (Cybex Norm, Henley Healthcare, Nauppauge, NY, USA) was used
to measure the slow-ramp maximal isometric knee extension torque of each subject with

knee at 45° and hip at 85° of flexion. The detailed set-up followed the same procedure as
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the study described in Chapter 3. The test lasted for 5 seconds and was repeated three times
with a 2-minute rest between trials. Only the highest force developed during the three trials
was used for data analysis. The tests were performed twice at 8-week apart similar to all
other measurements. The maximal isometric knee extension torque was reported as
repeatable for between-day measurements with Pearson’s coefficient of 0.88 (Welsch et al
1998), its within-day reliability measured by ICC was 0.93 (Bohannon 1990).

During the torque assessment, the peak EMG amplitude (root mean square, 125ms
time constant) of VMO and VL corresponding to the highest torque were also recorded for

normalizing the VMO/VL amplitude ratio in a functional movement described below.

The EMG amplitude ratio and onset time difference in VMO/VL during sit-to-stand

The set-up for surface EMG recording of VMO and VL followed the studies reported
in Chapters 2 and 3. In brief, two single-differential EMG electrodes (Myoscan, Thought
technology, Montreal, Quebec, Canada) were placed over the VMO and VL with
disposable/adhesive circular snap buttons (Multi Bio Sensors, ElI Paso, TX, USA). The
electrode for VMO was placed at 4 cm above the supero-medial corner of patella, whereas
another electrode was placed over VL at 5 cm above the supero-lateral corner of patella
(Cram & Kasman 1998; Wong & Ng 2006). The orientations of the VMO and VL
electrodes were 55° and 15° to the longitudinal axis of femur respectively (Lieb & Perry,
1968).

A real-time data acquisition and display unit (Flexcomp system, Thought Technology,
Montreal, Quebec, Canada) was used to record the EMG signals. The bandwidth of the
signals was set at 20-500 Hz, notch filter was 50 Hz and the sampling rate was 1984 Hz.

The raw data was later analyzed offline with Ergonomic Suite software (V1.52, Thought
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Technology, Montreal, Quebec, Canada) for calculating the EMG onset and voltage
amplitude of the VMO and VL.

An electrogoniometer (SG150, Biometrics, Cwmfelinfach, UK) was attached on the
lateral right knee by double adhesive taping and connected to the Flexcomp system. Each
subject sat on a 45-cm high chair without back support with feet at shoulder width apart,
and the knees aligned to the vertical line from the toes. Three repetitions and comfortable
rising pace were requested for each subject. On the verbal signal “go”, the subject rose
from this position to standing at a normal and comfortable pace.

The electrogoniometer recorded the dynamic knee joint angle and angular velocity
(65ms moving-average). Only the data of EMG amplitude (root mean square, 125ms time
constant) at 45° knee joint flexion was used to calculate the normalized VMO/VL
amplitude ratio against the peak VMO and VL amplitude obtained from the maximal
isometric knee extension torque test. The data of knee angular velocity at 45° of knee
flexion was used to check the consistency of the sit-to-stand movements. A £ 5% of the
velocity was regarded acceptable in repeated measurements of the pre/post training.

The EMG onset point of the VMO and VL was determined as at double of the
baseline peak-to-peak amplitude, as described in Chapter 3. The VMO-VL onset time
difference was calculated by subtracting the onset of VMO from the onset of VL. In order
to minimize the random errors, the average of the VMO-VL onset difference and the
normalized VMO/VL amplitude ratio of the three sit-to-stand motions were calculated for
each subject.

A pilot study including five healthy subjects (10 legs from 3 males and 2 females)

was done for test-retest reliability with a 7-day interval for the VMO-VL onset difference
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and the VMO-VL amplitude ratio in the sit-to-stand, the intra-rater ICC (3,1) (consistency)

was 0.78 and 0.81, respectively.

VMO-VL onset time difference in knee perturbation

In this measurement, the participants were subject to knee perturbation at single-leg
standing so as to induce a stretch reflex in the quadriceps muscles (Ng 2005; Fong & Ng
2006). With their ears shielded, subjects assumed alternative single-legged standing on both
sides with the knee extended and the hands lightly touching the wall in front for balance. A
medicine ball of 2.7 kg was used to provide perturbation to the knee joint. The ball was
suspended with a sling from the ceiling of the room so that it could be adjusted to be at the
level of the knee joint of the subjects. The researcher pulled the ball back until the sling
made an angle of 45° to the vertical behind the subject and upon release of the ball, it
would exhibit a pendulum swing and hit the back of the subject’s knee to produce a
perturbation.

The perturbation test was repeated three times at 20-second intervals. The EMG onset
point of VMO and VL was determined once the EMG amplitude was double the baseline
EMG data (Wong & Ng 2005). In order to minimize random error, the average VMO-VL
onset difference of the three knee perturbation trials was calculated for each subject.

A pilot study was performed with nine subjects (7 males and 2 females) for the same-
day reliability of the knee perturbation test, the reliability (ICC (3,1), consistency) was 0.86.

Ng (2005) reported that the between-day reliability of the test was 0.70 (ICC).
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Knee joint position sense

The subject was seated on a couch with knees flexed and torso unsupported and the
knees positioned over the edge of the couch 3 cm proximal to the popliteal fossa. An
electrogoniometer (SG150, Biometrics, Cwmfelinfach, UK) was attached to the lateral
knee joint and connected to the Flexcomp data acquisition system that displayed knee joint
angle in real-time. An inflatable air splint (Model 70-008, Svend Andersen, Haarlev,
Denmark) was applied to the lower leg and ankle throughout the test for neutralizing skin
sensation. With the subjects’ eyes closed to eliminate visual cue, the researcher moved the
lower leg passively from the resting position (approximately 90° knee flexion) to pre-set
positions of 30°, 40°, 50°, 60° and 70° in random orders. The subject was asked to hold the
leg in the test position for 4 seconds while the leg was un-supported. Then the researcher
brought the leg to its resting position. The subject was required to reproduce the previous
test position and to hold at that position for 4 seconds.

Five measurements were taken for each knee. The mean difference between the tested
angle and the subjects’ reproduced angle was scored as the knee joint position sense test
(Barrack et al 1983, Baker et al 2002) (fig 6-8). A pilot study including five healthy
subjects (10 knees from 3 males and 2 female) was done for test-retest reliability with a 7-
day interval for the knee joint position sense. The intra-rater ICC (3,1) (consistency)
obtained from the pilot study was 0.88. Also, Petrella et al (1997) reported the between-day
reliability of the electrogoniometic measurements for knee joint position test was high, as
the Pearson’s coefficient of the scores was r = 0.89.

The above tests included patellar mobility, EMG of vasti muscles, isometric force and

knee joint sensation; the whole procedures lasted for 90-120 minutes and took place at the
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Department of Rehabilitation Sciences of the Hong Kong Polytechnic University. For all

the dependent variables, the testing order was as follows, MRI or ultrasound imaging,

patellar mobility, knee joint position sense, EMG of vasti muscles and isometric force.

Statistical analysis

With the level of significance was set at 0.05, data analyses were performed using

Statistical Analysis in Social Science software (V 11.5, SPSS Inc., Chicago, IL, USA) for:

1) Baseline characteristics: Between-group comparison by one-way ANOVA (table 6-3).

2) VMO cross-sectional area,

e Passive lateral patellar mobility,

e Knee extensor torque,

e VMO/VL amplitude ratio

in sit-to-stand,

e VMO-VL onset time difference

in sit-to-stand,

e VMO-VL onset time difference

in knee perturbation,

Knee joint position sense

Between-group comparison for pre- and post-
training measurements with 3 x 2 ANOVA
(defined as 3 groups x 2 measurements) (table
6-4). If any factor is significant, one-way
ANOVA with Bonferroni adjustment was
used to identify the pair of data that
contributed to the significance (table 6-5).

Within-group comparison with paired t-test
was used to compare all three groups between

the pre- and post-training for the each

dependent variable (figs 6-11 ~ 6-16).

3) Patellar tilt angle: Pre- and post- training PTA was compared with 2 x 2 ANOVA

(defined as 2 groups x 2 tests) (table 6-6).
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Figure 6-8: Evaluation of knee joint position sense (above left). In order to standardize the
pressure inside the air splint for the repeated measurements, a hardness gauge
(PTC Instruments, Los Angeles, CA, USA) was used to monitor the surface

hardness of the splint before the knee joint sense test (above right).

6.4. Results
1) Baselines
The three groups had comparable baseline characteristics (table 6-3) and pre-training

measurement values (table 6-5).

Table 6-3: Subjects’ baseline characteristics (mean x SD).

Program H Program S Control

(12 males, 4 females) (12 males, 4 females) (12 males, 4 females) p

Age 2765 26.9 + 4.4 27.2+55 0.93
Weight (kg) 63.1+9.1 61.1+8.1 63.4+8.3 0.71
Height (cm) 168.3+ 4.5 168.2 +5.8 1702+ 4.8 0.47

BMI 22.6+2.9 215+ 1.8 21.8+1.9 0.34
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2) Between-group comparison by 3X2 ANOVA

Table 6-4: Overall between-group comparison.

Group Test Group X test
Parameter P value
VMO size <0.001* 0.007* 0.18
Patellar mobility 0.259 <0.001* 0.029*
Knee extension force <0.001* <0.001* <0.001*
VMO/VL EMG ratio 0.278 0.012* 0.28
VMO:VL onset difference in sit-to-stand 0.944 0.092 0.572
VMO:VL onset difference in knee perturbation 2.246 0.307 0.068
Knee joint position sense <0.001* <0.001* <0.001*

* = Statistical significance

VMO cross-sectional area

Between-group comparison: There was no significant difference between the groups before
the training program (p>0.05). After training, the size of VMO in both training groups was
significantly different from that of the controls (p=0.01) (table 6-5), but the post-hoc
analysis showed that there was no significant difference between these two training groups
in terms of the muscle size gain (p>0.05).

Within-group comparison: After the training, VMO size in the H and S training groups
enlarged significantly (p<0.001 for both H and S) (fig 6-9, 6-10), while the change in the

control group was not significant (p>0.05) (fig 6-11).
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Passive lateral patellar mobility:

Between-group comparison: There was no significant difference between the groups before
the intervention (p>0.05). After the training, the patellar mobility of both training groups
was significantly different from that of the controls (p=0.01) (table 6-5). Post-hoc analysis
revealed no significant difference between these two groups in terms of the change of
passive lateral patellar range of motion (p>0.05).

Within-group comparison: The patellar mobility decreased significantly in both training
groups after the training program (p<0.001 for both H and S), while no significant change

was observed for the control group (p>0.05) (fig 6-12).

Knee extension torque:

Between-group comparison: There was no significant difference between the groups before
the program (p>0.05). After the training, the torque of both training groups was
significantly different from that of the controls (p<0.001) (table 6-5). Post-hoc analysis
revealed no significant difference between these two groups in terms of increase in
quadriceps strength (p>0.05).

Within-group comparison: All three groups showed the torque increased significantly at the
post-training measurement (p<0.001 for all three groups), but the intervention groups had
more than 45 Nm increment in average, while the control group increased less than 3 Nm.

(fig 6-13).

VMO/VL amplitude ratio in sit-to-stand:
Between-group comparison: There was no significant difference between the groups before

and after the 8 weeks (p>0.05) (table 6-5).
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Within-group comparison: The amplitude ratio raised significantly in both training groups
after the 8-week exercise (p<0.001 for H and S), while the control group remained

statistically unchanged (p=0.63) (fig 6-14).

VMO:VL onset time difference in sit-to-stand:

Between-group comparison: There was no significant difference between the groups before
and after the 8 weeks (p>0.05) (table 6-5).

Within-group comparison: The VMO:VL onset time difference changed significantly in
both training groups after the 8-week exercise (p=0.11 for H; p=0.07 for S), while the

control group remained statistically unchanged (p=0.47) (fig 6-15).

VMO-VL onset time difference in knee perturbation:
Between-group / within-group comparison: In the knee perturbation test, all three groups

showed no significant difference at both pre/post-training tests (p>0.05) (table 6-5).

Knee joint position sense:

Between-group comparison: There was no significant difference between the groups before
the training (p>0.05). After the training, the position sense of both training groups was
significantly different from that of the controls (p<0.001) (table 6-4). Post-hoc analysis
revealed no significant difference between these two groups in terms of the improvement
on knee joint position sense (p>0.05).

Within-group comparison: The position sense changed significantly in both training groups
after the 8-week exercise (p<0.001 for both groups), while the control group remained

statistically unchanged (p>0.05) (fig 6-16).
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3) Patellar tilt angle

For the PTA, there was no significant difference between the subjects in program H

and S, also the training did not significantly change the PTA in both groups (table 6-6).

Table 6-5: Pre- and post- training measurements among groups by one-way ANOVA.

Values showed in mean + SD. * = statistical significance

Program H Program S Control
(n=16) (n=16) (n=16) F p
VMO size Pre 11+34 12+2.3 105+2.2 2.43 0.09
2

(cm) Post 12.8+46  136+27  106+23 7.32 0.01*

Lateral patellar mobility ~ Pre 143+£3.2 142 +£3.6 13.7+£29 0.26 0.77
(mm) Post 117429  11.5+27 13.6+ 3 539  0.006*

Knee extensor torque Pre 90.6 £ 22 941+245 923%20.1 0.18 0.84
(Nm) Post 135.7+36.6 139.3+29.7 949+205 22.1 <0.001*

VMO/VL amplitude Pre 0.89+0.23 0.91+0.21 0.87+0.19 1.85 0.16

ratioinsitto-stand 5o 9931024 114403 088+019 067 0.51

VMO-VL onset time Pre -32+126  -42+112  -19+115 0.29 0.75

difference in
. Post 05+11.3 0.1+10.1 -1.5+10.8 0.33 0.72
sit-to-stand (ms)
VMO-VL onset time Pre 22+48 1.0+4.9 25+4.2 1.01 0.36
difference in
. Post 2.8+3.9 1.3+3.8 26+4.0 1.36 0.26
knee perturbation (ms)

Knee joint sense Pre 3.0+0.7 3.1+09 3.0x+0.38 0.33 0.72

(degree) Post 17403 1.8+0.3 29407 7995  <0.001*
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Figure 6-9: Pre and post-training MR image of the distal thigh at suprapatellar level.

Images were selected from a subject of program H.

