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Abstract

Background: Tennis elbow is a common condition that is easy to diagnose however,
the optimal approach to management is still an area of considerable debate with limited
evidence to support current practice. This is due to the ambiguous nature of its aetiology
and pathology, which remain poorly understood. Bilateral sensorimotor deficits in the
upper limb have been found in patients with unilateral tennis elbow, as they had slower
response time and slower speed of movement. Research suggests that these patients
could also have generalised sensorimotor deficits due to peripheral and central
sensitisation. However, only bilateral sensorimotor deficits have been investigated
suggesting that research is warranted to investigate the generalised sensorimotor deficits
in patients with chronic tennis elbow. Therefore, it is the intention of this research to

provide new knowledge in the area of sensorimotor function in these patients.

Methods: This PhD programme consisted of two phases, the first phase involved
healthy participants (n=22) and the second phase involved patients with chronic tennis
elbow (n=11). This study was quasi experimental and investigated sensorimotor
function by measuring balance and response time of the upper and lower limbs. The
outcome measure for balance was time to boundary (TtB) in the anterio-posterior (ap)
and medio-lateral (ml) directions. For the response time, the outcome measures were 1-
choice response time and 2-choice response time. The test-retest reliability was assessed
for these outcome measures using the intraclass correlation coefficient (ICC) and the

standard error of measurement and yielded good to excellent reliability estimates.

Results: Following descriptive analysis and tests for normality and homogeneity of
variance, the data was analysed using a mixed design ANOVA. Results showed that
patients with chronic tennis elbow have more balance instability when compared to
healthy participants as they were closer to reach their stability boundary in the anterio-

posterior direction.

Conclusion: The findings of this research add new knowledge to the field of
sensorimotor function in patients with chronic tennis elbow and enhance the

understanding of this condition between health professionals.
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purpose of this research is to enhance the understanding of the sensorimotor function in
patients with chronic tennis elbow by investigating balance and response time in the

upper and lower limbs.

Health professionals who are involved in the management of tennis elbow have
always viewed tennis elbow as a local tendon pathology. Furthermore, the aetiology and
pathology of tennis elbow is still not clearly understood, therefore, the management is
based on treating the symptoms of pain and muscle weakness. Despite the findings of
sensorimotor deficits in patients with chronic tennis elbow, the current management of
tennis elbow is not addressing the sensorimotor involvement. Health professionals have
been providing the same treatment for tennis elbow for decades. It is clear that the new
knowledge provided by studies on sensorimotor deficits is not being translated into
clinical practice violating the concept of evidence based practice. Therefore, this
research seeks to address this gap between scientific evidence and clinical practice by
providing health professionals with new knowledge about the sensorimotor function in

patients with chronic tennis elbow.

The theoretical framework for this thesis was established following the “new
integrative model of tennis elbow” proposed by Coombes et al. (2009). This model
hypothesises that three factors contribute to the development of tennis elbow; tendon
pathology, sensorimotor and proprioceptive changes and pain system changes. This
research aims to contribute to the second element of this model by investigating balance

and response time in patients with chronic tennis elbow.

In regard to the response time measurement in this study, the protocol used by
Pienimakie ef al. (1997), Bisset et al. (2006) and Bisset ef al. (2009) has been followed.
These studies used the term reaction time instead of response time. However, the term
response time is more appropriate to be used as the term reaction time is commonly
used in studies that involve electromyography (EMG) which has not been used in these
studies. Therefore, the term response time will be used throughout this thesis, a detailed

justification is presented under section 1.3.1.

This work is novel and original as it is the first study to investigate balance and
response time of lower limb in patients with chronic tennis elbow while previous
research have only investigated response time of the upper limb in these patients. It

challenges current management of tennis elbow which solely views the condition as
Xl



tendon pathology and aims to treat pain and muscle weakness. It recognises the
importance of bridging the gap between research and clinical practice in order to
provide an evidence based care as health professionals are not integrating sensorimotor

deficits in the management of chronic tennis elbow.

This thesis comprises five chapters. Chapter 1 is a critical review of the literature
relevant to this research programme. Chapter 2 describes the methods used in this study.
Chapter 3 examines the test- retest reliability of the outcome measures used in this study
(time to boundary and response time). Chapter 4 presents the data analysis and results.
Finally, chapter 5 includes a discussion of the research findings, the limitations of the

study, implications for future research and conclusion.

Xl



Chapter 1

Literature Review
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will develop chronic and recurrent tennis elbow that is resistive to treatment and will
require surgical interference (Boyd er al. 1973; Coonrad and Hooper 1973). The
chronicity of tennis elbow is challenging, and the failure of conservative treatment is
frustrating for patients, carers and health professionals. Tennis elbow is also claimed to
be an economic burden because of the absence of work in the working population where
it is most prevalent (Hong et al. 2004). Therefore, effective and accurate management of
tennis elbow is warranted. In order to have an effective management a better

understanding of the condition is required.

The pathology of tennis elbow has always been described as having a purely
musculoskeletal origin, yet the sensorimotor deficits suggest a neurological involvement.
Moreover, when neural tension tests were applied on patients with tennis elbow; the
neural tissue of their arms was significantly less extensible; which also indicates-a
neural tissue involvement in these patients (Yaxley and Jull 1993). In order to
encompass the challenging aspects of the unclear aetiology, recurrence and resistance to
treatment in some patients with tennis elbow, a new integrative model for tennis elbow
had been proposed by Coombes et al. (2009). Their model conceptualises tennis elbow
as the result of a multi-factorial pathology that involves tendon pathology, pain system
changes and motor system impairments. This model will be discussed in more detail

later in this section.

1.1.2 Aetiology

Although the clinical picture of tennis elbow is clear and well known to health
professionals and patients, the aetiology and pathogenesis are still not completely
understood and remain unclear (Slater et al. 2003; Slater e al. 2005; Coombes et al.
2009 and Zeisig et al. 2009). It is claimed that tennis elbow is idiopathic or a work
related condition (Boyer and Hastings 1999). People who work in occupations that
involve repetitive hand intensive work are at higher risk of developing tennis elbow
(Chiang et al. 1993). Although it is called tennis elbow, less than 5%- 10% of patients
diagnosed with tennis elbow are actually tennis players (Boyer and Hastings 1999).
However, this name is the most popular among patients and health professionals

therefore, it will be used in this thesis, despite the fact that the name "lateral

2



epicondylalgia" might be more representative of the condition without any indication of
' the aetiology because the suffix "algia" means pain (Fedorczyk 2006). There are
different theories of aetiologies for tennis elbow; but they are all tissue based
pathologies (Kibler 1995). The most popular theory was the inflammation of the origin
of the extensor Carpi radialis hence the name epicondylitis; however, different studies
failed to detect inflammatory cells indicating a non inflammatory process (Alfredson et
al. 2000). Other theories that are evolving rapidly and seem more appropriate are the
overuse or biomechanical model that focuses on repetitive loading that will lead to
degenerative changes in the tendon of extensor carpi radialis or dysfunctional and

immature healing (Skinner and Curwin 2007).

A multifactorial model of causation in athletic injuries was proposed by
Meeuwisse (1994) (Figure 1). This model was applied to different athletic injuries
including tennis elbow. Although the model is used in athletes, it could be applied
generally to individuals who are involved in repetitive or over loading activities. The
model suggests that intrinsic risk factors like age, flexibility, strength and previous
injury create a predisposed individual. The interaction with extrinsic risk factors (which
could be the biomechanics, demands, intensity and frequency of a specific motion) will
produce a susceptible individual and finally an inciting event will lead to the production
of clinical symptoms. An inciting event is not necessarily an isolated incident, it could
be the accumulation of intense exposure or more exposure to the extrinsic factors.

Exposure to
Extrinsic risk

-
Age
o e Inciting
Intrinsic risk Flexibility __| Predisposed Susceptible .
factors Previous | athlete > athlete »| Injury
injury Event
Somatotype
N—
Risk factors Mechanism of
— for injury ) « injury
(Distant from (Proximal to
outcome) outcome)

Figure 1: Multifactorial model for injury causation (Redrawn from Meeuwisse 1994).
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This integrative model has emerged as a result of the current evidence of the
pathophysiology of tennis elbow and it helps to justify developing new therapeutic
approaches for tennis elbow. One of the advantages of this model is that it allows for the
heterogenic presentation of tennis elbow, because different patients might have different
levels of involvement of the three identified systems in the model. For example some
patients might have a lot of pain systems changes, other patients might have more motor
system impairments or more tendon damage. Therefore, this integrative model
challenges current physiotherapy practice because all the current therapeutic approaches
are directed toward the tendon pathology. However, it only provides a framework for
health professionals where they have to apply effective clinical reasoning to distinguish
between different system involvements, identify subgroups of patients with tennis
elbow and then direct them to the appropriate treatment. This model is theoretical but it
has the potential to evolve and be refined in the light of new emerging knowledge
(Coombes et al. 2009). The new knowledge emerging from this thesis will add to the
understanding of the sensorimotor changes in chronic tennis elbow, the second element

in this integrative model. This model will be used throughout this thesis.

Each factor in the integrative model will be reviewed below in the light of the
available evidence in order to establish the theoretical framework for this thesis. The
first factor of the integrative model is tendon pathology which cannot be fully
understood without recognising the anatomy and biomechanics of the elbow region.

Therefore, a brief anatomical and biomechanical review is introduced below.

1.1.4 Anatomy of the extensor carpi radialis brevis muscle
(ECRB)

In spite of the unclear pathogenesis, histopathological changes were identified at
the common extensor origin. The majority of studies about tennis elbow agree that the
extensor carpi radialis brevis (ECRB) muscle is very likely to have an integral part in
the development of tennis elbow (Stoeckart e al. 1989). However, some anatomical
studies have questioned this because there is no definitive separation between the ECRB
and extensor digitorum communis (EDC) muscles at the osseotendinous junction

(Greenbaum et al. 1999; Boyer and Hastings 1999). Thus, a brief anatomical

5



background will be presented about the common extensor origin and ECRB to

appreciate the anatomical structure and how it relates to the pathology of tennis elbow.

The common extensor origin is like “one beam” of longitudinal fibrils that are
attached together, where the ECRB represent most of the deep fibres (Boyer and
Hastings 1999). Figure 3 shows the lateral side of the elbow and the site of the common
extensor origin. The tendons of the ECRB and EDC are indistinguishable at the
common extensor origin which is why some clinicians claim that it is impossible to
attribute the pathology of tennis elbow to ECRB alone (Greenbaum et al. 1999; Boyer
and Hastings 1999). Nevertheless, the ECRB remains the centre of investigation and
discussion in the research around tennis elbow. The ECRB muscle extends the wrist
along with the extensor carpi radialis longus (ECRL) and extensor carpi ulnaris muscles
(ECU). However, ECRB is noteworthy because it has a smaller bony origin at the lateral
epicondyle than ECRL and ECU (Stoeckart et al. 1989). Furthermore, ECRB has a
fascial origin which is also small in comparison with the extensor digitorum and the
extensor carpi ulnaris (Stoeckart et al. 1989). The repeated extension actions during
pinching and grasping exert forces at the ECRB tendon and origin; repetitive large
forces and inadequate biomechanics might make ECRB more susceptible to injury or
hinder the healing process after injury (Stoeckart et al. 1989). The tendon is the
interface that connects the muscle to the bone; therefore, it conveys muscle force to the
bone to produce joint movement (Fedorczyk 2006). The vascularity of tendons is poor
in general; hence poor healing may develop in some tendon injuries (Fenwick et al.

