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Abstract

Background: This study aims to explore kinematic differences in individuals with
chronic knee pain (CKP) compared to healthy individuals and test the usability of an
inertial measurement unit (IMU) movement analysis reporting tool for
physiotherapists treating CKP.

Methods: In Part 1, kinematic movement patterns were measured using IMUs and
compared within CKP and healthy individuals for the hip, knee, and ankle joints in
the sagittal and frontal planes during a variety of tasks. The waveform data for each
participant was analysed descriptively, with common trends being identified using a
standardised reporting template that provides a structured clinical interpretation
(SCI) of waveform data. Alongside this, a standard quantitative analysis (SQA) of
discrete time points for all activities in both the frontal and sagittal planes was
investigated for the lower limb joint angle. For the knee pain group, the painful limb
(KPPL) was compared to the non-painful limb (KPNPL), and for the healthy group,
the dominant limb (HDL) was compared to the non-dominant limb (HNDL).

In Part 2, a quantitative evaluation of the usability of an electronic movement
analysis reporting tool for IMU data was tested via the think-aloud (TA) method and
the system usability scale questionnaire (SUS). Physiotherapists interacted with the
electronic reporting tool virtually and were asked to interpret movement analysis
reports. The system’s usability was measured using six usability metrics: efficiency,
effectiveness, memorability, problems, errors, and overall ease of use.

Results: In Part 1, altered kinematic movement strategies were highlighted in both
groups. The SCI revealed the complexity and individual variation of altered
movement patterns, with additional information regarding the timing, nature, and
amount of the alteration within the waveform graphs across joints for all activities and
planes.

Using gait as an example, in the sagittal plane, the SCI of gait waveforms for the
hip, knee and ankle depicted 17 different movement patterns in the KPPL compared
to the KPNPL and 19 in the HDL compared to the HNDL across individuals. Among
both SCI and SQA, alterations related to the ankle were identified within CKP
individuals and the healthy group. CKP individuals displayed reduced knee flexion
during the stance phase and limited ankle plantarflexion during the swing phase.
Notably, there were considerable individual variations within the CKP group.

In the frontal plane, the SCI of gait waveforms for the hip, knee and ankle depicted
31 lower-limb movement alterations in the KPPL compared to the KPNPL and 33 in
the HDL compared to the HNDL. Among both SCI and SQA, diverse movement
alterations were observed in both CKP and healthy participants, with no significant



differences identified either within the CKP group or between CKP and healthy
individuals. Averaged data revealed a notable decrease in the knee adduction angle
at heel strike between the KPPL of the CKP group and the HDL in the healthy group.

In part 2, the mean time spent completing the usability evaluation was 33.31
minutes. The gait report had the highest completion rate (95%) and was the most
effective and efficient report. Regarding errors, a total of 76 errors were made while
interpreting the reports. The system demonstrated good memorability between
reports with less time spent on the repeated task (01:53 minutes for the repeated
task vs. 04:04 minutes for the first time). The overall system usability was 63.33%,
indicating borderline to good usability.

Conclusion: Using the standardised template, movement alterations were identified
across the hip, knee, and ankle joints in the sagittal and frontal planes over a range
of activities. This provided additional information at the individual level compared to
that gained through the discrete analysis. Therefore, it might be advantageous to
provide physiotherapists with waveform kinematic data to inform therapeutic exercise
prescription, movement re-education, and monitoring progress. The results of the
usability study informed modifications to the online kinematic reporting tool to reduce
problems and errors using the reporting tool and improve its use for physiotherapists
treating CKP individuals.
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Chapter 1: Introduction

1.1 Background

Chronic knee pain (CKP) has no clear definition and is often linked to underlying
conditions such as osteoarthritis (OA). It has been a topic of debate whether it
should be regarded as a disease (Treede et al. 2019), with efforts having been made
to identify and classify it as a distinct clinical entity (Sluka 2016). CKP is persistent or
recurring knee pain that lasts for at least a month to three months or longer which
can affect a person’s daily activities, mobility and quality of life (Treede et al. 2019).
Definitions of CKP vary depending on the context and research criteria. The current
study regards CKP as a distinct clinical condition with its own characteristics and
mechanisms, rather than a symptom of another issue. In the current thesis, CKP is

considered to last for at least a month and is not caused by injury or surgery.

Chronic knee pain is one of the most common musculoskeletal (MSK) clinic
presentations in the UK (Keenan et al. 2006; Ingham et al. 2011; Fejer and Ruhe
2012) and the tenth most common reason for visiting a general practitioner (GP)
(Hing et al. 2005). Based on population-level data, up to 10% of people have CKP
and lower limb pain resulting in impairment and even more people may present with
CKP in combination with other MSK pain problems (Kusnezov et al. 2016). This
figure may be underestimated due to the significant number of people who do not
present to healthcare professionals and instead self-manage with analgesics (Pal et
al. 2016).

Chronic knee pain is costly for healthcare systems to treat. For instance, in a UK
population-based study of 5,752 individuals with CKP, the lifetime cumulative
proportion indicates that CKP was the reason for almost 13% of all GP visits and
accounted for 6.8% of all referrals made to secondary care. Based on the findings of
Vos et al. (2016), the global prevalence of CKP conditions such as knee OA was
estimated to be approximately 200 million individuals in 2015. Furthermore, this
figure indicates a notable increase of approximately one-third over the course of the
previous decade (Vos et al. 2016). In 2017, missed working days as a result of OA

cost £2.58 billion and by 2030 it is estimated that this cost will have increased to



£3.43 billion (Versus Arthritis 2021). Therefore, reliably identifying the most
appropriate management strategies to alleviate this burden is of great importance.

One of the available treatment options is physiotherapy (PT) (Jones et al. 2015; Willy
et al. 2019; Buchbinder et al. 2014). According to the National Institute for Health
and Clinical Excellence (NICE) (NICE 2022) and the American College of
Rheumatology (ACR) (Kolasinski et al. 2020), exercises are the primary PT
interventions for managing CKP conditions such as OA. According to a recent
systematic review and network meta-analysis of existing Cochrane reviews on the
management of OA, PT and exercise constitute the fundamental approaches for
managing CKP (Smedslund et al. 2022). Nevertheless, the authors of the review
indicated that therapeutic exercise has only a moderate effect in terms of alleviating
pain among those with CKP (Smedslund et al. 2022). Owing to the variability of
exercise regimens in terms of the type of exercise, training intensity, population
characteristics, outcome measures, and knee problems, the formulation of what
constitutes sufficient and efficacious treatment is variable (Manoijlovi¢ et al. 2021;
Rocha et al. 2020).

Another recent systematic review and meta-analysis of 91 randomised controlled
trials (RCTs) conducted using a sample of people with various CKP conditions
indicated a small positive overall effect of therapeutic exercise on pain and function
(Holden et al. 2023). This small effect of exercise was attributable to the fact that
therapeutic exercise prescription for CKP conditions like OA is multi-dimensional and
complicated, which explains the suboptimal delivery of exercise in clinical practice
and the variability in management outcomes (Holden et al. 2023). Therefore, the
authors provided several suggestions that were in accordance with previous
recommendations such as the need to individualise the exercises based on
comprehensive assessment, treatment and follow-up, as well as considering the type
and amount of exercise (Holden et al. 2023; Osthoff et al. 2018). Experts in the
review indicated that exercises should be selected in a way that directly addresses

the individual’'s impairments and functional limitations (Holden et al. 2023).

It has been proposed in previous research that people with CKP commonly present

with altered movement patterns (Kobsar et al. 2015; Watari et al. 2016) which could



explain the limited effectiveness of exercise when treating CKP. Thus, further
therapeutic benefits might be achieved by addressing movement alterations as a
means of individualising treatment and enhancing the benefits of exercise (Willy et
al. 2012; Roper et al. 2016). It has been proposed that the mechanism of action of
altered movement patterns is that they serve as a mechanism for pain protection
(Hodges and Tucker 2011). The chronicity of pain may then lead to the continuity of
such altered movement patterns, consequently augmenting the intensity of pain and
further restricting movement (Hodges 2011). Pain may modify motor function from
muscular activation to movement avoidance, which consequently manifests as
movement alterations (Roland 1986; Lund et al.1991; Hodges and Tucker 2011).
How chronic pain affects people differs for every individual and each type of pain
condition (Sluka 2016) due to peripheral and central nervous system changes
causing pain sensitisation, persistence and resistance to guideline-based PT
(O’Leary et al. 2018; Fingleton et al. 2015). This again emphasises the importance of
individualised responses and analysis of altered movement patterns (Sluka 2016).
Analysis of altered movement patterns may entail kinematic analysis using motion
capture systems during functional tasks, thereby offering invaluable insight into an
individual's movement patterns (Bolink et al. 2012; Nakagawa et al. 2013).

Numerous studies have assessed functional activities to determine how people with
CKP move (Bolink et al. 2012; Nakagawa et al. 2012; Ismailidis et al. 2020; van der
Straaten et al. 2020). This has been achieved using various motion capture systems
to evaluate activities such as gait, double leg squats (DLS), single leg squats (SLS),
vertical jumps (VJ), stair ascent (SA) and stair descent (SD) which are essential
functional activities that present diverse problems for those with CKP. Hence,
tailored management can provide the optimum rehabilitation technique for each
individual's needs (Kobsar et al. 2015; Watari et al. 2016).

Lower limb kinematic patterns are evaluated most objectively using laboratory-based
optoelectronic three-dimensional (3D) motion capture systems (Ford et al. 2003;
Boling and Padua 2013; Nakagawa et al. 2013; Jones et al. 2014). These systems
are considered to be the gold standard for analysing movement kinematics and
kinetics in all planes during limited functional tasks within controlled environments

(Sigward et al. 2011; Munro et al. 2012). However, their limitations include being
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complex to use, their high cost, the need for sophisticated user training, and the time
required to collect and analyse the data (Dingenen et al. 2014; Schurr et al. 2017). In
addition, they are difficult to transport and use both within and outside of clinical
settings (Schurr et al. 2017).

These systems are often not easily accessible to physiotherapists and, therefore, a
portable movement analysis system that is capable of quantifying kinematics in all
planes of motion during dynamic activities and that is accessible for physiotherapists
in clinical settings is needed. Inertial measurement units (IMUs) offer advantages
relative to optoelectronic 3D motion capture systems in terms of their portability, size
and the space that is needed. IMUs can monitor movement in all planes during

functional activities such as walking and stair climbing.

Al-Amri et al. (2018) evaluated the validity and reliability of the IMU-based movement
analysis system during three functional tasks (gait, squatting and jumping). Their
results indicated excellent inter-rater reliability for the sagittal plane and at all lower
extremity joints during the three functional tasks (ICC > 0.75) but their results
demonstrated fair-to-excellent intra-rater reliability across the frontal and transverse
planes of movement (ICC = 0.40 — 1.00) (Al-Amri et al. 2018). Additionally, the
within-session reliability was fair-to-excellent for lower limb kinematics in all planes
when walking and squatting (ICC > 0.60), yet the transverse plane demonstrated
reduced within-session reliability which ranged from poor-to-excellent (Al-Amri et al.
2018). The validity of the hip, knee and ankle joint angles was found to be excellent
in the sagittal plane for all three tasks. In the frontal and transverse planes, the
validity was deemed to be acceptable for the squat and jump activities across the
joints. The overall findings of the study indicated that IMUs have the potential to be
utilised by physiotherapists when quantifying lower-limb joint angles in clinically
related movements (Al-Amri et al. 2018).

Thus, IMU sensors provide a good alternative to the gold-standard optoelectronic 3D
motion capture technology for the clinical setting (Cuesta-Vargas et al. 2010).
However, movement analysis using IMU’s is complicated because it provides
significant amounts of kinematic data in three planes of movement (sagittal, frontal

and transverse) across multiple joints concurrently.



Motion capture systems, including IMUs, generate movement analysis reports that
physiotherapists can use to identify altered movement patterns, make decisions and
create customised therapy plans. These reports often include more than 50-line
graphs when bilateral data from the ankle, knee and hip are included, which would
prove challenging for most experienced physiotherapists. There is a paucity of
literature regarding how physiotherapists interpret movement analysis reports.
According to Skaggs et al. (2000), interpreting movement analysis reports involves
two elements: identifying the presence of movement alteration and interpreting the
alteration. To establish consistent interpretation and therapeutic decision-making,
physiotherapists must possess skills in both components (Skaggs et al. 2000). Some
movement analysis studies focus on identifying movement alterations (Nieuwenhuys
et al. 2017; Wang et al. 2019; Button et al. 2022; Brunnekreef et al. 2005), whereas
others focus on how to interpret them (Button et al. 2022; Fellin et al. 2010;
Crenshaw and Richards 2006; Manal and Stanhope 2004). No uniform method

exists for both components of identifying and interpreting the data.