Figure 6-10: Pre and post-training ultrasonic image of the VMO. Images were selected

from a subject of program S.
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Figure 6-11: Comparison for pre- and post-training VMO size by paired t-test.
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Figure 6-12: Comparison for pre- and post-training lateral passive patellar mobility by

paired t-test. Bar chart shows mean + SD, * = statistical significance
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Figure 6-13: Comparison for pre- and post-training knee extension torque by paired t-test.
Bar chart shows mean + SD, * = statistical significance
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Figure 6-14: Comparison for pre- and post-training VMO/VL amplitude ratio in sit-to stand

by paired t-test. Bar chart shows mean £ SD, * = statistical significance
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Figure 6-15: Comparison for pre- and post-training VMO:VL onset time difference in sit-

to-stand by paired t-test. Bar chart shows mean + SD, * = significance
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Figure 6-16: Comparison for pre- and post-training knee joint position error by paired t-

test. Bar chart shows mean = SD, * = statistical significance
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Table 6-6: Comparison for pre- and post-training PTA values by 2 x 2 ANOVA

Values showed in mean + SD, * = statistical significance

Program H Program S Control p p
(n=8) (n=8) (group) (test)
Patellar tilt angle  Pre 146+4.7 128+45 not
(degree) Post 148+35 13%5.1 available 0.12 0.87

6.5. Discussion

This study demonstrated that 8 weeks of either weight training program targeted to
improve muscle strength or muscle size resulted in comparable changes in knee joint
position sense, surface EMG characteristics, quadriceps strength, passive patellar stability,
and hypertrophy of the VMO muscle in previously untrained subjects.

A weak VMO has been reported to be a contributing factor of PFPS (Fox 1975;
Fisher 1986; Wilk et al 1998). Since muscle strength and size are positively correlated,
although the correlation is not necessarily linear (Davies 1990; Fukunaga et al 2001), a
larger VMO muscle after training would imply a potentially greater medial stabilizing force
on the patella. Our present findings showed that both modes of weight training being
effective for VMO muscle building have vital clinical implications in the prevention of
PFPS in light of the strategic importance of VMO in maintaining normal patellar tracking
(Neptune et al 2000; Cowan et al 2001; Ng et al 2006), and weakness of this muscle is
considered to be a causative factor of PFPS (Souza & Gross 1991; Boucher et al 1992;

Makhsous et al 2004).
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Hyper-mobility of patella has been identified as a predisposing factor for PFPS in
both cross-sectional and prospective studies (Kujala et al 1986; Witvrouw et al 2000). The
lateral patellar mobility measurement indicated that both weight training programs could
enhance the patellar stability on the femoral trochlea. The medial patellofemoral ligament
(MPFL) that bridges the adductor tubercle and the medial patella, constitutes 53% of the
resistance to the lateral patellar translation at full knee extension, while the medial
patellomeniscal ligament (MPML) constitutes 22% of the resistance (Colan et al 1993;
Hautamaa et al 1998). The present finding of a decreased lateral patellar translation after
weight training is suggestive of a strengthening effect on MPFL and/or MPML as a result
of biological tissue adaptation. However, since the lateral patellar mobility test was
performed in a quasi-static manner, the effect of weight training on the dynamic patellar
tracking during faster and more functional movements warrants further investigation.

The VMO/VL EMG amplitude ratio of VMO/VL in isometric knee extension has
been found to be different between asymptomatic subjects and individuals with anterior
knee pain (Souza & Gross 1991; Boucher et al 1992; Makhsous et al 2004), the latter had
relatively lower VMO/VL activity ratio. This distinguishable EMG ratio is regarded as a
consequence of the VMO contributing less to the total knee extension torque and the
imbalanced load sharing between VMO and VL, thus directing the patella towards the
lateral side (Makhsous et al 2004). The present study found that subjects in the training
groups had increased VMO/VL activity ratio in sit-to-stand after the training program,
signifying greater recruitment of VMO muscle (Conwit et al 1999), enhanced VMO muscle
contractile force (Suzuki et al 2002) and greater contribution of the VMO in the functional

movement.
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The VMO:VL onset time difference in sit-to-stand can provide a window for
observing the motor control of the VMO and VL as synergists. The sit-to-stand action is a
pre-programmed movement that does not rely heavily on conscious sensory feedback
(Lephart et al 1998a). The present study showed this feedforward or open-loop motor
control of the VMO and VL was significantly altered by the weight trainings. The pre-post
training difference was approximately 4 ms in VMO onset after the training in both
intervention groups. But it is not known if the 4-ms change is sufficient to make a
difference to the patellar tracking or patellofemoral joint contact area (Moight & Weider
1991; Grabiner et al 1994; Powers et al 2004; Ota et al 2006).

For VMO:VL onset time difference, subjects demonstrated more variability in sit-to-
stand than in knee perturbation. The VMO:VL onset time difference in knee perturbation
was not statistically different in both between-group and within-group comparisons. The
knee perturbation itself is similar to the knee jerk reflex test. The quick stretch induced by
the perturbed knee activated muscle spindles in the quadriceps, the type la sensory axons
from the spindles carry action potentials to the spinal cord where they synapse directly on
motor neurons of the same muscle that was stretched, thus a brief and involuntary
quadriceps contraction is induced (Toft et al 1989). The knee jerk reflex is a neonatal reflex
present at birth. Although medication (Pickar 1998), muscular fatigue (Lam et al 2002),
and physical exercise (Rittweger et al 2003) can have temporary effects on either
enhancing or inhibiting neuromuscular excitability of the reflex, the present study did not
find evidence that VMO:VL onset time difference in knee perturbation can be altered by

the 8-week weight training program.
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In order to prevent non-contact knee injuries during running, cutting or landing,
sensitive and accurate knee joint proprioception is required (Lephart et al 1998b; Williams
et al 2001). Two studies have reported that persons with PFPS had relatively less accurate
knee joint position sense as compared with the controls (Baker et al 2002; Hazneci et al
2005). Since the studies were retrospective, they could not determine if the defective knee
joint position sense was a contributing factor or an effect of the PFPS. In addition, Jerosch
& Prymka (1996) reported that the knee joint position sense in patients with recurrent
patellar dislocation was reduced compared to that in the controls. The diminished knee joint
position senses were revealed in both the affected and the unaffected knee compared with
the controls. As the present study showed the joint sense could be improved significantly
after the 8-week training. The enhanced knee joint sensation by regular weight training may
provide a preventive effect against non-contact incidence of patellofemoral disorders
(Bernauer et al 1994; Kibler et al 2001).

Ingersoll and Knight (1991) reported that asymptomatic subjects undergoing only 3
weeks of resistance or EMG biofeedback training to the quadriceps were able to change
their patellofemoral joint congruence under the X-ray Merchant’s view examination. They
hypothesized that the shortened knee extensor muscles could induce a more favorable
patellar tracking, thus reducing the predisposition to lateral patellar instability. In the
present study, the Merchant’s method was not used since it is less reliable than the PTA
measurement and also not sensitive enough in detecting small changes of patellar tilting
(Inoue et al 1988; Delgado-Martinez et al 2000). It has been reported that PTA of less than
8° is closely correlated with the presence of PFPS (Schutzer et al 1986;

Pookarnjanamorakot et al 1998). Among the 16 subjects included in the PTA examination,
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only two subjects had a marginally abnormal PTA (6 - 7.5°). Therefore, the finding of no
significant change in PTA after the training may be due to a ceiling effect, as most of the
subjects had normal PTA before the study.

Previous studies regarding weight training prescriptions (Berger 1962; Kaneko et al
1983; Kraemer et al 1995, 1997; Campos et al 2002; Ronnestad et al 2007) supported the
concept that different combinations of repetition, set and intensity would produce different
degrees of muscular strength and hypertrophy enhancement. Physiologically, only motor
units that are recruited in the exercise are subject to adaptational changes with weight
training. A motor unit is composed of either all slow-twitch or all fast-twitch muscle fibers.
According to Henneman’s size principle for recruitment of the motor units, the low-
threshold motor units that are composed of slow-twitch muscle fibers are recruited first. As
the demands of weight training rising with higher resistance, progressively higher-threshold
motor unit that are composed predominantly of fast-twitch fibers would be recruited
(Henneman et al 1974; Ebbeling & Clarkson, 1989; Duchateau et al 2006). Thus, the
weight training for muscular strength (program S) could recruit more muscle fibers than the
training for muscle hypertrophy (program H). While the program H did provide longer and
more frequent stimulus for the muscle fibers in a given session than the program S, since a
relatively higher number of repetitions and shorter rest times are required for the program
H.

The present findings indicated that both weight training programs, H and S, led to
comparable gain on VMO muscle mass and knee extension torque, although their training
prescriptions were diverse in numbers of repetition and set, duration of rest between the

sets, and loading (table 6-2). It is believed that the length of 8-week weight training which
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consisted of 24 sessions might not be long enough to initiate the detectable difference in the
outcome measurements between the program H and S for previously untrained persons.

The subjects were requested to maintain their life styles including habit of diet and
pattern of sleep during the 8 weeks. It is unknown if these confounding factors could affect
the outcomes, because as Biolo et al (1997) and Esmarck et al (2001) reported, skeletal
muscle building is a nutritionally modulated process, supplementary amount of protein
intake can enhance the muscle synthesis after exercise. Also, inadequate sleep can hinder
the weight training performance and exercise induced muscle growth (Reilly & Piercy
1994).

During the 8-week training programs, the compliance of subjects was reasonably
satisfactory, 28 out of 32 intervention group subjects completed all 24 sessions while 4
subjects completed 21 sessions. Also, no physical injury was reported during the 8 weeks
and five intervention group subjects quitted due to personal reasons.

In light of the high prevalence of PFPS among athletes, an effective prophylactic
training program could have a significant impact on the athletes’ career. This study is
believed to be the first of its kind to examine the effects of different modes of weight
training on the quadriceps strength, size of VMO muscle and patellar stability. The positive
findings suggest that a prescribed and supervised weight training program could improve
the patellar stabilizers and patellar stability which may be crucial in the prevention of PFPS

for sedentary people and individuals engaged in sports activities.
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6.7. Conclusion

Both weight training programs lasting for 8 weeks and that are targeted to build
muscle mass or muscle strength could lead to significant hypertrophy of the VMO,
increased passive lateral patellar stability, enhanced knee extension force, quicker VMO
onset, greater VMO/VL amplitude ratio and more accurate knee joint position sense for
previously untrained adults as compared with the controls. There was, however, no

discernible difference between the two weight training programs on the parameters tested.
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Chapter 7

Grand Discussion and Conclusion

The main objectives of this thesis are to investigate the effect of weight training on
the biomechanical, neurological and morphological adaptations of the active and passive
patellar stabilizers. In addition, the different outcomes induced by two modes of weight
training are evaluated and compared.

The Chapters 2 to 5 were individual experiments in which different biomechanical
and imaging instruments or methods developed for this thesis were evaluated and validated.

The instruments and methods served as building blocks of the main study (Chapter 6).

7.1. Weight training

The weight training programs utilized in Chapter 6 were in form of a continuous,
non-explosive, non-assistive, and repetitive pattern. In performing the parallel barbell squat,
conscious control of muscle contractions and posture, awareness of dynamic balance and
joint positions are required. The squat exercise, which involves hip, knee and ankle joint
motions, was entirely performed by the subject without additional visual cues or feedback
from a mirror. In the beginning sessions, verbal feedback was provided by the researcher
and close monitoring was kept throughout the 8-week training. The verbal feedback was
not real time because when the researcher observed an imperfect form of the subjects’
exercise, such as over-/under-depth of knee bending or excessive forward knee position, the
researcher would tell and teach the subject the proper form, so that the subject could correct
the form in the next repetition (Wong 1994). In light of the fact that the skillfully precise

movement of parallel squat would largely rely on the subject’s own motor control; in other
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words, muscle synergism and co-contraction, propriception awareness and pacing of
dynamic movement were called for the nature of the squat exercise. In contrast, the knee
extension exercise requires only knee joint movement and may demand relatively less on
the lower limb proprioception since the subjects can actually see their lower legs moving
even without a mirror. Yet the voluntary control of the knee angular velocity is still critical
in executing the concentric and eccentric phase of the knee extension exercise. Based on
the demands of the exercises, the practice of 8-week weight training, either for muscle
hypertrophy or strength, is beneficial for the physiological adaptations in terms of knee
joint proprioception, knee extensor force development, quadriceps muscle recruitment and
growth. These have been confirmed by the outcome measures in the present study.

In Chapter 6, both muscle hypertrophy and strength training were found to be equally
effective for improving the contributing factor or measurable quantities related to the
patellofemoral pain syndrome (PFPS). It is not known if a longer training program that
lasted for more than 8 weeks would lead to a different outcome. It is particularly
questionable if the muscle strength program would produce relatively greater knee
extension torque and the muscle hypertrophy program would build greater VMO muscle
mass (Fry 2004). Various studies had reported that the exercise prescription for effective
muscular strength gain varies from 2 RM (repetition maximum) to 10 RM with multiple
sets (Berger 1962; Kaneko et al 1983; Kraemer et al 1995, 1997; Campos et al 2002;
Ronnestad et al 2007), and these are consistent with the present study that compared the
effectiveness of the 5 RM and 10 RM, and the present result revealed that the muscular
strength improvement between the 5 RM x 5 sets versus 10 RM x 4 sets was not significant

different after the 8-week training.

120



This study shows that resistance training (general exercises as squat and knee
extension) can positively condition the patellar stabilizers. Traditionally, some clinicians
used a “specific” approach for PFPS, such as EMG biofeedback training and exercises
targeting the unconditioned VMO muscle (Davlin et al 1999). According to the results of
the study, the “global” approach of physical exercise seems to be as effective as VMO
biofeedback training for improving the VMO/VL amplitude ratio. Since this study involved
healthy subjects only, the effect of the training programs may not be generalized to subjects
who belong to very different age groups or anthropometric types. For people with PFPS,
the resistive exercises might need to be modified for rehabilitation purposes, such as the
parallel squat that could lead to substantial patellofemoral and tibiofemoral compressive
force that should be avoided for persons with anterior knee pain (Steinkamp et al 1993).
Also, for people who need to avoid compressive force on their spines, the leg press
machine is an alternative method to the barbell squat (Rogers 2001).

