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Abstract
The purpose of this thesis was to examine the effects of imbalance between the forces
exerted by vastus medialis (VM) and vastus lateralis on patellofemoral peak contact
pressures, areas, shapes, and patellar tracking before and after the removal of VM. New
Zealand White rabbits were used and patellofemoral contact mechanics were evaluated at
30&deg;, 60&deg; and 90&deg; and patellar tracking was recorded from 30&deg;-90&deg; before and after VM
transection. Following removal of VM, there were no changes in patellofemoral contact
mechanics and patellar tracking. We conclude that VM weakness does not cause changes
in rabbit patellofemoral contact mechanics. Since muscular alignment and knee joint
geometry are similar in human and rabbits, we question the idea of VM weakness as a
cause for patellar mal-tracking and patellofemoral joint pain.
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Preface
Each of the following two chapters is based on scientific manuscripts:
Chapter 3 is based on A. Sawatsky, D. Bourne, M. Horisberger, W. Herzog (2012).
Changes in Patellofemoral Joint Contact Pressures caused by Vastus Medialis Muscle
Weakness. Journal of Clinical Biomechanics. 27,595-601
Used with permission - Elsvier Ltd.
Chapter 4 is based on A. Sawatsky, W. Herzog (2012) Does Knee Extensor Muscle
Imbalance Cause Changes in Patellar Tracking? Submitted to Journal of Clinical
Biomechanics
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Chapter One: Introduction
The knee is a fascinating and complex joint, composed of 3 bones (femur, tibia and
patella, 10 ligaments (two collateral ligaments, two cruciate ligaments, medial/lateral:
patellotibial, patellofemoral, patellomeniscal) and 13 muscles, allowing controlled
movements and locomotion. The 3 bones of the knee joint make up 2 joints: the
patellofemoral (PF) and the tibiofemoral joints. It is interesting to note that the patella is a
sesamoid bone. Sesamoid bones have evolved to help protect the tendons crossing joints
that experience repetitive high compressive loads. The ten ligaments play a vital role in
restraining the bones of the knee from excessive translational and rotational movements.
While the complex relationship between each individual muscle and knee joint
mechanics is not yet clearly understood, the muscles have been grouped according to
their specific actions such as the knee extensors and flexors, abduction and adduction of
the leg, as well as planter flexion and dorsiflexion of the foot. While not all these
muscles’ main task is to cause movement of the knee, the fact that they cross the knee,
their contraction will affect the knee mechanics. Each component of the knee joint plays
an integral role to ensure physiological functioning of the joint. This complex
muscle/joint structure may encounter many different problems leading individuals to seek
out clinical help.
The etiology of knee pain can have a clear origin, such as traumatic injuries causing
ligament tears or osseous fractures; it might be the result of a systemic disease, such as
Osgood Schlatter's or rheumatoid arthritis; or the origin can be more insidious without a
clear cause, such as patellofemoral pain syndrome (PFPS). PFPS seems to be a descriptor
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encompassing all kinds of pains in the anterior region of the knee: it is called
'Patellofemoral' as there is no clear distinction whether the patella or the femur (or both)
is affected. 'Pain' is a symptom that all patients exhibit, 'Syndrome' describes a myriad
of symptoms that present with this condition, and summarizes all the pains and aches and
functional impairments that patients may exhibit when they are diagnosed with PFPS.
There are three major causes believed to contribute to PFPS, they are: (i) malalignment of
the leg and/or patella; (ii) muscular imbalance of the knee extensors; and (iii) over
activity (Thomee et al., 1999). It has been documented that individuals with PFPS have
various patterns of weakness in the knee extensors, such as atrophy of the VM (Jan et al.,
2009), changes in neuromuscular recruitment (Aminaka et al., 2011), and relative timing
of activation of the knee extensors during repetitive movements(Cowan et al., 2001). But
it is unclear whether these observations are a cause or an effect of PFPS.
The purpose of this thesis research was to investigate the effects of knee extensor force
imbalance on the knee joint mechanics, specifically, the effect of VM weakness on
possible alterations in patellofemoral joint contact and patellofemoral kinematics.
The New Zealand White rabbit (NZWR) was chosen for these experiments. Although
their locomotion and functional use of the knee is different from humans, the muscle
architecture (Lieber and Blevins, 1989), and bony anatomy of the knee are surprisingly
similar. This animal model allows for experimental simulation of muscle weakness in a
controlled manner that would be hard to achieve in humans, thereby providing insight
into the effects of VM force loss on knee joint mechanics. Specifically, the articular
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surface pressure distribution in the patellofemoral joint (PFJ), and the tracking of the
patella on the femur for a variety of movement and loading conditions, and in the
presence and absence of the VM, thereby simulating experimentally the greatest possible
VM “weakness”, the total loss of VM force contribution.
The results obtained in this project will add knowledge to the way muscular forces
around the knee are balanced, and how an imbalance affects the in vivo joint mechanics.
The results may also suggest mechanisms of human knee joint mechanics in the presence
of muscular imbalance either caused by weakness of specific muscles relative to others or
by “errors” in timing of muscle activations causing mal-coordination. Specifically, the
aims of this thesis were as follows:
1. To measure the effects of knee extensor muscle imbalance on PFJ contact
mechanics, and
2. To measure the effects of knee extensor muscle imbalance on patellar kinematics
during eccentric and concentric contractions, in an in vivo animal model.
The thesis begins with a literature review that discusses the relevant published literature
on PFPS and possible mechanisms for the onset and progression of this problem, with a
special focus on knee extensor force imbalance and weakness in the VM relative to the
VL. The review starts with work performed on cadaveric models aimed at examining the
effects of VM weakness on patellar tracking, followed by studies on muscle activation
using electromyography, comparisons of the timing and intensity of muscle activations
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between healthy people and patients suffering from PFPS, and finishing with studies
evaluating patellar kinematics in healthy subjects and patients with PFPS (Chapter 2).
In chapter three, specific aim 1 is addressed: examining the effects of knee extensor
muscle imbalance on PFJ contact pressure distributions by measuring contact pressure
distributions, contact areas, and contact shape for isometric muscle contractions before
and after VM transection at knee flexion angles of 30&deg;, 60&deg; and 90&deg;. Joint contact area
increased with increased knee flexion and increasing muscular forces (at a given knee
angle). Extreme knee extensor imbalance, achieved by transection of the VM did not
change PFJ contact area, contact shape, or peak contact pressure when trials were
carefully matched (&plusmn;5%) for total knee extensor force.
In chapter four, specific aim 2 is addressed: examining the effects of extreme knee
extensor imbalance on patellar kinematics by transecting the VM. This study addressed
some of the limitations of the study described in chapter 3, while also investigating the
effects of absolute knee extensor force on patellar tracking.
Finally, in chapter five, we discuss possible reasons for the discrepancies between results
presented here and those published in the literature, and the limitations of this thesis
research. Implications for future clinical research and treatment of PFPS are also
discussed.
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Chapter Two: Literature Review
2.1 Introduction
In this chapter, I will introduce the basic structural arrangement of the knee extensor
muscles, and how, based on this structural arrangement, assumptions have been made on
the biomechanics of the knee extensor mechanism, specifically the lines of action of the
knee extensors, the patellofemoral joint mechanics, and pain and malfunction of the
patellofemoral joint.
2.2 Muscle Structure of the Knee Extensors
The knee extensor muscle group is comprised of the quadriceps femoris muscles which
contains four separate muscles: the vastus lateralis (VL), vastus medialis (VM), vastus
intermedius (VI), and the rectus femoris (RF) (Fairbank et al., 1984). The three vasti are
one joint muscles originating on the femur and joining the patellar tendon which includes
the patella as a sesamoid bone. The rectus femoris is a two joint muscle originating at the
anterior inferior superior iliac spine and inserts into the patellar tendon with the vasti. The
knee extensors are all innervated by branches originating from the femoral nerve (Drake
et al., 2005).
For the purposes of this study, the size of the individual knee extensors and their line of
action are of particular importance, as those parameters are thought to affect the proper
tracking of the patella in the femoral groove. The relative cross-sectional area (strength)
of the individual human quadriceps muscles is approximately as follows: 37.0% (35.7%)
for VL, 22.2% (21.4%) for VMO, 13.4 (14.3%) for VML, 15.2% (14.3%) for VI, and
12.2% (14.3%) for RF (Ahmed et al., 1983). The lines of action of the individual knee
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extensors has been assumed by some (Ahmed et al., 1983; Lieb and Perry, 1968; Goh et
al., 1995) to be along the fibre direction, although this is not necessarily correct (Azizi et
al., 2008), and at least needs careful experimental evaluation. The fibre directions of the
quadriceps muscles relative to the long axis of the femur are on average as follows: 1215&deg; laterally for VL, 0˚ for VI, 7-10&deg; medially for RF, 15-18&deg; medially for the proximal
portion of the VM, the so-called vastus medialis (VML), and 50-55&deg; medially for the
distal portion of the VM, the so-called vastus medialis oblique (VMO). (Figure 2-1;
((Lieb and Perry, 1968)).
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Figure 2-1 Fiber directions of the knee extensors relative to the long axis of the
femur.(from M. Horisberger, with permission)
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This distinct change in fiber direction from the VML to the VMO is a constant finding in
the literature (Hubbard et al., 1997), however it is debated whether these two parts should
be considered separate muscles (Hubbard et al., 1997). It has been reported that there is a
distinct boundary (fascial plane) between the VML and VMO and separate innervation
(Lieb and Perry, 1968; Toumi et al., 2007), leading to the notion that VML and VMO
have independent functions. Others have not found a separating fascial plane or separate
innervation for VML and VMO and thus consider them functionally one muscle
(Hubbard et al., 1997; Peeler et al., 2005).