2002).
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http://www.health.com

2004). A problem in the elbow might be compensated by other parts in the kinetic chain;
these compensations might be present as maladaptations, previous injuries, muscle
imbalance or poor postural alignment. Equally, the scenario could be the other way
round, where problems in proximal structures violate the normal biomechanical
generation and loading of forces in the kinetic chain, thus leaving the elbow more
susceptible to injury (Kibler and Sciascia 2004). Thus the examination of the shoulder,
trunk, hip and leg should be considered by health professionals while assessing patients
with tennis elbow in order to screen any abnormality and modify their management plan
accordingly (Kibler and Sciascia 2004). Physiotherapists who are experts in upper limb
musculoskeletal conditions at the Host organisation, Sheffield have for some time been
doing screening tests for the shoulder, trunk, hip and leg, and they incorporate core
stability exercises for patients with tennis elbow along with the commonly used
treatment for tennis elbow. Results have been promising so far (unpublished data/ Host

organisation, Sheffield).

1.1.6 The new integrative model for tennis elbow

The new integrative model of tennis elbow is based on the reductionism theory,
where a complex problem is reduced into smaller basic elements to make it easier to be
understood and analysed (Ahn et al. 2006). Reductionism has been the predominant
approach of enquiry, diagnosis and treatment in medicine for centuries. Nonetheless, it
has its limitations, for example the inability to explain the nonlinear interaction of the
components. Therefore, the systems approach is a new perspective of enquiry that
addresses the nonlinear component-component interaction and dynamics (Ahn ef al.
2006a). However, Coombes et al. (2009) overcome this limitation by defining their
model as an integrative model that comprises three interrelated components, thus their
model goes beyond the linear relations between these components. The basic Venn
diagram with overlapping circles (Figure 2) used to conceptualise the model also shows
the hypothetically possible relations between the different identified pathology
components of tennis elbow. Yet it does not show how they interrelate with each other
and the proportion of their involvement. It might be difficult with the currently available
knowledge about tennis elbow pathology to predict how these components interrelate

with each other. But given the chronic nature of the condition and plasticity of the
8



nervous system, we could at least predict a more complex diagram where time and
internal body feedback play a major role in deﬁning the complex pathology of tennis

elbow.

The following section will review the three factors of the new integrative model

of tennis elbow proposed by Coombes et al. (2009). The first factor is tendon pathology.

1.1.6.1 Tendon pathology

For decades tendon pathology has been thought to be the underlying cause of
tennis elbow but it does not explain some of the characteristics of tennis elbow like the
bilateral sensorimotor deficits and referred pain for example. However, the
histopathological and electromyographic studies suggest that there are pathological and
dysfunctional changes in the musculotendinous unit of the extensor carpi radialis
muscle in patients with tennis elbow (Slater ef al. 2003). This means that a tendon
pathology is present in patients with tennis elbow but it is not the only cause underlying

the pathology of the condition, hence the unexplained symptoms of tennis elbow.

In the elbow surgery literature, authors described the cause of tennis elbow as an
enthesopathy of the common extensor origin at the lateral epicondyle (Aoki et al. 2005).
Enthesopathy is a term used to describe the disease at the site of attachment of muscle
tendons and ligaments to bony or joint capsules (Benjamin et al. 2006). On the other
hand, muscle imbalance is another term that is commonly used in biomechanics and
sport related literature when discussing the cause of tennis elbow. Tennis players who
are diagnosed with tennis elbow constitute less than 5 to 10% of tennis elbow cases but
50% of recreational tennis players will develop tennis elbow (Nirschl 1986). This high
prevalence rate could be explained by the fact that novice players tend to strike the ball
with a flexed wrist while their experienced peers strike the ball with their wrists more in
extension (Eygendaal et al. 2007). Moreover; kinematic data and computer models have
shown significant eccentric contractions of the ECRB in novice players with low muscle
activation at ball impact which could lead to repetitive microtrauma that will develop

later to tennis elbow (Riek et al. 1999).

Determining the histopathological status of the ECRB tendon could help health

professionals to adjust their treatment according to the tendon changes. This is
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inherently being done by health professionals by classifying their patients into acute and
chronic. Unfortunately, objective measures that are available to assess the
histopathological changes in the tendon are limited, for example biopsy is an invasive
and impractical method to be used as a routine assessment in the clinic and magnetic
resonance imaging (MRI) is not usually done in these patients unless they are due to
surgery. Therefore, health professionals do not have the technology for routine
histopathological tests (Fedocrzyk 2006; Stasinopoulos and Johnson 2006). The best
that could be done by health professionals now in order to establish the
histopathological changes is the history of the condition (Fedocrzyk 2006). Where
symptoms lasting less than three months are classified as acute tennis elbow and
symptoms lasting more than three months are classified as chronic tennis elbow
(Fedocrzyk 2006).

Another way of assessing the histopathological changes in the tendon is
ultrasound; a new study by Clarke ef al. (2010) was the first study to correlate the
clinical outcomes of tennis elbow with ultrasound images. Ultrasound is one of the
imaging modalities that can be used to confirm the diagnosis of tennis elbow and
determine its severity (Connell et al. 2001); it shows structural changes and blood flow
changes. The structural changes of the tendon include tendon thickening, fibroblastic
degeneration and heterogenictity. The structural changes could be progressive and
reflect the severity of tennis elbow. The findings of the study by Clarke ef al. (2010)
suggest that the degree of tendon tear correlate with the severity of tennis elbow, where
patients with large tears identified by the ultrasound are less likely to respond to
conservative treatment. Blood flow is another feature that could be assessed using
ultrasonography and colour Doppler, increased blood flow or neovascularisation has
been found in the tendon of ECRB in patients with tennis elbow (Clarke et al. 2010;
Zeisig et al. 2006). However, it does not correlate with the pain and functional disability
of tennis elbow (Clarke et al. 2010). This suggests that neovascularisation is not linked
to the healing process in the tendon; it is more likely to reflect the chronicity of the

condition and is related to pain mediation in these patients (Fedocrzyk 2006).

While discussing the tendon pathology in tennis elbow, we cannot ignore the

contribution of the sports medicine literature in understanding the aetiology and
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pathophysiology of tennis elbow in athletes. Kibler (1995) suggested a framework to
identify the causation of tennis elbow; he called it the negative feedback vicious cycle
(Figure 4). The negative feedback cycle is based on Meeuwisse's framework (mentioned
under the aetiology section 1.1.2, also see Figure 1), but it differentiates between
subclinical adaptations (cellular and tissue changes) and clinical symptoms (pain and
weakness of the extensors muscles). For the clinical symptoms to be evident, significant
stress and strain have to be placed on the tissue. Despite the fact that repetitive
microtrauma might not place the level of stress and strain needed to elicit symptoms,
they still have harmful and damaging effects on tendon, muscle and muscle-tendon
junction (Kibler 1995). These damaging effects have been identified at cellular and
tissue levels; regardless of the different hypotheses of tennis elbow, cellular damage
means that the cell is unable to produce a normal shape and size matrix. Clinically

observed symptoms are those changes occurring at the tissue level.

Age Tissue overload
Previous injury
Surgery —»| Absolute Relative

N AN

Tissue injury

Subclinical
\ Adaptations
Functional
. . Biomechanical
Clinical symptoms [y Deficits

Figure 4: Negative feedback vicious cycle (Redrawn from Kibler 1995).

Taking another perspective, a study of four case series revealed radiological and
histological evidence of osteonecrosis of the lateral epicondyle in tennis elbow (Barakat
et al. 2004). The osteonecrosis of the lateral epicondyle is not explained but it could be
due to the poor mechanical pull of the extensor muscles along with continuous

biomechanical loading.
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Further insight into understanding the tendon pathology in tennis elbow is to
observe the findings of tendon changes in other tendinopathies like the patellar
tendinopathy and achillis tendinopathy because there are similarities in the symptoms
and response to treatment in these conditions (Coombes et al. 2009). “Stress shielding”
is being more and more accepted as a possible aetiology for tendinopathies. Its
underlying theory views the tendinopathy as a combined overuse-underuse injury while
the majority of the tensile load being transferred to the superficial portion of the tendon
while the deep portion bears too little of that load. Bearing in mind that the deep portion
of the tendon is the part that is mostly affected in tennis elbow, this means that low load
contributed to the injury. In turn this implies that the common tennis elbow aetiology of
tendon overuse is not completely true and it should be replaced by the tendon overuse
and underuse model. (Orchard et al. 2004).

1.1.6.2 Motor system impairments: sensorimotor and proprioceptive

deficits

This is the second factor in the theoretical integrative model. Motor performance
is often assessed in patients with tennis elbow; the majority of studies on tennis elbow
reported strength assessment. Grip strength is a popular measure of motor performance
in patients with tennis elbow; patients tend to have decreased grip strength in their
affected arms (Pienimaki er al. 2002). However, there are other aspects of motor
performance other than strength; sensorimotor function is one of them. Only a few
studies have investigated sensorimotor performance in patients with tennis elbow.
Pienimaki and his colleagues (1997) were the first to assess sensorimotor function in
patients with tennis elbow. They found bilateral increase in reaction time and decreased
speed of movement in patients diagnosed with unilateral tennis elbow when compared
to sex and age matched control group. Their results showed statistically significant
increases in simple, 1-choice and 2-choice reaction times as they were 19% to 36%
slower in patients when compared to controls. Speed of movement was also

significantly lower in patients by 31%-32%.

The study of Pienimaki and colleagues (1997) showed novel results of

sensorimotor deficits present in tennis elbow and therefore added a new dimension to
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the understanding of the condition. However, the assessment was done only once with
no follow ups, which makes it impossible to judge whether these deficits were primary
and made those patients more susceptible to develop tennis elbow or whether these
deficits were secondary to the condition itself. Furthermore, patients included in the
study were very chronic with duration of symptoms between 15 to 102 months, while
the average duration of symptoms is between 6 and 24 months (Smidt and Windt 2006).
However, the average duration is usually for patients who have self limiting tennis
elbow and therefore, their symptoms will resolve on their own. This justifies including
chronic patients in the study but given the high recurrence rate of tennis elbow it might
be worthwhile to undertake research with less chronic patients to establish whether they

have sensorimotor deficits even after the symptoms had resolved.

Similar results of slower reaction times and decreased speed of movement were
found by Bisset ef al. (2006). Reaction times were slower by 11% to 13% and speed of
movement was decreased on average by 2% to 15%. Both results were statistically
significant but the reduction was less than reported earlier by Pienimaki et al. (1997).
The authors claimed that this difference could be due to the different chronicity of
tennis elbow, as the median duration of tennis elbow was 31 months in the Pienimakie
et al. study while it was 4.5 months in the Bisset et al. study. Both studies, used the
same instrument for collecting the data of reaction time and speed of movement and
also used the same protocol, therefore their results are comparable given the fact that the
age range and sex distribution were also similar (see Table 2 for studies details). The
assessment was carried out by a blinded assessor which eliminated researcher bias on

participants' performance.