Jager and Luttman (1997) reported that the tolerance of cartilage against mechanical
loading declines with aging. Thus, an aging patellofemoral joint would become less
resistant to PFPS. Although no information on the long-term effect of physical conditioning
for minimizing the PFPS incidence is available, it is logical to advocate the PFPS
prevention exercise or “pre-habilitation” approach which should start before the
patellofemoral joint degeneration is initiated. This is particularly important, for sportsmen
who aspire to perform at the top level and maximize their athletic career life, the prevention
program should start early.

The advantages of the present weight trainings are relatively low cost and technically

simple, and the equipment used in the program are all available in most health clubs or
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gymnasiums worldwide. This would make it very easy for the study to be replicated in

other population for other outcome measurements.

7.2. Adaptation of the passive and active patellar stabilizers

Increased passive lateral patellar mobility was repeatedly documented to be a
contributing factor of the PFPS, patellar subluxation and dislocation in retrospective studies
(Hughston et al 1984; Fithian et al 1995; Nomura et al 2006), prospective research
(Witvrouw et al 2000) and review articles (Wilk et al 1998; Arendt et al 2002; Post 2005;
Fredericson & Yoon 2006; Dixit et al 2007). The finding that lateral patellar mobility
decreased after the weight training program in this study is in line with the results in
Reeves et al (2003) that after 14 weeks of resistance training for previously untrained
persons, their patellar tendon elongation decreased at a given isometric knee extension
force as detected by a B-mode ultrasound. This suggests that the connective tissues
bridging the patella to femur and tibia are able to adapt to mechanical loading. The major
part of the adaptation might take place in the medial patellofemoral ligament (MPFL) that
provides approximately 50% of resistance when the patella is passively translated to the
lateral side (Conlan et al 1993; Hautamaa et al 1998).

The biomaterial properties of ligament are determined by collagen fiber contents,
fiber orientation, and cross-link density (Ng et al 1995, 1996; Ng 2003; Fung et al 2003,
2004). These could be altered by weight training because mechanical loading is known to
stimulate biosynthetic activity of the fibroblasts (Harris et al, 1981; Wren et al 1998; See et
al 2004). If the conditioned ligament becomes stiffer after resistance training, the ligament

should elongate less at a given force (Reeves et al 2003). Since the VMO muscle attaches
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to the medial one-third of the MPFL (Tuxoe et al 2002; Nomura et al 2005), when the
VMO contracts, the MPFL is pulled proximally and tightened; therefore, the VMO not only
acts as a directly active stabilizer of the patella but also indirectly through the MPFL
(Nomura et al 2005). Also, the hardened MPFL could be more effective in force
transmission between VMO and patella (Bojsen-Moller et al 2005), and could facilitate
quicker and greater force development of the VMO on the patella in both static and
dynamic actions.

By within-subject comparison of the surface EMG amplitude of VMO relative to VL,
the 8-week weight training had increased the relative VMO electrical activity at a given
functional task of sit-to-stand. The increased VMO/VL activity ratio signifies greater VMO
recruitment and medial patellar force to counteract the lateral force produced by VL. The
reason of this change could be theorized that weight training for previously untrained
persons may serve as a learning process for adjusting the VMO and VL muscle recruitment
so as to provide an effective position of the patella throughout its range of motion under
functional or postural loading. The increasable VMO activation was also reported by Ng et
al (2006) for subjects with PFPS after a 6-week biofeedback training.

Since the present study only captured the static MR images of the patellar position in
supine lying with the whole body relaxed, the finding of magnified VMO/VL activity ratio
may not directly imply that the patellar tracking or patellofemoral joint contact area
changed after the interventions during dynamic actions. For treatment or prevention of
PFPS, it may be essential to regulate the contact stress of a symptomatic patellofemoral
joint (Powers et al 2004a, 2004b) and thus potential effect of the resistive training on the

patellar tracking needs to be investigated further.
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The VMO onset prior to that of VL is a pre-programmed motor control for the VMO
to generate adequate muscle force to stabilize the patella; otherwise the VL may laterally
displace the patella excessively (Neptune et al 2000). If VL fires before VMO frequently,
the lateral patellofemoral joint may be overloaded resulting in anterior knee pain (Moight &
Weider 1991; Grabiner et al 1994). In the present study, even though all the subjects were
asymptomatic, not all of them were found to have their VMO onsets occurred prior to that
of VL. This implies that the VMO-VL onset time difference is not a very specific indicator
for the presence of PFPS. Also, the pre-post training improvement was approximately 4 ms
in the intervention groups; it is not known whether the 4-ms difference can lead to
significant change of the patellar tracking and patellofemoral joint contact area, although it
was found in Neptune et al (2000) that stated a 5-ms difference in EMG onset between

VMO and VL could affect the patellar tracking.

7.3. Knee joint proprioception

The knee joint position sense test was designed to measure the capability of a subject
to precisely reproduce the preset target knee angle (Barrack et al 1983, Baker et al 2002).
The active knee angle reproduction reflected the sensitivity of quadriceps and hamstrings
muscle and knee joint capsular receptors, and the central nervous system’s ability of close-
loop efferent response after receiving the neural input from the muscles and the joint
(Laskowski et al 2000). During the test, muscle spindles play a dominant role in the
conscious perception of knee joint position as they detect changes in length of the intrafusal
muscle fibers of quadriceps and hamstrings, also co-activation of gamma motorneurons

which control the sensitivity of the spindle receptors, and the gamma motorneurons that are
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governed by the reticular system, cerebellum and basal ganglia of the central nervous
system. All these structures chiefly contribute to the joint kinesthetic accuracy (McCloskey
1978; Kibler & Livingston 2001), and the 8-week weight training appears to have a
positive effect on these neurological structures. Yet it is not known if this kinesthetic
improvement would benefit the patellofemoral or knee joint stability during closed kinetic-
chain and vertically loaded dynamic movements, such as running or landing action

(Lephart et al 1998a; Williams et al 2001).

7.4, Limitations

The study introduced in Chapter 6 investigated the effect of two modes of weight
training that lasted for 8 weeks. As a relatively short term training for previously untrained
adults, the findings on strengthening patellar stabilizers may not be directly applicable for
athletes who have had weight training experience, younger athletes or those with a history
of PFPS.

Although females were more susceptible to the PFPS (Taunton et al 2002; Murray et
al. 2005), the majority of the participants (75%) in the study introduced in Chapter 6 were
males. This was due to the difficulties in recruiting women in Hong Kong for weight
training as they tend to believe that weight training can easily and permanently make them
look muscular. In fact, four out of five subjects withdrew during the study were females.

The present findings reveal that both modes of weight training were effective for
VMO muscle building, but the potential change in the distribution of fast and slow twitch
muscle fibers and the relative areas of these fibers (MacDougall et al 1980; Hostler et al

2001) have not been investigated. Changes in the muscle fiber composition or ratio could
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have an impact on the muscle shortening velocity or motor unit firing synchronization in
VMO and VL that may affect the patellofemoral joint tracking or articular contact area

during dynamic motions (Mellor & Hodge 2005).

7.5. Future study

Future study on potential effects of the resistance training for preventing PFPS should
examine the change of patellar cartilage volume, dynamic patellar tracking (Powers et al
2004a, 2004b), vasti muscle fiber composition and muscle fiber orientation; those are
quantitative factors related to PFPS or patellar biomechanical stability. In addition,
isokinetic training, exercise on unstable surface, and different dosages, sequence, frequency
of weight training, are all potential themes for future studies. Most importantly, a duration
of the positive effects on the active and passive patellar stabilizers that can remain after
training stops, and the possible long-term effect of resistance training on reducing risk of

PFPS should be further examined.

7.6. Implications

Panjabi (1992) suggested that the stability of a movable articular joint was maintained
by three systems, namely passive system constituted by connective tissues, active system
formed by skeletal muscles, and neural system as a commander of the active system
through motor control. A dysfunction of any one of the subsystems may lead to either the
compensational adaptation of one or more subsystems, or overall dysfunction of articular
joint stability. This theory may be applied to the patellofemoral joint; the weight training

methods investigated in this thesis did positively affect these three systems including the
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active and passive patellar stabilizers and neuromuscular control of vasti muscles. There is
evidence showing the change of EMG in the vasti muscles after training despite the
magnitude of change was not large.

An important practical implication of this thesis is that both 8-week weight training
targeted for muscle hypotrophy or strength were beneficial in attenuating the predisposing
factors of PFPS and strengthening the patellar stabilizers for previously untrained
individuals. The findings do reinforce the importance of physical conditioning, and can be
regarded as additional benefits of weight training that were formerly unknown to clinicians
or trainers. People who lack physical activities can not earn the effect of trainable
patellofemroal stability. According to the results of this thesis, the conditioned patellar
stabilizers were illustrated by enlarged VMO muscle, reduced passive lateral patellar
mobility, increased knee extension force, greater recruitment and faster onset of VMO

muscle in functional movement and enhanced knee joint position sense.

<End>
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Appendix 1

THE HoneG KoNG
POLYTECHNIC UNIVERSITY

Frab B 1A

MEMO

To: NG Yin Fat, Department of Rehabilitation Sciences
From : KWONG Shek Chuen. Chairman. Departmental Research Committee, Department of
Rehabilitation Sciences

Ethical Review of Research Project Involving Human Subjects

[write to inform you that approval has been given to your application for human subjects
cthics review of the following research project for a period trom 31/05/2005 to 01/12/2006:

Project Title : Different electrode placements on vastus lateralis lead to different
characteristics of EMG?

Department : Department of Rehabilitation Sciences
Principal Investigator : NG Yin Fat

Please note that you will be held responsible for the ethical approval granted for the project
and the ethical conduct of the research personnel involved in the project. In the case the Co-Pl
has also obtained ethical approval for the project. the Co-P1 will also assume the responsibility
in respect of the ethical approval (in relation to the areas of expertise of respective Co-Pl in
accordance with the stipulations given by the approving authority),

You are responsible for informing the Departmental Research Committee Department of
Rehabilitation Sciences in advance of any changes in the research proposal or procedures
which may affect the validity of this ethical approval.

You will receive separate notification should you be required to obtain fresh approval.

KWONG Shek Chuen

Chairman

Departmental Research Committee
Department of Rehabilitation Sciences
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Appendix 2

The Hong Kong Polytechnic University
Department of Rehabilitation Sciences

Research Project Informed Consent Form

Project title:
Reliability of double peak-to-peak method for determining onset of vasti muscles as a

potential physical diagnosis for anterior knee pain

Investigator(s):
Ng, Gabriel, PhD, Associate head, Dept. of Rehabilitation Sciences
Wong, Yiu Ming, MSc, PhD student, Dept. of Rehabilitation Sciences

Project information:

This pilot study will invite you to take part twice with one-week apart. The trials will
take less than two hours and one hour respectively. You will need to wear sport shoes
and a sport short to facilitate the measurements. After the skin of your thigh above
knee joint being cleaned with alcohol and cleaning gel (a small area of your thigh may
be shaved if necessary), a skin maker will draw few spots on the skin and three
surface transducers will be placed on your thigh muscle for bioelectrical recording
while you performing static kicking action in sitting position. Two minutes rest
between those actions will be allowed. The procedures of this study will not result in
any side effect and harm. However, you should report any discomfort encountered
during the study to your investigator. The collected data in the trials will be used for
research purpose only and your personal information will be strictly confidential.

Consent:

I, , have been explained the details of this study. |
voluntarily consent to participate in this study. | understand that | can withdraw
from this study at any time without giving reasons, and my withdrawal will not lead to
any punishment or prejudice against me. | 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 chief investigator, Prof. Gabriel Ng at telephone 2766-6721 for any
questions about this study. If I have complaints related to the investigator(s), | can
contact Mrs. Michelle Leung, secretary of Departmental Research Committee, at
27665397. | know I will be given a signed copy of this consent form.

Signature (subject): Date:

Signature (witness): Date:
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Appendix 3

b Tre HowiGs KONG
POLYTECHNIC UNIVERSITY

FFALTE 1 AR

MEMO

To: NG Yin Fat. Departunent of Rehabilitation Sciences
From: KWONG Shek (‘huen‘.}, Chairman, Departmental Rescarch Commitee. Diepartment of
Rehabilitation Sciences

Ethical Review of Research Project Involving Human Subjects

I'write to inform you that approval has been given to your application for human subjects
ethies review of the following research project for a period from 31/05/2005 to 01/12/2006:

Project Title : Different electrode placements on vastus lateralis fead 1o different
characteristics of EM(3?

Department © Department of Rehabilitation Sciences
Principal Investigator © NG Yin Fat

Please note that you will be held responsible for the ethical approval granted for the project
and the ethical conduct of the research personnel involved in the project. In the case the Co-PI
has also obtained ethical approval for the project, the Co-PI will also assume the responsibility
in respeet of the ethical approval (in relation o the areas of expertise of respective Co-Pl in
accordance with the stipulations given by the approving authority).

You are responsible for informing the Departmental Research Commiittee Department of
Rehubilitation Sciences in advance of any changes in the research proposal or procedures
which may affect the validity of this ethical approval.

You will recetve separate notification should you be required to obtain fresh approval.

KWONG Sher Chuen

Chairman

Departmental Research Committee
Department of Rehabilitation Sciences
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Appendix 4

The Hong Kong Polytechnic University
Department of Rehabilitation Sciences

Research Project Informed Consent Form

Project title:
Different electrode placements on vastus lateralis lead to different characteristics of

EMG?

Investigators: Gabriel Ng, PhD, Professor, Department of Rehabilitation Sciences
Wong Yiu Ming, MSc, BSc PT, CSCS, PhD student

Procedures of the study:

You are invited to attend one testing session for about one hour. You will need to wear
sport shoes and shorts to facilitate the measurements. The skin of your thigh above the
knee will be cleaned with alcohol and some gel (a small area of your thigh may be
shaved if necessary), a few spots on the skin will be marked with skin markers and
four surface electrodes will be placed on your thigh muscle for bioelectrical recording
while you perform static kicking actions in sitting position. You will also be tested in
standing on one leg and you will be perturbed at the back of your knee with a
swinging pendulum weight.

Potential risk:
The procedures of this study would not result in any side effect or harm. However,
you should report any discomfort encountered during the study to your investigator.

Consent:

I, , have been explained the details of this study. |
voluntarily consent to participate in this study. | understand that | can withdraw
from this study at any time without giving reasons, and my withdrawal will not lead to
any punishment or prejudice against me. | am aware of any potential risk in
participating in this study. | also understand that my personal information will not
be disclosed to people who are not related to this study and my name will not appear
on any publications resulted from this study.