2.3 Patellofemoral Pain Syndrome
The knee is the most injured joint in sports (DeHaven and Lintner, 1986), and is
associated with pain, stiffness, swelling and osteoarthritis in both athletic and non-athletic
populations (LaBella, 2004). Patellofemoral pain syndrome (PFPS) is one of the most
frequent knee disorders (DeHaven and Lintner, 1986). PFPS is associated with pain,
stiffness, often resulting in loss of quality of life, restriction in function, and reduction in
activity (Fairbank et al., 1984). There are many intra-articular pathologies that can
produce symptoms similar to PFPS, such as peripatellar tendinitis, or Sinding Larsen’s
disease (Thomee et al., 1999), but these are not grouped into PFPS. Once other
pathologies have been ruled out, patients presenting with anterior knee pain without an
identified cause are classified as PFPS (Thomee et al., 1999). PFPS affects a large
population, young, old and especially the physically active (Makhsous et al., 2004;
Powers, 2003; Tang et al., 2001), with girls being more often affected than boys by a
ratio of about 3:2 (Boling et al., 2010). PFPS is often bilateral and the symptoms can be
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persistent, lasting for years without improvement. The most common symptoms
associated with PFPS are pain, crepitus, giving way and catching, occasional sensation of
stiffness, and swelling (Thomee et al., 2002). The pain is typically experienced during
and after physical activity, while walking up and down stairs, squatting, and sitting with
knees bent (Cowan et al., 2001; Thomee et al., 2002).
Despite the high occurrence of PFPS, the factors leading to PFPS are not known, and
optimal management of PFPS remains a matter of scientific and clinical debate (Wilk and
Reinold, 2001). Therefore, treatments are implemented without a clear understanding of
the pathophysiology (Wilk and Reinold, 2001). However, there are thought to be three
major contributing factors to PFPS: (i) a misalignment of the lower limb and/or patella;
(ii) an imbalance of the strength and function of the knee extensor musculature; (iii) and
an over loading of the joint with activity (Thomee et al., 1999). The muscular imbalance
most frequently associated with PFPS is a weakness of the VM relative to the VL
(Fairbank et al., 1984), and more specifically, a weakness of the distal portion of the VM,
the VMO.
2.3.1 Muscle imbalance and PFPS
Strength imbalance in the knee extensor group has been a suspected cause for changes in
PFJ tracking (Elliott and Diduch, 2001; Lee et al., 2002; Lin et al., 2008;
Panagiotopoulos et al., 2006; Toumi et al., 2007), increased joint pain (Goh et al., 1995;
Lee et al., 2002; Dhaher and Kahn, 2002), and a predisposition for developing
osteoarthritis (Goodfellow et al., 1976; Herzog et al., 2003; Insall, 1982; Besier et al.,
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2005; Fulkerson and Shea, 1990). Changes in patellar tracking, and the corresponding
changes in PF contact pressure distributions, are suspected of being direct causes for
PFPS (Fulkerson and Shea, 1990). Weakness of the VM relative to the VL is the typical
imbalance described with PFPS (Cowan et al., 2002a). VM, or more precisely its distal
region, the VMO, is considered the major component responsible for proper patellar
tracking (Lefebvre et al., 2006; Lieb and Perry, 1968; Panagiotopoulos et al., 2006), and
weakness of the VMO has been associated with patellar maltracking (Makhsous et al.,
2004; Sakai et al., 1996).
The VMO has been hypothesized to play a major role in patellar tracking by counter
acting the lateral forces exerted by the VL (Elliott and Diduch, 2001; Goh et al., 1995;
Lin et al., 2008; Makhsous et al., 2004; Toumi et al., 2007). This theory has been based
on anatomical studies looking at the structural arrangements of the knee extensors. It has
been observed that the fibers of the VMO in humans are aligned about 50&deg; to 55&deg;
medially off the axis of the femur (Lieb and Perry, 1968; Sakai et al., 1996), with a
distinct boundary (facial plane) between the proximal end of the VM, the VML, and the
distal end, the VMO (Lieb and Perry, 1968). It has also been found that the VMO has a
separate innervation from the rest of the VM (Toumi et al., 2007). These structural
findings have led to the idea that the VMO is an important dynamic stabilizer of the
patella, balancing the medial-lateral forces (Powers, 1998; Lieb and Perry, 1968; Goh et
al., 1995). To date these findings of a distinct boundary and separate innervation have
been disputed (Hubbard et al., 1997; Peeler et al., 2005) which raises the question if the
VMO has a separate and distinct role from the rest of the VM.
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2.4 Cadaveric Evidence
In cadaveric experiments aimed at studying the effects of knee extensor forces on patellar
kinematics, it has often been presumed that the line of action of the muscles is along their
fiber direction(Ahmed et al., 1983; Lieb and Perry, 1968). Therefore, wires representing
the pulling forces of the individual knee extensor forces were typically attached to the
patella along the muscles fibre directions (Ahmed et al., 1983). Pulling on these wires
with different relative forces was assumed to represent knee extensor imbalances, and the
associated changes in PF contact pressures and patellar tracking (Figure 2-2) were
thought to reflect the effects of these muscle imbalances on patellofemoral joint
mechanics. One of the first studies to do this was conducted by Lieb and Perry in 1968.
They determined that the major role of the VMO was to counteract the lateral pull of VL,
thereby maintaining proper patellar alignment in the patellofemoral groove. With the loss
of the VMO, the patella was shown to shift laterally, causing a lateral shift in contact
pressure, increasing peak pressures and decreasing the total contact area.
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Figure 2-2 (a) Basic experimental set up used in cadaveric research with all muscles
replaced by a wire and pulley set up. (b) Top view of the patella showing the
insertion angles of the wires on the patella representing the direction of muscle pull
for: Vastus lateralis (VL), Vastus intermedius (VI), Rectus femoris (RF), Vastus
medialis longus (VML), and Vastus medialis oblique (VMO) . Figure a) adapted
from figure 3 and b) adapted from figure 2 from Ahmed et al. (1983) with
permission from ASME.
Ahmed et al. (1983) used a similar setup to that of Lieb and Perry (Lieb and Perry, 1968)
[Figure 2-2], and they reported a decrease in medial and an increase in lateral
patellofemoral contact area, following the loss of the VMO. They also found that joint
contact pressure distributions varied widely between specimens for the same loading
conditions and joint angles as seen in figure 2-3 (Ahmed et al., 1983). They speculated
that these differences were caused in part by the boney morphology of the PFJ which
affects joint contact pressures and patellar tracking on the femur.
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Figure 2-3 Effects of knee flexion angle on the retropatellar pressure distribution.
To illustrate the specimen-to-specimen variation in the results, measurements from
one specimen (numbered 1, left column) are shown for all knee flexion angles, while
the contrasting results are from three different specimens (numbered 2 to 4, right
column), each selected for a particular range of flexion angles (indicated on the very
left of each figure in degrees of knee flexion with 0˚ defined as full knee extension).
Figure reproduced with permission from ASME (Ahmed et al. 1983).
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Goh et al. (1995) also examined the effect of VMO weakness on PF pressure distribution
and patellar tracking in human cadaveric specimens using a system of wires and pulleys
similar to that shown in Figure (2-2). They found that following a simulated loss of the
VMO (removing the tension on the wire representing the VMO) there was an increase in
contact area and contact pressure on the lateral side of the PFJ (Figure 2-4), in agreement
with the findings of Ahmed et al. (1983). Removal of the VMO also caused a lateral
rotation and lateral shift of the patella through the tested range of motion (30-90&deg; of joint
flexion) (Goh et al., 1995).
Figure 2-4 Patellofemoral contact area at knee flexion angles of 30&deg; and 60&deg; before
and after removal of the VMO force. Notice the lateral shift in contact area
following VMO force loss. Reproduced with permission and copyright &copy; of the
British Editorial Society of Bone and Joint Surgery Goh et al. (1995) Figure 7.
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2.5 Clinical Studies
Insight gained about the role of the VMO from cadaveric research has been used as an
explanation for the differences in PFJ mechanics found in patients with PFPS compared
to healthy controls. PFJ mechanics in patients with PFPS have been evaluated using
EMG, MRI, and x-ray fluoroscopy.
2.5.1 Electromyography (EMG)
The use of surface EMG to investigate PFPS has many advantages: it is non-invasive,
quantitative, and is thought to have good between day reliability (Wong and Ng, 2005;
Lam and Ng, 2001). EMG studies have been used to evaluate two possible aspects of
VMO malfunctioning believed to occur in PFPS populations: Inadequate magnitude of
VMO activation and late activation of the VMO relative to the VL when knee extensor
forces are required. Low and late activation of the VMO could cause an imbalance in the
medial lateral forces acting on the patella during knee extensor activity. It has been
suggested that the VMO needs to be activated at the same time as the VL, or slightly
earlier to achieve optimal tracking of the patella (Cowan et al., 2001; Karst and Willett,
1995; Voight and Wieder, 1991). Due to the smaller cross-sectional area of the VMO
relative to the VL, a delay in the onset of activation of VMO relative to VL has been
thought to be associated with an unrecoverable lateral pull of the VL on the patella
(Neptune et al., 2000).