1.2 Research gap

Accurate movement analysis is challenging due to the difficulties associated with
data collection in laboratory settings, as noted above. The methods of interpreting
and reporting the acquired data needs to be investigated because the kinematic data
is usually presented in the movement analysis reports as averaged data calculated
at discrete time points over the movement cycle which makes it difficult for
physiotherapists to provide individualised assessments and treatment plans.
Additionally, the way in which these kinematic data are interpreted is typically
subjective and lacks standardisation, thereby potentially leading to variability,
including variable treatment (Skaggs et al. 2000). Holden et al. (2023) emphasised
the need to develop user-friendly online tools to help physiotherapists deliver the
best possible practice with individualised assessment and management for those

experiencing CKP conditions.

In previous research, a toolkit incorporating IMUs and convenient, rapid and

accessible movement analysis kinematic reports that represent kinematic data



(temporo-spatial and joint angle waveforms) acquired from IMU sensors for joints in
the lower limbs (e.g., hip, knee and ankle) and the sagittal and frontal planes during
a variety of functional tasks (gait, DLS, SLS, VJ, SA and SD) was developed
(Appendix A) (Davies et al. 2021). The kinematic data reported in these reports can
be interpreted by physiotherapists and patients to guide therapeutic decision-making,
inform treatment planning and monitor progress, as recommended by Holden et al.
(2023).

A standardised template for enhancing the consistency of reporting kinematic
waveform data was also developed (Button et al. 2022). The template can be used
by inexperienced physiotherapists (Zhou et al. 2021) and allows for individualised
interpretation of the whole movement cycle, whilst facilitating the identification and
description of movement alterations in a consistent manner. It is believed that this
descriptive analysis of waveform data using the template helps to uncover individual
nuances in movement patterns that were not apparent when averaging out the data

at discrete time points.

Therefore, there are two parts to the current PhD thesis: part one utilises the IMU
reporting toolkit (IMU sensors and the IMU kinematic reports) along with the
standardised reporting template to assist in the interpretation of movement analysis
data and allow for individualised movement analysis for individuals with CKP during
various functional tasks. Part two converts the reporting toolkit developed by Button
et al. (2022) into an interactive electronic reporting tool. Additionally, in order to fully
realise the potential of this electronic reporting tool in clinical practice, it is essential
to ensure its usability. Therefore, part two incorporates a usability study. This
usability study is important to ensure the user-friendliness and practicability of the
electronic reporting tool (see Figure 1 for better understanding of how the pre-
developed tools were used in the two parts of the thesis). It is believed that by
conducting this usability study, it will be possible to make movement analysis and
interpretation easier whilst saving time and offering an approach that is more user-
friendly for physiotherapists treating individuals with CKP. As such, this will address
the need for practical and user-friendly tools in the field. Accordingly, the aim of the

current thesis is:



1.3 Thesis Aim

The overall aim of the current PhD thesis is to explore the utility of individualised

IMU-based clinical movement analysis for people with CKP.

1) A toolkit consisting of IMU-sensors + IMU-kinematic reports were developed
(Davies et al. 2021).

|

2) A standardised reporting template was also developed to support
physiotherapists’ reporting of kinematic data and allow for individualised
movement analysis (Button et al. 2022).

|

{ In Part 1 of the thesis, altered movement patterns were explored during the ]

performance of various functional tasks using the pre-existing toolkit (IMU
sensors+ the IMU kinematic reports) in addition to the standardised reporting
template.

|

In Part 2 of the thesis, the IMU-toolkit was converted to an interactive electronic
reporting tool and was tested for its usability by physiotherapists treating
individuals with CKP.

Figure 1: Flow diagram representing the pre-developed tools utilised in the current
PhD thesis



1.4 Structure of the current PhD thesis

The introduction chapter concludes by outlining the structure of the current study
which is organised into a total of nine chapters. Chapter One has introduced the
research topic, including the background information, the need for the research and

its aim.

Chapter Two presents the literature review which provides the knowledge base
regarding the condition of CKP (including its definition, epidemiology, cost, prognosis
and conservative management). The chapter also identifies gaps in the existing
evidence regarding movement analysis for patients with CKP using various motion
capture technologies and reflects on how movement analysis data have been

interpreted and reported.

Chapter Three presents the method for the first part of the current study. This study
identifies differences in kinematics in patients with CKP and healthy people using
kinematic reports from IMU sensors and the standardised reporting template. The
study applies two approaches to analyse the kinematic data which are also

introduced in this chapter.

Chapter Four provides the results to part one of the current thesis, including the

demographic data and study data.

Chapter Five presents the discussion for part one. This includes a summary of the
main findings, an interpretation of the results, the strengths and limitations,

methodological considerations, clinical implications, and finally the conclusion.

Chapter Six describes the methods for part two of the current thesis which concerns
the usability of the electronic version of the reporting tool. This chapter also presents
the data analysis for the usability evaluation in addition to the associated ethical

considerations.

Chapter Seven explains the results for the usability study and this is followed by
Chapter Eight which interprets the findings for part two of the current thesis, the

strengths and limitations, and the future research and development in this area.



Chapter Nine concludes with a summary of the whole study. This includes the
contribution to the existing body of knowledge, a summary of the strengths and

limitations, as well as consideration of the clinical implications of this research.



1.5 Impact of the COVID-19 pandemic on the current PhD thesis

The inability to access resources, facilities, and participants due to COVID-19
restrictions has had a profound impact on this PhD thesis. It was therefore decided

to modify the research design for the two parts of this PhD thesis.

The COVID-19 pandemic has significantly impacted Part 1 of the thesis, which
involved the attachment of IMU sensors to individuals with and without CKP.
Participant accessibility and safety concerns arose, with potential participants
expressing hesitancy due to the close physical interactions required for sensor
attachment, which had led some participants to cancel their scheduled
appointments. It was impossible to conduct the study utilising virtual methods due to
the necessity of sensors’ attachment to participants’ bodies. Overcoming these
challenges involved modifications to the research timeline for data collection and
analysis, revised participant recruitment strategies, and enhanced safety protocols to

maintain the integrity of the study and prioritise the well-being of all involved parties.

To address these challenges, a critical adaptation was also made to the plan for Part
2 of the study. Initially designed as a mixed-method study design with face-to-face
interviews and including both physiotherapists and individuals with CKP. The
researcher reconfigured the study into an online usability study conducted via Zoom,
involving only physiotherapists treating individuals with CKP. It is essential to note
that no new movement analysis data were collected, as it was not feasible under the
prevailing circumstances. The study was decided to be conducted using a
guantitative approach for testing the usability and to be a small formative quantitative
usability study, utilising the think-aloud method and system usability scale
guestionnaire. Conducting the study using these two approaches proved to be a

rigorous design.
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Chapter 2: Literature review

2.1 Introduction

This chapter provides a narrative review of CKP which is one of the main causes of
MSK presentation in clinics. This includes its definition, epidemiology, costs,
prognosis and conservative management. Following that, an overview of the
importance of movement analysis and the mechanism underpinning pain and
movement alterations is demonstrated. This is followed by a review of the various
motion capture technologies used for movement analysis. Then there is a
demonstration of the altered movement patterns associated with CKP using different
motion capture technologies during a variety of functional activities. This is critically
reviewed to identify the gap in the literature. Finally, the literature concerned with the
reporting and interpretation of movement analysis data is also critically reviewed.
The chapter concludes by summarising the research evidence gap which leads onto

the research question and aims of the current thesis.

2.2 Chronic knee pain

2.2.1 Definition

The knee joint is one of the most common sites for MSK disorders (Keenan et al.
2006; Ingham et al. 2011; Fejer and Ruhe 2012) and knee symptoms are the tenth
most frequent reason for MSK presentations in clinics (Hing et al. 2005). While acute
knee pain usually arises from injury or surgery, CKP can result from degenerative
processes such as OA, overuse or unmanaged injury to the muscles, tendons or
ligaments (Albright et al. 2001).

Chronic knee pain presently lacks a standardised definition. While it is frequently
linked with underlying conditions such as OA, there is an ongoing debate as to
whether CKP ought to be regarded as an autonomous disease entity (Treede et al.
2019). The notion of chronic pain as a disease has attracted renewed interest in

recent times, with endeavours aimed at acknowledging and categorising it as a
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separate clinical entity (Sluka 2016). CKP refers to persistent or recurrent pain in the
knee joint that lasts for an extended period, typically three months or longer and can
significantly impact a person's daily activities, mobility and quality of life (Treede et
al. 2019). Many different timeframes have been presented in the literature regarding
the interpretation of CKP. For example, it was defined as recurrent pain in or around
the knee that has increased pain symptoms for at least a month (O'Reilly et al. 1996;
Ingham et al. 2011). Some researchers have characterised CKP as a chronic
condition that often lacks a specific underlying cause and can affect adults of all
ages. In individuals aged 45 years and over, CKP may serve as an indicator of knee
OA or other related disorders (Altman et al. 1986).

Chronic knee pain is complex and can be brought about by changes in pain
modulatory pathways (Neogi et al. 2009; Duncan et al. 2007) such as inflammation,
nerve sensitisation and the release of pain mediators which contribute to the
development and persistence of pain (Neogi 2013) or structural changes such as
knee OA including cartilage degradation, bone remodelling and synovial
inflammation which can contribute to pain generation and progression (Felson 2009).
This indicates that CKP can have multiple underlying mechanisms and contributors,

thereby making its understanding and management challenging.

In summary, the definition of CKP can vary depending on the context and research
criteria used. As for the population included in this LR and in the studies for the
current research, CKP includes adults with any CKP condition that lasts for at least a
month such as OA, patellofemoral pain syndrome (PFPS) and patellar tendinopathy.
This LR will not include any knee conditions associated with injuries or surgery such
as anterior cruciate ligament injuries (ACL), total knee arthroplasty (TKA), infection

or inflammation.

2.2.2 Epidemiology

Estimates of the epidemiological aspects of CKP vary across studies and this can be
attributed to the dissimilarities in the categorisation of the underlying causes and
definitions of pain (Rothermich et al. 2015). Fejer and Ruhe (2012) conducted a
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systematic literature review to investigate the prevalence of undefined MSK CKP in
the senior population (60+ years) using various self-reporting outcome measures.
The estimations ranged from 6% to 63.4%. It was hypothesised that this substantial
difference in prevalence estimates resulted from the diverse knee pain criteria

utilised across the research (Fejer and Ruhe 2012).

Based on US population-level data for the period from 2006 to 2012, the Defense
Medical Epidemiology Database was utilised to identify military active-duty service
members who had been diagnosed with CKP (Kusnezov et al. 2015). The study
indicated that up to 10% of the population experienced chronicity of knee pain and
lower limb pain resulting in disability. Furthermore, an even greater number of
individuals may present with knee pain, either alone or in conjunction with other MSK
pain conditions (Kusnezov et al. 2015). In 2015, it was estimated that nearly 200
million individuals across the globe experienced CKP conditions such as OA,
marking an increase of one-third over the previous decade (Vos et al. 2016).
Research suggests that such epidemiological studies may underestimate the true
prevalence of knee pain at the community level due to those who do not present to
healthcare providers, such as those who self-manage with analgesics (Pal et al.
2016).

Herquelot et al. (2015) utilised two surveys (one at baseline and another at two years
for follow-up) to ascertain the prevalence of CKP among a representative sample of
the working population in France, with an emphasis on personal and occupational
risk factors. At follow-up, 122 (7.5%) of the 1,616 individuals who did not report CKP
at baseline had developed CKP. It was anticipated that the prevalence of CKP would
be 19.6 per 1,000 years of employment (95% confidence interval: 16.5-23.5). After
adjusting for age and body mass index (BMI), a significant correlation was found
between incident CKP and kneeling >2 hours per day for males [OR 1.8 (1.0-2.0)]
and handling loads >4 kg [odds ratio (OR) 2.1 (1.2-3.6) for males, OR 2.3 (1.1-5.0)

for females].