I can contact the chief investigator, Prof. Gabriel Ng at telephone 2766-6721 for any
questions about this study. If I have complaints related to the investigator(s), I can
contact Mrs. Michelle Leung, secretary of Departmental Research Committee, at
27665397. | know I will be given a signed copy of this consent form.

Signature (subject): Date:

Signature (witness): Date:
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Appendix 5

THE Hong KonG

v FFHERI 1A
MEMO

To : NG Yin Fat, Department of Rehabilitation Sciences
From : LEE Yun Wah Raymond, Chairman, Faculty Research Committee, Faculty of Health & Social
Sciences

Ethical Review of Research Project Involving Human Subjects

1 write to inform you that approval has been given to your application for human subjects ethics review of
the following research project for a period from 04/ 04/ 2005 to 01/ 01/ 2008:

Project Title : Effects of weight training on patellofemoral joint position and quadriceps strength
Department : Department of Rehabilitation Sciences

Principal Investigator : NG Yin Fat

Please note that you are responsible for informing the Faculty Research Committee Faculty of Health &
Social Sciences in advance of any changes in the research proposal or procedures which may affect the

validity of this ethical approval.

You will receive separate notification should you be required to obtain fresh approval.

LEE Yun Wah Raymond
Chairman

Faculty Research Committee
Faculty of Health & Socizal Sciences
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Appendix 6.1

The Hong Kong Polytechnic University
Department of Rehabilitation Sciences

Research Project Informed Consent Form

Project title:
Effect of weight training on patellar active and passive stabilizers

Investigators:
Gabriel Ng, PhD, Professor and Associate head, Dept of Rehabilitation Sciences,

HKPU

Yiu-Ming Wong, MSc, PhD student, Dept of Rehabilitation Sciences, HKPU

Procedures of the study:

In agreeing to participate in this study, you will receive an 8 to 9-week guided weight

training program at the HK Polytechnic University by a qualified fitness trainer for

your thigh muscles. At the same time, you will be assessed three times at the HK

Polytechnic University. Each assessment will last for about 90 minutes and you

should wear sport shoes and shorts during the assessments which will include-

1)
2)

3)

4)

5)

Body weight, height, body composition, thigh girth and lower body flexibility.
Magnetic resonance and/or ultrasound imaging for your lower thighs and
knees while you lying supine and relaxed (the magnetic resonance imaging
will last for 30 minutes each time and take place in the Queen Elizabeth
Hospital).

Your knee cap will be gently moved and knee joint alignment will be
measured while you lie on a plinth.

An angle measuring device will be put on one side your knee joint. With
your eyes closed, your knee will be passively moved to different angles and
then you will be asked to reproduce the angles on your own.

The skin of your thigh above the knee joint will be cleaned with alcohol and
cleaning gel (a small area of your thigh may be shaved if necessary); four
surface electrodes will be placed on your thigh muscle for recording the

muscle activities when you perform some knee and lower limb movements.
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All the procedures of this study will not result in any side effect. However, you should
report any discomfort encountered during the study to your investigator. The collected
data in the study will be used for research purpose only and your personal information

will be strictly confidential.

Benefits to the subjects and to the society:

The benefits of participating in this study are learning the resistive exercises that
should help you to enhance your physical fitness under professional supervision, and
making contribution to the development of a knee pain prevention protocol for
general public.

Consent:

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

voluntarily consent to participate in this study. | understand that | can withdraw
from this study at any time without giving reasons, and my withdrawal will not lead to
any punishment or prejudice against me. | am aware of any potential risk in joining
this study. 1 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 chief investigator, Prof. Gabriel Ng at telephone 2766-6721 for any
questions about this study. If I have complaints related to the investigator(s), | can
contact Mrs. Michelle Leung, secretary of Departmental Research Committee, at
27665397. | know I will be given a signed copy of this consent form.

Signature (subject): Date:
Signature (witness): Date:
Signature (investigator): Date:
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Appendix 6.3

The Hong Kong Polytechnic University
Department of Rehabilitation Sciences

Research Project Informed Consent Form

Project title:
Effect of weight training on patellar active and passive stabilizers

Investigators:
Gabriel Ng, PhD, Professor and Associate head, Dept of Rehabilitation Sciences,

HKPU
Yiu-Ming Wong, MSc, PhD student, Dept of Rehabilitation Sciences, HKPU

Procedures of the study:

In agreeing to participate in this study, you will be requested not to alter your regular
diet and physical activities for 8 weeks. Also, you will be assessed twice at the HK
Polytechnic University by a registered physical therapist at 8-week apart. Each
assessment will last for about 90 minutes and you should wear sport shoes and shorts
during the assessments which will include-

1) Body weight, height, body fat ratio, thigh girth and lower body flexibility.

2) Ultrasound imaging measurement for your lower thigh size while you lie on a
plinth.

3) Your knee cap will be gently moved and knee joint alignment will be measured
while you lie on a plinth.

4)  An angle measuring device will be put on one side your knee joint. With your
eyes closed, your knee will be passively moved to different angles and then you will
be asked to reproduce the angles on your own.

5) The skin of your thigh above the knee joint will be cleaned with alcohol and
cleaning gel (a small area of your thigh may be shaved if necessary); four surface
electrodes will be placed on your thigh muscle for recording the muscle activities
when you perform some knee and lower limb movements.

All the procedures of this study will not result in any side effect. However, you should
report any discomfort encountered during the study to your investigator. The collected
data in the study will be used for research purpose only and your personal information
will be strictly confidential.

A-10



Benefits to the subjects and to the society:
The benefits of participating in this study are making contribution to the development
of a knee pain prevention protocol for general public.

Consent:

I, , have been explained the details of this study. |
voluntarily consent to participate in this study. | understand that I can withdraw

from this study at any time without giving reasons, and my withdrawal will not lead to
any punishment or prejudice against me. | 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 chief investigator, Prof. Gabriel Ng at telephone 2766-6721 for any
questions about this study. If I have complaints related to the investigator(s), | can
contact Mrs. Michelle Leung, secretary of Departmental Research Committee, at
27665397. | know I will be given a signed copy of this consent form.

Signature (subject): Date:
Signature (witness): Date:
Signature (investigator): Date:
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Original research

Surface electrode placement affects the EMG
recordings of the quadriceps muscles

Yiu-Ming Wong, Gabriel Y.F. WNg*

Ehrrhaparl Arbabdiranse Eevared oo’ Wromane Laborweary, Dynarimmon o Bebabalvarim Srsans
T Mo Koy Plrplade Dokoersin Mosg K

Heseiimel 1 Sovesnber J005; resetiad n fvasd Faem 17 Manch 269! scoepiend 77 Slarck JiKs

Absiraci

hieranes This sudy examined the EMG acumvities of the micdial and larerel vaan minsces witk fowr differenn sarfece dlooirode
nasitions during isometne knee exensan disd kses perturtation

Dty Repeuted meisuses doedgm

Sentanye Dribespuedic rehabilitation boratory ol & wemversiiy.

Farviogeres: Eight anle bodisd mon-athiene mabe volumisers.

Mt ertoviiiie’ aenisures. The pediclve onset time difference (o m@leaconds of vases mediolls ohliques (VMO0 anil saau bl
(WL during kooe perturisibone. sml the poarmdicad EMG omplineke in root-sesn-sguare i of VMOYL dorning submasimal
someine kner extenssan were analyoed msing ropeaied mensures AROYA

Meawis Doflerenit dlewnsde peeaioms on YL esolval in differem VEOEYL onse e s 00025 uml reoealiem) VRO
g iy ratsos gp = GHIZ, 140,

Conclewtony: The position of surfuce electredes ke sipnificantly affecied the EMG reudmps of the vasti mmsches. This Srding has
vitil chnical imeplications. dor the upplication of EMOG moessrement und hiofecdbuck training for the rehabilicizion of e wisti

misks.
& 2 Elever Lad All mghds reserved

Arrmmma. Elecimomyogreply: Feoirods Ko Ooadnorps muee

e

1. Inraductiom

Patellofemora]l pun syadrome (PFPS) presents as
localied pain, inflammaton, moscle mbalamce, amd
imstahility of uny component of the knee extensor
mechunism (LaBeiz, 2041, The PFPS affects approxi-
inutely 25% of the population al seme stage in their lives
[MeConnell. 1961 wath Females being more sulnerabie
thain mabes [Almeida, Tronc, Leene, Shalfer, Pathel, &
Lomg, 1999

Patients nith PFPS usually respomd to non-operative
treatmenis und the outeome i uswally pssessed wiath the

Corrpmepdmg sethor, Fas: + 850 21 M52
Fonuid) shfreas’ regnigs G F Nl

1466-K515 8 - see Fronl maker @ 3008 [leevier Lel A1) fghie neserond

cho 10100 06 ot UM I DR

—— e

level of pain. pateliar alpgament. sall-tisue Texibility,
musck: uctivabion, and coordimation (Post, M. The
vistuy medalis obligees (VMO amd vastus [agerals
(WL muscles hive dilfesemt morphislogicsl, Tunctional
ardl  mewremator chiracteristics (Crossley,  Bemnefi,
Grreen, & MeConmnell, 2001 Lich & Ferry, 1968 N,
20020 The rwo musches work svnergutically 10 prosede
the dynurme stahemg [orce on the patefla during kmew
cxtension and imbalino: between the VAIO and VL
would disturd the dynumic stubility of patella. Clini-
cally, weakness of the VMO would resubt in exossive
Interal trucking of pudella, which hus been regarded us 4
common ciase of PEPS {Herringion, 19498; McConned],
1¥h6) Furthenmome, some studies had seported that
persaas with PEPS had reduced WMOVL efecinical
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acbovily ratio amd delayed VMO onsel when compared
with normal controls {Mariano & Caruse, 1979, Souza
& Cross, 199]; Tang, Chen, Msw, Chou, Mong, & Lew
Al Veipht & Wieder, 1991 Winvrouw, Snevers,
Lysens, Victor, & Bellentais, 1996),

The relutmve activity of W80 and VWL has been studied
i the past. Souza and Gross (19451} reported the
normalied VMOEVL activity ratio in bealthy subpcts
wits approximately 121 during somednic knee extension,
wherens Houcher, King, Lafcbvre, and Pepin (1993)
meporidd the ratio 10 be approdimately 21 [or asymplo-
matie subjects in slate terminal keee extenssen, Tang
b al, {00 ) demomsiralod that the rahio was ks than |
for normal subjects i the end runge of isokineic knee
exbension.

Tn terms of the temporal parameters of the vasti
muscles, Voight and Wisder (1991 and Witvroww et al,
(15500 reported that VL fired significantly carlier than
W80 in the knee jerk reflex in paticnis with PFPS,
which was in conimasl 1o the lindings of Kamst aed
Wilkett {1995} who reported no difference in VAMOVL
comiraction timing in ihe knee jerk reflex in boik notmal
subjects and those with PFPS. Powers. Landel and
Perry d 19960 aleo Foumd that the YMOEVL sctivity rale
and the ¥MO-VL relarive onser tme sere non differen
belwesn pulients with PFPS and the nommal controls
during walking or climbimg stuirs.

Some resenrchers hod artempicd @0 develop specifc
strengthening eaercses for the ¥YMOL Hanten ansd
Schubthies (19900 and Laprade. Culham and Browwer
{15998 reported than VMO was mose active than VL
during isometric knee extersion with hip add uetion and
ikl imternal rotateon, Lam and Mg (2001 and Mg and
Mlan (1% reporicd that VMO was sigmificantly more
aciive ihan VL with seme knee Nexion amd imternal hip
rotatiei. However, Mirzabop, Jondan, Groaley, Rock-
owile, and Perry (199%) and Rovaelds, Levin, Modear-
osm, Adler, und Huallum (1963} &d med support the
concept of selectve recrtment of VMO over VL inm
physical training.

The dizcrepancics of the above findings could be dae
o the electrode placements o baing comparable
among Lhese studies. Boucher of ol (19492} placed um
ehectrode owver the motor point of VL at the mid-thigh
level of Ticm abowe the upper border of patclle
Gilleard, McConnell, ard Parsons | 1958y placed the
VL electrode an | lem above the paiella, Cram and
Kasman (1998 recommended that the clestrade for the
VL musle should be ut Sem above (e kned
Coenversely, the electrode placement for WA wus more
consistent amoang previous studies as most repocted the
position to be 3 or 4om above the supero-medial comer
of patella {Cram & Kasman, 1998 Grilleard o1 al , 1%,
In Night of the diverse positiondng of the YL elecirode
amd the lack of nformation on the effects of surfice
chectrode positioning om the EMO reconding, there is a

need o examing il the electrode positionmg woukl aflect
the EMO meusuraments. This has vital dinical implicas
tsoms bersimse imba lanced VATOCYL EMG sctivity ratio
of VAMOLYL onset tine are regarded as contribating
fagtors of PEPS, the ellect of dhotrode posithoning musst
b comsidersd in order © makd aceurale asseErens
Thercfare, the present study was conducted e invest-
gate the effects of dilferent sarfuce elecirode plicoments
on ihe VMOCVL magnitude ratio and VMO-VL relative
onset iming,

2. Mietheds
21 Swhjeeis

Eight able-bodied nom-athbetic males aged between 24
amd 35 yeurs (mean 280 years) were recruited. Swhpects
with history of lower limb operations or imjurees that
required ircalments in the past & months were eselsded.
The study was reviewed and approved by the Humun
Ethics Sub-committee of The Hong Kong Polylechnic
prior te dati collection, All suhjects were asked
refram Crom vigorous physical activities the day before
the stady.