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There have been two conceptual approaches to evaluate the activation timing of the VMO
relative to VL; (i) reflex studies in which the delay of muscle activation following a tap
on the patellar tendon was measured (Voight and Wieder, 1991), and (ii) functional
studies in which the timing of VMO onset relative to VL onset is measured during
functional tasks, such as walking or climbing up/down stairs (Powers et al., 1996).
The results from both of these two types of studies are mixed. In some studies it was
found that VMO activation onset was indeed delayed compared to VL in patients with
PFPS compared to normal healthy subjects with no history of PFPS (Cowan et al., 2001;
Cowan et al., 2002b; Crossley et al., 2004; Santos et al., 2008; Voight and Wieder, 1991),
while in other studies found no difference was found in activation onset between VMO
and VL (Powers et al., 1996; Karst and Willett, 1995; Bevilaqua-Grossi et al., 2008).
2.5.1.1 Limitations of EMG Research
There are some distinct limitations with using EMG to assess knee extensor function in
the individual muscles of the quadriceps group. First, EMG can only provide an
indication of the relative stimulation levels of a muscle, not the actual force. Also, EMG
can only tell when a muscle was activated but not the rate of activation or the rate of
force production. Furthermore, studies performed on PFPS patients cannot tell if deficits
in VMO activation timing was the initial cause for PFPS onset (and thus existed prior to
PFPS) or is merely a manifestation of VMO inhibition after people suffer from PFPS
(Wong, 2009). Finally, activation onset studies for VMO and VL in PFPS patients have
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provided inconsistent results, and thus are either not very sensitive, depend on the
detailed experimental testing, or do not reflect the real causes of PFPS.
2.5.2 In vivo Patellar Kinematics
The most commonly accepted causes of PFPS are a lateral malalignment (static) or
maltracking (dynamic) of the patella (Wilson, 2007). Patellar maltracking is defined as
the abnormal location of the patella at one or more points during the flexion-extension
cycle (Song et al., 2011).
Since the mid 1990's, with advances in imaging technologies such as radiography,
computed tomography (CT), and magnetic resonance imaging (MRI), imaging has been
used to assess PFJ kinematics in vivo and to determine maltracking of the patella in
patients with PFPS. The primary kinematic outcomes that have been evaluated in this
context are medial/lateral patellar shifting in the frontal plane, medial/lateral rotation of
the distal pole of the patella in the frontal plane, and medial/lateral patellar tilting in the
transverse plane. Dynamic tracking of the patella has been performed for non-weight
bearing (flexion and extension) exercises performed using open-chain kinematics and
&lt;15% of bodyweight, and for weight bearing conditions (closed-chain kinematics,
reclined position, and &gt;40% bodyweight; figure 2-5) (Draper et al., 2011).
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Figure 2-5 a) Example of a closed chain movement often used for evaluating patellar
kinematics for weight-bearing conditions b) Example of an open chain movement
used for evaluating patellar kinematics for non-weight-bearing conditions. Adapted
from Figure 2 Draper et al., 2011 with permission.
Powers et al (1998) compared patellar tracking patterns between three PFPS patients and
12 controls through 45&deg; of resisted knee extension. Results from this study showed a
wide variation in the patient’s tracking patterns, from a &quot;normal&quot; pattern to a “very
laterally shifted” pattern. In another study, using a closed kinetic chain approach and
isometric contractions at joint angles ranging from 0&deg; to 60&deg;, the authors concluded that
there were no differences in patellar tracking between PFPS patients and healthy controls
(MacIntyre et al., 2006). Contrary to these finding, others reported that patients with
PFPS have a patellar tracking path that is more lateral, by about 10% on average through
the range of motion of 0&deg; to 50&deg; of knee joint flexion, compared to normal, along with an
increase in lateral tilting of the patella from 0&deg; to 20&deg; of knee flexion (Draper et al.,
2009). Powers (2000) also reported a greater lateral patellar tilting in PFPS subjects
(10.7&deg;) compared to control (5.5&deg;), but found no differences in lateral translation of the
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patella over a 45&deg; range of resisted knee extension. Wilson et al. (2009) reported a
significant lateral shift in patellar tracking from 60&deg; to 90&deg;, and a significant lateral
patellar rotation from 30&deg; to 90&deg;, with no differences in patellar tilt, in PFPS patients
compared to normal while performing 90˚ squatting exercises.
Sheehan et al. (2012) examined patellar tracking before and after a nerve block specific
to the VMO in otherwise healthy individuals, thereby simulating the effects of acute
VMO weakness. They carefully checked that VMO could not be activated following
application of the nerve block. They found a small, but consistent, lateral shift in patellar
tracking when applying the nerve block (compared to before) of 1.8&plusmn;1.7mm, which was
thought to make up just a small portion of the expected lateral shift in PFPS patients
(Wilson et al., 2009). While Sheehan et al. thought that their results explain some of the
patellar maltracking observed in PFPS patients, the nerve block, and associated VMO
weakness, was thought to not explain all the differences observed between patients and
healthy controls.
2.5.2.1 Limitations of In Vivo Patellar Tracking
One of the biggest limitations of in vivo patellar tracking studies is that there is no clear
clinical definition of &quot;normal&quot; patellar tracking (Tennant et al., 2001). It has been shown
that healthy subjects show a wide range of patellar tracking paths through the full range
of knee joint motion with paths overlapping those observed in PFPS patients (Tennant et
al., 2001). These findings raise the question of whether patellar tracking is a viable
indicator of PFPS. If there are indeed differences in patellar kinematics between normal
and PFPS populations, the question then arises as to the cause of these differences.
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Another limitation is that the cause and effect relationship between VMO weakness and
PFPS is unknown. Weakness in the VM and VMO has been implicated as altering
patellar tracking, thereby causing PFPS. However VM appears to be susceptible to
atrophy when the knee is swollen (Hopkins et al., 2001; Spencer et al., 1984), thus knee
effusion might be the root cause for some cases of PFPS.
Sheehan et al. (2012) addressed these limitations by evaluating patellar tracking both
before and after a nerve block to the VMO in healthy subjects. While a lateral shift was
found following the nerve block, it is unclear if the nerve block had an effect on any of
the other 12 muscles that cross the knee joint that could possibly have an effect on
patellar tracking.
2.6 Summary
To date, much of the role of the VMO as a patellar stabilizer is based on findings from
cadaveric studies. These cadaveric studies have the limitation that lines of action of the
knee extensor muscles had to be assumed, delays in activation were typically not
considered, and scenarios involving co-contraction of knee extensor and flexor muscles
were typically not accounted for.
Studies involving patients have given widely varying results in terms of the effects of
PFPS on patellar tracking and/or coordination patterns of the knee extensor (and flexor)
musculature in dynamic situations(Bevilaqua-Grossi et al., 2008; Cowan et al., 2001;
MacIntyre et al., 2006; Wilson et al., 2009). Patient studies have the limitations that it is
not obvious if observed differences in activation patterns of the knee extensor muscles,
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and differences in patellar tracking patterns between PFPS patients and non-patient
normal controls, are caused by PFPS, and thus are merely a manifestation of PFPS, or
were present prior to PFPS, and thus, might be the cause for PFPS. Also, there are several
studies on patellar tracking and knee extensor activation patterns with PFPS patients that
do not show differences compared to normal. Thus, it is not uniquely accepted that PFPS
is indeed associated with patellar maltracking and/or changes in knee extensor
coordination patterns. Nevertheless, clinicians seem to favour VM and VMO weakness
as a primary cause for PFPS, and rehabilitation for PFPS patients, more often than not,
includes some exercise regime aimed at strengthening the medial aspect of the quadriceps
group, with the intent to avoid a lateral shift of the patella (Doucette and Goble, 1992).
The experiments by Sheehan et al. (2012) were insofar brilliant, as they blocked VMO in
live subjects, and thus could test the effects of an acute weakness of VMO on patellar
tracking. However, even for that study questions remain. For example, it is well accepted
that muscles are connected and have strong lateral force transmission, thus blocking the
nerve supply to VMO does not mean that force in that part of the muscle is lost. Quite
reasonably, force transmission from the proximal part of VM and muscles adjacent to the
VMO might have proceeded virtually unhindered, thus the “medial pull” of the VMO on
the patella might have been virtually normal, even in the absence of VMO activation.
Only direct muscle force measurements can determine uniquely the amount of force
transfer in a “deactivated” muscle. Also, as will be shown later, patellar tracking appears
to depend on the amount of total force in the knee extensor muscles. The lateral shift
observed by Sheehan et al. (2012) could possibly be associated with a consistent change
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in the knee extensor forces associated with the VMO block, rather than direct effects of
the loss of VMO force.
23
Chapter Three: Changes in Patellofemoral Joint Contact Pressures caused by
Vastus Medialis Muscle Weakness
3.1 Introduction
Patellofemoral joint pain (PFP) is one of the most common knee disorders (Powers, 2003;
Tang et al., 2001). It is described as pain in the anterior region of the knee resulting from
load bearing activities such as running, climbing stairs, and rising from a seated position
(Fairbank et al., 1984; Thomee et al., 1999). Pain can be felt during and after activity
(Thomee et al., 1999). Patellofemoral joint pain affects a large population, young, old and
especially the physically active (Makhsous et al., 2004; Powers, 2003), with women
being more often affected than men by a ratio of 3:2 (Goodfellow et al., 1976). PFP is
associated with joint stiffness, often resulting in a decrease in quality of life and a
reduction in sports activity (Fairbank et al., 1984)
Despite its common occurrence, the reasons for patellofemoral joint pain remain a matter
of debate, but three causes have dominated discussions among clinicians: (i)
malalignment of the lower limb and/or patella (ii) muscular imbalance of the knee
extensors and (iii) over activity (Thomee et al., 1999). Among the three, an imbalance in
strength of the knee extensor muscles, specifically weakness of the vastus medialis (VM)
and its oblique distal portion (VMO), or a delayed activation of VMO have received
considerable clinical attention, and have been a target for conservative rehabilitation
strategies.