Herquelot et al. (2015) emphasised the significant prevalence of CKP in the working
population and the relevance of occupational variables in its occurrence, especially

kneeling and lifting. However, due to the limitations of the two-phase design, it was
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not possible to assess potential fluctuations in the knee pain condition. For example,
knee pain could have occurred prior to the administration of the baseline
guestionnaire, during the period between the baseline and follow-up questionnaires,

or in the lost-to-follow-up group in greater proportions.

2.2.3 Cost of CKP

Chronic knee pain places a significant financial cost on healthcare systems. It
accounts for approximately 13% of all adult visits to GPs and 6.8% of secondary
care referrals over the course of a lifetime (Webb et al. 2004). Some CKP conditions
such as OA present a significant challenge for the National Health Service (NHS) in
the UK, with 3 million GP consultations and 115,000 hospital admissions attributed to
this condition in the year 2000 alone (Webb et al. 2004). According to practitioners,
approximately one million adults seek medical care annually due to symptoms
associated with CKP conditions, thereby making it a prominent factor driving
healthcare utilisation (Royal College of General Practitioners 2006). The anticipated
cost of lost working days due to OA in 2017 was £2.58 billion and this is projected to
rise to £3.43 billion by 2030 (Jordan et al. 2014).

2.2.4 Prognosis of CKP

A prospective cohort study by Rathleff et al. (2019) was conducted over five years to
investigate the prognosis of CKP in adolescents and assess its influence on health,
care-seeking and career decisions. Among a sample of 2,200 adolescents aged 15—
19 years, along with 252 controls without knee pain, 504 reported at least monthly
knee discomfort and were prospectively tracked in this cohort research. At follow-up,
358 (71.0%) of the participants in the knee pain group and 182 (72.2%) participants
in the control group replied. Notably, 40.5% (CI: 35.4% to 45.6%) of the 358 in the
CKP group experienced regular and severe knee pain five years later, compared to
13.2% (CI: 8.2% to 18.2%) of the control group (Rathleff et al. 2019).
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Those in the knee pain group who were still experiencing knee pain recorded a
worse physical condition in the knee injury and osteoarthritis outcome scores
(KOOS) (13 points worse on KOOS function and 30 points worse on KOOS
sport/recreation), they had ceased or reduced their participation in sport due to knee
pain (60%) and reported poorer sleep quality, knee-related and overall quality of life
(Rathleff et al. 2019). In terms of health behaviours, those with ongoing knee pain
reported more visits to the doctor. One-third frequently used painkillers and 15%
(95% CI: 12% to 20%) reported that knee pain influenced their employment or career
choice. Moreover, four out of ten adolescents with knee pain continued to experience
regular and significant knee pain five years later which was severe enough to

influence their health, health behaviours and job decisions (Rathleff et al. 2019).

To conclude, according to epidemiological research, CKP burdens older people and
its economic cost to healthcare systems is significant. Long-term prognosis studies
indicate that many people continue to experience severe pain which affects their
health, daily activities and quality of life. The appropriate CKP management options
can alleviate pain, enhance outcomes and reduce the burden on individuals and
healthcare systems. Thus, the following section discusses the conservative

management of the condition.

2.3 Conservative management of CKP

The following section focuses on the non-surgical and non-pharmacological
management of CKP conditions.

2.3.1 Physiotherapy and exercise

The literature supports the use of conservative management techniques such as PT
for CKP conditions (Jones et al. 2015; Willy et al. 2019; Buchbinder et al. 2014). The
goal of PT is usually to alleviate knee pain and improve functional abilities (Juhl et al.
2014; DeVita et al. 2018). Jones et al. (2015) support conservative treatments for

two of the most common causes of CKP conditions (namely OA and PFPS),
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reporting that PT and exercises are the foundations for the effective management of
these conditions.

The mechanism of action of exercises in alleviating pain and improving function in
CKP conditions is multifactorial and involves various physiological and
biomechanical processes. For example, exercise programmes which target the
muscles surrounding the knee joint, such as the quadriceps, hamstrings and hip
muscles can improve muscle strength and stability (Fransen et al. 2015). Stronger
muscles help to support and stabilise the knee joint, thereby reducing stress on the
joint and alleviating pain (Fransen et al. 2015; Bennell et al. 2012a). Appropriate
exercises can help to stimulate the cartilage within the knee joint (Zeng et al. 2021).
Controlled loading of the joint through exercises such as walking or low-impact
activities promotes cartilage adaptation and remodelling by increasing the cartilage
oligomeric protein and accelerating the growth of damaged cartilage (Roos and
Dahlberg 2005; Zeng et al. 2021).

Exercise can stimulate the release of endogenous pain-relieving substances such as
endorphins which can help to reduce the perception of pain. Moreover, exercise may
induce neuroplastic changes, enhance pain modulation and improve pain tolerance
(Naugle et al. 2012; Geneen et al. 2017). Exercise can also promote the production
and circulation of synovial fluid which acts as a lubricant within the knee joint (DeVita
et al. 2018). Improved lubrication helps to reduce friction between joint surfaces,
thereby leading to smoother movement, less pain and improved joint function
(Henriksen et al. 2014; DeVita et al. 2018). Lastly, exercise has the potential to
facilitate weight loss or weight management, a factor of particular significance for
individuals experiencing CKP (Li et al. 2019). Excess body weight places an
increased burden on the knee joints, thereby intensifying both pain and functional
limitations. Regular exercise combined with a balanced diet can help to achieve and
maintain a healthy weight, thereby reducing the load on the knee joint and improving
symptoms (Messier et al. 2004; Bliddal et al. 2014).

Physiotherapists have employed a variety of exercise treatment programmes to help
people with CKP (e.g., exercise therapy, knee taping and orthotic devices) (Zhang et
al. 2008; Hochberg et al. 2012; Willy et al. 2019). However, programmes such as
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stretching and strengthening exercises were found to be more efficient in terms of
alleviating pain and improving function than alternative passive interventions such as
ultrasound therapy, electrical stimulation, knee taping, cryotherapy, heat and orthotic
devices (Bennell et al. 2012a; Zhang et al. 2008; Hochberg et al. 2012; Willy et al.
2019).

Three recent systematic reviews investigated the types and effects of exercises
performed for knee pain conditions and introduced multiple exercise options:
strength training, balance training, aerobic exercises, neuromuscular and
proprioception training, and aquatic and conventional exercise (Manojlovi¢ et al.
2021; Raposo et al. 2021; Rocha et al. 2020). Strength training exercises have a
more beneficial effect on pain than on function (Rocha et al. 2020). Manojlovic¢ et al.
(2021) suggested the addition of hip strengthening exercises to knee exercises
because this was found to provide better outcomes than only knee exercises for
people with PFPS.

The reviews of Manojlovi¢ et al. (2021) and Rocha et al. (2020) had several flaws,
including the lack of a clear description of the treatments (number of repetitions,
sets, etc.), the load employed and exercise progression which makes it difficult to
develop an adequate physical training programme. Rocha et al. (2020) also alluded
to the fact that for strength training, most of the reviewed studies lack the use of a
gold standard tool for measuring muscle strength, such as a Biodex dynamometer,

which makes quantitative analysis of this variable difficult (Rocha et al. 2020).

A recent systematic review and meta-analysis investigating the effects of therapeutic
exercise on knee and hip OA suggests that therapeutic exercise has a modest yet
beneficial impact on pain reduction and improvement in physical function when
compared to non-exercise control groups (Holden et al. 2023). The limited impact of
exercises can be attributed to the complex and multifaceted nature of the therapeutic
exercise prescription for CKP conditions such as OA. This complexity helps to
explain why the implementation of exercise in clinical practice is often inadequate
and why there is heterogeneity in the outcomes of care (Holden et al. 2023). Another
recent systematic review and network meta-analysis of existing Cochrane reviews

for the treatment of OA pain reported that exercise is the core treatment for CKP but
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it was found to have only a moderate effect in terms of alleviating pain in individuals
with CKP (Smedslund et al. 2022).

According to NICE (NICE 2022) and the American College of Rheumatology (ACR)
(Kolasinski et al. 2020), exercises are the primary non-pharmacological interventions
for the management of OA. However, the ACR guidelines also acknowledge the
moderate effect of exercise in alleviating pain and improving function in CKP

conditions such as OA.

In summary, PT and exercise are recommended treatments for CKP and have been
found to be effective in alleviating pain and improving function. However, the impact
of exercise varies and there is a lack of clear guidelines regarding exercise protocols
such as repetitions, sets and progression, thereby making it challenging to replicate
effective treatment plans. Research shows that exercise therapy only moderately
alleviates pain and enhances function for those experiencing CKP but individual
responses to exercise may vary. Accordingly, it is essential to understand CKP,

including its mechanisms and effects on individuals’ movement.

2.4 Movement alterations

It appears that various exercise interventions did not result in successful treatment
outcomes for some people with CKP (Ferber et al. 2015; Kobsar et al. 2015).
According to Kobsar et al. (2015) and Watari et al. (2016), the limited effectiveness
of some exercise interventions in terms of their ability to reduce pain and improve
function may be due to movement alterations during functional performance.
Therefore, one possible approach is to look at movement alterations as a means to
enhance the comprehensiveness of evaluating individuals with CKP. It has been
suggested that pain can cause a variety of motor alterations, ranging from minor
changes in muscle activity to movement avoidance (Roland 1986; Lund et al.1991;
Hodges and Tucker 2011). As a result, altered movement patterns may be evident
among those people with CKP and act as a pain-protective mechanism (Hodges and
Tucker 2011). Due to pain chronicity, these altered movement patterns may last for a
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long time, resulting in further pain and movement restrictions (Hodges 2011). Thus, it
is critical for physiotherapists to recognise the movement patterns linked to knee
pain to tailor treatment to meet patients’ needs and track their progress. This could
be achieved by understanding the underlying mechanisms of pain and movement
alterations and how targeting movement alterations would enhance treatment and

this is detailed below.

2.4.1 Pain and movement alterations

Pain is important for protecting the body's tissues from damage and stimulating the
motor system (Boyer 2018). Nociceptive afferents in the knee joint and surrounding
tissues signal the central nervous system when there is a threat of damage (Hunter
et al. 2008). This leads to the motor system adapting to remove noxious stimuli and
prevent further injury to the knee's tissues (Hodges 2011). It is worthy of note that
pain is highly variable among individuals. For instance, knee pain may serve as the
initial signal for the onset of OA. Nevertheless, the perception of pain can exhibit
significant variability in patients afflicted with OA. This is evidenced by the fact that
the degree of knee pain and the severity of radiographic changes of OA are not
strongly correlated (Sluka 2016). Thus, alteration in the movement of individuals
suffering from pain is variable. Understanding the relationship between pain and

motor response can explain how the body adapts to knee joint pain.

Clinically, a broad spectrum of motor adaptations in response to pain are frequently
observed, ranging from subtle alterations during tasks to complete avoidance of
painful movements (Hodges and Smeets 2015). Pain is a normal protective
response but prolonged or dysfunctional adaptations may lead to disability and
chronicity (Merkle et al. 2020). In contrast, movement is frequently utilised to
alleviate pain and enhance function. Understanding the relationship between pain
and movement can direct rehabilitative approaches to recovery while avoiding any
adverse long-term effects (Hodges and Tucker 2011). This section investigates the

theories, associations and evidence relating to pain and movement.
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Various hypotheses have been suggested to clarify the association between pain
and typical motor adaptations. Vicious Cycle Theory was proposed by Roland (1986)
and suggests that pain leads to a sustained increase in muscle activity (both agonist
and antagonist) which further perpetuates pain and dysfunction. Some studies have
supported this theory, while others have criticised it, showing reduced muscle activity
in relation to pain in certain cases (Zedka et al. 1999; Falla et al. 2007). Muscle
relaxants for MSK pain, for example, have been suggested as a potential
intervention to disrupt the cycle of muscle tension and alleviate pain. Nevertheless,
there are notable where researchers have rejected this hypothesis. For example,
Zeller et al. (2003) conducted a study on individuals with PFPS and found that those
people exhibited altered muscle activation patterns. In this study, females presented
with increased muscle activity compared to males who presented with delayed and
reduced activity in the vastus medialis obliquus muscle, a key stabiliser of the patella
(Zeller et al. 2003). These findings contradicted the idea of sustained muscle
activation proposed by Vicious Cycle Theory and instead suggested that muscle

timing and coordination issues may contribute to knee pain.

In contrast, Strength Inhibition Theory (SIT) proposes that pain inhibits peak muscle
force and leads to generalised muscle inhibition (Merkle et al. 2020). Evidence
supporting this theory has been demonstrated through the experimental induction of
knee pain (infrapatellar fat pad injection of hypertonic saline), resulting in reduced
peak torque generation for knee flexion and extension but this largely recovers once
the pain has been resolved (Henriksen et al. 2011).