LI EMNG revardings

Skim on the distal thigh of the dominant leg was
shaved and cleansed with methylisad spiric and skin
proparation gel (MuPrep. DO Weaver & Co., Aurora,
OO, USA). The skin impedance was checked with an
impedance meter {MOBYMEIL UFL Morro Bay, CA,
LISAY and 4 valwe of less than S0k(} was deernod
uccepinble {Hewson, Hogrel, Langeron, & Duchene,
T

Adver the skin preparation four sangle-diferential
EMG electrodes (Myoscan, Thought Technology, Mon-
treal, Que., Canada) were pluced over the YO und YL
with dispnsubleadhesive circulur snup elecrrndes (Mulii
Bio Sensors, Fl Paso, TX, USAR The degtrode For
VD was placed an o ponn dem above 1he supero-
medinl cormer of patella, whireas throe elecirodes were
placed over WL at 5, 10, amd 15am above the supero-
laberal comner ol patella (Fig. 1. The onentations of the
VMO and VL electrodes were 35 and 157 o the
lsngitudinagl axis of femor, respectively (Lich & Perry,
196},

Tha electrodies wens connectad 19 @ Barlery-poasad
encoder (3AUAP, Thought Technology, Moenineul,
Quwe., Canada) with o sampling rate of 1984 He. The
encoder was fed to a digiial signal processing hoard
{DEP, version 2, Thought Technology, Montreal, Cue
Canada) insialled on 8 persomal compuier. Daia
avgquisiion softwane (V1,52 Ergonomic Swie. Thought
Technology, Montreal, Que. Canadal was used 1o
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Fig. 1. Posiseaing of the EMG clecirnder for YL and YHD of tie
right g

capture the raw EMG data with a bandwidth af 20
S He The raw dufa were luter analyeed oll-line with
Excel software [Micresofi, Redmond, WA, LISAL

2.3 Fsownetric Knee exteosion

A dynumometer (Cvbex MNorm, Hendzy Healtheare,
Mauppaupe, MY, USA) was used to measure the
momeine maumul voluntary contraction (MVC) on
the domimanlt [eg of cach subpect wath e knee al 43
and hip at B5 of fexion. Subjects performed 5
repetitions  of submunimal koes extension e pel
acgjuainged  with the somerric esting  prier e the
MVC test that lasted for 45 and was repeated 3 limes
with @ 2J-min resl  im-Between. The highet  force
developed in the 3 lests was regarded a8 the MY
Afterwards, the suhjects performed 55 of isemetne knee
catension al 30% and T5% of their MYC with real-time
visual signals from the dynamemeter soreen 10 puide
them on the Force outpat. These sabmaximal tests were
implemented once since the EMG amplitede measure-
ment with submanimal muscle confraction was com-
finied  highly repeatoble i shori-term (Kollmatzer,
Etenbichler. & Kopl. 1999), Durng the |someirie
lesting, EMG activatis of VMO and VL were recosded
with the abowe data soquisition system amd compulter.

24 Knpe pernartarian 1st

After the Koo extension tesis, e subjects procveded
to a kpee perturbation test with single leg standing o as
to imtduce a stretch refles in the guadriceps mescles (Mg,
205, Subgecis siood on dheir domimant leg with ihe
knee exrended and the hands lightly rouching the wall in

Iront for balunce. A medicine ball of 3.5kg was used w
provide perowrbuision o the knee joine, The ball wus
suspetided with o slimg from the ceiling so that i@ could
he adjusted to be at the level of the kmee joint of
the subjeets. The cxamimer pulled the ball back unbil the
sling made an angle of 45 to the vertical behind the
subject and upon release of the ball, it would exhibit a
peindulum swing ara kit on the back of the subject's
knge to produce o perturbaien. The pernsbsrls0n el
wad repedled 3 times with | min m-between while the
EMOG of VMO and VL were mecorded.

23 Darg analyats

For the 2 knee exlenson. b EMG signal wae
trumsformed o root-mean-square [KMSE) in tlime con-
st of 1000 ms. The imitial 25 of EMO dats werc
excluded 50 us v avoid the fuctuation of EMG signal
Then each subject’s highess RME values of VMO and
VL an 50% and T5% MY were normalized dgaing the
respective muscle's 100% MY (Soderberg & Kautson,
200, Kince tkere were 3 VL electrodes and 1 ¥BO
electrode. 3 mormalized WMOCVL rotios were obtained
fier cach MY 1esting condition,

For the kice pemurbation west, the EMG darn were
full-wave reciified and the mean and stambard devistions
of the [kms resting EMG signal prior 1o periarbstson
were calculined, The EMG ansst was determined ps 2
sqgnal that had 2 stundard devistions above the resting
mean for 10ms or mere (McKinlsy & Pedotti, 1993),
Sigde therd were 3 electrodes on the VL. 3 VMO-VL
relative EMG omsel times were obtuined. The meun
EMG onser time of the 3 pemerbation crials was
caloulused For cach subject in onder 10 minimize rmandom
errar and inerickss comelanion cocfficient (IO, abso-
Tube agreement, teo-way mived, ©1 95% § was caboulaned
1o determine its within=Uay reliahality.

Repented measures AMOVA (p — 005} with Bonfer-
roal adiwstmeni for within-sukeet comparisens [SPS5
1141, 5P85 Inc. Clscago, 1L, USA) was used o
analyoe the nomrmalized YMOEVL activily ralsr amd the
relative VMO-VL omsel imming dilTerences among (he 3
different pairs of the YW and VL electrodes.

X Hesubis

The ICC values of the EMG onsed timing difference
of ¥MO-VL in the knee perturbation mensurement were
086, KT, and (W8T for the clocrods pairs of | and 4, 2
and 4. and 3 and 4. respectively, These 100 indicaied
that the EMG recordings had good reliubility (Pesiney
& Waikins, XKW}, The means and standard devistions
af the VMOV onsel time and YMOVL elecorical
activities gre listed in Table |

A-16



Yold, Womd & ¥ F g [ Phasieed Therafin® de Speei 7 (200 22027 [P

Table |
The rean {slandan deviationsp of EMAG enesd mmg dunng periurhagon and EMEE schiviy rabion of VOEVL durmg 8% sad 755 of WY
esling
Electrode pais WOCN L oneet time ites) Mormalized VMOVL ratis

St MW T MW
| &a B LR [N (IR o]
T&ka EL 4 06) AT k) [RECRTITE ]
T& 4 I2.38 (7.1 1l (3 HE BT ]
Tahle 2

Tae msulls of repeitod measuress ANOVA with Bonferroni adjustment of EMUG gaset limisg durng perturtaien und EAG acinity rabos af

WYL during 5% arsd 7% of MY sometrs knes sxemics

M s re el AMNVA

P r= ks COminarisoa

YVhI-¥L arel m knoe portarbulion
VMV ratis b 50% MYC

WMIEEVL rani on TI% MYC

df= 2. F = 10555, p = Q02
df = | 025 F = 21157, p= DiHL2

df = L = LLTI, o DElS

Ekciradke paar of 142 14 jpo= 0031 wed 14 {p = o0y
Ekerirgke pad &l 14524 4o = ©00E) and 24

I = HEL 245 54 (F = 04400

Elecirisk pair ol 154 il 245 34 (5 = 0K, O0ody

s —

RBesulis of repeated measures ANMOVA  revealsd
significant difference in both the YMOEVL ratios and
WMO-YL onset time (Table 21, Post hoc analyses
revealed that the recording with clkeetrode pair 14 was
smnificantly dilferent from the electrods poers of 2:4 and
3:4 for the onzel iming. For the W3IO0:VL activary ratio,
zlectrode pair 1:4 had higher ratios than 2:4 and 3:4 a1
S0% activation level. whereas at T5% of activanon level,
both 1:4 and 2:4 had higher ratios than 34 (Table 2.

4. Discussion

This stedy aimed 10 examine the elTect of elecirode
posttioning on ke EMO recordings of YMO and VL
with respect o the omse timing dunng guadriceps
dreich reflex and voltage during volunGury isomel ric
contraction, Resulis revealed that different positoning
ol the VL clectrodes woukd signitﬁc—;p!ly witect the EMG
omsel tirne and electrical signad strength during the same
activity, The presemt findings may caplan the discre-
pancics in the previous siudies that reported inconsistent
WHROVL activity rutio and VAMO-YL onset timing
i Bowcher et al., 1992 Karst & Willert, 19%5; Laprade et
al,, V49K Mirmbeigi, et al, 1999; Sowsa & Gross, 199];
Tang et al., 2000; Voght & Wieder, 1991: Witvrouw
et al., 19943, Our resulis suggested that the EMO agnals
ohtaned [rom the electrode closer to the VL innervation
pome at mid-thigh lesel (Warfel, 19850 had lower
clecirical  strength und  delaved onsst time, These
findingz are comparible 1o the reports ol Boucher
o al. (1992} and Souza and Gross (19%1), The former
sludy placed the electrode on mid-VL and reported the
WMOVL ratis io be 21, while the latter study

posttioned the elecirde on the distal VL and reparied
the raiie to be L. beih o owominal isometric knee
exbemsinnm.

The EMG electrodes used in this stsdy contained o
differentinl umplitier with two reconding amd one
reflerence termunals. The difersntial amplifier would
miagnily the nom-identical signals between the two input
termimals and reject any signal which is common 10 bsth
[Peck. P97 Theoreucally, no EMOG sigmal can be
detecied i the two recosding terminals are placed
s ually on both sidzs of the moter end-plate of 0 muoscle
alomg s Fber direction. because when o muscle acton
polential s peacrabed on the moter end-plate and
propagates 1o both ends of the muscle, the signals will
be registencd as wdentical by bath ot thus cancelled by
the differential amplifier (Campbell, 1999) However.
this will nof kappen with in vivo measurement. becaess
the slecirades detest muscle action polentials penerated
by different motor end-plates instead of from o single
end-plate. These sgmuls will reach the input termainals at
slightly different time mtervals thus complete canoe]la-
tion will ot oeewr. However, due o the phasic
proximity of ihe signals, martial cancellation can happen
which may result in smalber EMOG amphisdes. Con-
versely. electrodes Incated midway betucen the motor
poimnts and tendmous inseribon would result in relaively
larger signal amplitude sinee the wction potentials
would roach the input terminals with very different
phasic properies (Kleine, Segeman, Mund, & Amders,
201y The EMOG amplitudes of upper trapemus and
tibiulis anterior muscles huve been meported to be
relanvely lower when the elecrodes wore  placed
near the innervation zenss during both woluntary
contraction and clectrical stimulation (Jensen, Vasseljen,
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& Wotgaard, 1993 Mo, LoCopte, Cisan, &
Massazea, 19951 This may explain our present Andings
that elecirode 3 locuted in the middle of VL had the
lowest signil sirength becasse it is where most of the
enrLinr end-plates are found and Lthey cluster around This
clecirode position | Warfel, 19831

For the EMG onset timing. resulis revealed that
position 3 had a significantly Later onset nme than the
other Twoe positiond. This was in agreement with the
finding on the voliage because the determination of
the onset wus dependent on the difference between the
restimgr discharge voltage and that of the aclion polental
signal stremgth. With a relatively lower action potential
strength detected in position 3, the rate of valtage build-
up in this position woukd ako be slower, thus the onsel
paonnil wus regstered later.

Owr hindings indicated that the activity ratio and onset
timing for the VRO and VL ngre electrode position
dependent. Studies using unigque electrode locutions over
the vati muscles could result in incampatible outeomes.
Hewever, the finding is restricted 1o surfucs electrodes, i
is N known if the same limding can bz applisd 1o wine
EMG as the wire EMG directly detects the mdivd wal
motor umil wetion podenial rather than muoliple modor
wikit action potentials monitored on the skin in the
surface EMG (Basmajian & Deluca, 1985)

One of the limitations in the present study was o lack
ol external validity becamse only asymplomatic subjocts
were leated, thus the findings may not be directly applicd
te people with PFPS. In addition, all subjecs’ knes
joinds were either positioned at 45 fexon or Tully
extended, it s natural thar o che kree joint lexes by
more than 45, the wasti muschs will be stretched
further, thus the innervation rone of YMO and VL may
shill inferiorly amd (he EMG characterslics may change
dccordengiy.

Im ihe present siudy, the varability of subjecis” height
wirs less tham B om. Thas the electrodes heing positioned
on a Few spots on the quadriceps with stamdarndized
distances [ram the patella may not be a confonnding
factar for the EMO recording However. for clinical
megsurements, the subjects” height could svary signifi-
cunily; the use of u percentage af limb length may ensure
the standardization of the clectrode placements [or
indivaduals. This may alse enhance herween-subject and
between-study comparisoms.

&, Conchsion

The posstions of surfsce electrodes would affect the
EMG recording of WAMO and VL. Physscal therapists or
resenrchers should be aware that a difference of a few
centimeters in the position of the YL clectrode could
alfect the YMO:VL EMG actsity ratio and VBO-YL
onset Hming
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Appendix 8

The double peak-to-peak analysis for determining EMG onset of
muscle contraction

¥.M. Wong, G.Y.F. Ng

Abstract

Purpose: [dengificarion of the anset of muscle conrractim wigh EMG signr] ampliiade doutle of the hareltog
wefine (PP has feen recennly reported for deermiring e iemporal parametens of micscwlae activine e o
irs conrpmdence, 1 a5 sitaile for clinieal applicarion, Naowever, here i@ lack of report on the relicbility and com-
paraiiliity of Hur meihed io etfier extebliinhed methods Thergfore el sty examined the fest-redest reliehiliny
wf the DP-F method and compared it with an caraffiched methed tar wed te mean + T sramdard deviations
Javean + F sd ) over dhe Savefing walue for mescles af fe Lnec,

Methods: The anset of conraction af vasmr sedielis cbilgu (VO] and v feteralis (VL) of eleven
ahlv-todied valunieers performing Gometric knee extension af 588, 75% and MG of MO in 30-minute and
Teday imtervaly were analyed with both the DP-F and mean & 3 5 methods

Risults: Te MO for witlureding misasrements of O0F-F methed resged from 64 o 0L88 amd thar for bermeens
dhery gl rarged froet (LEI-081. The FOC values were bigher with sebrnsocimal shaa srocimicl conieae-
gione There was o consivenn delay of abowd 2 me de EMG ooer detection with the DP-F oy compared te the
meiri + 3 add miehhod

Conclusion: The DP-F method (5.0 nelible pedhod for mescle onser derermamaifon bt the abesfne sver rime
of warcle eonrraciion obiaived from this prerhod svoidd wod be direetly compared wish other mefods ool ox the

e + 3 Al

Imirosdmciion

Identification of the onset of skeletal muscle
activities s often required in the treatment of
minsculoskebetal disorders, muscle training and mic
analysis. For determining the onset of muscle
coniroction, most clinicians sely on thear visual
inspection. palpation amd sxperience. However, these
observations are mather subjective and their refiabal-
ity is often doubtful (1), With the need of improy-
ing the ohjectivity and reliability of miscle onset
dziermination, researchers hive wsed electromyog-
raphy (EMG) to determine the onsst of muscle
activities In onder to ncourntely quanbify the muscle
onsel time, various quantitative and compulersed

! Deymimsiesd of Hekabdilaboe Seamsec, The Hong Eisg Poktachine
Unirorsiy, Hung Hom, Kewloon, Hosg Korg

Elea trumgrogr o Newnpdosel . 205, 45, 267-27

methods of analvang the EMG signals have been
deweloped inthe past two decades Cne of the most
popular methods for determining the EMG onser
was described by Hodges & Bui {2). in which the
EMG signuls were procested with S0Hz low-pass
filter and rectification. the time of muscle onset was
st as the mstance that the EMG signal was at thres
standand deviations abave the mean (mean+ 3 5d.)
of ihe baseline value, This method has simee been
widely usad by various researchers for siudying
difTerent muscles under various testing mades (3-11).