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(Lieb and Perry, 1968) reported that the fibres of VMO are aligned about 50&deg; to 55&deg;
medially to the femoral axis, and this structural arrangement has been thought to pull the
patella medially while the vastus lateralis (Fairbank et al., 1984), with its fibers oriented
12&deg; to 15&deg; laterally, has been assumed to pull the patella laterally (Figure 3-1). Weakness
of the VMO has been thought to cause an imbalance of medial-lateral forces acting on the
patella, pulling the patella laterally in the femoral groove during movement (Ahmed et
al., 1983; Cowan et al., 2002a; Lee et al., 2002; Sakai et al., 2000), thereby causing an
overloading of the lateral aspect of the patella-femoral joint resulting in joint pain
(Dhaher and Kahn, 2002; Goh et al., 1995; Lee et al., 2002), and possibly presenting a
predisposition for osteoarthritis (Besier et al., 2005; Fulkerson and Shea, 1990;
Goodfellow et al., 1976; Herzog et al., 2003; Insall, 1982; Lee et al., 2002).
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Figure 3-1 Joint anatomy and muscle structure, including fiber directions and
aponeuroses directions of vastus medialis and vastus lateralis, as well as the
direction of the long axis of the femur for the human knee (left) and the rabbit knee
(right). Note that in both knees, the vastus medialis inserts into the medial portion of
the patella with fibres oriented at a distinct angle to the femoral axis. Assuming a
line of action of VL and VM along the aponeuroses, thereby approximating a line
between origin and insertion points of VM and VL, the line of pull of these muscles
is closely aligned with the femoral axis.
Although the idea that muscle imbalance causes maltracking of the patella and PFPS
makes intuitive sense and has clinical and anecdotal support, it has not been tested
26
directly in the intact knee with the fully intact musculature providing the knee extensor
forces. However, studies involving cadaveric specimens and application of knee extensor
forces with cables in the presumed directions of the individual quadriceps muscles have
provided some support for the importance of strength balance in the knee extensor
muscles (Ahmed et al., 1983; Goh et al., 1995).
When simulating muscle imbalances between VMO and VL by applying differential
forces to the appropriate cables, patellofemoral pressure distributions changed
dramatically providing support for the clinical believes and practices (Goh et al., 1995).
However, representing the actions of individual knee extensor muscles through pulleys
and cables, although an important first step, is a questionable procedure, as it does not
account for the complex interactions between the knee extensors, their intricate
attachment to the patella, and their proper lines of action.
Therefore, the purpose of this study was (i) to measure patellofemoral pressure
distributions in the intact joint loaded by contractions of the knee extensor muscles, and
(ii) to make these measurements with all knee extensor muscles activated simultaneously
before and after the elimination of the VM in an in vivo animal model. We hypothesized,
in agreement with findings from cadaveric studies and anecdotal clinical evidence, that
elimination of the VM causes a severe medial-lateral knee extensor imbalance, causing a
lateral shift of the patella and a corresponding shift of the pressure distribution profile
towards the lateral side of the patellofemoral joint.
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3.2 Methods
3.2.1 Animals and surgery
All experiments were performed on skeletally mature New Zealand White rabbits (mass
4.9-7.7kg, n=21 joints from 12 animals). A nerve cuff stimulating electrode was
surgically placed around the femoral nerve (Longino et al., 2005). The VM was identified
and two surgical sutures were loosely tied around the VM, for ease of locating the site of
transection after reference experiments with all muscles intact had been performed.
Measurements of patellofemoral contact pressures were performed for a variety of force
levels at three knee angles: 30&deg;, 60&deg;, and 90&deg; (0&deg; = fully extended) before and after VM
transection. We tested 21 joints with 12 being tested at 30&deg; and 60&deg; and 9 joints tested at
90&deg;. These angles were chosen as others studies have examined these joint angles
(Ahmed et al., 1983; Goh et al., 1995), providing for the possibility of direct
comparisons. All experimental procedures were performed while the animals were under
general anesthesia, and approved by the Animal Ethics Review Committee of The
University of Calgary.
3.2.2 Patellofemoral Joint Pressure Measurements
Rabbits were placed in a stereotaxic frame and held in place by bone pins inserted into
the pelvis and femoral condyles of the experimental leg. A tibial restraining bar held the
knee at the target angle and was used to measure the knee extensor forces (Longino et al.,
2005), while still allowing for tibial internal and external rotation. The moment arm from
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the tibial restraining bar to the centre of the knee (tibiofemoral joint space), and the
moment arm of the quadriceps muscles (mid-section of patellar tendon to joint centre)
were measured using calipers for determination of the knee extensor moments and
quadriceps forces.
Patellofemoral contact pressures were measured using low and medium grade pressure
sensitive films (Fuji). Films were cut into 10-13mm wide and 100m long strips with a
thickness of 0.3mm (low film), and 0.2mm (medium film). Strips of film were then
inserted into the patellofemoral joint through bilateral, retinacular incisions (Ronsky et
al., 1995). Patellofemoral contact pressures were measured while stimulating the knee
extensor muscles through the femoral nerve at supra-maximal currents (allowing for full
recruitment of all motor units) and frequencies ranging from 10 to 100Hz (prior to VM
ablation) to produce a set of nicely graded forces, from 10% of maximal to maximal
isometric force. Contact pressures were always measured first with the low grade film
which has a pressure range from approximately 2.8-11.6Mpa. If the low grade film was
saturated, measurements were also made using the medium grade film which has a
measuring range from approximately 9.4 to 52MPa. Contact area measurements were all
determined from the low grade film, while peak and average pressures were determined
from the low or the medium grade film, depending on saturation of the low film.
3.2.3 Analysis of pressure sensitive Film
Fuji film stains were converted into digital images at a resolution of 240 dots per cm. The
stains were then converted to grey scale images with a resolution of 256 points (Liggins
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et al., 1995). For calibration of the pressure stains into absolute pressures, an MTS
machine was used to apply known pressures with a cylindrical, flat ended indenter of
radius 2.3mm. Fifteen calibrations stains (2.8-11.6 MPa) were made for the low grade
film, and 36 (9.4 – 56.2 MPa) for the medium grade film covering the entire pressure
range (Liggins et al., 1995).
Contact areas were calculated by thresholding the grey scale images to black and white
images (Bachus et al., 2006). Peak pressures were defined as the highest average pressure
measured over a region of 0.25mm2. Average patellofemoral contact pressures were
calculated by averaging the pixel values over the entire contact area. For comparing
contact shapes obtained before and after ablation of the VM, pressure images were loaded
into a custom-written analysis program (Matlab, 2008) where a minimum of three contact
points were selected that were common to both conditions. Images were then lined up
based on the identified common points. Contact pressures obtained prior to transection of
the VM are shown in green, while pressures following VM transection are shown in red.
For comparison of contact area, shape and pressure distributions prior to and following
VM ablation, knee extensor forces were matched to within +/-5% of each other. This was
achieved by increasing the frequency of stimulation of the knee extensor muscles post
ablation, so as to compensate for the loss of VM force. For comparison of contact area
across rabbits and conditions, forces were normalized to the maximal force and
corresponding contact area before VM transection.
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3.2.4 Statistics
A paired sample t-test was used to identify systematic differences in peak pressure and
contact area, for matched trials. Matched trials were obtained for the reference (all
muscles intact) and the experimental (VM cut) conditions for corresponding knee angles,
corresponding forces (within 5%) and the same knee joint. A level of significance of 0.05
was adopted for all tests. Linear regression was used to evaluate the correlation between
contact area and force.
3.3 Results
3.3.1 Contact Area
Patellofemoral contact areas increased with increasing knee extensor forces similarly
when the quadriceps muscles were intact and the VM was cut. Linear regression showed
that variations in force predicted 85% of the variation in patella-femoral contact area for
the intact situation and 88% for the VM cut condition (Figure 3-2). Patellofemoral
contact areas were not statistically different between the two conditions when
comparisons were made for corresponding knee extensor forces (Figure 3-3), with pvalues of 0.645, 0.710, 0.951 for the joint angles 30&deg;, 60&deg; and 90&deg; respectively (Table 31).
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Figure 3-2 Patellofemoral contact areas as a function of knee extensor forces at a
knee flexion angle of 60 degrees. Linear regression showed that contact areas and
knee extensor forces were positively correlated and that the relationship remained
unaltered when knee extensor imbalance was introduced through VM ablation. The
same results were also found for knee angles of 30 and 90 degrees (not shown).
Contact area was normalized relative to the area (100%) obtained at the maximal
force for each joint, and force was normalized relative to the force (100%) of the
maximum force obtained with the VM intact for each joint.
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Figure 3-3 Normalized patellofemoral contact areas before and after VM
transection at a knee angle of 60&deg; for all force-matched trials (knee extensor forces
before and after VM ablation within &plusmn;5%). Note that the regression line goes
through zero and has a slope of 0.98, thereby indicating that the contact areas
before and after VM transection were virtually identical.