Meanwhile, the Theory of Pain Adaptation proposes that motor responses may be
both facilitated and inhibited in relation to the painful area, thus integrating certain
aspects of both Vicious Cycle Theory and SIT. The alterations in muscular activity
induced by pain may constrain motion, resulting in diminished force, magnitude,
velocity and displacement as a means of preventing further tissue damage and
augmenting recovery (Lund et al. 1991). Nonetheless, several clinical studies of pain
have observed that according to Pain Adaptation Theory, pain results in restricted
movement in comparison to pain-free controls (Svensson and Graven-Nielsen 2001,
van Dieén et al. 2003; Moseley and Hodges 2005).
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It is proposed that the agonist muscles, which are primarily responsible for painful
movement, exhibit inhibitory activity, whereas the antagonist muscles, which restrict
the painful movement, demonstrate sustained increases in activity (Lund et al. 1991).
However, there is no consensus in the literature regarding the recruitment of agonist
and antagonist muscles in response to pain. For example, some studies indicate that
voluntary jaw movements, trunk movements and neck movements were inhibited in
the agonist muscles due to pain, which is in accordance with the predictions
associated with the theory of pain adaptations (Svensson et al. 1996; Zedka et al.
1999; Falla et al. 2007). Furthermore, pain during dynamic movements of the jaw
and leg resulted in increased facilitation of antagonist muscle activity (Stohler et al.
1988; Mongini et al. 1989; Lund et al. 1991; Graven-Nielsen et al. 1997). However,
other studies reported that low back pain and jaw pain can lead to alterations in
muscle activity among both agonist and antagonist muscle groups (van Dieén et al.
2003; Murray and Peck 2007). Consequently, Hodges et al. (2006) postulated that
pain arising during voluntary movements results in a redistribution of muscle
activation among multiple agonist and antagonist muscles based on the individual's

condition, as opposed to the stereotypically predicted activation of a single muscle

group.

Protective Response Theory is represented in Figure 2 which characterises the
wide-ranging variability observed in the response of the neuromuscular system to
pain. The model aims to provide clarification on aspects of this variability that could
not be fully explained by other theories. One of the central premises of this theory is
that the short-term neuromuscular adaptations which occur in response to pain are
intended to protect the afflicted or threatened body part. This theory has a
distinctiveness that sets it apart from the previous three theories in that it is not a
direct pain-motor response theory in the strictest sense; rather, it posits that the
overarching objective of any motor response to pain is the protection of the

organism.
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Protective Response Theory
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Figure 2: Protective response theory with (A) motor adaptations to pain; and (B)
rehabilitative implications. Such adaptations in motor responses may result in
diverse outcomes which can either be advantageous or maladaptive, thereby

presenting significant intervention implications. Adapted from Merkle et al. (2020)

According to this theory, pain or the perceived threat of tissue injury can cause a

wide range of motor behaviour adaptations (Hodges and Tucker 2011). These

adaptations can vary from minor changes in muscle activation within a single muscle

or among multiple muscles to alterations in body movement within single or multiple

joints, or even complete movement restriction (Hodges and Tucker 2011). The

theory suggests that these motor behaviour changes may initially provide short-term

benefits by protecting the affected body tissue and promoting healing. However,

these short-term protective benefits may have negative long-term consequences

(Butera et al. 2016). They can reduce an individual's functional level and increase

the risk of further pain due to decreased movement and increased load on other

areas (Hodges and Tucker 2011; Merkle et al. 2020). This is due to a reduction in
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movement variability and an increase in load on the same tissue structures (Hodges
and Tucker 2011; Merkle et al. 2020).

The theory proposes that unresolved altered movement patterns resulting from
chronic pain contribute to the development and maintenance of pain over time
(Hodges 2011). An empirical study validating this theory found that back pain led to
increased spinal stability as a protective motor adaptation behaviour. The study also
observed inconsistent and non-stereotypical patterns of muscle activity and
movement between participants, thereby indicating an individualised-specific

response in the form of motor adaptation behaviours (Hodges et al. 2013).

Protective Response Theory suggests that individual variability in motor adaptations
to pain can be influenced by biopsychosocial factors, affecting neuromuscular
responses at various levels of the nervous system (Hodges and Tucker 2011; Merkle
et al. 2020). These adaptations are not simply changes in motor cortex excitability
but involve more complex modifications in motor planning and coordination,
particularly in load distribution on the painful structure. In chronic pain conditions,
central mechanisms play a significant role and unresolved movement alterations can
persist even after pain resolution and tissue healing, becoming secondary and
dysfunctional alterations (MacDonald et al. 2009; Hodges and Tucker 2011).

This theory has important implications for rehabilitation. It emphasises the need for a
balanced approach to managing pain, considering both the protective responses and
the potential negative consequences of prolonged or excessive pain-related
behaviours. Simply addressing pain through pharmaceutical therapies may not be
sufficient for chronic MSK conditions where central mechanisms are involved
(Hodges and Tucker 2011; Merkle et al. 2020). Physiotherapists need to identify and
address the movement alterations that potentially contribute to the condition and
develop individualised treatment plans to restore optimal motor control (Hodges
2011). Treatment interventions targeting the higher levels of the motor system
responsible for motor planning and coordination may be necessary. Movement
retraining with individualised feedback to enhance motor learning and acquire new
movement patterns can significantly improve physical function (Noehren et al. 2011;
Willy et al. 2012; Roper et al. 2016).
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In summary, the relationships between pain and the movement system are complex
and often highly variable. The theories suggest that pain can lead to various motor
adaptations, including increased or decreased muscle activity, altered movement
patterns and restricted motion. These adaptations are influenced by both peripheral
and central mechanisms and can have short-term protective benefits but may result

in long-term functional limitations and increased levels of pain.

While pain theories provide different perspectives, the actual mechanisms and
responses can vary depending on the individual and specific pain condition, which
emphasises the importance of individualised responses and the analysis of altered
movement patterns in understanding and managing chronic pain. By considering the
individual's pain experience and movement alterations, individualised movement
assessment can make a significant contribution. It allows for a thorough evaluation of
the specific motor adaptations, altered movement patterns and dysfunctional load
distribution that contribute to the individual's pain and functional limitations. This
assessment can involve kinematic analysis using motion capture systems during
functional tasks, providing valuable insight into an individual's movement patterns
and identifying areas of impairment. Therefore, the next section elaborates on the

various motion capture systems that can be utilised for movement analysis.

2.5 Movement analysis using motion capture systems

Movement analysis is a crucial aspect when examining a person's joint kinematics
whilst performing functional tasks in a PT clinical setting. It is useful for assisting in
clinical decision-making while managing MSK problems. Human motion analysis
allows for the identification of movement abnormalities in the form of altered
kinematic, kinetic or electromyographic (EMG) patterns which can then be used to
assess neuromusculoskeletal conditions, assist with subsequent treatment planning,
and/or gauge the success of treatments across a range of patient populations
(Kobsar et al. 2015; Watari et al. 2016). This can result in individualised
management that has the potential to offer the best rehabilitation approach to meet
each person's specific needs (Kobsar et al. 2015; Watari et al. 2016). To achieve
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this, it is necessary to give physiotherapists access to movement analysis
technologies to accurately assess kinematics in clinical practice.

Movement analysis requires the movements of the body or body parts in the three
anatomical planes to be precisely characterised. Movement analysis has used
various techniques to quantify this motion. These techniques include visual
observation, camera-based video recordings and optoelectronic 3D systems.
Laboratory-based optoelectronic 3D motion capture devices are the most widely
used in research settings and can apply objective techniques when evaluating
complex lower limb kinematic patterns (Ford et al. 2003; Boling and Padua 2013;
Nakagawa et al. 2013; Jones et al. 2014). These systems are regarded as the gold
standard for assessing movement kinematics and kinetics in all planes of motion
during the execution of various functional tasks (Sigward et al. 2011; Munro et al.
2012). The key limitation associated with 3D optoelectronic systems is that they are
not portable or simple to utilise either within or outside the laboratory setting
(Dingenen et al. 2014; Schurr et al. 2017). This may restrict the widespread

application of movement analysis systems in the context of daily clinical practice.

Other limitations associated with 3D optoelectronic motion capture systems include
the complexity of the setup, the need for advanced user training, the high financial
cost of the equipment, and the length of time needed to collect and analyse the data
produced by the system (Schurr et al. 2017). Consequently, portable, objective
clinical movement analysis methods that do not require expensive equipment and

that can be used in clinics are preferable.

A camera-based two-dimensional (2D) movement analysis method was studied as
an alternative to the gold-standard optoelectronic 3D motion capture devices
(Herrington et al. 2017; Alahmari et al. 2020; Neal et al. 2020). Although the 2D
movement analysis method is reliable for measuring kinematics (Kingston et al.
2020), the results of most studies were inconsistent regarding the method’s validity
for quantifying kinematics (Neal et al. 2020; Willson and Davis 2008; Scholtes and
Salsich 2017; Gwynne and Curran. 2014; Herrington et al. 2017). The 2D system
also has several drawbacks which may limit its clinical applicability when assessing

movement in all planes during challenging functional tasks. Among these limitations
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is its inability to evaluate dynamic, complicated movements over the transverse
plane (Malfait et al. 2014) and the subjectivity involved in data processing (Payton
and Hudson 2017). As a result, a reliable and valid movement analysis technique
that is capable of measuring kinematics in all planes of motion during dynamic and
complicated activities in clinical settings is required. The following sections cover the
alternative movement analysis techniques used to support movement analysis in

clinical settings.

2.5.1 Three-dimensional inertial measurement units

The drawbacks demonstrated by other motion capture systems in the previous
section highlight a demand for additional technologies and methods to effectively
and accurately assess movements in the context of clinical practice. IMUs are one of
the more recent techniques that have become increasingly prevalent in recent years
to objectively and clinically analyse subject's movement and deliver feedback
(Kobsar and Ferber 2018; van der Straaten et al. 2019). Thus, IMUs were identified
as the best option for the current study to realise the aim of utilising a clinically

available tool for movement analysis.

IMUs are ambulatory motion tracking systems that utilise fully wireless, small, body-
worn sensors allowing participants extra freedom of movement with less preparation
time than the alternative 3D optoelectronics (Tao et al. 2012; Cuesta-Vargas et al.
2010). The IMU system is a combination of three-axis accelerometers, three-axis
gyroscopes and three-axis magnetometers (Shull et al. 2014). Each of these alone
offers certain benefits and disadvantages. Accelerometers and gyroscopes, for
instance, are used to measure accelerations and angular velocities (Shull et al.
2014) but they can be affected by the surrounding gravitational forces and are prone
to drift errors when integrated to determine position, orientation and absolute angles

from angular velocity data (Zijlstra and Aminian 2007).

Magnetometers sense changes in segment orientation relative to the strongest
(north) magnetic field; hence, they are highly sensitive modalities that can be

affected by the local magnetic field and surrounding ferromagnetic materials which
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can lead to signal distortion (Shull et al. 2014, Zijlstra and Aminian 2007). However,
by integrating the information provided by accelerometers, gyroscopes and
magnetometers using a sensor fusion technique, an accurate assessment of the
position and orientation of each body segment is then produced (Luinge et al. 1999;
Mayagoitia et al. 2002) and different kinematic parameters such as spatio-temporal
parameters, body orientation, joint angles, body posture, as well as range of motion
(ROM) can be obtained (Wang et al. 2017).

IMUs can be applied on different body parts (upper limbs, back, lower limbs) and
measure specific motion repeatedly both within and outside clinical settings,
providing quantitative data in addition to the 3D body map (avatar) (Kobsar and
Ferber 2018; Chen et al. 2015). IMUs offer some benefits over optoelectronic
systems. For instance, kinematics can be evaluated on larger patient populations in
a non-controlled environment. When compared with 2D systems, IMU sensors are
able to measure joint angles in all three planes of motion (including the transverse
plane) when performing challenging dynamic activities (Cuesta-Vargas et al. 2010).
With IMU sensors, the problem of applying many markers with optoelectronic 3D

motion analysis methods can be avoided because IMUs do not require them.