Following the same argument on reaction time, a recent study by Bisset et al.
(2009) reported that sensorimotor deficits present bilaterally in patients with unilateral
tennis elbow and remain even after treatment. This single blind randomised controlled
trial had a large sample size and assessment at base line, 6 and 52 weeks follow-up.
With a large sample size it is more likely to have a random sample so it is assumed that
the sample is more representative of the population, therefore, the results could be
generalisable to patients with tennis elbow who have similar characteristics. The follow

up assessment allows tracking changes in sensorimotor function over time, something
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that was missing in previous studies. Results showed that although pain resolved and
function improved, sensorimotor deficits remained and were not affected by the
treatment; however, it should be noted that the treatment was not directed to
sensorimotor function. The authors concluded that further research is warranted to
investigate sensorimotor function in patients with tennis elbow. The clinical
significance of these sensorimotor deficits was not discussed; it could be argued that
these deficits might be statistically significant but not clinically significant in the light
of Bisset et al.'s (2009) findings as other symptoms had improved. It is too early at this
point to make a decision about clinical significance even if other symptoms subsided
because the recurrence rate is high and the longest follow ups was done at 52 weeks,

there is no evidence yet telling us the prognosis after 52 weeks.

All the previous studies investigated gross motor function in patients with tennis
elbow. On the other hand, fine motor function was assessed by Skinner and Curwin
(2007), who administered two measures of upper limb function: the Purdue Pegboard
Test (PPT) and the Complete Manual Dextrity Test (CMDT) to 28 patients with tennis
elbow and 28 age, gender and hand dominance matched control group. They found a
statistically significant decrease in fine motor function in patients with tennis elbow
when compared to the other group. Unlike the other studies, this study included acute
and chronic patients with tennis elbow and found no effect of the length of the injury on
the fine motor function. The sample size was smaller than the previous studies and
participants selection was not randomised which implies that generalisation of the
results should be done with caution to populations with similar characteristics. However,
sampling bias was minimised by matching patients to age, gender and hand dominant

controls.

A conflicting study by Juul-Kristensen et al. (2008), investigated the
proprioception of the elbow and knee joints in a group of patients with tennis elbow as
compared to a control group. Proprioception was assessed using joint position sense and
the threshold to detection of a passive movement. Findings revealed reduced
proprioception of the elbows in patients with tennis elbow but no differences were
found between groups regarding the knee proprioception. The authors interpreted the

results in the light of a local muscle injury, and excluded the possibility of a generalised
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effect which is in conflict to the findings of Pienimaki ef al. (1997), Bisset et al. (2006)
and Bisset et al. (2009). However, the interpretation of Juul-Kristensen et al. (2008)
seems inappropriate given the small sample size (15 patients and 21 healthy controls)
and the fact that patients were moderately affected with tennis elbow, the chronicity
period of tennis elbow was not reported, the authors only mentioned that 9 patients had
pain in the last seven days. The chronicity period is an important aspect to bear in mind
when comparing the results of these studies especially as all the previous studies
included chronic patients except the study by Skinner and Curwin (2007) who included
both chronic and acute patients (acute patients less than 12 weeks). Table 1 shows the
chronicity periods in the different studies and Table 2 provides a summary for the
studies. Despite the fact that no deficits were detected in knee proprioception, this was
the first study to assess the lower limb in patients with tennis elbow in order to
investigate any generalised effects of the condition. Therefore, this would suggest a
need to conduct further studies with larger sample sizes and identified chronicity of the
condition to investigate motor control function of the lower limb in patients with tennis

elbow.

None of the previous studies included conclusive interpretation for their findings
because of the unknown aetiology and pathology of tennis elbow; nevertheless, those
who found bilateral deficits have suggested some explanations. These explanations were
either the involvement of a central sensitisation process due to pain or some changes in
the 'somatosensory cortex due to repetitive stereotype movements and pain. Another
explanation for the deficits seen bilaterally suggested by Juul-Kristensen et al. (2008)
was that patients will use their unaffected arm more frequently in order to protect their
affected arm. However, this is not likely to be the reason because tennis elbow more
commonly affects the dominant arm and patients usually have no other choice except to

continue using the affected arm in their work and leisure related activities.
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Pienimaki ef al. (1997) women 30 (20-104), men 31 (15-102)

Bisset ef al. (2006) mean in months 7.7+ 10

Skinner and Curwin (2007) mean in weeks 30.54 + 36.69

Juul-Kristensen ez al. (2008) not mentioned (9 patients had pain in
the last 7 days)

Bisset ef al.(2009) mean in weeks 30.9 = 29.2

Table 1: Chronicity of tennis elbow in the previous studies.
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1.1.6.3 Pain system changes

Pain is the third element in the new integrative model of tennis elbow, this
section will include introduction to the concept of pain, central sensitisation and the key

studies investigating pain and central sensitisation in patients with tennis elbow.

Pain is defined by the International Association for the Study of Pain (IASP) as:
"an unpleasant sensory and emotional experience associated with actual or potential
tissue damage, or described in terms of such damage" (IASP website). Musculoskeletal
pain is "a known consequence of repetitive strain, overuse, and work-related
musculoskeletal disorders" (IASP website). The nervous system is plastic and the
simplest type of plasticity is that repeated noxious stimuli will develop either into
sensitisation or habituation; the latter means decreased response while the former means
increased response (Eriksen and Ursin 2004). Central sensitisation has been reported to
be the cause of pain in some chronic musculoskeletal conditions like fibromyalgia, back
pain and carpal tunnel syndrome (Staud and Smitherman 2002; Zanette et al. 2010; Nijs
et al. 2010). This is supported by evidence of sensory testing, brain imaging and blood
tests (Zanette et al. 2010). There is an accumulating evidence of experimental and
clinical studies that suggests a similar central sensitisation process in patients with
chronic tennis elbow (Pienimaki et al. 1997, Bisset ef al. 2006; Bisset et al. 2009; Slater
et al. 2003; Slater et al. 2005). The available literature so far investigated the sensory
changes and neurotransmitters in chronic tennis elbow, yet, there is no study on brain

images in these patients.

Acute pain is thought to be a protective mechanism to prevent further damage
which is triggered by noxious stimuli; however, in central sensitisation pain is not -
protective anymore (Latremoliere and Woolf 2009). It could either flare up
spontaneously without any stimuli or it could arise by normal harmless stimulus, this
pain is known as allodynia. Also pain could be evoked by noxious stimuli but in an
exaggerated and long lasting manner which is known as hyperalgesia, while secondary
hyperalgesia refers to the pain that extends beyond the site of injury (Latremoliere and
Woolf 2009; Staud and Smitherman, 2002). Hyperalgesia and secondary hyperalgesia
are some of the distinctive manifestations of central sensitisation that have been

reported in patients with tennis elbow and could be recognised clinically by health
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professionals through performing quantitative sensory testing (Graven-Nielsen and

Arendt-Nielsen 2002).

Central sensitisation is increasingly being linked to a number of chronic
musculoskeletal disorders like fibromyalgia, chronic whiplash and recently carpal
tunnel syndrome (Nijs ef al. 2010). Similarly, it should be addressed in patients with
chronic tennis elbow as it might be responsible for the unresolving pain in these patients.
The understanding of central sensitisation involvement in chronic tennis elbow will
facilitate applying a mechanism based physiotherapy management approach (Graven-
Nielsen and Arendt-Nielsen 2002). Although the term central sensitisation is becoming
popular between health professionals, its definition, manifestations, ways of assessment
and interpretation are still not clearly understood. For the purpose of this review, a brief

introduction to central sensitisation is included.

Central sensitisation means pain hypersensitivity due to changes in the central
nervous system (Latremoliere and Woolf 2009). These changes alter the way the central
nervous system respond to stimuli rather than pain being associated with the occurrence
of noxious stimuli (Latremoliere and Woolf 2009). In the language of neurophysiology
the central sensitisation refers to the enhancement in the function of dorsal horn neurons
and circuits in nociceptive pathways in the spinal cord (Staud and Smitherman 2002). It
is caused by increases in membrane excitability, synaptic efficacy and reduced
inhibition (Latremoliere and Woolf 2009). It demonstrates that the somatosensory
nervous system is plastic and responds to activity, inflammation and neural injury where
the pain hypersensitivity is the result of the change in sensory response. Figure 5 is a
basic diagram that shows the structures involved in central sensitisation and Figure 6

summarises the mechanisms of c_entral sensitisation.
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It is of paramount importance for health professionals to understand the link
between central sensitisation and chronic musculoskeletal conditions in order to be able
to detect the manifestations of central sensitisation, assess them and integrate them in
the treatment plan. Central sensitisation is a result of the chronicity of the disease
because it is a time dependent process and it is usually seen in patients who have had
pain for a long period of time (Graven-Nielsen and Arendt-Nielsen 2002). In patients
with chronic tennis elbow, it seems that the persistent pain at the affected elbow
stimulates the process of central sensitisation then the latter transforms the local
pathology to a generalised one (Graven-Nielsen and Arendt-Nielsen 2002). Evidence on
the involvement of central sensitisation in chronic tennis elbow is based on the findings
of quantitative sensory testing which can be used by health professionals in their clinics
to assess the manifestations of central sensitisation (Graven-Nielsen and Arendt-Nielsen
2002). However, unlike other chronic musculoskeletal conditions, evidence of brain

imaging in patients with tennis elbow is still not available.

Health professionals might lack the knowledge and experience when it comes to
the difference between peripheral sensitisation and central sensitisation; the simplest
explanation would be that peripheral sensitisation is only bound to the site of injury
itself while central sensitisation spreads outside the site of injury (Graven-Nielsen and
Arendt-Nielsen 2002). Another important characteristic of central sensitisation is its role
in mechanical sensitivity. While peripheral sensitisation affects heat sensitivity, patients
with chronic unilateral tennis elbow presented with mechanical hyperalgesia (Graven-

Nielsen and Arendt-Nielsen 2002).

A number of experimental studies have been carried out mimicking the
characteristics of tennis elbow which are localised deep tissue pain, hyperalgesia and
decreased force of wrist extensors (Slater et al. 2003; Slater et al. 2005; Fernandez-
Carnero et al. 2010). The studies design and results are shown in Table 3. Slater et al.
(2003) did an experimental study on healthy participants to build a human model for
tennis elbow by injecting an exogenous stimulus for muscle nociception. Results
showed that the most sensitive sites were the ECRL origin and ECRB muscle belly
which indicate a higher density of nociceptors and explain why patients with tennis

elbow complain from pain and hyperalgesia in these areas (Slater et al. 2003).
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In another study using the same protocol as the previous study, Salter et al.
(2005) compared the experimentally induced muscle pain in healthy participants and
patients with unilateral tennis elbow. The patients showed earlier onset of pain, longer
lasting pain and larger areas of referred pain. Moreover, bilateral increase in the deep
tissue sensitivity, all of these suggests an involvement of a central sensitisation process

(Slater et al. 2005).

The previous results are supported by Fernandez-Carnero et al. (2009) who
explored the extent of the somatosensory impairments in patients with tennis elbow as
compared to healthy controls. A battery of sensory tests was carried out and the findings
showed that patients with tennis elbow had bilateral pressure pain hyperalgesia not only
in the elbow region but also in their wrists. The bilateral pain in the distant areas
suggests that contra-lateral segmental sensitisation has occurred due to segmental
central sensitisation of the dorsal horns. On the other hand no significant changes were
detected in the other thermal and vibration sensory tests which also indicate that

mechanical hyperalgesia is a characteristic for tennis elbow.