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Table 3-1 Mean (&plusmn;1SD) contact area and p-values for 30&deg;, 60&deg; and 90&deg;. Note there is
no statistical difference between the VM intact and VM transected conditions at any
joint angle when forces are matched to within +/- 5%.
3.3.2 Contact Shape
Patellofemoral contact shapes differed from one animal to the next, between the tested joint
angles, and for different force applications. Generally, the contact areas increased with increasing
joint angles and increasing forces. Exemplar results are shown in Figure 3-4. Therefore, it is
hard to quantify them in a consistent manner. Nevertheless, visual inspection between
comparable conditions (same joint, same force, same knee angle; before and after VM
transection) showed remarkable agreement in patellofemoral contact shapes. Exemplar
results are shown in Figure 3-5.
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Figure 3-4 Raw data of patellofemoral contact areas obtained with Fuji pressure
sensitive film for two rabbits (A) and (B), and three knee angles (30, 60 and 90˚ of
knee flexion). For the 30 and 60˚ conditions, three force levels (decreasing force
from left to right) are shown. Note the general decrease in contact area with
increasing knee extension (from 90 to 30˚) and decreasing muscular forces (from left
to right for the 30 and 60˚ conditions). Note also the vastly different contact shapes
for animal A and B.
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Figure 3-5 Comparison of patellofemoral contact shapes for three exemplar
contractions at knee angles of 30&deg;, 60&deg;, 90&deg; before and after VM transection and for
force-matched trials (knee extensor forces before and after VM ablation within
&plusmn;5%). In the overlay figures, green represents the contact pressures measured prior
to and red represents the pressures following VM transection. Note the good
agreement between contact shapes before and after VM transection, and the lack of
a systematic lateral shift that one might have expected. Similar results were
obtained for all force-matched trials(“x”s in the 90&deg; figure show common points that
were used for overlaying images.)
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3.3.3 Pressure Distribution
Patellofemoral peak pressures and pressure areas did not change systematically from the
fully intact to the VM cut conditions for force and knee angle matched comparisons
(Figure 3-6) with p-values of 0.593 and 0.219 for 30&deg; and 60&deg; respectively. Average
pressures also did not change systematically as shown in table 1. Small, non-systematic
changes in joint pressure distributions were associated with experimental limitations such
as reproducing knee angles and forces perfectly between matched conditions, and
inserting the pressure sensitive film identically in all tests. These experimental limitations
produced random differences in peak pressure, average pressure, and patellofemoral
contact areas observed in our study.
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Figure 3-6 Patellofemoral Contact pressure distributions before and after VM
ablation for one exemplar force condition at knee angles of 90&deg;, 60&deg;, 30&deg; and for
force-matched trials (knee extensor forces before and after VM ablation within
&plusmn;5%). Note the similarity in pressure distributions between the two experimental
conditions, and the lack of the expected lateral shift in pressure distribution
following VM transection.
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Table 3-2 Mean (&plusmn;1SD) pressures and p-values for 30&deg; and 60&deg;. Note there is no
statistical difference between the VM intact and VM transected conditions at either
joint angle.
3.4 Discussion
Indirect evidence has led to the clinically accepted view that knee extensor imbalance
causes changes in patellofemoral contact pressures leading to patellofemoral pain (Besier
et al., 2005; Goh et al., 1995; Jan et al., 2009; Powers et al., 2006). A common treatment
for patients with patellofemoral pain is the specific strengthening of the VM (Lin et al.,
2008; Powers, 2003; Thomee et al., 1999). A strong VM is thought to balance the lateral
forces acting on the patella by the VL, thereby restoring proper patellar tracking in the
femoral groove, a reduction of excessive lateral patellar pressures, and a subsequent
decrease of joint pain (Cowan et al., 2002a; Elias and Cosgarea, 2007).
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Here, we demonstrate in the rabbit patellofemoral joint that a dramatic imbalance of
the lateral and medial knee extensor forces, achieved by cutting the VM in mid-belly and
isolating the remnant piece from the rest of the quadriceps group, has no effect on
patellofemoral joint contact areas, pressure locations, or pressure distributions. This result
was observed in 21 joints, across knee flexion angles ranging from 30-90&ordm;, and across
forces ranging from approximately 10% of maximal up to maximal forces. Our results are
in stark contrast to findings in the literature where simulated VM weakness has been
associated with lateral shifts of the patella and corresponding changes in the patellafemoral contact pressure distributions (Ahmed et al., 1983; Goh et al., 1995). There are
several possible reasons for these divergent results.
First and foremost, we used a rabbit model and the rabbit knee anatomy differs from
that of the human knee in subtle but distinct ways. For example the relative length of the
patellofemoral groove is greater in rabbits than humans (Rudert, 2002). In humans, VM
accounts for ~36% of the total mass of the extensor muscle group (Wickiewicz et al.,
1983) while in rabbits it accounts for ~ 15%. However, the rabbit knee, like the human
equivalent, has a VL and VM with fibre alignments to the lateral and medial side,
respectively (Figure 3-1). In the human knee, fibre directions of VL are 12-15&deg; and VMO
are approximately 50-55˚ away from the midline of the femur, while in rabbits the
corresponding values are about14-19&deg; and 45-50&deg;.
Second, when simulating experimentally the line of pull of the knee extensor muscles
at the knee, Ahmed et al. (1983), and Goh et al. (1995) pulled the patellae at approximate
angles of 28˚ and 48˚ relative to the femoral axis for VL and VMO using wires running
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over pulleys (measured from Ahmed et al (1983; Figure 2b). These wires were assumed
to represent the lines of pull of the individual knee extensor muscles along the distal fibre
directions. This arrangement neglected the intricate connections of the knee extensor
muscles through connective tissue networks, and replaced the actual lines of actions by
local fiber directions. Ahmed et al. (1983) justified their choice of the lines of action of
VL and VM anatomically by inspecting figures in Gray’s Anatomy (35th edition, 1935)
which is also in agreement with other reported fiber direction findings (Farahmand et al.,
1998a), rather than functional testing and based on the known mechanics of pennate
muscles.
Third, Fuji film has been shown to have an accuracy of &plusmn; 10% (Singerman et al.,
1987). The insertion of the film into a joint space has also been shown to cause changes
in joint mechanics of about 10% and change the maximum true contact pressures by 1020% (Wu et al., 1998). While these are limitations to the use of Fuji film in a joint space,
we feel that since the Fuji film was used both before and after the VM transection, any
error due to the Fuji film would be systematic. Therefore the absolute values recorded
here may not be perfectly accurate, but any differences seen before and after VM
transection would have been reflected accurately in our study.
Despite differences in the anatomy of rabbit and human knees, one would expect that
if VM weakness in the human knee was associated with a lateral shift of the patella, the
same would also occur in the rabbit knee. However, even when producing the greatest
possible imbalance in the knee extensor musculature by cutting VM, the patellofemoral
contact pressure distributions were the same as with the VM intact, suggesting that loss
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of the VM did not produce a medial-lateral imbalance of forces acting on the patella.
Therefore, it appears that the fibre directions of the VM and VL, which have been taken
equivalent to the resultant lines of action of the muscles near the patella, are probably not
good indicators of the actual direction of muscle pull. Indeed, in the muscle mechanics
community, it is well accepted that in uni-pennate muscles, such as rabbit and human VM
and VL, the line of action is along the aponeuroses between the origin and insertion of
the muscles rather than along the local fibre direction (Azizi et al., 2008; Fukunaga et al.,
1997a). The idea that the line of action of the VM and VL is along their aponeuroses,
rather than along their fibre direction, would suggest that VL and VM pull the patella
perfectly along the long axis of the femur, thus there is no need to balance the lateral
forces for VL and VM. Since the contributions of VL and VM have been thought to be
task-dependent (Elias and Cosgarea, 2007; Lin et al., 2008; Powers, 2000a; Toumi et al.,
2007), and the fascicle angle of these muscles is constantly changing with force and knee
angle (Fukunaga et al., 1997b), it would be very hard to balance the medial/lateral force
components from these muscles acting on the patella, if they indeed existed. Our findings
indicate that such medial/lateral forces arising from VM and VL do not exist, therefore
tracking of the patella is simple and straight forward and is built into the mechanics of the
patellofemoral joint, rather than into the neuromuscular control system regulating VM
and VL force.
A further reason for the discrepancy between our results and earlier findings is that this is
the first report in which patellofemoral contact pressures were measured under normal
and imbalanced conditions using in vivo muscle stimulation rather than cables and
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pulleys to produce the required knee extensor moments. Although, femoral nerve
stimulation of the quadriceps muscles may not produce the exact in vivo force-sharing
patterns between the individual knee extensor muscles, this limitation, if anything at all,
would be exacerbated in an in situ approach with cables and pulleys. The advantage of
using muscle stimulation in the live animal is that we do not need to make any
assumptions about the lines of action of the quadriceps muscles, while in the in situ, cable
and pulley approach, the lines of action of “muscles” is given by the choice of alignment
of the cables representing the muscles. Therefore, if a cable representing the VM was
aligned with a medial pulling direction on the patella, and the VL with the corresponding
lateral pulling direction, then any imbalance in the medial and lateral components would
invariably lead to a shift in the patella with an associated change in patellofemoral
pressure distribution.