In comparison to previous clinical movement analysis techniques, the advantages of
IMUs for measuring kinematics point to the need of take additional measures and
test them in a real-world setting. However, it is crucial to study the literature
pertaining to the validity and reliability of IMUs as a technique to quantify joint
kinematics during various functional activities before using this promising option in
clinical practice. The validity and reliability of IMU sensors is demonstrated in the

following section.

2.5.1.1 Validity of the IMU-based movement analysis method

Numerous studies have recognised IMU sensors as a tool for measuring angular
kinematics for lower extremity joints during the execution of multiple functional tasks,

focusing primarily on ascertaining the validity of IMUs (Favre et al. 2008; Zhang et al.
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2013a; Palermo et al. 2014; Lebel et al. 2017; Al-Amri et al. 2018; Karatsidis et al.
2018; Teufl et al. 2018; van der Straaten et al. 2019).

Teufl et al. (2018) compared an IMU's validity to the 3D motion capture of angular
kinematics at the lower limb joint in the three planes of movement during gait. For
kinematics in the sagittal plane, the results of the coefficient for multiple correlation
(CMC) produced an excellent correlation (CMC = 0.99 - 1). The validity results for
the 3D IMU kinematics in the sagittal plane were consistent with prior validation
studies using gait exercises (good-to-excellent agreement, CMC = 0.71 — 1.00), with
acceptable root mean squared error (RMSE) values for nearly all kinematic
measures (< 5.7°) (Favre et al. 2008; Zhang et al. 2013a; Palermo et al. 2014; Lebel
et al. 2017; AlAmri et al. 2018; Karatsidis et al. 2018).

Numerous studies have assessed the validity of angular kinematics obtained using
IMUs during a variety of functional activities, including stair ascent (Bergmann et al.
2009; Zhang et al. 2013a), running (Jakob et al. 2013; Niesch et al. 2017), squatting
(Robert-Lachaine et al. 2017; Al-Amri et al. 2018; Lebel et al. 2017), jumping (Jakob
et al. 2013; Al-Amri et al. 2018; Teufl et al. 2018) and sit to stand (Lebel et al. 2017).
While squatting, the IMUs-based movement analysis system has a good-to-excellent
correlation with minor RMSE scores for all joints in the three planes of movement
(CMC > 0.71), especially for the sagittal and frontal kinematics (Robert-Lachaine et
al. 2017; Al-Amri et al. 2018; Teufl et al. 2018).

Additionally, the sagittal plane kinematics of jumping demonstrated excellent
agreement between the sensors and the 3D optoelectronic motion capture system
(CMC > 0.90) (Jakob et al. 2013; Al-Amri et al. 2018; Teufl et al. 2018). During the
stair ascending task, the results indicated excellent agreement (Bergmann et al.
2009; Zhang et al. 2013a). Karatsidis et al. (2018) also observed excellent
correlation between the IMUs and the 3D optoelectronic systems (CMC = 0.95 -
0.99) with RMSE values of less than 5.7° for all sagittal kinematics at the hip, knee

and ankle joints.

The validity results for the frontal and transverse kinematics provided by IMU-based

and 3D optoelectronic movement analysis systems were good (ranging from
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moderate-to-excellent agreement, CMC = 0.50 - 0.96) but they were less significant
than the results for sagittal kinematics documented in the majority of the literature
(Favre et al. 2008; Zhang et al. 2013a; Palermo et al. 2014; Lebel et al. 2017; Al-
Amri et al. 2018; Karatsidis et al. 2018). In Zhang et al.’s (2013a) study, the frontal
and transverse plane kinematics during gait and stair negotiation indicated lower
correlation than the sagittal plane (CMC ranged from 0.5 to 0.85) during walking and
stair ascent and descent (Zhang et al. 2013a). This was also identified in Karatsidis
et al.’s (2018) study which showed that during gait, the kinematics in the frontal and
transverse planes had a lower agreement than in the sagittal plane (CMC = 0.68—
0.91) and a higher RMSE (4.1-9.7°) (Karatsidis et al. 2018). A strength of Karatsidis
et al.’s (2018) study is that the kinematics were collected when participants were
completing walking tasks at various speeds (comfortable, rapid and slow) for better
standardisation. The small sample size in this study (11 healthy adults aged 28 + 4
years) may have reduced the generalisability of the results to other cohorts, such as
older people, while also affecting the confidence of the data by increasing the
probability for type Il errors. Additionally, there was a lack of clarity regarding how

the systems simultaneously collected kinematics.

Teufl et al. (2018) demonstrated good-to-excellent agreement (CMC = 0.88-0.99) for
lower limb kinematics in the frontal and transverse planes. The RMSE and range of
motion error (ROME) scores, which were less than 2.40° and 1.6°, respectively, for
the kinematics assessments of all joints confirmed these correlation findings (Teufl et
al. 2018). Additionally, the Bland and Altman plots indicated a tight limit of agreement
for all kinematics in all planes and minor average mean difference values (ranging
from -0.3° to 0.9°) (Teufl et al. 2018). In their study, rigid marker clusters placed
directly on sensors to measure angular kinematics utilising 3D optoelectronic
technology enhanced this investigation (Teufl et al. 2018). These kinds of markers
and the use of this methodology could potentially reduce the error between the two
systems caused by soft tissue artefacts, thereby improving the accuracy of the
agreement findings. More specifically, the quantity of soft tissue artefacts was
distributed evenly between the two systems (Teufl et al. 2018).

The fact that lower limb joints' ranges of motion in the frontal and transverse planes

are smaller than those in the sagittal plane may help to explain the lower validity
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findings for angular kinematics in these planes. Thus, kinematics in the sagittal plane
were more easily detected by the two movement analysis systems than frontal and

transverse kinematics.

In summary, IMUs have demonstrated excellent validity for measuring lower limb
joint angles in the sagittal plane but their validity was lower in the frontal and

transverse planes.

2.5.1.2 Reliability of the IMU-based movement analysis method

With respect to the reliability of IMUs, a small number of studies have been
conducted on healthy populations to assess reliability while utilising an IMU
movement analysis system to measure the angular kinematics of lower limb joints
during functional activities (Cloete and Scheffer 2010; Nuesch et al. 2017; Teufl et al.
2018; Al-Amrri et al. 2018; van der Straaten et al. 2019). Van der Straaten et al.
(2019) evaluated reliability while employing IMU sensors between sessions and
raters to assess lower limb kinematics in all planes, while performing SLS and sit to
stand (STS) activities. In the sagittal plane for both tasks, the results showed that all
reliability findings (within-session, between-session, and between-raters) ranged
from fair-to-excellent (ICC range 0.52 to 0.96) (van der Straaten et al. 2019).

During the STS task, reliability findings were found to be fair-to-excellent in the
transverse plane (ICC range 0.51 to 0.97), while the SLS task's reliability was poor to
excellent (ICC range 0.20 to 0.84) (van der Straaten et al. 2019). All reliability
findings for the frontal plane indicated fair-to-excellent reliability across all lower limb
joints during both tasks (ICC range 0.53 to 0.87), apart from the ankle joint during
SLS which demonstrated poor-to-fair reliability (ICC range 0.37 to 0.41) and the hip
kinematics during the STS task which demonstrated poor reliability (ICC range 0.00
to 0.14). One of the strengths of this study is that the participants received detailed
instructions regarding how to perform the various functional activities which helped to
ensure that the trials were performed consistently. Standardising performance

between trials and sessions can improve the comparability of results. This study
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might be constrained by the use of a small sample of 20 healthy participants and the
failure to justify the number of participants.

According to a study by Al-Amri et al. (2018), the reliability of the IMU system was
also evaluated and the results reported excellent between-session (inter-rater)
reliability for the sagittal plane and at all lower extremity joints during three functional
tasks: gait, squat and jump (ICC > 0.75). However, their results demonstrated fair-to-
excellent between-session (intra-rater) reliability across the frontal and transverse
plane of movements (ICC = 0.40 — 1.00) (Al-Amri et al. 2018). Additionally, the
within-session reliability was fair-to-excellent for lower limb kinematics in all planes
while walking and squatting (ICC > 0.60), yet the transverse plane indicated reduced
within-session reliability which ranged from poor-to-excellent (Al-Amri et al. 2018).
Despite the benefits of testing within- and between-session reliability during three
distinct functional activities and the well-justified sample size, the participants were
not provided with any instructions regarding how to complete the activity tasks.
However, this could be a strength that could promote the normal performance of

activities.

Four other studies assessed the between-session reliability for lower limb kinematics
collected during an overground walking task using the IMU-based movement
analysis method (Cloete and Scheffer 2010; NUesch et al. 2017; Al-Amri et al. 2018;
Teufl et al. 2018; van der Straaten et al. 2019). Consistent with Al-Amri et al.’s
(2018) findings, they demonstrated excellent agreement for the sagittal plane lower
extremity kinematics (Cloete and Scheffer 2010; Niesch et al. 2017; Teufl et al.
2018) but fair-to-excellent agreement in the frontal and transverse planes (Cloete
and Scheffer 2010; Teufl et al. 2018).

Although the movement analysis offered by IMU sensors has good validity and
reliability, these studies revealed an issue which could potentially affect the
transferability and generalisability of the findings. To clarify, all of the validity and
reliability tests to date have been conducted in controlled laboratory environments. It
is possible that research results obtained in these circumstances will not necessarily

translate to clinical situations found in the real world.
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In conclusion, IMU-based movement analysis systems may provide the necessary
validity and reliability for measuring lower limb joint kinematics in various planes of
motion during the performance of various functional activities. However further work

is needed to test their validity and reliability in other non-laboratory settings.

2.5.1.3 Application of IMUs for clinical practice

IMUs provide the advantage of collecting data in real-time, allowing for immediate
movement feedback and interventions during clinical assessments or rehabilitation
sessions which are crucial components for the aim of the current study. The
application of IMUs has been reviewed to provide a better understanding of the
appropriateness of this tool for the current study.

Several studies have utilised IMUs to analyse changes in movement patterns for
those experiencing knee pain during various functional tasks (Ismailidis et al. 2020;
Ismailidis et al. 2021; Tadano et al. 2016; Rahman et al. 2015; McCarthy et al. 2013;
van der Straaten et al. 2020; Bolink et al. 2012; Nakagawa et al. 2012; Nakagawa et
al. 2015; Severin et al. 2017; McKenzie et al. 2010). A detailed explanation of these
studies’ findings is provided in Section 2.7. An example of this is the utilisation of
different inertial sensor technologies for gait analysis. Van der Straaten et al. (2020)
conducted a systematic review and found 14 different inertial sensor systems in 24
studies. Of these, three studies (McCarthy et al. 2013; Tadano et al. 2016; Rahman
et al. 2015) examined the use of inertial sensors using a sample of patients with
knee OA in comparison to a healthy population to identify differences in kinematic
and other spatiotemporal parameters.

McCarthy et al. (2013) claimed that they were able to use the GaitWalk (an IMU-
based system) to measure variations in stride duration and knee flexion ROM in
swing and stance. Using the H-Gait IMUs system, Tadano et al. (2016) assessed
kinematic variations at the hip, knee and ankle in the sagittal plane. Using the
GaitSmart IMUs technology, Rahman et al. (2015) assessed the knee's sagittal

kinematics, thigh and shank sagittal and frontal, and temporal gait parameters.
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Another application of IMU for movement analysis was reported by Alanen et al.
(2021) who conducted a systematic review of studies using IMUs to analyse sports
direction changes of movement. They searched six databases and the grey literature
and applied the PRISMA guidelines to ensure that they achieved comprehensive
search results. The authors found that IMUs can be utilised to detect change of
direction (COD) movements and COD heading angles with acceptable validity
(Alanen et al. 2021). Most of the studies included in their review were inconsistent
regarding the metrics used and the placement of sensors which might affect the
reliability of their findings. The utilisation of small samples that were not justified in
any of the studies is another factor that could have adversely affected the results of
this review. Based on the available studies in the review, it appears that the
information offered by IMUs is not particularly useful from a coach's perspective
because current COD tests rely on time- or speed-related measurements. IMU-
derived measures could offer additional information regarding individual differences
and variability in acceleration on multiple axes and angular velocities during COD
movement which could be very helpful for coaches and players (Alanen et al.
2021).