A recent experimental study by Fernandez-Carnero er al. (2010) applied
topographical techniques to map the pressure sensitivity changes in healthy participants
who had induced delayed muscle soreness as a model for tennis elbow. The results
showed the pressure pain sensitivity maps were heterogeneously distributed and the
ECRB belly muscle was the most sensitive point. The finding about the ECRB is in line
with previous studies, supporting the role of ECRB in tennis elbow. This study also
stimulated further research to investigate the role of eccentric exercises in tennis elbow
management. It should be born in mind that only repetitive eccentric exercises were
used to induce a model of tennis elbow. However, repetitive eccentric exercises are not
sufficient alone to mimic the symptoms of tennis elbow, as repetitive eccentric exercise
is presented with hyperalgesia and force attenuation while resting pain does not
accompany it (Slater er al. 2003). Therefore, resting pain should be induced using
another technique such as the saline injection. Interestingly Fernandez-Carnero ef al.
(2010) referred to Slater ef al. (2003) in the protocol but they did not actually do the
combined approach of saline injection and repetitive eccentric exercise recommended

by Slater e al. (2003).
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The studies by Slater et al. (2003) and Fernandez-Carnero et al. (2010) were
performed in healthy populations aged between 22 and 27 years while the age of onset
of tennis elbow is usually after 45 years. No control group was included. However the
other two studies by Slater ef al. (2005) and Fernandez-Carnero et al. (2009) included a

control group that was age, gender and affected arm matched.

Further research that might help to explain the pain mechanism in tennis elbow
come from an immunohistochemical study by Zeisig ef al. (2009). This study suggests
that there is an immunohistochemical evidence of local production of catecholamines in
the fibroblasts of the muscle origin at the lateral epicondyle in patients with tennis
elbow while no evidence of production of catecholamines was found in healthy controls.
Catecholamines are a neurotransmitter that can be produced by non neural tissues and
might interfere with vasoconstriction of the blood vessels and pain sensation in patients
with tennis elbow (Zeisig ef al. 2009). Although this study is the first to report the
production of catecholamines, there are some concerns regarding the sample of patients
as they had undergone surgery for their tennis elbow, so it could be argued as to
whether the same findings will be found in patients with tennis elbow who did not have
any surgery. Table 3 shows the details of the key studies that investigated pain in tennis

elbow.
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1.1.7 Therapeutic approaches used in the management of
tennis elbow

In this section the main conservative therapeutic approaches used in the
management of tennis elbow are presented. All the current treatment methods target the
local pathology of the elbow, these treatment methods do not differentiate between
subgroups of patients with tennis elbow who might present with different pain and
motor deficits. It is important to review current clinical practice used in tennis elbow
management in the light of the findings of pain system changes and motor system
impairments in order to establish whether there is a gap between science and clinical

practice.

Tennis elbow is a challenging condition; although the symptoms might be
classified as uncomplicated, they might be persistent in spite of the treatment. Different
treatment options are available, ranging from simple conservative techniques to
complicated surgical interventions. The main objective of rehabilitation is to relieve the
pain and restore the muscles' function. Therefore, treatment directly targets the main
symptoms which are the pain and reduced grip function. Although tennis elbow has
been known for more than a century, there is no certainty about which is the best
approach for treatment; this confusion could be due to the unclear pathophysiology and
the lack of well conducted studies (Hong et al. 2004). The commonly used conservative
treatment options are: non-steroidal anti-inflammatory drugs; corticosteroid injections;
wait and see and physiotherapy. The latter involves a variety of techniques such as
strapping, friction massage, ultrasound, mobilisation and exercise. Surgical intervention
is viewed as the last resort after the failure of all previous conservative options (Dwyer

et al. 2008).

Corticosteroid injection is a popular method of treatment but evidence shows
that it has only a short term effect and patients who undergo injections will have higher
recurrence rate in the future. In a single blind randomised controlled trial (RCT) Bisset
et al. (2006)a compared three treatment options: mobilisation with movement and
exercise; corticosteroid injection and wait and see policy. They reported that patients

who had corticosteroid injection were significantly better at 6 weeks but had higher
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recurrence rates subsequently, while patients who had physiotherapy had better long
term outcomes compared to the other groups. The sample size was relatively large (198
patients) with a wide age range (18 to 65) which enhanced the generalisability of the
results. An earlier RCT by Smidt et al. (2002) investigated physiotherapy, corticosteroid
injection and “wait and see” in 185 patients and found very similar results. Although the
two studies had similar findings, the physiotherapy program was different, while Bisset
et al. (2006)a investigated mobilisation with exercise, Smidt et al. (2002) investigated
pulsed ultrasound, friction massage and exercise. Furthermore, the data from both
studies were used to see if subgroups of patients with tennis elbow respond differently
to conservative treatment. Results showed that patients responsiveness to treatment
were very similar across a heterogenic population which support the generalisability of
individual RCT. Another RCT by Bos ef al. (2004) showed that physiotherapy
(ultrasound, friction massage and exercise) is superior to corticosteroid injection and
wait and see at 52 weeks. However, the study also involved cost effectiveness analysis

that revealed physiotherapy to be costly compared to the other interventions.

Braces are another common treatment for tennis elbow. Struijs et al. (2006)
conducted an RCT to compare physiotherapy, brace and combination. At one year,
follow up success rates were similar but physiotherapy was the most effective. Cost
effectiveness analysis also revealed physiotherapy to be cost effective compared to
other groups but this was not statistically significant. There are other conservative
methods of treatments such as acupuncture and electrotherapy; these were not discussed
because they have poor based evidence and sometimes no evidence in the management

of tennis elbow (Ruane ef al. 2010).

This section only reviews conservative methods of treating tennis elbow;
however, chronic tennis elbow might require surgery (Boyd et al. 1973; Coonrad and
Hooper 1973). The success rate of surgery varies extensively in the literature, ranges as
low as 50% and as high as 90% being reported in different surgical interventions
(Dwyer et al. 2008; Khan et al. 2007). This means that surgery is not a perfect treatment
for patients with chronic tennis elbow; it also suggests that chronic tennis elbow is not

solely tendon pathology.
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Sub grouping patients with tennis elbow according to their chronicity and
symptoms has been suggested by Coombes ef al. (2009) and Fedocrzyk (2006). The aim
of sub grouping patients with tennis elbow is to enable health professionals to deliver
and prioritise the treatment appropriate for the presenting symptoms. However,
classifying patients with tennis elbow is not straightforward. Tendon changes for
example would be better diagnosed by biopsy, which is an invasive and impractical
method or MRI which is not usually done in these patients unless due to surgery
(Fedocrzyk 2006). The best that could be done by physiotherapists in order to predict
the histopathological changes is the history of the condition (Fedocrzyk 2006). On the
other hand, the involvement of central sensitisation could be more objectively assessed
by quantitative sensory testing. Health professionals attempting to classify patients with
tennis elbow should assess the involvement of tendon changes, sensorimotor deficits
and pain system changes. Some researchers are still predominantly focussed on tendon
pathology and only refer to the histopathological changes of the tendon when talking

about tennis elbow classification like Fedocrzyk (2006).

1.1.8 Is the management of chronic tennis elbow evidence

based?

Having reviewed the literature underpinning the current management of tennis
elbow, this section evaluates the current management and how it fits in the principle of
evidence based practice. It also highlights the clinical reasoning of pain performed by

physiotherapists while treating patients with chronic tennis elbow.

Evidence based practice is the application of best care to patients according to
the best available research evidence; this implies sometimes a change to the traditional
treatment (Jette er al. 2003). It is noted that treatment options for tennis elbow are
directed toward the local muscle pathology, bearing in mind the integrative model of
tennis elbow proposed by Coombes et al. (2009), this approach of treatment addresses
only part of the problem. Slater et al. (2005) concluded that the management of patients
with chronic tennis elbow needs to address the normalisation of the sensitive nervous
system thus stretching the boundaries of the current treatment from being directed to the

localised tissue pathology. Although accumulating evidence suggests central
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sensitisation process in patients with chronic tennis elbow, this evidence is not being
taken on board by health professionals. In a recent report; Nijs et al. (2010) discussed
central sensitisation in patients with musculoskeletal pain and how to apply pain
neurophysiology in manual therapy practice. However, they did not mention tennis
elbow at all in their master class report which reflects the lack of integrating research
findings of chronic tennis elbow in the management of the condition. A possible
explanation for the discrepancy between research findings and clinical practice could be
that health professionals are not aware themselves of new research findings, or it could
be that they do not have the appropriate knowledge and skill to translate findings of the
neurophysiology literature into their management approach. Moseley (2003) identified
two barriers that make health professionals unable to reconceptualise the problem in
chronic pain. The first barrier is their poor knowledge of up to date accurate information
about the neurophysiology and management of pain and the second barrier is that they
underestimate the ability of their patients to understand the neurophysiology of pain.
Whichever is the case; this violates the essence of the evidence based practice because
the best research evidence is not being considered in the clinical process (Moseley

2003).

Another reason that might explain the failure of health professionals to diagnose
and treat central sensitisation in patients with tennis elbow is the absence of clinical
criteria that define central pain. Smart et al. (2010) conducted a Delphi study to
establish clinical criteria for central pain through expert consensus, where consultant
physicians in pain medicine/ anaesthesia and specialist musculoskeletal physiotherapists
developed a set of clinical indicators for central pain. These clinical indicators included:
pain persisting beyond expected tissue healing/pathology recovery times, positive
findings of hyperalgesia (primary and secondary), more constant unremitting pain and a
history of failed interventions. Interestingly, these clinical indicators are common
findings in patients with chronic tennis elbow, which suggests again that health
professionals have to consider central sensitisation during the management of these

patients.

The future of effective tennis elbow management should integrate the findings

of the research into the treatment methods, especially for those patients who develop

28



chronic tennis elbow. Pain education is another aspect that is worthwhile to look at in
the patients who have chronic tennis elbow as patients with chronic back pain had
decreased pain after the biology of their pain was explained (Moseley et al. 2004).
However, pain education should embrace the basics of modern pain neurophysiology
and not the structural model pathology; because the latter does not provide answers for
chronic pain (Moseley et al. 2004). The medical model of structure/ pathology oriented
explanation is directing the process of clinical reasoning in physiotherapy practice and
clinical reasoning in tennis elbow is not an exception (Moseley 2007). However, in a
study by Smart and Doody (2007), experienced physiotherapists showed a dynamic and
multidimensional process of clinical reasoning where they embraced the following
aspects of pain based clinical reasoning: biomedical, psychosocial, pain mechanism,
chronicity and irritability/severity. The clinical reasoning style shown in this group of
experienced physiotherapists addresses the holistic approach of patient's management.
Unfortunately physiotherapists and health professionals in general seem to be in favour
of the medical model of structure/pathology and consequently they are prone to miss
some of the important aspects of the patients' problem because they cannot see the
holistic multidimensional picture. No study has been done to explore the clinical
reasoning style in physiotherapists when they diagnose and treat tennis elbow. However
the currently used therapeutic approaches clearly reflect a medical model of structure

and pathology. This again explains why the key role of central sensitisation is missed.

Moreover, pain education is an integral part of the biopsychosocial approach
which is increasingly being linked to the understanding and treatment of chronic pain
disorders (Gatchel et al. 2007). The biopsychosocial approach conceptualises pain as a
multifactorial feature that involves physiological, psychological and social factors; these

factors influence the clinical presentation of pain (Gatchel ef al. 2007).