3.5 Conclusion
VM weakness, simulated by ablation of VM, did not cause a systematic shift in
patellofemoral joint contact pressures. We conclude from this result that VM weakness is
not a cause for patellar mal-tracking in the rabbit knee, and thus would likely not lead to
patellofemoral joint pain and osteoarthritis. We suggest that this result is not unique to
the rabbit knee, but likely would also hold for other animals with a patellofemoral joint,
including humans. However, this proposal needs rigorous testing in the future. In the
meantime, we suggest that patellar mal-tracking and patellofemoral joint pain in humans
is likely not caused by VM weakness.
43
Chapter Four: DOES KNEE EXTENSOR MUSCLE IMBALANCE CAUSE
CHANGES IN PATELLAR TRACKING?
4.1 Introduction
Studies on patellar tracking have shown contradictory findings: some reporting a lateral
shift in patellar tracking for PFPS patients compared to normal controls (Draper et al.,
2009; Wilson et al., 2009), others showing normal tracking patterns in PFPS patients
(MacIntyre et al., 2006; Powers, 2000b). A difficulty in all patellar tracking studies is that
there is no true definition of &quot;normal&quot; and that there is wide variation in patellar tracking
in normal (asymptomatic) people (Tennant et al., 2001). Also, the cause and effect
relationship between PFPS and patellar tracking has not been resolved. Does muscle
imbalance lead the pain, or does pain lead to the weakness of the VM and associated
imbalance? Therefore, further study is required to define the causes for onset and
progression of PFPS, and how to prevent it and establish optimal rehabilitation protocols
for effective recovery.
In chapter 3, we established that VM muscle weakness (achieved by VM transection) had
no measurable effect on peak and average PFJ contact pressure, contact area, or contact
shape (Sawatsky et al., 2012). However, this first study had several limitations: all results
were obtained for isometric contractions only, Fuji pressure sensitive film is known to be
not very sensitive (Wu et al., 1998), and the medial and lateral retinaculum of the PFJ had
to be cut, thus potentially affecting force transmission to the patella and PF contact
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pressures. In order to address these shortcomings, the purpose of this study was to
quantify PFJ mechanics for dynamic conditions and leave the joint fully intact while
measuring patellar tracking for normal and VM deficient conditions. We hypothesised
that VM muscle force removal (simulating the most extreme case of VM weakness) does
not affect patellar tracking in the intact rabbit knee.
4.2 Methods
4.2.1 Animal surgery
All experiments were performed on skeletally mature New Zealand White rabbits (mass
4.8-5.7 kg, n=9 joints, from 7 animals). A nerve cuff electrode was surgically placed
around the common femoral nerve (Longino et al., 2005) for quadriceps muscle
stimulation. The VM was then identified and marked with two surgical sutures for later
ablation (Sawatsky et al., 2012). All experimental procedures were approved by the
Animal Ethics Review Committee of The University of Calgary.
4.2.2 Animal setup
Animals were fixed in a stereotaxic frame using pairs of bone pins at the iliac fossa and
the femoral condyles. The tibia was placed against a lever arm connected to a rotating
shaft motor permitting knee extension and flexion at controlled speeds, while
simultaneously allowing for internal/external tibial rotation and recording of the knee
extensor forces. Four markers were placed on the patella via a bone screw and two further
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markers were placed at the femoral condyles via the fixation pins (Figure 4-1) to record
patellar tracking relative to the femur.
Figure 4-1. Experimental setup with four rigid markers attached to the patella, and
a reference marker attached to a bone pin inserted into the femoral condyle.
4.2.3 Patellar tracking
Patellar tracking was recorded with a high speed camera at 200Hz and a spatial resolution of
0.08mm. The movements examined were active and passive knee flexion and extension
movements between 30&deg; to 90&deg; of joint flexion. This range of motion was chosen as it
covers the range of joint angles for which isometric PF joint pressure measurements were
available for normal and VM transected conditions (Sawatsky et al., 2012). All active
contractions were performed using supra-maximal currents, thereby ensuring that all
motor units of the knee extensor muscles were recruited, and at a stimulation frequency
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of 40Hz initially. Maximal stimulation for each animal was determined to be the point at
which increasing the current to the nerve stimulating electrode no longer produced a
corresponding increase in muscle force. All passive and active movements were executed
at an angular speed of 40&deg;/s. For active trials, there was a 200 ms isometric phase before
movement started, followed by a 200 ms isometric phase at the end of the movement.
Patellar tracking was first recorded with the VM intact then again following VM
transection, simulating extreme VM muscle weakness.
Following the experiments with a constant activation of the knee extensor muscles
(40Hz, all motor units activated), selected experiments were performed with the aim to
match knee extensor forces before and after VM transection by increasing the femoral
nerve stimulation frequency to offset the loss of force caused by VM ablation. These
additional experiments were performed to evaluate the effect of VM ablation (VM
weakness) on patellar tracking in the absence of quadriceps force reduction.
Patellar tracking was evaluated by quantifying the medial/lateral and inferior/superior
paths of the patella, and rotation of the patella relative to the femur (Figure 4-2). Patellar
rotation was calculated using the inverse tangent of the difference of the medial-lateral
distance between the medial markers (Δy) divided by the proximal-distal distance (Δx) as
shown in Figure 4-3 Tracking was then compared between passive and active and
eccentric and concentric contractions at different and matching force levels, before and
after transection of the VM.
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Figure 4-2 Frontal plane movements of the patella, the arrows indicate a) Lateral
translation of the patella. b) Lateral rotation of the patella defined as the lateral
rotation of the distal tip of the patella.
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Figure 4-3 Angle theta (&oslash;) is used to describe the medial lateral rotation of the
patella, and is calculated by the inverse of the tangent of (Δy/Δx).Where Δy=y1-y2,
Δx=x1-x2. Negative values of &oslash; are lateral rotations of the distal pole of the patella
and positive values of &oslash; are medial rotations.
4.2.4 Statistics
Patellar tracking was evaluated every 5&deg; of knee angle from 30&deg; to 90&deg;. First a
Kolmogorov–Smirnov test for normality was run. If the data were normally distributed, a
paired sample t-test was used to compare trials before and after VM transection; if the
data were not normally distributed, the Wilcoxon ranked sign test was used. Significance
was set at p&lt; 0.05. As well a post hoc power analysis was conducted to check the power
of the outcome measures.
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4.3 Results
4.3.1 Repeatability
Repeatability of tracking the patella was performed by digitizing one video of the patellar
tracking movement (from start to finish) three times. The maximum variance over the
course of the whole movement (102 frames) was calculated from the repeated digitized
video. Patellar tracking had a maximum variance for repeat measures of 0.1mm in
translation and 0.36&deg; in rotation.
4.3.2 Patellar Tracking (Medial-Lateral Translation)
Following VM transection there were small but statistically significant (p&lt;0.001) lateral
shifts in patellar tracking for the concentric (0.2 &plusmn; 0.2mm) and eccentric contractions (0.1
&plusmn; 0.2mm) (Figure 4-3). Also, the average knee extensor forces (for constant stimulation
parameters) decreased by18 &plusmn; 12% and 20 &plusmn; 14% for the eccentric and concentric
contractions, respectively following VM transection. Furthermore, there was a large
medial shift in patellar tracking for all active eccentric and concentric contractions
compared to the passive paths, irrespective of VM status (intact or transected). Patellar
tracking was different for eccentric and concentric tests performed at the same activation
level (Figure 4-4), with the paths becoming statistically different between 65&deg; to 90&deg;
(Table 4-1). Knee extensor forces had a significant effect on patellar tracking, producing
a medial shift with increasing force (Figure 4-5). For 2 trials out of 20, knee extensor
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forces matched to within +/-10%, and for these matched force trials, patellar tracking
before and after VM transection matched closely and was not statistically different
(Figure 4-6); p&gt;0.5.
Figure 4-4 Exemplar medial-lateral patellar path with the VM intact (black) and the
VM transected (grey) for the same activation (but different forces) of the knee
extensor muscles. Notice the slight lateral shift following VM transection.
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Figure 4-5 Exemplar medial-lateral patellar path for an eccentric (grey) and a
concentric (black) contraction at the same activation (but different forces) for the
knee extensor muscles with the VM intact. Notice the generally more medial path of
the eccentric contraction after about 45&deg;. The difference was statistically significant
after 65&deg; (p&lt;0.03) to 90&deg; (p&lt;0.02).
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Table 4-1 The mean differences and standard deviations in patellar tracking
between concentric and eccentric contractions (positive differences indicate that
eccentric contractions track more medial) relative to: a) stimulation frequency over
the range from 30&deg; to 90&deg;, notice the patella tracks more medially for eccentric
contractions at every stimulation frequency. b) joint angle, the patellar tracking
becomes statistically more medial from 65&deg; to 90&deg; for all stimulation frequencies.
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Figure 4-6 a) Force-knee angle curves for a series of concentric contractions
performed at different knee extensor forces from a single animal. b) Corresponding
medial-lateral patellar paths for the different knee extensor forces. Notice that as
force increases the patellar path is shifted medially throughout the range of motion,
with the biggest difference being about 5mm at 30&deg; between the passive test and
force level 4 (maximal knee extensor force). For reference, a rabbit knee has a
condylar (medial-lateral) width of approximately 17mm.
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Figure 4-7 Exemplar medial-lateral patellar tracking with the VM intact (grey) and
transected (black) for matched knee extensor forces in a concentric contraction.
There is no difference in the patellar path p&gt;0.5
4.3.3 Patellar Tracking (Proximal-Distal Translation)
The proximal-distal location of the patella was affected by the magnitude of knee
extensor force; as knee extensor forces increased the patella was pulled more proximally
at all joint angles. For any given proximal location of the patella, the patella was also
more medial at higher knee extensor forces (Figure 4-8).