Some of the published literature has used IMUs to investigate the most studied joints
and biomechanical parameters that are essential for movement analysis. A scoping
review was conducted to summarise the literature that has employed IMUs for
movement analysis (specifically gait) in lower limb OA (Kobsar et al. 2020). In the 72
articles reviewed, the most common use of IMUs was for patients with knee OA
which was the joint of greatest interest (n = 46), followed by the hip (n = 22) and then
the ankle (n = 7). The two locations where IMU sensors were most frequently placed
on were on the back (n=41) and the shank (n=40). In terms of the most investigated
parameters, spatiotemporal parameters (n = 45), segment or joint angles (n = 33),
and linear acceleration magnitudes (n = 22) were the three biomechanical outcomes
that were most frequently observed (Kobsar et al. 2020). Although the review offered
valuable insights into the most studied biomechanical parameters and joints, there
were significant variations among the studies in terms of patient populations, study
designs, and sensor protocols. In addition, an evaluation of study quality that was

conducted using a modified version of the Critical Appraisal of Study Design for
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Psychometric Articles found no high-quality research; rather, most of the studies

were of low (n = 43) or moderate-quality (n = 24).

Another application of IMUs in the literature has been to establish if the type of
exercise performed can be detected and if this can be achieved using fewer sensors
(O’Reilly et al. 2015; Crema et al. 2017; O’Reilly et al. 2018a; O’Reilly et al. 2017;
Giggins et al. 2014). Giggins et al. (2014) conducted a cross-sectional analytical
study to establish whether IMUs can classify exercise performance of the lower limbs
with a high degree of accuracy and to test the application of single sensors in
providing sufficient and accurate information relating to exercise performance. The
findings revealed that exercise performance of the lower limbs could be detected
with an acceptable degree of accuracy (81%) via IMUs. It was also confirmed that
reducing the number of sensors did not adversely affect their accuracy and in some
cases, a single sensor was found to be even more accurate when evaluating
exercise performance (83% accuracy) and, therefore, can be used for exercise
biofeedback purposes. Although the study yielded favourable results, there were
some notable drawbacks. The study was conducted in an organised and controlled
environment and the participants performed the exercises while wearing exercise
clothing. These conditions may vary from what occurs in the home or in non-
controlled settings. Besides, the heterogeneity of the study population may affect the
generalisability of the findings to a specific population but it increases its external
validity. Therefore, the results of the study are more likely to be generalisable to a

wider range of people.

IMUs were used in some studies to enable better visualisation of patients' movement
analysis data as a means of a visual feedback tool to improve their treatment
outcomes (Argent et al. 2019; O'Reilly et al. 2018b; Bell et al. 2019; Oagaz et al.
2018; Loudon et al. 2012). O'Reilly et al. (2018b) evaluated the Formulift system
which is a mobile health (mHealth) app where a single IMU is worn on the left thigh
and connected to Formulift. Users' movements were recorded by the IMU as they
worked out and the app analysed the information to identify their workout style and to

count repetitions in real-time.
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The app provides users with feedback and pointers to help them exercise safely and
efficiently (O'Reilly et al. 2018b). In this study, there were three groups of users with
five healthy participants in each group: those new to working out in the gym;
experienced athletes; and strength and conditioning trainers. Four different
categories were investigated in the study: usability, functionality, perceived impact,
and subjective quality. To develop customised exercise classifiers for each
participant, IMU data were first gathered from each of them. They subsequently used
the programme to accomplish several tasks unrelated to exercise. The technique
was then used to complete an exercise that included single-leg squats, deadlifts,

lunges and squats.

After completing the System Usability Scale (SUS) and the user version of the
Mobile Application Rating Scale (UMARS), the participants were questioned about
their user experiences. According to qualitative and quantitative studies, the system's
SUS score was 79.2, thereby indicating ‘good’ to ‘outstanding’ usability. Many users
expressed satisfaction with the system’s functionality regarding its repeat counting,
method classification and feedback features. The app's overall subjective quality was
deemed to be good with a median star rating of 4 out of 5. The participants said that
the approach would also improve their skills, motivate them, reassure them and

prevent injuries (O'Reilly et al. 2018b).

It should be noted that O'Reilly et al.’s (2018b) findings are based on participants'
initial system usage which is suitable for identifying usability and functionality issues.
However, perceptions of the system's impact and quality may change over time. The
results regarding the system's perceived impact are solely based on users'
perceptions and additional research is needed to determine whether the method
enhances aspects such as motivation, exercise adherence and exercise technique.
To accomplish this, it was deemed that a RCT would be necessary. Additionally, the
study was conducted in a biomechanics laboratory simulating a gym setting. The
suggested system re-evaluation might be completed with participants working out in

their ‘regular’ settings such as their gym.

A study by Loudon et al. (2012) included two focus groups (stroke survivors N=7,

and therapists N=5) to explore stakeholder responses regarding a prototype of a
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visualisation of their movement and to facilitate therapists’ explanation to patients
regarding what they have achieved in their rehabilitation. The software (envisage)
was created using various motion capture systems including Vicon and Kistler force
platforms, wired electromagnetic sensors (Optitrack) and wireless IMUs to enable
the investigation of the different visualisation techniques of biomechanical data that
are important for the rehabilitation process for patients and therapists (Loudon et al.
2012). The findings from this study suggested that this kind of feedback would be
very beneficial to elicit the patient’s progress during their rehabilitation because it
made patients’ biomechanical data more comprehensible and facilitated patient-
therapist communication. However, the time therapists needed to spend with the
patient explaining the numerical data that was generated by the technology was
guestionable (Loudon et al. 2012). Loudon et al. (2012) acknowledged that different
motion capture systems were used to address certain practical limitations such as
the size of the room, system setup, and the use of a non-technical system operator.
Indeed, for visualisation purposes, this could have affected the results of the study
because the accuracy of the motion capture systems differs from one system to
another (van der Kruk and Reijne 2018). Consequently, this may have affected the
visualisation figure presented for patients in different settings (e.g., clinic, home or

community centre).

In summary, IMUs have been successfully used for movement analysis in various
contexts, including analysing altered movement patterns in individuals with knee
pain, detecting changes in movement direction in sports, identifying types of exercise
and providing visual feedback for patients and physiotherapists. These applications
highlight the importance of IMU sensors as a practical for studying movement

patterns in individuals with CKP.

In the next section, the search strategy conducted to identify relevant literature
pertaining to the analysis of altered movement patterns during the performance of
different functional tasks, in addition to the literature regarding the reporting of

movement analysis and alteration, is introduced.
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2.6 Search strategy

To identify appropriate published studies to include in the literature review, a
comprehensive search strategy was designed and carried out for literature
concerning the analysis of altered movement patterns during the performance of
functional tasks as well as literature regarding the reporting of movement analysis
and alteration because these aspects provide the knowledge base for the current

research.

For this literature review, an initial electronic search was conducted between
December 2018 and March 2019. The online search of the medical literature was
carried out using the following electronic databases: the National Library of Medicine
Database (MEDLINE), the Cumulative Index to Nursing and Allied Health Literature
(CINAHL), and the Physiotherapy Evidence Database (PEDro). For literature
concerning movement patterns, the search was restricted to the years from 2010 to
the present. This criterion was applied because advances emerged in the literature
regarding the field of movement analysis using 3D motion capture systems for the
knee pain population and this period allows for the identification of appropriate
studies for the current review that align with the contemporary understanding and
advancements in the field (Cimolin and Galli 2014; Wren et al. 2020). Additionally,
older studies might have utilised outdated or less sophisticated techniques which
could potentially introduce inconsistencies in the comparison and synthesis of the
findings. For the literature concerning reporting movement analysis and alteration,
the search was expanded from 2000 to the present.

A PRISMA flowchart was used to depict the search and refinement process applied
to the studies discovered. The PRISMA flowchart used to refine the studies

concerning gait kinematic alterations is presented in Figure 3.
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Figure 3: PRISMA flowchart for gait kinematic alterations

The search was repeated in between November 2022 and January 2023 using the
same databases employed previously to check for any newly published studies that
could be included in the thesis. Table 1 presents the word categories and how they

were combined in the text. Meanwhile, Table 2 presents the inclusion and exclusion

criteria for both topics.
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Table 1: Search terms used in Medline for gait kinematic alterations

Movement kinematic alteration for people with CKP

(Osteoarthritis OR knee pain OR knee joint OR chronic knee pain
OR patellofemoral pain syndrome OR jumper’s knee)

AND

(Gait analysis OR gait OR walk OR walking OR squat OR jump OR
stair ascent OR stair descent)

Keywords | AND

(Kinematics OR movement OR joint angles OR ROM OR
biomechanics)

AND

(Movement analysis OR motion capture OR three-dimensional)

CKP= Chronic knee pain
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Table 2: Inclusion and exclusion criteria for literature review studies

Inclusion criteria Exclusion criteria
Individuals with CKP conditions (i.e., OA, PFPS, ITB Knee pain related to trauma or injuries, rheumatoid arthritis or
syndrome, jumper’s knee etc.). surgery.

Kinematic outcome measures during gait, squat, jump, and/or | Functional activities unrelated to the current study such as

stair ascent and descent. hopping or jogging.

Adult population aged 18+ years. Animal studies.

Only English language. Young individuals (under 18 years of age).
Full-text studies. Non-English papers.

Comparative studies (knee pain vs. healthy or a different Abstracts and conference proceedings.

CKP population. For example: between differing KOA
subgroups such as disease severity; the involved
compartment; sex; etc.).

OA=Osteoarthritis, PFPS= Patellofemoral pain syndrome, ITB= lliotibial band syndrome, CKP= Chronic knee pain, KOA= Knee osteoarthritis
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2.7 Analysis of altered movement patterns during the performance of

functional tasks

Altered biomechanics plays an important role in the progression of knee pain due to
the altered movement patterns patients use, which may limit the effectiveness of the
prescribed exercises (Bolink et al. 2012). Therefore, a better understanding of these
altered movements is crucial to enable targeted rehabilitation. Given the limited
literature on sensor-based movement analysis, studies using any motion capture
technology were included in this review to provide a comprehensive understanding
of altered kinematic movement patterns. Kinematic analysis is more accessible,
practical and relevant to daily activities, thereby making it feasible for research and
clinical settings. It also serves as a foundation for exploring the relationships
between kinematics, pain and functional limitations, potentially guiding future studies

and interventions.

Patients with CKP experience difficulties with activities of daily living (ADL) and,
therefore, it is recommended that performance tests of multiple activities are used for
routine clinical settings. It is preferable in knee rehabilitation and lower extremity
injuries to use functional exercises due to their similarities to daily activities and sport
(Button et al. 2014). According to the Osteoarthritis Research Society International
(OARSI), a series of performance-based physical function tests that represent
testing of typical activities relevant to persons diagnosed with knee pain conditions
such as knee OA was recommended (Dobson et al. 2013). These tests are
recommended as prospective outcome measures in future OA research and to aid
therapeutic decision-making as a complement to patient-reported measurements.
Their recommendations for future research were to focus on expanding the evidence

of the proposed tests' measuring properties (Dobson et al. 2013).

Additionally, they recommended the inclusion of five functional tests when evaluating
this population and among the suggested activities were walking, chair-stand (which
is similar to rise from squatting) and stair negotiation. Accordingly, the following
activities which were found to pose distinct challenges for the knees of individuals

with CKP considering the different age-groups that could be affected by the condition
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were chosen for the current study: gait, DLS, SLS, VJ, SA and SD. Moreover, these
activities were shown to be valid and reliable when assessed using various motion
capture systems, especially when using IMUs (as discussed in Sections 2.6.1.1 and
2.6.1.2).

Although vertical jJumping is not an activity that is performed daily by individuals with
CKP, jumping involves more dynamic movements with faster execution speed and is
important for those who like to participate in sport (Cleather et al. 2013). As such, it

is an important activity to consider when assessing movement alterations.

Regarding the planes of movement, the literature concerning the sagittal, frontal and
transverse planes of movement was reviewed. It should be acknowledged that
transverse plane motion is important and relevant data is available in the Xsens
MVN but the studies featured in the current PhD thesis only included sagittal and
frontal planes of movement in all of the selected activities (Schurr et al. 2017)
because the validity and reliability of IMUs for lower limbs were better for motions in
the sagittal and frontal planes than for the transverse plane (Poitras et al. 2019).
Sagittal plane lower limb joint kinematics affects the risk of knee pathologies
(Blackburn and Padua 2008). Also, subjects who employed less sagittal plane joint
movement were more reliant on frontal plane knee moments to slow down their
centre of mass which contributes to frontal plane movement alterations (Dingenen et
al. 2014). It has been recommended that frontal plane movements are important

when screening people with knee pathologies (Felemban et al. 2020).

In the following section, the literature concerning altered movement patterns using
3D motion capture systems is reviewed in people with CKP, while executing the

selected functional activities.