The innovative treatment approaches of normalising the sensitive nervous
system and pain education mentioned in this section are theoretical and based on the
research findings in the area of chronic tennis elbow. Up till this point the effectiveness
of these therapeutic approaches in patients with tennis elbow were not investigated yet.
Although the effectiveness of treatment is beyond the scope of this thesis, future

research around chronic tennis elbow should focus on this area.
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1.1.9 Summary

The following issues have arisen from this literature review:

e Tennis elbow is a common problem of the upper limb that can be challenging and
resistive to treatment.

e The actiology and the pathology of tennis elbow are still not clear but a multi-
factorial pathology is suggested where tendon pathology, sensorimotor impairments and
pain system changes contribute in varying proportions to the overall presentation of
tennis elbow .

¢ Sensorimotor deficits are present bilaterally in the upper limbs of patients with
unilateral tennis elbow and remain even after treatment which suggests a central
sensitisation process.

e Mechanical hyperalgesia is reported bilaterally in the upper limbs of patients with
unilateral tennis elbow which also suggests a central sensitisation process.

e The main aim of tennis elbow management is to relieve the symptoms of pain and
decreased strength. Different therapeutic approaches are available but there is no
consensus on an effective way of management.

e The failure of the current treatment to resolve tennis elbow in some patients may be
due to a lack of understanding of tennis elbow pathology.

e The discrepancy between research findings on bilateral deficits of sensorimotor,
proprioception and hyperalgesia and clinical management of tennis elbow violates the
principle of evidence based practice.

e Tennis elbow is no longer viewed as a local muscle pathology; evidence shows that
it is a chronic condition that involves peripheral and central sensitisation processes.

e Central sensitisation has been investigated locally and bilaterally in patients with
tennis elbow, while generalised central sensitisation remains a very under-researched

arca.
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1.1.10 The Gap in the literature

Although different studies suggested that tennis elbow is a chronic condition
that involves peripheral and central sensitisation processes, bilateral sensorimotor and
pain changes of the upper limb have been the focus of the previous research studies. The
research on generalised sensorimotor, or pain changes is scarce as only one study was
performed to assess the sensorimotor function of the lower limb. However, that study
investigated the proprioception of the elbows and knees in patients with tennis elbow
and its findings are not conclusive because it involved patients who were moderately
affected while previous studies included chronic patients. Moreover, it seems more
relevant to investigate the response time of the lower limb in patients with tennis elbow
because it was measured repeatedly in the upper limbs of these patients in the previous
studies where bilateral deficits have been found. Therefore, studies on response time in
the lower limb in patients with chronic tennis elbow are warranted to investigate the

hypothesis that generalised sensorimotor deficits occur in these patients.

It can be seen from this review that there are a number of gaps in the literature;
firstly, sensorimotor deficits have only been investigated in the upper limb of patients
with tennis elbow although generalised sensorimotor deficits have been suggested.
Secondly, response time and speed of movement are only one aspect of sensorimotor
function. Balance is another aspect of sensorimotor function that has not been
investigated yet in patients with chronic tennis elbow but clinical observation suggests
that these patients have poor balance when assessed. Moreover, it could be argued that
balance is more clinically relevant as it could be easily measured while response time
could be rather difficult to measure in a clinical setting. It is the intention of this
research to add new knowledge to the field of sensorimotor function in chronic tennis

elbow by investigating balance and response time of the lower limbs.

This review also revealed that the knowledge emerging from studies on
sensorimotor function in patients with chronic tennis elbow are not being translated into
clinical practice. This research seeks to address this discrepancy and bridge the gap
between science and clinical practice by providing new knowledge to physiotherapists

who are involved in the management of chronic tennis elbow.
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The next two sections will review the literature on the outcome measures used
in this study. The review presented here aims to identify the rational for measuring
balance and response time in this study, their relevance to patients with chronic tennis

elbow and why they were selected to be investigated in these patients.
1.2 Balance and Postural control

The first outcome measure is balance and postural control. There are two
reasons behind assessing balance in this study. F irstly, evidence has shown that patients
with unilateral chronic tennis elbow have bilateral sensorimotor deficits suggesting a
central sensitisation process. It is unknown whether these sensorimotor deficits are
present in the lower limb. Only one study was conducted assessing the sensorimotor
function of the lower limb but that study investigated proprioception of the knee joints.
Balance is an important aspect of sensorimotor function and therefore it is justified to be
assessed in patients with tennis elbow. Secondly, clinical observation reported by
experts in tennis elbow management at the Host organisation, Sheffield, UK. Who
observed that patients with tennis elbow tend to have poor balance when they were
asked to stand on one leg. Clinical observation is an important factor that stimulates
research, although this role is not as central as it used to be because research evolved to
be an entity of its own (Probst and Harris 2009; Buckwalter er al. 2001). Clinical
observation and the curious questions raised by expert health professionals should

remain challenging and inspirational sources for research (Buckwalter et al. 2001).

Another aspect of the relevance of balance assessment in patients with tennis
elbow is based on evidence of distorted body image in patients with chronic pain
syndromes like complex regional pain syndrome, phantom limb pain and chronic back
pain (Moseley 2008). The pathology of these conditions and tennis elbow is totally
different but they all share the experience of chronic pain and they are musculoskeletal
conditions that have neurological involvement. The distorted body image affects the
feedback process of the sensorimotor system and therefore this might have an impact on
the postural control system. The hypothesis of distorted body image in patients with
tennis elbow is speculative but it is worthwhile to be considered, however it needs to be
investigated properly in these patients.
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This section will review the definition, neuroanatomy, assessment and the
outcome measures of balance. In the study presented in this thesis, balance
measurement was conducted using a force platform which is not usually used by health
professionals. One might argue against the use of a non clinical method for balance
measurement, however, single leg standing was used in this study and it is one of the
most common tests used by health professionals. The clinical assessment of balance in
single leg standing usually includes observation skills and timing in the popular
Romberg test. The clinical assessment is basic and might indicate the presence of
balance deficits. Using a force platform is a necessity in this study and similar balance

research because it enables us to analyse balance objectively and in more depth.

1.2.1 Definition

Balance, equilibrium, stability and postural control are common terms,
sometimes used synonymously. A number of different definitions can be found for each
of the previous terms but despite the differences, they all reflect the same concept.
These different definitions reflect the different backgrounds of people working in the
area, whether they are interested in biomechanics, kinesiology, physiotherapy, physical
medicine or rehabilitation. According to Pollock et al. (2000) health professionals have
an intuitive understanding of these terms. However, establishing a definition which is
accurate, concise and clinically relevant to physiotherapy practice is a key in the process

of precise assessment and treatment of patients.

There are two types of definitions; constitutive and operational definitions. The
former describe the meaning or the content of a concept by using other concepts while
the latter describe the tasks and functions necessary to measure that concept
(Ragnarsdottir 1996). The following review of the different definitions of balance and
postural control involves mainly constitutive definitions. The operational definition will

be reviewed later in the assessment tools section.

Balance is the ability of the individual to maintain the line of gravity within the
base of support (BOS) and thus prevent falling (Pollock ef al. 2000) or the ability to
control the gravitational forces to maintain posture and control the acceleration forces to

maintain equilibrium (Huxham ef al. 2001). Alternatively, balance can be defined as a
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state of equilibrium (Galley and Forster 1982). It seems that balance is strongly linked

to equilibrium as all the previous definitions include equilibrium.

Postural control is the act of maintaining, achieving or restoring a state of
balance during any posture or activity, through predictive and reactive strategies
(Pollock et al. 2000). Equally, it is the ability to control the body’s position in space in
order to achieve orientation and stability (Shumway-Cook and Woollacott 2011). The
latter definition encompasses two functions of postural control; orientation and stability.
Orientation means that the relationship between body segments, the body and the
environment is properly maintained, and stability is the ability to maintain the centre of

mass (COM) inside the BOS (Shumway-Cook and Woollacott 2011).

It is important to keep in mind that increased sway does not necessarily mean a
state of disequilibrium but could be a disturbance of postural control. From the previous
example Ragnarsdottir (1996) concluded that equilibrium should not be the same
concept as balance and postural control because disequilibrium does not equal postural
control disturbance. The importance of setting a clear definition is to avoid confusion
and misinterpretations. Therefore, balance and postural control should not be viewed as
a single task nor as one system function, they are a dynamic multisystem framework

that has neural and biomechanical bases. (Shumway-Cook and Woollacott 2011).

The interrelation between postural control, balance, equilibrium and stability is
demonstrated in Figure 7. Postural control is the largest concept that encompasses the
other concepts, therefore, it will be used throughout this thesis. However, balance is
commonly used by health professionals and patients so it will be used in this thesis as

well.
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also does not explain fast movements where there is no time for feedback to occur.
Moreover, it ignores the role of the environment on movement because one stimulus
could result in different movements depending on the context (Shumway-Cook and

Woollacott 2011).

Following the reflex theory, the hierarchical theory was developed by a number
of researchers. According to this theory, the nervous system is organised in a hierarchy,
where the higher centres control over the lower centres in what is called a “top down”
fashion. However, this theory does not explain why motor function is sometimes
dominated by reflexes in normal individuals, known as the bottom-up control like

withdrawing the leg when stepping on a nail (Shumway-Cook and Woollacott 2011).

As knowledge expanded, Motor programming theories emerged; the most
distinctive aspect of motor programming as compared to the previous theories, is that
the central nervous system is not being viewed only as a reactive system. The
movements could be generated without the need for a sensory feedback. However, the
environmental effect on the movement is not taken into account which is considered as

a limitation.

The systems theory or the dynamic systems theory was first described by
Bernstein in the 1960s, which looked at the body as a mechanical system that has
redundant degrees of freedom. These degrees of freedom have to be controlled in order
to produce movement. This theory recognises the role of the musculoskeletal system,
gravity forces and inertia in producing movement. It also acknowledges the inherent
variability of the movement while other theories such as motor programming viewed
variability as an error. Although the knowledge of postural control theories has
extensively developed since the reflex theory, the systems theory has its own limitations.
The mathematical formulas and body mechanics dominate the principles of this theory,

giving less emphasis on the role of the nervous system (Davids et al. 2003).

The ecological theory was developed by the psychologist Gibson (1966).
According to this theory, perception detects information in the environment that is
needed to perform the movement; therefore, actions are goal directed within the context

of the environment. The limitation of this theory is that it is less focussed on the
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function and complexity of the nervous system in favour of the interaction between the

body and the environment.

All these theories should be taken into account in order to provide a holistic
approach for postural control by describing the movement as an interaction between the
individual, the task and the environment. Therefore, the postural control encompasses
perception, cognition, action systems and the dynamic interaction between them. In
order to cover the complexity of the postural control function, the factors that shape its
characteristics have to be addressed. These factors could be generally divided into
individual related factors, the specificity of the task and the environment (Horak 1997,
Rogind et al. 2003). Firstly, the individual related factors which include age, gender,
- expectations and health conditions or disability. Secondly, variations in the task could
be endless but might include, changing the speed of walking or running, wearing high
heels, walking on a line or on tip toes. Finally, environment factors that could influence
the postural control could be the texture of the ground; whether solid or slippery, and
lightning to name a few. The task and environmental characteristics affect postural
control by altering the biomechanics and the amount of information to be processed

(Huxham et al. 2001).