55
Figure 4-8 a) Proximal-distal location of the patella through the range of motion for
increasing knee extensor forces. Notice the patella is pulled more proximally at all
joint angles under higher knee extensor forces. The horizontal black line indicates a
proximal-distal location with the two vertical lines indicating the range of joint
angles at which this proximal location is shared between all knee extensor force
levels. b) The corresponding medial lateral location of the patella throughout the
range of motion for increasing knee extensor forces. The two vertical lines represent
the range of joint angles from (figure a) over which a proximal-distal location was
shared. Notice in the indicated joint angle range where proximal-distal location was
the same the medial-lateral locations are never at the same locations, therefore the
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proximal-distal location of the patella as a function of force does not explain the
medial-lateral shifts observed with increasing forces.
4.3.4 Patellar Rotation
There was a statistically significant (p=0.01) lateral rotation of the patella following VM
transection (and associated force loss) of 0.5 &plusmn;0.85&deg;. This lateral rotation was not
observed in trials with matching knee extensor forces before and after VM transection.
4.4 Discussion
Muscle weakness, or delayed activation of the VM, has long been associated with PFPS
(Cowan et al., 2001; Jan et al., 2009; Makhsous et al., 2004) and has led to rehabilitation
strategies focusing on strengthening and altering the recruitment timing of the VM and
VMO in an attempt to balance the medial lateral forces acting on the patella (Lin et al.,
2008; Cowan et al., 2002a; Goh et al., 1995). Balancing of these medial lateral forces is
thought to restore proper patellar tracking, thereby decreasing lateral contact pressures
exerted in the PF joint, thus decreasing pain (Goh et al., 1995; Jan et al., 2009). However,
the ability to strengthen the VMO in isolation from the other knee extensor muscles has
been questioned in the past (Powers, 1998).
Here, we found that the absolute knee extensor forces play a crucial role in patellar
tracking, with the patella shifting medially with increasing forces through the entire range
of motion, in eccentric and concentric contractions. This medial shift was seen before and
57
after VM transection. Following VM transection, there was a small but consistent lateral
shift of the patella, which we initially interpreted as a change in patellar tracking caused
by VM weakness. However, this lateral shift only occurred when activation was kept the
same for trials before and after VM transection, thereby causing a decrease in the average
total knee extensor forces between 18-20%. When increasing the stimulation of the
quadriceps muscles following VM ablation to match the total knee extensor forces prior
to VM ablation (which was done by increasing the stimulation frequency of the femoral
nerve electrode), patellar tracking before and after VM transection was similar. This
result suggests that it is not so much the loss of a muscle (VM) that caused the changes in
patellar tracking, but the associated loss in knee extensor force. This result is consistent
with previous findings that there is no difference in PF joint contact pressure distribution
and location before and after VM transection (Sawatsky et al., 2012) but is in contrast
with suggestions based on clinical observation and some findings in the literature
(Sheehan et al., 2012; Wilson et al., 2009). There are several reasons why our results
might differ from those proposed elsewhere.
First and foremost, we used a rabbit model, and the anatomy of the rabbit knee differs
from that of the human knee. For example, the relative length of the PF groove is longer
in rabbits than humans (Rudert, 2002). The sulcus angles differ slightly with the angle
varying along the length of the groove; distally it is 126.5 (SD 8.75), and proximally
136.5 (SD 5.74) in a rabbits (Kaymaz et al., 2012), compared a distal angle of 103
(SD9.8) and a proximal angle of 147 (SD8.3) (Teichtahl et al., 2007) in humans. Since
the sulcus angle is narrower in rabbits than humans proximally, it might leave less room
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for patellar mal-tracking than the wider groove in humans. However, we have observed
shifts in patellar tracking of up to 4mm (i.e, approximately 24% of the maximum width
of the groove) with increasing knee extensor forces, thereby suggesting great mediallateral displacement potential for the patella within the proximal groove of the femur.
Therefore, the lack of a shift following VM transection is likely not caused by the
constraints of the femoral groove, but rather, suggests that the line of action of the
resultant quadriceps force on the patella does not change substantially with VM
transection.
Secondly, the relative muscle masses also differ, with the human VM being a more
prominent muscle than the rabbit VM (Sawatsky et al., 2012). However, some anatomical
features are well preserved between rabbits and humans. Most importantly within the
context of this study, fiber alignment of the VM and VL are similar for rabbits and
humans (Sawatsky et al., 2012) with the fibers of VM forming an angle of approximately
45-50&ordm; relative to the long axis of the femur in both species. It has been this angulation of
the VM fibers that has been the cause of concern for patellar tracking; the idea being that
the VM pulls the patella to the medial side thereby providing a balance to the laterally
pulling VL fibers. The results of our study suggest that the VM is not pulling the patella
to the medial side along the medially oriented VM fiber direction; rather VM seems to
pull the patella straight along the femoral axis and femoral groove along the anticipated
line of action of the entire muscle.
Third, our experiments used an open chain kinematics (Wilk and Reinold, 2001), and it
has been suggested that patellar tracking might vary between open and closed loop
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conditions (Draper et al., 2011). While the use of open chain kinematics might be
questioned, there are plenty of open chain studies for comparison (Brossmann et al.,
1993; Powers et al., 1998; Powers, 2000b; Sheehan et al., 2012). Of course, the observed
differences in patellar tracking between open and closed chain movements may also be
caused by differences in the knee extensor forces required to perform the open and closed
chain exercises.
Fourth, the results of the post hoc power analyse showed that for the trials where there
was no change in medial lateral tracking (when knee extensor forces were matched) was
under powered (6%). This suggests that the lack of statistical significance may be due to
the small sample size. However to achieve a power of 90% the sample size would have to
be over 1500, this is ethically not acceptable and would also suggest a clinically
insignificant result.
A further reason for the discrepancy between our findings and those previously published
might be that knee extensor forces were controlled by femoral nerve stimulation,
ensuring that only the knee extensors were activated. Sheehan et al. (2012) were the first
to examine the effect of human VMO strength on patellar tracking in vivo using a VMO
nerve block. This approach allowed for comparisons of patellar tracking before and after
VMO blockage, thereby removing knee joint shape as a confounding factor (Lin et al.,
2010; Powers, 2000b), and eliminating the need to establish a “reference” for normal
patellar tracking. They observed a lateral shift in patellar tracking following the VM
nerve block supporting the idea that the VMO plays a role as a medial/lateral stabilizer.
In these experiments, the speed of the movement was controlled, but knee extensor and
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(antagonist) flexor forces were not controlled, thus it remains unclear if the results
observed by Sheehan et al. (2012) were the result of VM “weakness” induced by nerve
blocking, or were an artifact of mismatched knee extensor forces, as observed in our
study when forces were not matched. The concept that knee extensor forces may affect
patellar tracking is not new. Powers et al. (1998) reported decreased lateral displacements
of the patella relative to the femur for knee extensions performed against external
resistance compared to values reported without external resistance (Brossmann et al.,
1993). They speculated that this difference was caused by the change in knee extensor
forces between the two conditions: the higher knee extensor forces during resisted
movement were thought to pull the patella deeper into the trochlear groove, resulting in a
more medial path of the patella (Powers et al., 1998).
4.5 Conclusion
We conclude from the results of this study that patellar tracking in the rabbit knee is not
affected by VM weakness, but depends strongly on the total knee extensor force, with the
patella tracking more medially with increasing force. We propose that this result may also
be found in the human knee. Therefore, it is essential to match knee extensor forces when
comparing patellar tracking between conditions.
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Chapter Five: Summary and Future research
5.1 Summary of the work in this thesis
The two goals of the research conducted in this thesis were
1. To measure the effects of knee extensor muscle imbalance on patellofemoral joint
contact mechanics.
2. To measure the effects of knee extensor muscle imbalance on patellar kinematics
during eccentric and concentric contractions, in an in vivo animal model.
5.1.1 Effect of knee extensor muscle imbalance on patellofemoral joint contact
pressure distribution
In human cadaveric studies, weakness in the VMO has been associated with a lateral shift
of the PF pressure distribution and an increase in peak PF contact pressure (Ahmed et al.,
1983; Goh et al., 1995). In these studies, wires and pulleys were used to apply loads
along the presumed lines of action of the individual quadriceps muscles, which were
thought to be along the local muscle fiber directions. In such an approach, the complex
force interactions of muscles through connective tissues, and the real lines of action of
the muscles, are lost. Moreover, the angle of pull of the wires and the forces transmitted
by the wires uniquely determine the resultant pull on the patella. Therefore, if the lateral
component of pulling on the patella exceeded that of the medial component, the patella
was found to move laterally, and the associated pressures distributions in the
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patellofemoral joint also moved laterally, contact areas decreased and peak contact
pressures increased (Ahmed et al., 1983; Goh et al., 1995). Findings from such
experiments were then taken as clinical evidence of a lateral overload induced onset and
progression of PFPS. However, the effects of VMO weakness on PF contact pressure
distributions and patellar tracking in an intact joint and under controlled muscular
activation have not been tested in vivo, and probably could not be performed in humans at
present.