Huoswever, analysis of the EMG ongst ime with
this methadl reguires the originnl EMG signals to be
exporied (o 0 computer [or mothematical proces-
mg. which may nat be convenent for chinscinns to
perform m clinical seitings Purthermere, many
MG systens used by clinicians would only display
the EMG wavelorms thus any  mathematical
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processing of the data could nos be done. Therefiore,
a guantitative, reliable and convenent method for
determining the musche onzet ime iz needed for agy
application n the climical settings,

Vues et al. (13, 14 were the first group of
rescarchers to report the EMG onset time of the
peroneal muscle by nsing the amplionde of 1he sor.
face EMG signals at double of that of the bascline
vitlues [T¥P-F). This method does not involve sophis-
ticated EMG signal processing technigues, thus ther-
apiers can trace the EMG outpul signals with a
culiper of the EMG monitor to locate the onset
pomi. Therefore, it can be easily implemented in
almoat any EMG ayatem that does not have statis-
vies or data exporting lunctions,

However, the reliability of the DP-P methed and
the compatibility of the resalis of this method with
oither established methods swch as the mean + 3 s.d.
method have not been established, Therefone, this
study aimed to [1) examine the reliabibty of ident-
fication of EMG onset using the donble peak-to-
peak meihod (DP-F), and (1) compare the resulis of
thas method with that of the mean + 3 sd. method
for the muscles of the knee in able-bodied subjects
I the DP-F methed of muscle onser detection was
found 1o be raliable amd the resulis were compara-
hle with the other method, it could he appliad clin-
ically for studyving the muscle activation of subjects
with different pathologies.

Materials and Methods
Kubjects

Elzven subjects (five females and six males) with
mean age of 194 vears (+/- .44 vears) volunieered
10 participate in thic study. All suhjects were healthy
with no history of lower limb operations or injuriss
that required medical reamments. All subjects were
asked 1o abstain from vigorous physical sctivitics on
the day before the study,

Imstruments
[zometric dynamometer: An isckinetic dynamo-

meter (Cybex MNorm, Henley Healtheare, MNawp-
pauge, MY, LSA) was wed to mensure the isomet-

2ad

i knes extension gtrength of the subjects” left leg o
45% of knes flexion and 85° of hip flexion. The knes
extension strengihs expreszed in torgue values were
comverted to DO voltoges (1 ¥ = 80 Nm) and trans-
mittzd to a baittery powered encoder [SASS04F,
Thought Technology, Montreal, Queloz, Canada)
at sampling rate of 124 Hz via a woltage salator
{T9405, Thought Technology, Montreal, Quebec,
Canada). The encoder was akso connected to o dig-
ital signal processing board (DSP wersion 2,
Thought Technalogy, Montreal, Quebee, Canada)
installed in o personal computer (Celeron 40MHz,
Window 98). Data acquisition and analyss softwane
(V152 Erponomic Suite, Thought Technology,
Montreal, Quebec, Canada) was wsed 1o provide
real-time visual feedback of the torque output to
suhjects and for off-line daia analyses.

EMG recording system: Two single-differential
surface alectrodes (SARIIRM, Thought techaology,
Monireal, CQuebes, Canada) were connected to the
encoder for EMG data capiuring. The bandwidih
was ol at 10-500 Hz and the sampling raie for the
EMG dita was 1984 Hz,

Procedun=

Thiz sudy was conducted in 5 laboratory and the
procedures were reviewed and approved by the cthics
review committes for human experimentalion of our
university. Only one subject was tested at & time.
Afiter all the procedures of the EMG measurcment
wiere eaplained and demonatrated 1o the subjects, the
skin over the min:!-p-:rirll! af vastus mediakis nhliqluu
(VD) and vastus lateralis (VL) of the subject’s left
knew would be prepared by shaving and cleansing
with skin preparation gel (NuPrep, DO Weaver &
Co., Aurnra, C0, USA) and aleohol,

The clectrode placement was based on the report
of Cram (15). The electrodes for VMDD were posgi-
nened 4 om superor 1o the superomedial patellar bor-
der and orentated 55 to the longitudinal Fernoral
axis, whercas the electrodes for YL recording were
positicied & cm superior and I cm ageral to the
superclieral patellar border and orientated 15 1o
ihe femur. The electrodes were secured on WhCh and
VL by disposabls circular snap ebsctrodes (Multi Bio
Sensors, El Paso, TX, USA) with a standard ¥ em
spacing of silverfsilver chlonde clectrodes that hove
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peckup arcas of lom in diameter. A thin layer of con-
ductive gel (LieaPlione, Pharsaceutical Innovations,
Mewark, ML USA) was put on the pickup surfaces,

After the above preparations, each sabject
performed 3 maximal isometric knee exensions. The
highest lsomatric extensor torque of the 3 contrac-
tions would be regetered as the maximal voluntary
contraction {MVC] of the subject. After registenng
the MYC, the subject would be given 2 minutes of
rest and then the subject would perform the fallow-
ing actions in random order:

1} Explosive 100 MYC knee extension.

2} Explosive 75% MYC knee extension.

i) Bxplogive 5076 MWC ke axlemiion.

Visual feedback was provided to the subjcts to
help them to develop the required bevels of MYC.
A value of +/- 108 around the tarpeted level of MCV
wils regrrded as acoeptable for these frials. Al sub-
Jects wene tested three times. The first two measure-
ments were recorded with a 30-mimute interval with-
out remaving the elecirodes whereas the third
measurernent was recorded al T days later.

Data analysis

The sudden increase in voltaps resulted from the
isometric knee exiension torque produced by the
subgect was regarded as the mechanical onset, An
EMG signal of 200-ms in duraieon thai preceded
the mechanseal eurput was manually selected as the
baseline reference, Muscle activatlon onser polnt
determinad by the DP-P methed wos regarded as
the point at which the EMG peak-to-peak intensity
doubled that of the quietest peak-1o-peak waveform
in the baseline reference (13, 14, 16). Afier the xien-
tification of the EMG onset with the DP-P methad,
the raw EMG signal was low-pass filiered with 50 Hz
and [ull wave-rectified. The onsel poinl was deter-
mired as the instance at which the processed signal
waus higher than 3 standard deviations over the mean
value of the reference signal and swch signal lasied
farr 25 s o1 more (28, L1}

Results

lnire-class Correlation Coeificients  (ICC:
ahsolute agreement, vwo-way mixed, C1 #5%) was

used Lo establish the vest-retest reliabiliny of the mus-
cle onded time of the vast musches Being determined
by the DP-P {Table 11, A trend of increasing in lest-
reiest relimbility with decreasing in kevels of MVC
was noted.

Comparizon af the DP.F 1o the mean + 3 ad. was
done wsng paired t-test with o set at 0.05, Significant
differences were found beiween the resulis of the
twio methods for both YL and YMO (p= 0.0001).
[a the cell paint char thal showed the means ($1an.
dard deviation) of the EMG onset time of VMO
and WL {Fig. 1), it can be seen that there was a
conszsteni delay in the DP-P method &5 compared io
thar of the mean = 3 ed. method.

[riscussian

This study aimed to examine the tesi-retesi
reliahility of the DP-P method for EMG onset iden-
tification and to compare the resulis of DP-P
method with the mean + 3 s, method, Our find.
ings revealed that DP-P method has moderate 1o
good relighility with TCC ranging from §.63-0 86
(17} Since EMG measurement 18 susceptible 1o sur-
rounding electromagnetic noise that can subestan-

Teble 1. - The FOC wabar wobcariey e selabulity
al The doubls pead-to-peak | DF-F) mivthed

G MYC Ve MWC S0 MVC
[ntenal VMO WL VIO VL VMO WL
Memin 066 062 076 06T 036 0.7
T-day 066 D6E 066 (6T 030 0E]

- i

R T
b s Mk
RRATE T R
R 1O
WD R
Wi W R

Fig. 1. - Comparison of onsel time of comirection of VB Ooand
VL desermased by the mean + 3 ad. and the DP-P pecibesds
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tially incresss the EMG offset, statistics such s the
Pearson cornelation is considened not a suitable mdes
of reliability when there is substantial difference
betazen two EMG measuremenis among the sub-
jects and their ranks remain the same in the two
medfurements. [CC was wsed sinee it can detect both
changes in the rank among the subjecis tesied and
the consistency of the measurements a2ross oocn-
sions {18).

The DP-I* method showed that the EMG onsat
detection was more repeatable in the 5006 MWC
isometrse bnee extension than kigher levels of MW
This finding is in line with the report of Kollmitzer
et al. (19} in which recoedings of rool-mean-square
EMG amplitude of someinc knee extension taken
at 5004 MVC demonstrated betier repeatability than

1S MVE measurements, The good reliahiliny of

this method with submaximal recording is clinically
meaninglul, because most of the therapeutic
CRErCises or Assessments of the vasti muscles are done
at submaximal levels, and the EMG recordings at
tirese submazimal contraciions could be compared
periodecally.

More importantly, our results revealed very good
between-day reliability of the DP-F method that the
1CC for betweenday comparisons was > 018 at 53084
MWC, This finding implicd that the cffects of exer-
cise training o facilitate muscle onset mav be
assessed with the DP-P method. which has impor-
rani clinical application valwe.

VMO and VL are two muscles that their onss|
times have been widely explored wath the mean
43 ad, method moprevious studies (3-8, 11}, thus
the validity of the standard upon which the DP-P is
compared to is well established, Furthermore, accu-
rale mensurements of the onset time of VMO and
VL have vital clinical implications 1o the manage-
ment of patients with patellofemoral pain syndrome
as the treaiment for these patents often targets io
Factlitate WYMO contraction, developing a clinician
friendly detection method will facilitate the clinical
management of this conditlon,

Hevwewer, 3 point of caution is that the findings
an the vasti muscles may not be generalised 1o other
skeleta]l muscles, due to surfuce EMG recordings
could be affected by factors such as clectrode place-
ot cross alk of admcent musches, muscular kngth
and Tatigue In particular, muscles of the limbs work
againgl inertia whereas other muscles of ihe body

21

such as the chest wall work against elastseity and
their EMGiferce relationships were found 1o be
different {20% Applcations of the Ondings from
Jower limb muscles w other muscles may nesd w be
furiher valickated,

When comparing the results of the DP-P with
ihe mean + 3 s.d. method, the DP-P method showad
a constant delay of about 3 ms in the onset time of
both YMO and VL {Fig 1} Since the delay is con-
sistent in both muscles and across all conditions of
ieating, this should not affect the comparzhility of
the relanve EMOG onsel amee of the Dwo muscles
recorded with either method. In the case of study-
ing the absolute EMG onset time, it is highlighted
that the findings from the DP-P method cannot be
directly compared with the mean + 3 s.d. methed.

The difference between the two methods may be
cxplained by the fact that the DPF-P and mean
+ 3 54l methads have inherent differencs in their con-
structs The mean + 3 s.d. mvethod relies on sipnal pro-
cessing using a 50 Hz low-pass Nlter and full-wave
reciifier to attenuate the raw EMG signal, so as o
wransform the AC signals o DC These processing
technigues would smoothen the signals substantially
Simce the muscle onset time is the first instance when
the signal excesded the presst threshald, the relatnvely
smoother waveform would have relatively lower
threshold as it has proportomally smallker value of
mean and standard deviation. In contrast, the DP-P
mxilod does not process the raw EMG signal, it only
sets the threshald entirely bassd on the resting signal
amplstude, thas the DP-P would take refatively longer
time Lo resch the onset peint then the mean + 3 2d,

This study showed the DP-P method is a reliable
way Lo detect the EMG onser o' the vasti museles i
imomeiric knee extension. The within and betwesn-
day reliability is particulatly high at 30% of MVC.
There 15 a constant delay of about 3 ms with the
DP-P detection method as compared to the mean
+ 3 sad, method, thus direct companson of the
ahsolute muscle onset time of these iwo methods
shauld not be done,

Hefenences

1. ™ Famy, RP: Relwabiliny of compaierised  jsloo
clectromyography for detarmining t2e onsel of mascle
ul.tih"il}' Py, Thar., 67! 4348, LURT.



I Hoodes, PW and Bui, BH: A comparison of computer-
Faed methods for the determination of onset of rmoscle con-
traction using electromyography. Elecirseucephaloge. Clie.
Neurgphyol, 101 511-509, 199

3 Caossary, K.M., Cowsn, S8, BEossoun, KL and
MoComwerr, I Knee flevion during stair ambalation is
altored in individsals with patellofemoral pain. J. Gribog.
R, T2 267274, 2004,

4, Crmamm, 5.0, Bermen, KL, Hoooes, PW, Caoes ey, BB
and MeCowwerL, L Dulaved onsol of eledrmmmyogmphic
aotivity o wRsins mediabis obliquns relative 1o vass later-
alis in subjects with potellofemars] pain syndrome. Arck.
Pl Med Rebabil, 82: [83:159, 2001,

5. Cownr, 56, BEMELL KL, CRossiey, .M., Hoooes, BW
and MoUossELL, 1 Physeal therapy albers recruitment of
the vasti in patellofemoral pain syndrome, Med, Sef. Sparvs,
Exare, Mo IBTLIRES, 2002

th Corams, 50, Besavmn, KL, Hoooes, PW, Cacssiey, BB
and MeConnell, L: Simultineous feedforwand necroitment
of the vasol i uncrzinsd posiural 1asks can e restorsd by
physical thempy £ @wbap. Res, 31: 553558, W01,

7. Hinsam, .5, Bewwern, KoL, Mercacr, BR. and
Crossiey, KWL Delayed onsel of quadrniceps sctivity and
altered knee joint kimematics during stair stcpping in indi-
vidmale with knee octenarthritie Arck. Pape, Wed, Behdd,,
A3 - p0ae, T,

8. Himpeax, RE, Bemwper, KL, MEeETcacr, BR. and
Cross ey, KoM Temposal activiny of wmstus medialis
chliguus asd vastus |atemBis i syraplomatic  knee
osteoarthrbe. As. 0. Plys. Mad Sobabid,, B1: 684650, 2002

9. Lawmi, FL. and Ng G.YF: Acivation of he quadriops
muscle during semisquating with differens hip and knee
positions in patients with anterier keee pain. Am. J. Py
Med Behabil . B0 S0-208, T

M Mg GOYE and Cresa, JMLUF: The effeos of patellar apisg
on peuromusoalar performance in sabpects with aslenor knse
pain. Clin, Refnhil,, 16 BI1-827, 20402,

. Mg, (i¥.F: Pacellar taping does not affect the onees of aciv-
ities of vastes medmlis obligeus and vastus Isteralis before
and @&ltir fuicke Falsgue, e, J, Fhes, Med, Rehobil, 8
=L 11, s,

12. Mg, GY.F. and Criax, H.L.: Eects af tension of cosnter-
ferpcx: foezarm beace on neusomuscular performance of Tore-
ars muscles in subjects with lmieral ameral epacondylitis. J.
(Otieap. Hportr. Fiyr. Ther . Wb 72,78, 2006,

13, Yacs, P, ¥ax Guowuws, B, and Dugurr, W Conteal of

acederation duarmg sudder ankle supinmion in penple with
unsiable snkles J. Gribop. Speres. Fipr. e, 31 41-75L,
K.