2.7.1 Gait kinematic alterations

Seventeen studies evaluated gait patterns for people with CKP using various 3D
motion analysis systems (see Table 3). While some studies investigated all lower

limb kinematics (hip, knee and ankle) (Ismailidis et al. 2021; Ismailidis et al. 2020;
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van der Straaten et al. 2020; Ro et al. 2019; Sparkes et al. 2019; Crossley et al.
2018; Duffell et al. 2017; Tadano et al. 2016; Barton et al. 2011), others focused
exclusively on the knee joint (Farrokhi et al. 2015; McCarthy et al. 2013; Nagano et
al. 2012; Hunt et al. 2010), or the hip and knee joints (Duffell et al. 2014), or ankle
joint alterations. The methodologies, findings and limitations of these studies are
summarised in Table 3 and are now discussed with regards to kinematic variables

(e.g., joint angles and ROM).

Two recent studies (Ismailidis et al. 2020 and van der Straaten et al. 2020) evaluated
movement alterations in people with OA and healthy controls using the Statistical
Parametric Mapping (SPM) approach which helps researchers to examine
differences between comparable kinematic waveforms across the whole movement
cycle (Nuesch et al. 2017). At the knee joint, both studies indicated that compared to
the controls, those with knee OA had significantly less knee flexion ROM throughout
the mid-stance and early swing phases. Reduced sagittal plane knee flexion ROM
found in the two previous studies were in accordance with the findings of other
studies that explored discrete joint angle kinematics rather than the entire gait cycle
(Ismailidis et al. 2021; Ro et al. 2019; Rahman et al. 2015; Farrokhi et al. 2015;
McCarthy et al. 2013; Nagano et al. 2012).

Reducing knee flexion during the initial stance phase of walking, also known as the
knee stiffening strategy (Fok et al. 2013; Farrokhi et al. 2015), may be a movement
alteration adopted by knee OA patients to unload the knee or minimise pain by
enhancing the co-activation of the thigh and leg muscles (Childs et al. 2004).
However, the combined changes in kinematics and muscle activity may result in
knee stiffening which could increase the compressive load and reduce the femoral
contact area where force is administered (Childs et al. 2004). These motor
adaptation methods are employed to alleviate discomfort and stabilise the joint.

It is important to note that the OA patients in both studies (Ismailidis et al. 2020 and
van der Straaten et al. 2020) were similar in terms of their disease severity (all had
severe OA) but they differed in terms of the compartment affected. The OA sample
in van der Straaten et al. (2020) was of a mixed compartment but Ismailidis et al.’s

study (2020) lacked clarity regarding which compartment in the OA cohort was
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impacted. It has been shown that the involvement of the OA lateral compartment
correlates with valgus alignment, whereas the medial OA compartment correlates
with varus alignment (Sharma et al. 2001). Therefore, changes in alignment could
affect the forces and loads imparted to the knee joint, thereby contributing to a

variety of altered movement patterns.

Three other studies (Sparkes et al. 2019; Tadano et al. 2016; Duffell et al. 2014)
found no significant difference in knee flexion ROM between both groups (OA and
healthy people). The OA participants included in Sparkes et al.’s (2019) study had
moderate knee OA matched for age, gender and BMI. However, in Tadano et al.’s
(2016) study, the participants were of mixed OA severity (severe and mild) and were
not matched for age, height, weight or BMI. As for Duffell et al.’s (2014) study, there
were 18 participants with mild medial OA who were also not perfectly matched (the
OA group was significantly heavier). Matching can help to reduce bias, increase
power and improve the precision of studies (De Graaf et al. 2011). However, in
instances where the two groups are not perfectly matched, it is possible for
differences to arise between the groups with regards to other variables which could

influence the study outcomes.

Despite the fact that knee joint loading becomes greater as the severity of the
disease increases (Mindermann et al. 2005; Thorp et al. 2006) and may be
associated with changes in kinematics (Chang et al. 2007), the absence of sagittal
plane differences could be attributed to the small sample size presented in two of
these studies (10 OA participants vs. 8 controls in both studies) (Sparkes et al. 2019;
Tadano et al. 2016) which were not based on power calculations, leading to limited
power and an increased risk of type Il errors. As for the frontal plane knee angles,
Duffell et al. (2017) and Nagano et al. (2012) presented similar findings of increased
knee adduction angle of the OA limb and/or group at 50% of the stance phase, which

is the point where the peak ground reaction force occurs (GRF) (Jiang et al. 2020).

Altered movement patterns were also found in the hip joint sagittal, frontal and
transverse planes of motion among people with CKP conditions (mainly OA). Four
studies demonstrated consistent findings of reduced hip extension ROM during the
stance phase of the gait (Ismailidis et al. 2021; Ismalidis et al. 2020; Ro et al. 2019;
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Crossley et al. 2018). Ro et al. (2019) also found that a reduced coronal motion arc
for the hip, which was defined as the difference in angles between the maximum
adduction angle and the minimum adduction angle of the stance phase, was
significantly smaller in the OA group than in the control group (p<0.001). There was
also a correlation between the coronal arcs of the knee joint with that of the hip joint
in the OA group compared to the controls (r2 = 0.36, p<0.001).

The results of the study by Ro et al. (2019), however, may have been affected by
certain factors. For instance, there was a large difference between the number of OA
participants (89) and the control subjects (42) who were only matched for sex and
age, without giving an account for the effect of height, weight or BMI, which were all
significantly different between groups. The study also only included females and this
may have affected the generalisability of the results because MicKenzie at al. (2010)
found that males and females demonstrate different kinematic strategies to reduce

their knee symptoms.

Crossley et al. (2018), Duffel et al. (2017) and Hunt et al. (2010) showed that people
with OA had a significant reduction in the hip adduction angle during the stance
phase of the gait cycle. However, Barton et al. (2011) found that people with PFPS
had reduced peak hip internal rotation compared to the controls. Other studies found
no significant difference in the hip joint angle in any plane of movement when
comparing the OA groups and healthy controls (van der Straaten et al. 2020;
Sparkes et al. 2019; Duffell et al. 2014). These studies had limitations in relation to

heterogeneity in the OA population, the affected compartment and the sample size.

Seven studies included the ankle joint in their analysis of movement alterations
during gait in patients with CKP (Ismailidies et al. 2021; Ismailidis et al. 2020; Ro et
al. 2019; Sparkes et al. 2019; Crossley et al. 2018; Duffell et al. 2017; Tadano et al.
2016; Barton et al. 2011). Ismailidies et al. (2021) and Ismailidis et al. (2020) found a
significant difference in ankle dorsiflexion between the OA group and healthy
controls which was increased during the stance phase. They also found reduced
ankle plantar flexion at initial swing (push-off). Tadano et al. (2016) reported a
significant reduction in ankle abduction between mild and severe OA groups

compared to controls at the stance phase. Barton et al. (2011) investigated the ankle
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joint (forefoot and rearfoot peak angles and ROM) in people with PFPS and
demonstrated that people with PFPS attain earlier peak rearfoot eversion and

increased rearfoot dorsiflexion ROM.

The finding of increased ankle dorsiflexion at heel-strike was hypothesised to reduce
the knee flexion angle at the initial contact and decrease the mechanical load on the
knee while increasing the extensibility of the gastro-soleus muscle complex (Aali et
al. 2021). Adhering to this ankle position results in the knee being unlocked, which
compromises motor control and interferes with the hip joint's natural movement
patterns. The observed activation of the hip extensor muscles appears to suggest
that the hamstring and gluteal muscles exert a synergistic dominance. Hence, it is
evident that an extension in the duration of heel contact may cause a modification in
the posture of knee flexion during the stance phase, resulting in suboptimal motor

control of the lower extremities (Aali et al. 2021).

The remaining studies (van der Straaten et al. 2020; Ro et al. 2019; Sparkes et al.
2019; Crossley et al. 2018; Duffell et al. 2017) found no significant difference at the
ankle joint between the knee OA group and the controls. These studies had a variety
of shoes/unshod walking protocols, which could have affected the data. Indeed,
footwear and its effect on walking kinematics have been explored in the literature
and found to have a significant impact on an individual’s movement patterns. People
who walk barefoot experience decreased ankle dorsiflexion compared to those
wearing shoes (Moisan et al. 2020; Hannigan and Pollard 2021; Zhang et al. 2013b)
and this could account for the difference found at the ankle between both studies.

Several limitations were identified in the literature when attempting to recognise the
different altered movement patterns between studies. For example, most studies
examined kinematic alterations during the phase-specific gait cycle and only
investigated alterations in the stance phase of gait. This phase-specific analysis
could have limited the investigation of some important alterations that could have
occurred during the rest of the cycle, such as the swing phase. There were some
differences in the compartment, chronicity and severity of pain of the recruited
participants; for example, some had experienced severe knee pain for a long time,

whereas others had experienced mild or moderate pain for shorter periods (Ismailidis
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et al. 2020; van der Straaten et al. 2020). Some of the studies had small sample
sizes that were not based on power calculations (Sparkes et al. 2019; Tadano et al.
2016). Consequently, this might have affected the power of these studies and

increased the likelihood of type Il errors.

There were also different ways of normalising the data. For instance, not all studies
normalised the gait speed to body weight or leg length and this should have affected
the consistency of the results among the studies. Additionally, in most of studies,
healthy participants were enrolled on the condition that they did not have a diagnosis
of knee OA or trauma. However, prior research has demonstrated that the gait
kinematics and kinetics of individuals with early OA are similar to those of healthy
participants (Duffell et al. 2014). Although most studies were observational, there
was heterogeneity in the methods used. To clarify, there were some differences in
the distance of the walkway used for gait analysis and this could have affected some
of the results due to the relatively short walkway used in some studies
(approximately 6 metres (m)) (Duffell et al. 2017), causing some healthy participants

to potentially walk at a slower pace than usual.

Another important factor to consider is the way in which the motion capture systems
were calibrated. Almost all of the studies used static calibration techniques to define
the biomechanical model and calculate joint angles. Static calibration could provide
less accurate results in some knee pain populations, especially those with severe
OA pain who were found to suffer from joint contractures and cannot stand in a
neutral position without some bending of the knee, which could influence the

kinematic data (Favre et al. 2014; Nagano et al. 2012).

In summary, studies using different motion capture technologies to investigate
movement patterns during gait have identified several kinematic alterations to the
lower limb joints in individuals with CKP conditions, especially those with knee OA. In
the sagittal plane, reduced knee flexion ROM during early stance (stiff knee),
reduced hip extension ROM during stance, increased ankle dorsiflexion during
stance, and decreased ankle plantarflexion at early swing were the most common
alterations. In the frontal plane, increased knee adduction angle during stance,

decreased hip adduction angle during stance, and reduced ankle abduction during
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stance were observed. Regarding the transverse plane, reduced hip internal rotation

was mostly presented.
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Table 3: Summary of studies evaluating gait kinematic alterations for people with CKP and healthy controls

Type of motion

Authors/ Design Subjects analysis and Method Klnemat.lc outcome Key findings Limitations
date : variables
plane of motion
Within and |23 unilateral | Sensor system (7 | Walking for 20 [ Hip, knee and ankle Knee OA vs. control groups: Age in the
be;v'veetn severe KOA. | sensors) melztresdat self- !O|nt angles an ROM - Reduced maximum hip extension :cnclusmn crétina
subjects. (RehaGait). selecte in stance. and swing during stance (variation: -1.8°) or severe not
speed. phase (differences representable (>30
between discrete - Reduced maximum knee flexion years).
46 age- kinematics). during stance and swing phase
matched _ An average of (maximum difference: -5.2°) and -
controls. Sagittal plane 8 steps per 8.8°) Only severe OA.
only. i
y _Sn'dle Zlveeorlio - Reduced knee flexion ROM
inclu r . .
| ilidi ana|ysis_ gl;;lng IOa.d :ap’cgfpta_ngeoggfi(lmum No details of what
Smal: IS ! er_en;:e. 0L P =Y ), participants wear
et al. tgrmlna stance (maximum on their feet.
(2021) difference: -4.4°; p = 0.002**), and

swing (greatest difference: - 7.9°)

- Increased maximum dorsiflexion
(maximum difference: 5.6°) and
dorsiflexion ROM (maximum
difference: 4.7°) during stance

- Reduced maximal plantar flexion
(maximum difference: -4.6; p =
0.009**) during push off.
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Knee OA affected vs. unaffected
sides:

-Reduced maximal knee flexion
during the stance and swing
phases (-4.8; p = 0.002**; -6.1¢; p
= 0.009**) in the affected
compared to non-affected.