Therefore, I developed a rabbit knee model to evaluate the effects of VM force loss on
patellofemoral joint contact mechanics. To my knowledge this is the first in vivo
experiments ever performed to evaluate the effect of knee extensor muscle imbalance on
PFJ contact mechanics. It was observed that patellofemoral joint contact pressures and
patellar tracking were not affected by the loss of VM force, if the total knee extensor
forces were matched before and after VM transection. It was also found that PF joint
contact pressure distributions and patellar tracking crucially depended on knee extensor
forces. Increasing knee extensor forces were associated with bigger PF contact areas,
greater peak contact pressures, and more medial patellar tracking paths relative to the
femur. I concluded from these results that PF mechanics were not affected by the loss of
VM force, as long as total knee extensor force was kept constant.
My results are in contrast to several studies on human cadaveric specimens where muscle
forces were replaced by wires that pulled in distinct directions and that had, in the case of
VL and VM, distinct lateral and medial components of force, respectively (Ahmed et al.,
1983; Goh et al., 1995). The question arises if the differences in findings between studies
63
performed here and those on human cadavers are caused by differences in the human and
rabbit anatomy, and they are both correct, or if one of the results does not reflect the
actual in vivo situation. I would like to suggest that the human experiments, where wires
were aligned along the approximate directions of the fibres inserting into the patella, do
not reflect the in vivo situation well. Rather, I think, the lines of action of the quadriceps
muscles all pull the patella essentially along the direction of the femoral groove and the
long axis of the femur, rather than at a distinct angle to the femur. Although, there is no
doubt that isolated fibres exert force along their long axes, it is also equally well accepted
that pennate muscles do not exert force along the muscle fibre direction, but along a line
connecting origin and insertion, which is typically close to the tendon and aponeurosis
directions of such muscles (Fukunaga et al., 1997a). Therefore, I propose that the wire
and pulley human experiments, with wires aligned along the muscle fibre direction likely
do not reflect the actual mechanics of the patellofemoral joint well, and thus need to be
interpreted carefully.
Proposing that all muscles pulling the patella in essentially the desired direction at all
times, has the major advantage that medial/lateral forces do not need to be balanced by
intricate activation strategies at any given time during movement. Indeed, balancing the
medial/lateral position of the patella (if VL and VM indeed had lateral and medial force
components along the instantaneous fibre direction) would mean that the neural control
of VL and VM would need to continuously account for the changing length, velocity and
angle of pennation of these two muscles, and then calculate the instantaneous activation
required to balance of the medial/lateral components of these two muscles; an impressive
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feat that would likely require a significant portion of the motor cortex. How much easier
it would be, if all individual muscles inserting into the patella pulled the patella in
essentially the appropriate direction, and so small variations in activation of the
quadriceps muscles from step to step would not leave the patella in peril of dislocation.
The results of my combined studies suggest that this is indeed the case; that individual
quadriceps muscles pull the patella along its natural path in the femoral groove, and
weakness in one muscle relative to the others, or activation delays in one muscle relative
to the others, would not result in patellar mal-tracking and/or dramatically changed PF
contact pressure profiles, and thus is likely not the cause for PFPS.
5.1.2 Effect of knee extensor muscle imbalance on active patellar tracking
There is controversy in the literature over whether there are changes in patellar tracking
in patients with PFPS; some showing changes (Draper et al., 2009; Wilson et al., 2009),
while others do not (MacIntyre et al., 2006; Powers, 2000b). These conflicting results
may be due to the different methods used (e.g., open vs. closed kinetic chain) when
assessing patellar tracking. However, other factors may affect patellar tracking.
One of the biggest obstacles in this area of research is that &quot;normal&quot; patellar tracking has
not been defined. Patellar tracking in normal populations seems to vary greatly (Tennant
et al., 2001), and is thought to depend on the detailed geometry and constitutive
properties of the knee ligaments, the boney geometry of the PFJ, including the shapes of
the articulating surfaces and associated structural and material properties of the
corresponding cartilages (Connolly et al., 2009; Powers, 2000b), and the muscular forces
(Farahmand et al., 1998b). Since the structure and active/passive properties of each knee
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differ, so does the patellar tracking, and thus normal tracking may have to be defined for
each subject individually.
As it has been shown there are wide variations in patellar tracking in healthy populations.
Another limitation of patellar tracking research is the question of cause and effect. When
patellar mal-tracking is reported in patients with PFPS, did the mal-tracking exist prior to
the joint problem and contribute to the joint problem, or was the patellar tracking
perfectly “normal” prior to the onset of PFJS, but the pain, altered muscle activation,
changes in passive joint properties and other changes associated with PFJS caused the
altered “abnormal” patellar kinematics? VMO is thought to be one of the most
susceptible muscles to atrophy following an inflammatory response in the knee (Hopkins
et al., 2001). To date there has been only one study to address the cause and effect
relationship of VMO weakness. Sheehan et al. 2012 used a VMO nerve block to simulate
acute muscle weakness in normal humans to study patellar tracking. They found small
changes in patellar tracking following a VMO nerve block, but the differences were not
nearly as large as the 9mm lateral shift reported for some PFPS patients (Wilson et al.,
2009). However, the limitations of comparing patellar tracking in PFPS patients and
asymptomatic individuals are many. For example, such studies are cross-sectional, and so
individual geometries are not accounted for. Furthermore, movement execution might
vary between patient and control populations and knee extensor forces are rarely
controlled for.
Here, we performed a study where some of these limitations could be controlled but at
the expense that it had to be done in an animal model. However, evaluating patellar
tracking before and after the removal of the VM in the same joint allowed for isolating
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the effects of VM weakness in a situation where joint geometry was controlled.
Furthermore, by controlling the muscle activation and the speed of knee
extension/flexion, movements were performed essentially identically prior to and after
VM weakness was induced. Finally, muscle forces could be directly measured and
assessed, thereby eliminating any changes in patellar tracking associated with differences
in the total forces applied to the knee. My results suggest that the absolute knee extensor
forces play a much larger role in patellar kinematics (translation and rotation) than the
individual contributions to that total force by the individual quadriceps muscles. When
total knee extensor forces were matched following the removal of the VM, there were no
differences observed in patellar tracking. However, when knee extension was performed
for identical knee kinematics, but with different total knee extensor forces, patellar
tracking was dramatically changed resulting in shifts to the medial side of up to 4mm
(~24% of the width of the PF groove at the widest point of 17mm).
5.2 Limitations
All experiments were performed in the rabbit patellofemoral joint which differs from the
human PFJ. The rabbit knee is said to have a relatively longer patellofemoral groove than
found in humans (Rudert, 2002). Also, of importance to this study, the VM in the rabbit
is smaller (~15% of the overall quadriceps mass) than the VM in humans (~36%).
Furthermore, we simulated the worst case VM weakness scenario by transecting the VM
and removing its lateral connections to neighbouring muscles, thereby not allowing for
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any force from the VM to be transmitted either directly or indirectly (through lateral force
transfer) to the patella. This is obviously not the case in patients with PFPS.
Because of these limitations, it is possible that the results of this study may not apply to
the human knee. However, some of the important structural components of the knee,
deemed important in the current context, are comparable between humans and rabbits.
The rabbit has four heads of the quadriceps muscle that insert into the patella, like
humans. Also, two of these muscles in the rabbit have a distinct lateral (VL) and medial
(VM) fibre direction at the insertion into the patella, like humans, and the angles of
pennation at the insertion to the patella are similar in rabbits and humans (Lieber and
Blevins, 1989). Therefore, the pulley mechanism of the patella in the rabbit and in
humans works similarly, has the same muscular and bony components, and the muscle
geometries are similar. Based on these considerations, I would like to suggest that,
although not proven in this research, there is no a priori reason to suggest that the results
found here in the rabbit should not apply to humans. At the very least it seems reasonable
to cast some doubt onto the clinical notion that VL and VM are medial/lateral stabilizers
of the patella, and that differences in force of one relative to the other, or delays in
activation of VM relative to VL, results in patellar mal-tracking leading to lateral
pressure distributions with decreased contact areas and increased contact pressures. I
would also like to question, therefore, the wisdom of VM strengthening relative to the
other quadriceps muscles, in an effort to reduce patellar mal-tracking and abnormal
contact pressure distributions in an effort to alleviate PFJ pain. Although, there is reason
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to believe that quadriceps strengthening might actually be an effective strategy to reduce
PFJS, I question whether this is due to an increase in strength of VM relative to VL.
5.3 Future Research
This study was performed using rabbit knees. An obvious future research direction would
be to see if similar results to those observed in the rabbit, could also be observed in the
human knee. And although not everything done in this study could be repeated easily in
human PF joints, determining patellar tracking as a function of the knee extensor force
should be relatively straight forward, and the effects of acute VMO weakness have
already been studied in the impressive paper by Sheehan et al. (2012).
Since rehabilitation of PFPS typically involves strengthening of the VM, it might also be
of interest to measure potential changes in patellar tracking as a function of time during
VM rehabilitation.
Also, longitudinal studies aimed at predicting who will develop PFPS and measuring
potential changes in people from before to after they develop PFPS might answer some of
the questions as to the cause of PFPS.
In terms of future work in the animal model, it would be of great interest to measure
instantaneous joint contact pressure distributions, rather than the static pressure
distributions obtained from Fuji Presensor films. Although time-resolved pressure
measurements are possible, the sensors presently available are too thick, not flexible
enough and their spatial resolution is too limited to be of real advantage in an animal joint
of the size of the rabbit knee.
69
Finally, obtaining estimates of cartilage deformations in the human knee under dynamic,
and physiologically relevant loading conditions should be a long term goal, as this might
allow for first ever estimates of the contact pressure distributions in an intact joint.
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