14, ¥Vaud, P, Doguier, W, and Vax Osewcee, B Peroneald Keac-

tiom Timis arcl Eversien Malor Response = Healthy ard
Lirstabde Ankies J, Ak Tieark,, 37; 473480, N2,

15 Crase, TR : Eleotrode atles for sEMG. Blofedbaci; 27 27

I8, 1999,

16, WEERD, AW, Russan, M, asd Brivioy, A: Activay

pacterns of leg masmcles i persadhc imb movement dsorder.
o Wewred, Newromurg, Fapcliaary,, 75 J17-119, 20KH4

17, Pogrsey, LG and Warnivs, WMEP: Faaganons of Clialeal

Revearch: Applications o Precrios (24 Ed), Prentice Hall,
W Jeriey, 2HKL

15 Arsovun, BL - Measurement relishility and its clinical appli=

cation: Part |, dvkletsr Therasy Todkey, T 1034, 1967

19. Koveanrzes, L, EBEnBICHLER, G.R. and Ko, A

Raliability of surface electromyograghie measuremencs. Ciie.
Newwrophpseol, 110: 725754, 19599,

M Mg, GYF and Stoess, ML Ralationchip b

Ty mowih pressure and respirapory mascle activiiy in
mormal subjects Respdr. Afed, B 305.300, 1902

AvkiFess reprint FequesIs My
Prof Gabriel Mg,
Dxeparrment ol Hehabdnanon Soinces,
The Hong Kong Polytechnic Liniversity,
Hung Hom, Kewloon, Hong Kong
Tel.: [E5) 276h:5721
Fux: (B5Y) J350-B656
E-mnail; regngia

m

A-24



Appendix 9

Quantitative assessment for force-displacement relationship of patellofemoral joint

Yiu Ming Wong, Gabriel Ng
Department of Rehabilitation Sciences, Hong Kong Polytechnic University, Hung Hom, Hong Kong

INTRODUCTION

Patellar gliding has been widely used by
therapists and physicians for detecting the
patellofemoral joint instability. which is common
among persons with anterior knee pain [1].
However, the test is semi-quantitative and may
have limited value if being applied in the
quantitative research. This study was to evaluate
a new quantitative measurement of medio-lateral
patellofemoral joint stability.

MATERIALS AND METHODS

13 asymptomatic volunteers (26 knees)
participated in the patellar glide test twice with 7
days apart. A DC magnetic motion tracker with
Imm accuracy (peiBIRD. Ascension Technology
Corp.. Burlington, VT, USA) was used. It
consisted of three components, namely, a
computer digital signal processing card, a
magnefic field transmitier and a magnetic field
sensor. The tracker was controlled by an IBM
compatible personal computer with a Pentium
1I1-500Hz microprocessor (Intel, Santa Clara,
CA, USA) running Windows NT 2000 operating
system (Microsoft, Redmond, WA, USA).
Additional software used was the Shared Input
Devices Controller (Swiss Federal Institute of
Technology, Lausanne, Swiss) for collecting 3-
axis ordinate data while the sensor was fixed on
the manual patellar glide apparatus (Push-pull
gage. Aikon Engineering Co., Osaka, Japan) that
seated onto the linear bearing (FBW3590-400L,
THK Co., Tokyo, Japan) and was supported by
the Tri-pod stand (YH-26, Yoga electronics Co.,
Taipei, Taiwan) (fig 1). The transmitter was
located lateral to the tested knee with the subject
lying supine. Since only the medial to lateral
patellar motion was of interest in this study. data

of this axis and were sampled at a rate of 30Hz.
With the subject’s knees extended and feet
together, the ankles were secured and no active
movement was allowed during the test, the
patellar glide apparatus fitted with the magnetic
motion tracker was applied to manually glide the
subject’s patella laterally in a consistent manner.
The gliding force was 0.75 and 1.5 kg
respectively, thus the linear displacement of the
patella was collected for post acquisition analysis.
Both knees were tested separately with three
continuous passive gliding in a set for each knee.
The average of the three gliding movements was
calculated to minimize random error. In order to
maintain the subject’s vastus medialis (VM)
muscle relaxed during the measurement, the
mechanomyography (MMG) signal was detected
via the air coupled transducer (Pulse wave
pickup. 21051D, Hewlett Packard. Palo Alto, CA,
USA) that connected to the biofeedback unit
(Myaotrac, Thoughttechnology, Montreal. Quebec,
Canada) for providing visual and audio alarm
once the VM's MMG signal in RMS over the
preset threshold of 1 pV (fig 2). To establish
between-day repeatability, the tests were

repeated at 7 days later for each subject and the
data were analvzed with [CC.

Fig 1: Patellar glide apparatus
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Fig 2: Lateral patellar glide test

RESULTS

The ICC (absolute agreement, two-way mixed,
CI953%) value of the measurements was (0.967
for the 0.75 kg lateral displacing force and 0.977
for thel.5 kg force. These [CC values
represented excellent between-day repeatability
of the measurements.

DISCUSSION AND CONCLUDIONS

Medial patellofemoral ligament (MPFL), which
links from the medial epicondyle of the femur to
the medical border of the patella, is the primary
static stabilizer that resists lateral translation of
the patella [2]. The MPFL has been reported to
be responsible for 33% of the resistance to the
lateral translation at full knee extension; medial
patellomensical ligament also contributed 22%
of the resistance to the lateral displacing force
[3]. Sallay et al [4] showed that 15 out of 16
patents who suffered from acute patellar
dislocation had tears of the MPFL from the
femoral origin. Also, Garth et al [5] reported that
the MPFL was ruptured in all 20 patients who
had patellar dislocation, with 10 having
disrupted at the margin of the patella and 10 at
the adductor tubercle: but pathological laxity was
not identified within the medial patellomensical
ligament. Therefore, when the lateral patellar
displacement under a given force is observed in
full knee extension or initial knee flexion while
the quadriceps is relaxed, the primary

responsible connective tissue is the MPFL. Thus,
the equipment evaluated in this study can be
used to quantify the lateral patellar passive range
of motion and the laxity of the MPFL. This
would be clinically important for screening
persons whom are prone to patellar dislocation or
subluxation [6. 7], thus preventive means such as
using protective knee brace or prescribing
conditioning exercises to the persons at risk.
Also the quantitative measurement can be used
to reveal the effectiveness of surgery that
reconstructs the MPFL after the patellar
dislocation.
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Appendix 10

CORRELATION BETWEEN MRI AND MECHANICAL MEASUREMENTS FOR
PATELLAR STABILITY

Yiu Ming Wong ' and Gabriel Ng

7 . . . -
2 Hong Kong Polytechnic University, Hung Hom. Kowloon. Hong Kong
E-mail: rswongym{@

INTRODUCTION

Patellar instability is a common cause of
patellofemoral pain. While the factors of
patellar instability can be examined via
mechanical and radiographic means, there is
little documentation on the correlation
between the imaging and mechanical
findings. This study aimed to (I) develop
and apply a mechanical method for
quantifying passive patellar gliding. (IT)
record the axial and sagiftal views of the
knee with magnetic resonance imaging, and
(III) correlate the results of I and IL

METHODS

(I) Seventeen able-bodied volunteers (13
males. 4 females. aged 18-35 years)
participated in the instrumented lateral
patellar gliding test. A DC magnetic motion
tracker with lmm accuracy (pciBIRD,
Ascension Technology Corp.. Burlington,
VT. USA) was used for this assessment. It
consisted of a computer digital signal
processing card. a magnetic field transmitter
and a magnetic field sensor. The sensor was
fixed on a patellar glide apparatus (Push-pull
gage. Aikoh Engineering Co., Osaka, Japan)
which was connected to a plastic linear slide
and supported by a plastic lab jack. The
transiitter was placed lateral to the tested
knee with the subjects lying supine on a
wooden bed. A laser-cross projector was
located superior to the knees and emitted a
cross mark on the bed for standardizing the
position of subjects. With the subject’s
knees extended and feef together. the ankles
and lower legs were secured. The patellar

clide apparatus was applied manually to
glide the patella laterally in a consistent
manner. The gliding force was 14.7N and
both knees were tested separately with three
continuous passive gliding movements. The
average of the three movements was
calculated fo minimize random error as the
linear displacement of the patella was
collected for off-line analysis. In order to
ensure relaxation of the vastus medialis (VM)
muscle during the measurement.
mechanomyogram (MMG) of VM was
monitored via an air-coupled transducer
(Pulse wave pickup, 21051D. Hewlett
Packard, Palo Alto. CA, USA) and
connected to a biofeedback unit (Myotrac.
Thought Technology Ltd.. Montreal.
Quebec, Canada) which provided audio
alarm once the MMG signal was over the
preset threshold (fig 1).

Figure 1: Lateral patellar gliding test

(II) Both knees of the subjects were
examined with MRI (Magneton Avanto,
Siemens AG. Erlangen. Germany) for
sagittal view (T1. TT: 600ms, TR: 1180ms.
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TE: 4.32ms, slice thickness: 2Zmm) and axial
view (T1. TR: 420ms, TE: 50ms, slice
thickness: 3mm) in supine position with
knees extended. The MR images were
analyzed for the patellar tendon
length/patellar length (TL/PL) ratio
(Shabshin et al, 2004) and the lateral
trochlear inclination (Yannick. et al 2000)
(fig 2, 3).

Figure 3: Lateral trochlear inclination

(IIT) Spearman's correlation coefficient was
calculated to examine the relationships
between the patellar gliding test and the
radiographic measurements.

RESULTS AND DISCUSSION
The results of patellar gliding were between

10.4-23.3mm. All subjects” TL/PL ratio was
in the range of 0.74-1.33, and their lateral

trochlear inclinations were regarded as
normal (13.5-25%). The Spearman’s
correlation coefficient between the lateral
patellar gliding test and the TL/PL ratio was
0.125. The value between the lateral patellar
gliding test and the lateral trochlear
inclination was -0.458. These implied that
the former has a weak association: and the
latter has a moderate correlation. These
results suggested that the lateral passive
mobility of patella may not be related to the
length of patellar tendon in terms of the
TL/PL ratio among healthy subjects, but
may associate with the shape of femoral
trochlea in terms of the lateral trochlear
inclination. As the angle of the lateral
femoral trochlea appeared to be smaller. the
patellar stability could be relatively
compromised.

SUMMARY/CONCLUSIONS

With the test on able-bodied subjects, the
present findings seemed to suggest that the
lateral trochlear inclination is a more
sensitive index to reflect the lateral patellar
instability than the TL/PL ratio.

The instrumented patellar gliding test was
moderately correlated to the lateral trochlear
inclination measured on MR images. As the
gliding test is an inexpensive test for passive
patellar stability when compared with the
radiographic methods. Physicians may
consider the quantitative patellar gliding as
the first screening test for patellar disorders.
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Appendix 11

Musculasheletal

BRIEF REPORT

The Relationships Between the
Geometrical Features of the
Patellofemeoral Joint and Patellar
Mobility in Able-Bodied Subjects

ABSTRACT

‘Wang ¥, Mg EYF. The relatconships between ihe geometncal leatures of the
palellclemmnaoral joirt and poteliar motalty in able-badied subjects fm J Phys Med
Rehakil 2008:87:134-138,

This study exarmined e correlations betwesn patallar mebiliy and gecestry ol
the patella and femoral condyle. Using & custon designed patellar gliding instru-
ment, the lalaral mobdty of patelia in 17 able-bodied subjecis waa measured and
thass measwamants wera comperad with the rmlafive pesallsr tandon langih and
tha inclination of lataral farmaral grocve abminad fram convantional MR imegng,
The dota showed thet there was significant comrelofion between patellar mabiliy
and inclirabon of lleral fenoral proove (F = —06T1, P = 0.01). Bacauss hp
retation angle would ater the mdnation of lateral dernoral groove, clinksians wha
pariorm patellar glidng besl should ke mindful thal the hg position = eitical for
the accurssy of tha taat

Koy Werds:  Patelidemornl Joirk, MR, Siakdiy, Patelar Gliding

Pit-':llar instahility is a consequence of patel lar subluxation or dislocation,’ If
niovt managed property, itwill predispose the subject to develop patellotemaral
pain.” Instability of the patellefemoral joint can be defined as the patella being
inherently unstable or unable to malntain pormal trecking or equilibrium in
response to external pevturhations.® When clinicians treat people with patellar
instability, knowing the magnitude and cause of the problem is essentil tor the
planning of the programs wsd evaluation of the trestment progress.® Clinically,
physicions or therapists can measure patlents’  angle for estimating the teral
patellar force® Different versions of patellar tilt and ghding test have been estab.
lished for mesessamg the resting peeiton ond passive mobdlity of the patella ™
Radingraphically, there are variows protocols dewveloped for the imaging of the
patellofersoral jomt” Whereas the magnitude and cause of patellor instahbility
can be examied via mechanical and radiographic means. there s little infor.
maticn on the correlations between the mechanical and rediogrsphic findirgs,
This studhy was therefore conducted with able-bodied subjects to {1} develop and
apply & mechanical methed for quantifving passive patellar giding. (21 record
the axial and sagittal views of the knee with magnetic resonance imaging (MEI,

A, L Phye Mod Relrebil « Yol 57, Mo, 2
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and (3 correlate the results of 1 and 2. If the
asethod in thes study was found to be feasible, it
could be developed nto a clinieal assessment for
subjects with knee pathologies.