Postural control is a complex process that requires multiple systems to work
together. The body receives sensory information from the visual system, vestibular
system and somatosensory systems (proprioceptive, cutaneous and joint receptors). This
flow of sensory information provides an internal representation of the external world.
This internal image is not an exact copy but rather a construction of components of the
sensory stimuli after being analysed by the brain (Kandel e al. 1995). The brain uses
the sensory information to create a frame of reference for postural control regarding the
position and the motion of the body. This frame of reference could be recalled later to
map other similar tasks against it (Kandel et al. 1995). Different senses provide
different references to the nervous system; visual information provides a reference of
verticality, somatosensory information provides a reference in relation to the supporting
surface while vestibular information provides a gravitational reference according to the

head position (Kandel et al. 1995).
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Postural control uses the sensory information to function effectively. However,
the nature of the task and the environment might make postural control rely more on
certain sensory information while the other became less important; for example during
standing while eyes are closed, the postural control will depend on the somatosensory
and vestibular system to maintain balance. Sensory information might be inaccurate or
misinterpreted by the brain because our brain is not able to differentiate between self
motion and external motion; sometimes this happens when two cars stop at traffic light
and one of them moves, people in the other car will think their car is moving

(Shumway-cook and Woollacott 2011).

This internal image is used by the motor system to produce movement which
can be classified into three components: reflex, rhythmic motor patterns and voluntary
movements. These movements are controlled by the lower and higher motor centres; the
former includes the spinal cord and brain stem while the latter is the motor cortex.
Reflexes are controlled by the spinal cord, while rhythmic patterns are controlled by the
brain stem and new movements are controlled by the motor cortex. The movements
controlled by the motor cortex are characterised as goal directed and learned (Kandel et

al. 1995).

Postural control involves lower and higher centres depending on the activity; an
example of reflexes could be stepping on sharp objects when the leg will automatically
be withdrawn. Walking and running are examples of rhythmic patterns as the body is
used to do these activities, on the other hand, trying to balance standing on one leg
involves voluntary movements because it is an unusual activity. However it is important
to realise that within this voluntary movement there are ankle and hip strategies which
are involuntary movement patterns used to maintain balance (Shumway-Cook and
Woollacott 2011).

The relationship between sensory and motor systems is complex, it is important
to appreciate that this process is not a linear step by step process, the messages to and
from the systems involved are continuously active forward and backward. One way to
unveil how they work is to understand the process of coding components of movements
in the nervous system and the process of encoding sensory stimuli by the sensory

systems (Kandel et al. 1995). It is also crucial to realise that cognition is not only about
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the internal modelling, it also involves attention and confidence (Shumway-Cook and
Woollacott 2011).

Figure 8 illustrates in a very basic way the different systems responsible for
maintaining the postural control in single leg standing; all these biomechanical, sensory,

motor and central nervous system components are involved in a coordinated manner.
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1.2.3 Postural control in standing

Balance and postural control should not be studied, assessed or treated in
isolation; they are embedded in an extensive range of functions and tasks that enable the
individual to perform activities of daily life (Huxham et al. 2001). Activities such as
standing, sitting, running, pushing and pulling, regardless of how simple or complicated
they seem to be, all involve a complex integrating feedback from the visual, sensory,
vestibular and somatosensory centres in the brain, thus, the postural control system is
complex and requires the musculoskeletal system and the neural system to work in

harmony (Noda ef al. 2005).

Upright stance is controlled by keeping the centre of gravity (COG) above the
base of support. Muscles of the trunk, lower limbs and neck contract to make the body
rigid, as a result of these contractions, oscillations occur about the vertical axis. These
oscillations are known as postural sway which can be measured using different methods
(Rogind et al. 2003). It should be born in mind that upright posture is usually attached
to other tasks like reaching to a shelf or picking up something (van Emmerik and van
Wegen 2002). For the purposes of this study the focus of the review will be on postural
control with a steady base, as participants will be performing single leg standing on a

stable force platform.

Sometimes, balance is divided into static and dynamic, where static refers to still
standing and dynamic refers to any posture that involves movement. However, this
classification is argued not to be completely precise because even in still standing there
are some postural sways which are literally continuous corrective movements around

the centre of gravity (Ragnarsdottir 1996).

A review of postural control outcome measures is presented next. However, the
majority of health professionals are not necessarily involved in this kind of balance
assessment. Therefore, the review is aimed to help the health professionals audience
understand this method of balance enquiry and appreciate its complexity and
importance as a rigorous, objective way of assessing balance where its findings could

help inform clinical practice in some conditions.
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1.2.4 Postural control outcome measures

Before reviewing postural control outcome measures, centre of gravity (COG),
centre of mass (COM) and centre of pressure (COP) should be thoroughly understood.
They are usually misinterpreted and sometimes used as synonyms. It is important to
understand the definition of each term and the differences between them prior to the
assessment of balance and postural control, otherwise, misleading or false conclusions

could be drawn (Winter 2005; Palmieri ef al. 2002).

1.2.4.1 Centre of gravity (COG), centre of mass (COM) and centre of
pressure (COP)

The COG or the COM is an imaginary point in the body where all forces acting
upon it are balanced, or the point around which the mass and weight of the body are
balanced (Adrian and Cooper 1995; Hall 2007). While the COP is the weighted average
of all the pressures between the supporting surface and the body area in contact with the
surface and COP movement is the neuromuscular response to imbalances in the COM

(Winter 2005).

People are not consciously aware of the positions of COP and COM. However,
they are aware of their limit, that's why an individual will take a step if the COM
exceeds the stability limit (Winter 2005). Both COM and COP are used in the
assessment of postural control but COP and its derivatives are most frequently used in
research (Palmieri et al. 2002). It is important to realise that COM is the controlled
parameter while COP is the controlling parameter. Some studies use the term postural
sway which might be also confusing; it represents changes in COM and therefore,
should not be used in regard to the COP (Palmieri et al. 2002).

1.2.4.2 Postural control indicators: measures of COP

There are many force platform parameters that can be used to measure balance
and postural control, COP parameters are commonly used ones. These parameters are
sometimes known as the traditional COP measures because there are new measures for
COP that will be discussed later in this section. When selecting the force platform

parameters, one should be aware of the reliability, validity, sensitivity and the task being
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assessed. Different studies use different force platform parameters, different BOS,
different visual conditions, different cognitive tasks, different head and body positions
and different length of test and rest time. All these variables make it very difficult to
compare different studies with each other; previous studies stressed the importance of
standardisation of the methods (Goldie et al. 1989; Geurts et al. 1993). Next is a brief

review of a number of main traditional COP parameters.

One of the commonly used COP parameters is the total excursion of the COP or
the sway path which is the total distance travelled by the COP during the trial. The
interpretation of this parameter varies in the literature, often an increase in the total
excursion (TE) of the COP represents an increase in instability. However, a large TE
COP can be found in stable postures, and in this case the COP is making big excursions

or a series of small excursions in order to maintain the balance (Palmieri ef al. 2002).

Another popular parameter is the root mean square amplitude (RMS) and the
root mean square velocity (RMS velocity). Both are reliable measures (Guerts et al.
1993), and both are documented to be sensitive to proprioception and vision (Niam et al.
1999 referenced in Palmieri ef al. 2002). Guerts ef al. (1993) reported that the RMS
velocity had the highest intra-subject consistency and sensitivity out of the following
measures: RMS amplitude, peak to peak amplitude and mean frequency (during
different visual and cognitive tasks). The RMS and the RMS velocity are able to detect
changes in the ap and ml directions, this is important in order to not to miss any postural
impairments (Palmieri et al. 2002). However, the use of the RMS amplitude and
velocity should be done with caution because the link between the variations detected in
both measures and the changes in the postural control system is not established yet

(Palmieri ef al. 2002).

Some studies have used other parameters like the minimum amplitude,
maximum amplitude and peak to peak amplitude. All are 1-dimensional parameters
because they use only single points out of the thousand points collected so this might
misrepresent the data. Another problem could be exaggerated maximum amplitude due
to noise, which might lead the researcher to draw inappropriate conclusions of less
stability (Palmieri ef al. 2002).
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COP velocity which is sometimes referred to as the mean or average velocity of
displacement or the mean total velocity, is reliable in double stance and it is sensitive to
change in the visual conditions (eyes closed and opened). It also has the smallest
reproducibility error (standardised intra-individual coefficient of variation) (Palmieri et
al. 2002; Raymakers et al. 2005). According to Raymakers et al. (2005), it is the most
informative parameter in most situations. While Lafond et al. (2004) found that the
mean velocity was the most reliable measure out of the following measures (RMS, COP
range, COP mean velocity, mean power frequency, median power frequency and sway
area), with two repetitions needed for reliable measure. However, the previous study
involved elderly people over 60 years of old who performed double stance with eyes
opened standing on two platforms. According to Salavati et al. (2009), total mean
velocity demonstrated high to very high reliable data in a group of patients with
different musculoskeletal disorders. Participants performed double stance with eyes
opened and eyes closed. Benvenuti et al., (1999) reported that COP velocity did not
change during different levels of disequilibrium in an elderly group during quiet
standing. They explained that COP measures show the level of ankle control while the

effectiveness of this control is measured by the COG velocity.

Another less frequently used parameter is spectral frequency analysis which is
different than the previous measures because it identifies a frequency range in which the
sensory system is functioning. Different sensory systems will have different frequencies
and different tasks might increase the demand on specific sensory system (Palmieri ef al.
2002). Phase plane portraits are rarely used in research studies but Salavati et al. (2009)
reported that it has high reliability especially in the anterioposterior (ap) and

mediolateral (ml) direction in patients with musculoskeletal disorders.

Although these COP parameters are widely used in the literature, they are either
1 or 2 dimensional (combination of the ap and ml movements) measures and authors
always recommend not using these parameters solely to evaluate postural control
(Palmieri et al. 2002). That is why it is important to consider other parameters to assess
the postural control. For the purposes of this study, the traditional COP parameters will

not to be used. Instead, time to boundary (TtB) will be the main postural control
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outcome measure in this study. The definition, rationale of TtB and why it is appropriate

for this research are reviewed in the following section.

1.2.4.3 Spatial measures vs. spatio-temporal measures

Postural stability is usually assessed using traditional spatial parameters of the
COP and COM, where larger amounts of COP and COM excursions are interpreted as
signs of postural instability (Haddad er al. 2006; Hertel and Olmsted-Karmer 2007).
However, there is an increasing argument against the way the postural instability has
been defined using these traditional measures. This can be clarified in the light of some
recent studies where young individuals may show more postural sway when compared
to a group of elderly or patients with an anterior cruciate ligament (ACL) injury under
specific conditions (van Emmerik and van Wegen 2002). Therefore, depending on
spatial measures alone in examining postural stability might be misleading (Haddad et
al. 2006).

1.2.4.4 Time to Boundary

Time to boundary (TtB), time to contact (TtC), virtual time to contact (VTC) or
virtual time to collision (VTC), different studies might use different terminologies but
all stands for the same concept (Haddad et al. 2006). TtB is another measure of postural
stability that incorporates both spatial and temporal features of postural control. It is
defined as the time estimated for the COP or COM to reach the boundary of the BOS if
it continues on its trajectory at its instantaneous velocity. Therefore, smaller TtB
measures indicate larger postural instability because an individual is vulnerable to fall
when the COP is closer in time to hit the boundary of the base of support (BOS)
(Haddad et al. 2006; Hertel and Olmsted-Karmer 2007; Hertel ef al. 2006). The term
time to boundary will be used through this thesis rather than time to contact because no
contact is likely to occur between the COP and the stability boundary (van Emmerik and
van Wegen 2002). The origin of the TtB refers back to the work done by Lee (1976) and
Lee et al. (1983) on the visual timing in hitting an accelerating ball; they defined that
variable as tau (J]): "the time remaining before contact with an object if the closing

velocity is constant". According to Lee ef al. (1983) continuous TtB information is
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crucial to locomotion activities. The TtB is an adaptation of the tau (] ]) control variable

used by Lee (1976).

TtB takes into account the temporal characteristics like velocity and sometimes
acceleration depending on the method of calculation in addition to the spatial aspects
(displacement). The temporal characteristics are not addressed in most of the traditional
measures of COP and COM (Haddad et al. 2006; Hertel and Olmsted-Karmer 2007).
Although TtB extends our understanding of the postural stability assessment, different
methods of calculation might affect TtB values and interpretation, thus making

comparisons between studies difficult (Haddad ez al. 2006).

1.2.4.5 TtB model vs. Pendulum model

Paloski and Nicholas (1996) concluded that a measure which assesses the COG
in relation to the stability limit is “physiologically more accurate and quantitatively

more robust compared to the traditional measures".

Traditional measures do not take into account the boundaries of stability of the
body. However, the postural control goal is to maintain the body within the boundaries
of the BOS. Therefore, traditional measures do not reflect this goal (van wegen ef al.
2002). There is a need to calculate another measure that addresses that goal, many
studies stressed that the assessment of the postural control has to be performed in
relation to the distance of the COG from the boundaries of the feet (Koozekanani ef al.

1980).

The most commonly used balance control model proposes that there is a steady
equilibrium point where the COG is placed close to the BOS. While in TtB; the balance
control model is based on the stability margin, which does not account for the sway
away of the equilibrium point but it is the sway toward the stability limit (Forth er al.
2007). In the pendulum model, the control variable of posture is solely the product of
the organism while in the TtB; it is the interaction between the organism, environment
and task (Newell 1986 cited in Haibach e al. 2007, Riccio 1993). Haibach et al. (2007)
provided additional evidence that TtB is a postural variable that is regulated instead of
maintaining minimal motion around the centre of stability region as in the pendulum

model.
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1.2.4.6 TtB in the ap and ml directions

As mentioned earlier, TtB is defined as the time estimated for COP or COM to
reach the boundary of the BOS if it continues on its trajectory at its instantaneous
velocity (Haddad et al. 2006). As apparent from the previous definition, the core issue
in TtB is the stability boundary or limit which is defined by drawing a rectangle or a
polygon around the feet. This stability boundary has two dimensions; ap and ml,
therefore, TtB is calculated in both the ap and ml directions. The majority of studies
calculate TtB in both directions; however, some studies opt to report TtB as a composite
value that includes the two dimensions (Schmid and Conforto 2007). It is a debate

whether to report TtB values separately or to combine them in one total value.

For the purposes of this thesis, TtB was calculated using COP. Strategies used to
control COP in the ap and ml directions are different due to the differences in the
alignment of body segments and muscles. Therefore, forces are being generated at
different joints with varying directions (Shumway-Cook and Woollacott 2011). COP in
the ap direction is controlled by the ankle dorsiflexors and planterflexors while it is
controlled by the hip abductors and adductors in the ml direction (Winter 2005). The
previous claim suggests that the COP data acquired from the ap and ml directions might
provide different information due to the separate mechanisms controlling them. As
mentioned earlier studies of TtB vary in the way they calculate TtB and that refers to the
different methodologies used in calculating TtB. The next section aims to clarify why
TtB is sometimes reported separately in the ap and ml dimensions or as one two-
dimension composite measure. Then the difference between both ways will be

explained.

Some studies calculated TtB separately, for example; van Wegen et al. (2002)
calculated TtB in the ap and ml directions, they measured two groups (young and
elderly) while standing double stance during different visual conditions (eyes opened
and eyes closed). They concluded that older participants had lower TtB values in both
ap and ml directions. TtB was lower in the eyes closed condition in both ap and ml
directions while the variability of TtB was not significantly different between the
younger and older groups in both ap and ml directions. Comparing TtB to traditional

spatial COP measures, the former provides additional information about the differences
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that might exist between ap and ml directions, these differences are not revealed using
the traditional COP measures (van Wegen et al. 2002). An example of the differences
between ap and ml directions were shown in van Wegen et al. (2002), when COP
variability was larger in older participants only in the ap direction while differences in
TtB were found between the young and older groups in the ap and ml directions, which
means that TtB might help in understanding the ml aspect of postural control. In another
study by Hertel er al. (2006) TtB was calculated in the ap and ml directions during
single -leg standing in a group of young women, the study’s aim was to assess the
reliability, validity and variability of TtB as compared to the traditional COP measures.
Also a study by Hertel and Olmsted-Kramer (2007) showed that TtB in both ap and ml
directions was lower in patients with chronic ankle instability as compared to healthy
controls. Apart from the previous studies Haddad et al. (2006) calculated TtB to the
boundary to be contacted first according to its trajectory during double stance. The
authors suggested that it is more insightful to calculate TtB to the true boundary of

contact unless specific directional control strategies need to be investigated.

On the other hand, some studies did not report separate TtB in the ap and ml,
instead they calculated a composite TtB that includes the two dimensions of COP
trajectory. This two dimensional stability boundary measure is referred as Virtual Time
to contact (VTC) which was originally proposed by Slobounov et al. (1997). VIC was
found to be lower in older participants during double stance (Slobounov et al. 1997).
Another study by Slobounov et al. (2008) concluded that VTC is a sensitive measure to
perform as the controlling variable in maintaining of the upright posture. It is
noteworthy that Slobounov et al. (2008) raised the differences between their method of
calculating VTC and other previous studies that used the Riccio method in TtB
calculation like van Wegan ef al. (2002) and Hertel and Olmsted-Kramer (2007). The
concept and the computation method of TtB differs between the Riccio method (1993)
and Slobounov ef al. (1997) in these studies, as the VTC computation method takes into
account the acceleration vector in two dimensional stability boundary. According to
Haddad er al. (2006) the different methodologies used in calculating TtB makes it

complicated to interpret and compare different studies.
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Moreover, few studies calculated TtB only in one direction, as seen in the study
by Forth et al. (2007) who defined the stability margin only in the ap direction to
calculate the TtB in a sample of 155 young and old healthy participants. Unfortunately
Forth et al. (2007) did not justify their inclusion of one dimension only of TtB but the
authors suggested that a more complete picture could be given with the inclusion of the

ml direction.

To conclude, in general the studies that have used the Riccio method in
calculating TtB reported two separate measures for TtB in the ap and ml directions
while the studies that have used the Slobounov method in calculating TtB reported only
one measure for TtB because the two dimensions are already included in the
computation process. Those who reported TtB in one dimension did not justify their
selection and suggested that the inclusion of the other dimension would have been more
informative of the data. Therefore, given that TtB measure in this thesis was calculated
using the Riccio method, the exclusion of any of the dimensions could mean that some
important aspects of postural control are missed out. In order to have a complete picture
of the postural control assessment, the inclusion of the two dimensions ap and ml is
necessary. Therefore, TtB measure will be reported separately for both dimensions

throughout this thesis.

1.2.4.7 TtB in neurological and musculoskeletal conditions

TtB has been investigated in neurological and musculoskeletal studies mainly to
detect postural control deficits that could not be measured using the traditional outcome
measures. A study by Hertel and Olmsted-Kramer (2007) examined postural control in
single leg stance in participants with and without unilateral chronic ankle instability.
Results showed that patients with unilateral ankle instability had bilateral lower TtB
values (absolute minimum and mean minimum amplitude) and had less variability of
the standard deviation of TtB, which indicate postural control deficits. Only one
traditional outcome measure was significantly different than the control group though;
the COP velocity. This means that TtB measures were able to detect postural control
deficits that were not detected by the traditional measures and hence they are best

justified to be investigated in the study presented in this thesis.
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1.3 Response time

This section includes a review of the second outcome measure in this study. The
use of upper limb response time to assess the sensorimotor function in patients with
tennis elbow is established in the tennis elbow literature. In this study; response time
was measured in the upper limb of patients with chronic tennis elbow which is similar
to the previous studies of Pienimaki et al. (1997), Bisset et al. (2006) and Bisset ef al. (2009).
Moreover, response time was measured in the lower limb in these patients to investigate
whether sensorimotor deficits extend to the lower limb as generalised sensorimotor
deficits has been suggested to occur in chronic tennis elbow. The expansion of deficits
to areas remote to the site of pathology is one of the characteristics of central

sensitisation which is suggested to be part of tennis elbow pathology.

1.3.1 Definition

Response time can be defined as the time interval between a stimulus and the
completion of a response, the stimulus could be visual; auditory or proprioceptive while
the response could be motor or vocal (Kauranen et al. 2000). For the purposes of this
review, the stimulus is visual and the response is motor. There are different
terminologies used in the literature, response time, reaction time and fractionated
reaction time are used interchangeably sometimes which might be confusing. It is
important to acknowledge the differences between these terms in order to use the right
terminology. Response time is the sum of the reaction time and movement time
(Schmidt and Lee 2005). The former is the time between the presentation of a stimulus
and the beginning of the response and is usually divided into pre-motor time and motor
time (Schmidt and Lee 2005). Premotor time which is also known as processing time is
a function of central processing or cognition and it is the time between the stimulus
presentation and the movement initiation as identified using an EMG (Etnyre and
Kinugasa 2002). Motor time is the process of muscle contraction and it is defined as the
time between the initiation of movement and the first behavioural indication of the
response initiation (Etnyre and Kinugasa 2002). Movement time is the time from the

beginning of the response to the completion of the movement (Chang et al. 2009).
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As reviewed earlier in this chapter, the studies on sensorimotor deficits in tennis
elbow (Pienimaki ef al. (1997), Bisset et al. (2006) and Bisset et al. (2009)) used the term
reaction time to represent the period between the onset of the stimulus and the
completion of the movement. The previously mentioned studies used the sensorimotor
interface hand module PEB-1 equipment which actually measures the response time. In
the literature, reaction time is measured using the EMG and it is used to represent the
premotor time and motor time not movement time (e.g. Kato ef al. 2004; Fukushi and
Ohtsuki 2004; Etnyre and Kinugasa 2002). Therefore, the use of the term reaction time
in studies that measure the movement time might be confusing as it is commonly used
in studies that investigate the premotor time and motor time. For the purposes of this
thesis, the term response time will be used as it is more appropriate in the context of
measuring the time between the stimulus and the actual movement. Figure 9 shows the
process involved in a response time test to a visual stimulus and the differences between

the reaction time and response time.
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stabilise the body to allow destabilising movements to take place could be another
factor that affects initiation of movement. Other factors that might affect the response
time include: age, gender, dominant/non-dominant limb, practice and lack of motivation

(Shumway-Cook and Woollacott 2011; Kosinki 2009).

1.3.2 Response time measures

There are a number of measures of response time; the commonly used measures
are: simple response time, 1-choice response time and 2-choice response time. In simple
response time, the target and the response are predefined while in choice response time,
there are several targets. In choice response time there is a linear relation between the
choice response time and the number of different multiple stimulus response
alternatives. This relation is known as Hick's law which implies that choice response
time is linearly related to the log of possible stimulus alternatives, this means that the
choice response time is linearly related to the amount of information needed to decide
upon the different available responses, the time increases constantly when the number
of the stimulus-response alternative is doubled. Although Hicks law was first set in the
1950s, it has been used since then. However, new research challenges the assumption of

fixed response rate.