METHODS
Subjects

Seventeen able-bodied subjects {13 males, 4 fe-
males) agted betwween 18 and 5 ¥r= (mean = SD =
26.7 £ 5.1 particgpabed m the sbady on volunbary
basis, They had no history of patellar sublusation
dislocation, or operations to ther lower lombs, The
study was approved by the human ethics subcom-
mittes of the Hong Kong Polytechinge University
hefore data collection,

Instrumentaed Lateral Patellar Gliding
Test

With the subjects lying supine on a wooden
plinth. krees extended and feet together, the ankles
and lower legs were strapped to the plinth so as io
vistrict any achive movement. A laser-ceass projec-
tor [5L0]. Land, Hong Kongl was mounbed o s jig
above the knees which emitted & cross mark on the
plinth for standardizing the position of the sub-
Jeets, A patelle gliding apparatus camprising an
assembly with a force gouge transducer (AEF-5,
Atkon Engineering Ca., DOsaka, Japan), an #lectrmo-
magnetic motion tracker (peBind, Ascension Tech-
nology Cerp.. Burlington, VT, » plastee linear bear-
irgl, and an adjustable platform (Poly Jaque plastic
lah jack, Scienceware, Pequannack, NJ) was veed to
manually glide the subject’s patells lnterally under
a comztant welocity of approximately 2 cmésec (Fig,
Li. The gliding force was 147 N (L5 kgl and the
mediolateral displacement of the patella was 2ol
lected for post acquisition analysis with the Excel
software |Microsoft, Redmond, WAL

Baoth knees were tested separately with three
continuous passive gliding mowments and the av-

N r o | - =
FIGURE 1  Sefffng oo mrasfoe purleliar meoddlily -
surere (E) eltromymalic fracker,
{4 mechanemgagrapiie hinfasdback, £F)
fouve poige frimadeices:

Februnry 2008

erage of the three vecordings was caloufated to
mmprize the randem eror, To help the subjects
refan thelr guadriceps muscles during the mea-
surement, bioteedback signal was provided with
mechanomyesgraphy (MMGE of the gquadriceps
musches. The MMG signal was detected via an air
coupled transducer {Pulse wave pickup, 210510,
Hiwlett Packard, Palo Alto, CA} connected to a
biofeedback wnit (Myotrac, Theuglt Technology,
Montreal, (uebec, Canadal which would provide an
audic alarm when the quadriceps’ MMG signal
{roat mean square, 10-mas tme donstint) was over
a preset threshold of 1 wY (Fig. 1™ A pilog study
with 13 cther subjects {26 bnees from 10 males and
3 females] was completed to reveal intrarater reli-
ability for the measurement with & T-duy interal
and the intraclass correlation coefficient {conss-
teney, bwd-way mmed) waluwe swes 0006 (O5% CL
0,94 -0.98), which indicated very high reliability of
the measuremaendt,

Magnolic Resonance Imaging (MRID

Atter the patellar gliding test, the subjects re-
ceived MR of thelr knees and bower thyghs. A 1.5-T
MR scanner with surface coils [Magneton Avanin,
Siemens AC, Mabvern., PAl was used to recond the
sagdittal (TL, TL: 600 rmeecs, TH: L1BD msecs, TE:
A.52 msecs, slice thickmess: 2 mm) and axdnl views
{TL. TR: 420 msecs, TE: 50 maec=, slice thickness:
3 mab af the subjects’ knees amd lower thighs with
each subject in the same positioning a=s the patellar
gliding test, Foam blocks were used to support the
surface coils to prevent the anterior kness from
being compressed by the coils. Image datasets were
saved in DICOM format for offline analysis,

Analyses were done with an bmage analysks
softwware | MIPAY version 2.0 Mational Institutes of
Health. Bethesda, MA) and o grophic digitizer
(CTE-430, Waoom, Vancower, WAL The ME magss
were analyzed for the patellar tendon lengthipatellor
length ITLPLY retic,!! the kteral femoral trochbear
inclination™ and the hiomechanical inclination angle
(Fag. 2] Therr interrater relinbility of these measare-
ments were tested previously with the 10C walues of
beheren 002 and 0.0, 115

Data Analysis

Because both legs of each subject were mea-
sured. thes resulted in 34 dota. Pearson’s socfficient
(P = 05, tveo tailed | was calculated to examime
the relationships between the patellor gliding test
aned il MR mueasuraments,

RESULTS

Tahle 1 presented the results of the descriptive
data of the patellar ghding test and MR meazure-
ments. The Pearson’s coefficient of correlation be-
teeen the patellar gliding test and the TLPL ratio

Patellsfermoral Joint and Patellar Mobility
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FIGURE 2  Siewtsechaniicm! foefimedfn dnmpke e subh-
terrded by @ fine fempentief fo M Enleral
trociifer et and He suppanting s
o (e Krst cramincard) A Eiaf Een-
opstrafed’ cordfopimons frociing,

was 0.312 (P = 0.073). The correlations staeen
patellor gliding and the lateral femoral trochlear
inclnation and the hiomechanical inslinobisn an-
gl were —0535 (P = M) and - 0671 (P =
0001}, respectively (Fig. J)

DISCUSSION

Wi measured the Interal patallar mobility and
correlated it with the geometrical parameters of
TL/PL rati, lateral trochlear inclinatson, and bio-
mechanical inclination angle in consaderation of
the high reliahility of these measurements.' ™ The
fermoral sulens angle wns not used 8s it was re-
ported o be nonreproducible by Koskinen and
Kujala™ and Koekinen <t al™ Shabshin ot al!!
studied 245 kmees with MRI and reported thak a
TLPL ratin of between 0,74 and 1.5 to be normal.
If the mtio is ==1.5, it is slnssified as patellar alts
and this lmplies a potentlally unstable patella due
1o the excessively lang patellar tendon, With a high
semsitivity of $1% and specificity of 81%, Carrillon
et al."? postulated that ot fewer than 11 degreis of
lnteral trochlear mchnication, i was a diagnostic
determinant of patellar metability. Aceording to
these ariteria all the subpects i Ehis study would
he regarded a within the narm.

TABLE 1 Descrigttve dota of pataller ghding
teal and MR based measuremants
Faraeneter n Mean 5D Range
Padellar glxling Hola2 4 11—
test. mem
TLPL ratis M08 014 [OT4-L33
Latewal trochlear FL T L1 14-27
i limatian
dedrees
Hiomechanical M2l s 14-28
e hieadeon angle,
dedrees

Wong and Mg

Chur findings suggested that the Lateral passive
mobility of patella wes weakly correlated to the
kength of patellar tendon ITLAPL ratich, but it was
sgnificantly eorrelated 1o the geometny of the fam-
oral trechlea in terms of the lateral trochlear in-
clinatwon and the biomechonical melination angle.
As these angles becarme smaller, the passive patellar
miehility tended to increase, The values of correla-
tion sugdested that the biomochanical melination
angle to be more predictive of the passiee patellar
mzhility than the lateral trochlewr melinateon.,

The lateral trochlear inelinaton would not be
affected by the hip rofation angle or the angle of
femoral torsion,'® but the biomechanical inelina-
teon angle would be affected by these angles. This
prrint is clineally important because when a clini-
caan performs the patellar glding test fmamual or
irstrumented) on & patient, the hip rofation angle
ilimb position| moust be controlled as it can affeck
the bismechanical inclination angle that may alter
the magnitude of the lateral patellar displacement.

We belisved that when the patells wae glided
katerally, the gliding force wos directed horizon-
tally and dingonally dowrneard duc to the rvegular
shape of the patella The force would induce a
reaction force on the loteral facet of the femoral
trachlen, and it was this reaction force that gener-
ated friction in the lateral pateflofemoral joint
which reduced the patellar tranzlation, An increase
i the inclination angle would therefore hinder the
kateral patellar giding movement while & decrense
of that angle would facilitate the gliding move-
ment.

The patellar gliding test wes= only performed
for the lateral side since majority of pateflar disor-
ders happen on the lateral side.’ Pulkerson'™ and
Monwsziler and DeLee'” confirmed that medial pa-
tellar subluxation i clnically uncomaron and in
the rare cazes of medial sublmation, they are usu-
ally the complication after excessive lateral reti-
nucular release.

Fithian &t al® were the first group to wse
iratrumented patellar gliding imeasurement and
were able to distinguwizh the patellar foree—dis-
placement relationship between subjects with and
wathout potellar dislocatson. They tested the knees
at 30 degrees of ecion, whereas in the present
study, & fully extended kinee position was wsed
because the patells would be minimally con-
strained at full extension, When the knee is flexed
to msore than 20 dedrees, the potells would be
draven into the trochlear suleus due to the elosing
angle bebween the quadriceps and patellar tendan
mn the sagittal plane, hence the patellar stobaliby
andl the patellofervoral joint contact area would
increase," 1t has been suggested that the [ateral
gliding, test dome with an ectended losee con test
the medial potellofemoral ligament which is a pri-

Ant. £ Py, Med. Refiebd. o Vol 87, No. 2
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mary medinl potellar restraint susceptible to injury
during patellar dislocation,™ Mso, the comesponid-
ing gliding foree would need 0 be increased with
the knee lexion angle for a given displecement
The lower gluling foree of 33 Ibs (1.5 kgl in the
current study as opposed to 5 lhs in the study by
Fithian et al,” was a precautionary measuse in case
af & participant who might hove an inherently
unstable potella.

There are same lmmdiations i this sfudy that
need to be addressed. Since the subjects being
tested were all voung and asywnptomatic, the find-
ings may not be divectly generalized to older sub.
Jjects or those with knee patholegies. In the patellar
gliding test, we wsed o sandard gliding toees of
147 N rather than a percentage of the subjects”
body weight, the petential effect of the nonindi-
vidualized gliding force on the correlations was
therstore wnkmrwn, We only tested 17 subjects {34
kneas) with most of them being males In = 131
The potential gender difference in lower Limb
alignments or soft tissue complinnce may aftect the
fesnoral geoenetry—patellar mobility correlations
hecause it has been reported that females have a
melatwely  higher TL/FL ratin? Stefancin and
Parker™ report that the male o female ratio was
4554 i subpects with patellar dislocation for the
first time, but females have sigmficantly higher
risk of recurrent dislocation. Therefore, further
study with more female participants and peaple
with patellar disorders is warranted to confivm the
current fAndimgs.

CONCLUSION

Wi conclude that the inclination of lateral
femnoral groove is a slgnificant factor aifecting the
lateral patellar mobility rather than the patellar
tendon length in able-bodied subjects. Becanse the

February 08

hip position can change the biomechanical incli-
nofien angle, clingiane should standordize the hip
pasition when performing the laberal patellar glid-
ingd test
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Appendix 12

RELIABILITY OF HAND-FREE ULTRASOUND MEASUREMENT FOR VASTUS MEDIALIS OBLIQUUS

Y M Wong. GYF. Ng
Dept. of Rehabilitation Sciences
The Hong Kong Polytechnic University

e-mail: rswongym@

INTRODUCTION

Atrophy of the vastus medialis obliquus (VMO) muscle is
relatively common amoeng patients with patellofemoral pamn
syndrome. In order to momtor the effectivensss of
rehabilitation  program  for strengthemng the mmscle,
climcians may measure the distal circumference of the thugh
with tape. However, the distal thigh confains VMO as well
as other mmscles, the circumference measurement may not
precisely address the change for the VIO muscle.

B-mode ultrasound can visvally quantify muscular cross-
sectional area. and is uvsually controlled by the operator
manually holding the ultrasound probe. However, little has
been done to reveal the reliability of such measurement for
the WMO. Electromagnetic tracking (e.g.  pciBird
Ascension. USA) and 3D digtizing (e.g. Microscnibe,
Immersion, USA) mstruments have been used to ensure
accurate postioning of the ultrasound probe at the same
muscle for periodical scanming. Despite the costs of these
posittoming devices, the accuracy of the electromagnetic
tracker 15 susceptible to adjacent metal (e.g. hospital bed)
and a lack of mobility of the 3D digitizer 1s not very
compatible to clinical settings.

The present study aimed (1) to design a hand-free ultrasound
system with econonuc and portable manner; (2) to exanune
the reliability of the system for measuring the VIO cross-
sectional area by comparmg it with a gold standard and
between-day measurements.

METHODS

Design: A custom-made mechanical stand adjustable
height and tilr angle was used to statically hold an ultrasound
probe (Vovager, Ardent Sound, USA) (fig 1).

A laser powter projected a cross
mark at the suprapatellar level and
a shding ruler was used 10
measure the distance between the
sole of feer and the suprapartellar
border (fig 2). The distance and
laser-cross acted as landmarks for
the repeatable positioning of the
ultrasound probe while a subject
supine lying with knee extended
and feet secured.

Figure 2: Cross-section locator

An ultrasound gel pad (Aquaflex, Parker Lab. USA) was
molded to match the shape of the ultrasound probe and the
VMO undemeath. The pad weighed about 15z, thus 1t would
not deform the VMO sigmificantly (fig 3).

Figure 3: B-mode ultrasound

Testing procedures: Twelve VIO muscles (6 healthy
volunteers, 4 males & 2 females) at suprapatellar level were
imaged using the B-mode ultrasound and MRI (Magneton
Avanto, Siemens AG, Germany) within 3 hours. Both set of
the images were saved m DICOM format for offline
comparison of the cross-sectional area of VMO (fiz 4).

e =

Figure 4: VMO in ultrasound and corresponding MR image

The twelve VMO nmscles were ultrasonically scanned at
one week later. Intraclass correlation coefficient (p=0.05)
was calculated for the consistency of the two sets of the
VMO cross-sectional area.

RESULTS

The mean difference was 5.7% (SD=3%) between the VIO
measurement based on the ultrasound and MEI images (12
knees). The ultrasound method shightly underestimated the
muscle size compared with the MEIL

The ICC result for the 7-dav interval for the VMO
ultrasound measurement (12 knees was 0.96 (93% CI=0.89-
0.99).

DISCUSSION

Results of this studyv reveal that the hand-free ultrasound
measurement to be comparable with MRI measurements and
the system has satisfactory between-day repeatability for the
VMO nwscle. The application should not be linuted to the
WVHMO: 1t 15 potentially applicable to other skeletal muscles
for diagnostic or biofeedback traiming purpose.
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