1.3.3 Response time in neurological and musculoskeletal

conditions

Health professionals are interested in measuring response time in a number of
musculoskeletal and neurological conditions because it is a simple way to assess the
capability of the nervous system to receive, process, initiate and produce a response to
external stimuli (Aley et al. 2007). Wrongly; some might think of the response time
only in terms of the execution of movement, while it is a chain of processes that starts
with receiving the stimuli, identifying it, selecting the appropriate action and finally
producing the movement in a timed, sequenced and integrated manner (Aley et al
2007). Unfortunately, response time data alone do not tell the full story of this detailed
process especially if there is a problem in the premotor elapse. Therefore,

electromyography (EMGQG) is used to assess the musculoskeletal delay.
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Response time has been measured in neurological diseases mainly to assess
cognitive and mental processing function. Patients with Parkinson's disease showed
increased response time as a result of their bradykineasia and akinesia and it was
suggested that this indicate disturbed cerebral processing (Kutukcu et al. 1999).
Response time has been also measured in some musculoskeletal conditions like carpal
tunnel syndrome. Tuhanoglu and Beyazova (2003) found no difference in response time
between patients with carpal tunnel syndrome and a control group. However,
participants in the control group had also hand pain which could have affected their
results. Patients with rheumatoid arthritis also had increased simple response time and
movement time when compared to a control group (Kauranen et al. 2000). Patients with

unilateral chronic ankle instability had longer response time. (Lofvenberg ef al. 1995).

1.3.4 Response time in Tennis elbow

Response time was the main outcome measure in a number of studies that
investigated sensorimotor function in the upper limbs of patients with tennis elbow. The
findings of these studies showed bilateral slower response time and decreased speed of
movement in patients with unilateral tennis elbow (Pienimaki et al. 1997; Bisset et al.
2006; Bisset et al. 2009). These studies have been discussed in detail under the motor
performance impairments: sensorimotor and proprioceptive deficits (see section 1.1.6.2).
Although different studies assessed the response time in the upper limb, no study has
assessed the response time in the lower limb of patients with tennis elbow to investigate

the presence of generalised sensorimotor deficits.

The assessment of response time has been used so far as a predictor of bilateral
sensorimotor deficits in patients with tennis elbow (Pienimaki et al. 1997; Bisset et al.
2006 Bisset et al. 2009). Sensorimotor deficits remained after traditional rehabilitation
program for tennis elbow; however, traditional rehabilitation for tennis elbow does not
include proprioceptive training (Bisset ef al. 2009). Yet, no study has investigated the
effect of sensorimotor training as part of the rehabilitation program in patients with
tennis elbow. As reviewed in depth earlier, slower response time and decreased speed of
movement indicate a sensorimotor deficit that might be a sign of central sensitisation in

patients with tennis elbow. The theories about central sensitisation in tennis elbow are
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still in their infancy and in order to engage proprioceptive training in the rehabilitation
program for patients with tennis elbow, this should be preceded by research dedicated to

investigate the bilateral and generalised sensorimotor deficits in these patients.
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1.3.5 Summary

e Balance is one aspect of sensorimotor function that has not been investigated in
patients with chronic tennis elbow although generalised sensorimotor deficits have been
suggested in these patients. Furthermore, experts in the management of tennis elbow at
the Host organisation reported that their patients tend to have poor balance when
assessed. Therefore, this study aims to measure balance in patients with chronic tennis
elbow to investigate the hypothesis of generalised sensorimotor deficits in these patients.
e Time to boundary is a valid and reliable measure of balance and postural control that
has been used in healthy participants and a number of neurological and musculoskeletal
conditions. It captures spatial and temporal aspects of postural control; therefore, it is
able to detect postural control deficits that are not usually detected by COP traditional
measures. Therefore it will be used as an outcome measure for postural control in this
study.

e Response time is used to measure motor performance and has been used in healthy
participants and a number of neurological and musculoskeletal conditions. It has been
also used as the main outcome measure to assess the sensorimotor function of the upper
limb in patients with chronic tennis elbow in a number of studies. Findings of these
studies have shown bilateral sensorimotor deficits in the upper limbs of patients with
chronic tennis elbow.

e One-choice and two-choice response time will be measured in the upper limb of
patients with chronic tennis elbow in this study replicating the previous studies in order
to compare the findings. One-choice and two-choice response time will be also
measured in the lower limb of patients with chronic tennis elbow in this study to look at
the extent of generalised central sensitisation suggested in these patients.

e Previous studies that investigated sensorimotor function in chronic tennis elbow
used the term “reaction time” instead of “response time”. However, the former is
commonly used in electromyography studies, therefore, the term response time is more

appropriate to be used in the context of this thesis to avoid any confusion.
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1.3.6 Summary of the literature review chapter

The aetiology and pathology of tennis elbow are still not clearly understood,
what was thought to be an inflammation of the extensor carpi radialis brevis turned out
to be not the case, as different studies failed to detect any inflammatory cells in the
affected muscles. Therefore, therapeutic approaches used in the management of tennis
elbow do not necessarily treat the origin of the problem itself because the exact
pathology is not known yet. Instead, the current management of tennis elbow is
directed toward the local pathology and it mainly aims to treat the symptoms. For a
group of patients, the conservative treatment is not effective where the condition tend to
reoccur and develop to be resistive to treatment. The chronicity of tennis elbow that is
persistent and resistive to treatment raises concerns about the current methods of
treatment. Consequently, it is questionable whether current management of tennis elbow
is evidence based. Therefore, one of the objectives of this study is to support the
development of new methods for the management of chronic tennis elbow by providing

new knowledge in the field of sensorimotor function in these patients.

Accumulating evidence of bilateral sensorimotor deficits and bilateral
hyperalgesia in patients with unilateral tennis elbow suggest the involvement of central
sensitisation processes which means that chronic tennis elbow is not of a purely
musculoskeletal origin as health professionals have suggested for decades. As a result
of the findings of neurological involvement; a new integrative theoretical model was
proposed by Coombes et al. (2009). The model proposed that tennis elbow involves
three elements; tendon pathology, sensorimotor impairments and pain system changes.
The new model challenges the current management of tennis elbow which only
addresses part of the problem and the other factors are being neglected. Neglecting the
sensorimotor deficits and pain changes that occur might be responsible for persistent
chronic tennis elbow that does not responding to treatment. Therefore, therapeutic
approaches should address these changes by, for example, including ways of
normalising the central nervous system to overcome the pain system changes. This
model is still theoretical and further studies are needed to understand the exact

mechanism of tennis elbow pathology. This PhD study aims to contribute to the
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development of the new integrative model by providing new knowledge in the field of

sensorimotor function in chronic tennis elbow.

Apart from the research findings of bilateral sensorimotor deficits in the upper
limb of patients with unilateral tennis elbow, clinical observations of balance problems
in patients with tennis elbow were reported by experts in tennis elbow management at
the Host organisation, Sheffield. Yet only one study investigated the sensorimotor
function of the lower limb and that study investigated the proprioception of the knees
not the response time which was investigated in the upper limb in other studies. In order
to investigate whether there is a generalised sensorimotor deficit in patients with tennis

elbow, sensorimotor function of the lower limb needs to be investigated.

The overall aim of this PhD program was to create a new knowledge in the field
of sensorimotor function in patients with chronic tennis elbow by investigating the
bilateral and generalised sensorimotor function of the upper limb and lower limb in
these patients as compared to healthy participants. Two aspects of sensorimotor function
were assessed; response time and balance. The use of response time to assess the
sensorimotor function in patients with tennis elbow is well established in the literature.
Balance assessment was originally inspired by clinical observation of poor balance in
patients with tennis elbow, these clinical observation were reported by experts in the

management of tennis elbow at the Host organisation, Sheffield.

1.3.7 Purpose of the research

Following this extensive literature review and having identified the gap in the

literature, the aim of the study, questions and hypotheses are presented next.

1.3.7.1 Aim

To investigate if there is generalised sensorimotor deficits in males and females
aged between 35 and 65 years diagnosed with chronic tennis elbow by assessing the
postural control and response time of the upper and lower limbs as compared to healthy

participants.
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1.3.7.2 Main question

Is there a generalised sensorimotor deficit in patients with tennis elbow

compared to healthy participants?

1.3.7.3 Sub questions

e Is there a postural control deficit in patients with chronic tennis elbow when
compared to healthy participants?
e Is there a generalised response time deficit in patients with chronic tennis elbow

when compared to healthy participants?

1.3.7.4 General hypothesis

e Null hypothesis: There are no generalised sensorimotor deficits in patients with
chronic tennis elbow.
e Experimental hypothesis: Generalised sensorimotor deficits are present in patients

with chronic tennis elbow.

1.3.7.5 Balance test hypothesis

e Null hypothesis: There is no difference in balance between patients with tennis
elbow and the healthy participants.
e Experimental hypothesis: Patients with tennis elbow are less stable when compared

to the healthy participants.

1.3.7.6 Response test hypothesis

e Null hypothesis: There is no generalised response time deficit in patients with
chronic tennis elbow when compared to the healthy participants.
e Experimental hypothesis: Patients with tennis elbow have slower response time and

decreased speed of movement when compared to the healthy participants.
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Chapter 2: Methods

This PhD study was carried out as two phases of data collection; the first phase
was a normative data collection and the second phase involved patients diagnosed with
tennis elbow. Sampling, design, research protocol, ethical consideration and data

analysis are presented in this chapter.
2.1 Sampling

2.1.1 Healthy Participants

Twenty two healthy adults participated in the study, 8. males and 14 females,
mean age (50.95_'years), ranging from (41 to 60 years). Healthy participants were
volunteers from the staff at Sheffield Hallam University and friends, demographics of
healthy participants are presented in Table 4. Participants completed a screening form
(Appendix 1-a) to determine their eligibility to join the study. Participants were
excluded if they reported any balance problem, neurological disease, musculoskeletal
disease, tennis elbow, non corrected visual problems or if they were taking medications
that affected their balance. The study was appfoved by the research ethics committee in

the Faculty of Health and Wellbeing at Sheffield Hallam University;

— Demographics of healthy participants (n=22)

Age Range 41-60 years, Mean 50.95 years

Sex 8 Males / 14 Females

Dominance of hand | 21 Right hand / 1 Left hand

Dominance of foot 20 Right foot / 2 Left foot

Table 4: Demographics for healthy participants -

2.1.2 Patients group

Eleven patients participated in the study, 6 males and 5 females, mean age (52.5
years), ranging from (38 to 65 years), a detailed profile for these patients is presented in
Table 5. Convenient sampling was used to recruit patients from the orthopaedic out-
patients clinic at the Host organisation, Sheffield, UK. The diagnosis was confirmed by

an elbow surgeon in the orthopaedic clinic after clinical tests and x-ray. Patients were
' 60



included if they had the symptoms for at least 6 months. Participants completed a
screening form (Appendix 1-e) to determine their eligibility to join the study.
Participants were excluded if they reported any balance problem, neurological disease,
musculoskeletal disease, non corrected visual problems or if they were taking -
" medications that affected their balance. NHS ethics approval and clinical governance

were cleared prior to the study by the South Yorkshire Research Ethics Committee.
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