- Reduced knee flexion at HS in
the affected compared to the non-
affected side (-2.2°).

Ismailidis

et al.
(2020)

Between
subject
design.

23 unilateral
severe
KOA.

28 age-
matched
controls.

Sensor system (7
sensors)

(RehaGait).

Sagittal plane
only.

Walking for 20
metres at self-
selected
speed
(wearing their
own shoes).

Hip, knee and ankle

joint kinematics (within
the whole movement

cycle).

Reduced knee flexion angles from
the loading response to mid-
stance phase (4—24% of the gait
cycle; maximum difference: -6.8°,
p < 0.001**) and at the end of the
terminal stance to mid-swing
phase (60—77% of the gait cycle;
maximum difference: -11.0°, p =
0.001**).

Increased ankle dorsiflexion and
reduced ankle plantarflexion, from
mid-stance to the initial swing
phase (8—68% of the gait cycle;
maximum difference: 12.5° p <
0.001**).

Age in the
inclusion criteria
for severe OA not
representable (>30
years).

Only severe OA.

-No adjustment for
multiple
comparisons
(increase the
chance of finding
significant
differences).
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Reduced hip extension during the
terminal stance (38-54% of the
gait cycle; maximum difference:
4.2°; p = 0.004%).

Partofa |19 severe Sensors (15 Walking Hip, knee and ankle Reduced knee flexion ROM during | OA participants
large unilateral sensors, MVN barefoot for |kinematics (within the |stance phase (0 - 33%; p = were significantly
longitudina | KOA. BIOMECH Awind |10 metres at a |whole movement 0.001**) and swing phase (49 - older.
| study. a). self-selected |cycle). 92%; p = 0.001**).
speed.
12 healthy Small sample
van der controls. Optoelectronic size.
Straaten (65 markers and
et al. 10 camera
(2020) VIKON system). No distinction for
the compartment
of KOA (medial or
Frontal, lateral).
transverse and
sagittal planes.
Only severe OA.
Cross- 89 Severe 3D optical motion | Walking for 9 | ROM for hip, knee and | Reduced knee ROM in OA group |Groups were
sectional |KOA. capture with 12 | metres at a ankle. (p < 0.001*). significantly
observatio cameras. self-selected Reduced hip and ankle ROM (p < different in weight
RO et al. nal study. speed (an ' 0.001*%). and BMI.
2019) 42 age- and . average of 3 Cpronal motion arc for .
( sex-matched | Sagittal and strides hip and knee. A correlation found between
controls. frontal. included in the reduced knee ROM and reduced | Cross-sectional
analysis). hip and ankle ROM (r2 = 0.71— study; no definitive

0.42; p < 0.001**).
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Reduced coronal motion arc for
hip and knee in the OA group (p <
0.001**).

A correlation found between
reduced knee coronal motion arc
and hip (r2 = 0.36, p < 0.001**).

conclusions on
causality.

Only female
participants
included.

No details of what
participants wore
on their feet.

Sparkes
et al.
(2019)

Case-
control
study.

10 moderate
OA.

8 matched
controls.

3D optical motion
capture with 9
cameras and full-
body markers
and 4 force
plates.

Frontal, sagittal
and transverse.

Walking six

times across a

level
laboratory
floor.

ROM for hip, knee and
ankle.

No significant differences were
found at any joints between OA
affected and unaffected limbs and
corresponding control limbs.

More females than
males in both
groups (80% OA
and 75%
controls).

Only moderate
OA.

Small sample size,
limited power and
precision.
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No power
calculation for
sample size.

Population not
representative.

No adjustment for

multiple
comparisons and
no blinding.
Cross- 69 VICON Motion Walking for Hip, knee and ankle PFOA had 3.9° greater hip PFOA had
sectional | participants | Systems 3D 10 metres at | kinematics for stance | adduction (p = 0.003*). greater weight
analysis. | with lateral | trajectories of a self- phase only. and BMI (p<
PFOA. reflective selected 8° reduced hip extension. 0.05).
markers and 9 speed Random
18 age- cameras. wearing No difference in knee and ankle selection of
matched standardise kinematics. extremities in the
Crossley . ]
ot al. controls. Frontal, sagittal | d s.ho.es, 3 contrf)l group
(2018) and gait trials (dominancy).
transverse. performed. Small sample

size for controls.
No mention of
disease severity
for PFOA.

Only lateral
PFOA included.
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Static

calibration.
Cross- 25 3D VICON Participants Hip, knee and ankle Frontal plane hip and knee Significant
sectional | unilateral Motion System, | were asked joint angles at HS and | angles were affected by OA difference in the
study medial two force plates, | to walk at a toe-off. presence (p < 0.001**, p < 0.05* | weight between
KOA. 20 markers and | comfortable respectively). OA and healthy
10 cameras. speed along Reduced hip adduction angle in (P <0.001).
84 the 6-metre OA affected side (at peak GRF).
controls. Frontal and walkway until Increased hip adduction angle in | Walking protocol
Duffell et . .
al. (2017) sagittal planes. | three c!ean OA unaffected _S|de (at HS). Iackgd some
foot strikes OA group had increased knee details (barefoot
were adduction angles (at HS and or wearing
recorded by peak GRF; p = 0.04%). shoes?).
each force Increased knee adduction at peak
plate. GRF in the affected OA side
compared to unaffected of 60+
age group.
Systemati | 19 studies 2D or 3D motion | NA. Hip, knee, ankle and For the hip: All of the included
c review. | reviewed; 3 | capture foot kinematics during | - 2 studies showed significant studies were
studies on systems. gait. reduction in hip internal rotation cross-sectional
gait during gait. which prevented
Leibbrand biomechani - 2 studies showed significant cause-effect
cs for delay in peak rear foot eversion in | conclusions.
tand :
Louw. people with PFPS compared to controls.
PFPS. - 1 study showed earlier peak hip | Most studies
(2017) . : : .
internal rotation and increased included only
peak hip adduction at peak knee | female

extensor moment during self-
selected walking in people with
AKP.

participants with
PFPS (gender
bias).
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For the knee:

- 1 study showed increased peak
knee extension, another showed
reduced knee flexion at HS and
one showed reduced flexion in
early stance.

For foot and ankle:

- 1 study showed increased rear
foot eversion at HS, another
presented increased overall ankle
ROM and increased ankle
dorsiflexion when walking.

Only English
language studies
were included
(language bias).

No consistency in
the measured
outcomes.

No standard
procedures for
gait.

Tadano
et
al. (2016)

Cross-
sectional
study.

10 bilateral
KOA
(mixed
severity —
more
affected
‘severe’
and less
affect
‘mild’).

8 healthy
controls.

7 wearable
sensors (H-
Gait system).

Frontal, sagittal
and horizontal
planes.

Hip, knee and ankle
joint angles.

Reduced ankle abduction
between mild and severe OA
during the stance phase
(difference: 9.3° and 14.6°,
respectively) compared to control
group.

No significant difference in knee
flexion at maximum and minimum
angles during stance and swing
phases between both OA groups
and control.

No significant difference in knee
flexion ROM between both OA
groups and control.

No matching
between groups
in terms of age,
height, weight or
BMI.

Small sample
size.
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Cross- 29 KOA 2 sensors: one | Walking for Knee sagittal ROM, Reduced stance knee flexion No details
sectional | (pre- on the thigh and | 20 metres in | thigh and shank ROM (difference: 13.8°) and regarding what
study. operative). | one on the non- sagittal and frontal swing knee flexion ROM participants wore
Rahman shank (GaitWAL | laboratory ROM (differences (difference: 20.1°). on their feet.
et al. 29 healthy | K system). settings. between discrete Reduced thigh and shank sagittal
(2015) controls. kinematics). ROM (difference: 7.2° and 15°, BMI for OA
Sagittal and respectively). participants was
frontal planes. Reduced shank frontal ROM significantly
(difference: 4.8°). higher.
Experime | 24 no Vicon motion walked along | Knee sagittal plane Reduces peak loading response | Severe PFOA
ntal PFOA. analysis with 8 a 8.5 metre kinematics for stance | knee flexion in the severe PFOA | had significantly
laboratory | 38 mild cameras. walkway at a | phase only. relative to the mild PFOA (p = higher BMI.
study. PFOA. self-selected 0.045). Cross-sectional
44 severe Sagittal plane pace. design make it
PFOA. only. unclear if pain in
Five gait PFOA was
trials were associated with
Farrokhi collected. a!tered kne_e
biomechanics or
UGl the specific
(2015) . .
impairments.
No frontal or
transverse
investigation.
No hip, foot or
ankle joint
analysis.
No details of

what participants
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wore on their

feet.
Cross- 29 young An Walking for Discrete knee flexion- | The knee was less extended at Only medial
sectional | asymptoma | optoelectronic 10 metres at | extension angles for HS in all 3 older groups knee
study. tic (294 3D motion their the whole cycle. compared to the younger compartment.
years). capture system | preferred asymptomatic group (p
and a force- walking Anterior-posterior <0.001**). Participants wore
81 old plate embedded | speed displacement of the their own shoes.
participants | in the middle of | wearing their | femur relative to the The knee was less extended in
599 the walkway. own shoes. | tibia. the 3 older severe group -High inter-
years) compared to the older participant
Favre et including 27 | Sagittal plane Bagkwgrd-forward . asymptomatic and moderate OA | variability.
al, (2014) a}symptoma only. inclination of the thigh | (p <0.001**).
' tic, 28 and shank. No radiographs
moderate, Both OA groups presented the available for
and 26 with femur less posterior relative to asymptomatic
severe the tibia (p <0.001**). subjects.
medial
knee OA. The shank was less inclined in More females in
the 3 older groups than in the the older severe
asymptomatic group (p KOA group than
<0.001**). in the other
groups.
Case- 18 people Vicon motion walking at a | Differences between | No significant differences in Groups were not
control with early capture system | comfortable discrete kinematics: | kinematics reported in people perfectly matched
study medial with 10 speed along | - Knee sagittal angle | with early knee OA. (OA were
Duffell et N
al. (2014) KOA. cameras, two a 6-metre at HS . S|gn|f|cantly
portable force walkway 5 - Knee sagittal angle heavier).
18 age- and | plates and 20 times at PKF
gender- (three clean - Knee sagittal ROM
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matched reflective foot strikes - Hip frontal angle at No details for the
controls. markers. recorded by | HS. walking protocol
each force (wearing shoes
Sagittal and plate). or not).
frontal planes.
Case- 23 patients | 4 IMUs Walking at Knee flexion ROM Significant differences found No mention of the
control with medial | (GaitWALK) their normal, | during stance. between groups in both swing sample size
study. compartme | placed onto the | self-selected | Knee flexion ROM and stance phases. calculation or any
nt KOA (14 | lower limbs speed on a during swing. justification.
females, 9 (thighs and 20-metre Reduced knee flexion ROM Exclusion criteria
males), shanks). level surface. between OA knees (10.3° + 4.0°) | only focused on
mean = SD 7 strides and controls (18.0° £ 4.0°) in the | knee and LL
age of 65.1 | Sagittal plane (approximate stance phase (p <0.001**). deficits, with no
* 7.7 years | only. ly 8 metres) mention of back
and a mean when the pain if present.
McCarthy BMI 28.7 + participant Reduced knee flexion ROM Static
etal. 3.7. was walking between OA knees (54.8° + 5.5°) | calibration.
(2013) steadily were and controls (61.2° + 6.1) in the Significant
21 matched chosen for swing phase (p <0.003**). difference in age
controls. analysis. between females

and males in the
OA group (males
younger than
females).

No radiographs
allowed for the
OA group.
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Recruitment at 2
different sites and
countries.

Nagano et
al. (2012)

Cross-
sectional
study.

14 early
KOA.

17
moderate
KOA.

14 severe
KOA.

13
healthy.

3D high-speed
motion analysis
(Hawk) with 8
cameras, 3
force plates and
25 markers.

Sagittal, frontal
and horizontal
planes.

Walking on a
10-metre
walkway at a
self-selected
speed.

Five
successful
trials
analysed.

Knee
flexion/extension.
Knee

abduction/adduction.
External/internal tibial

rotation.

Measurements at HS
and 50% of stance

phase only.

-Reduced knee flexion angle in
the severe OA group at HS
relative to the healthy and early
OA patrticipants (p <0.01**, 0.05%,
respectively).

Reduced knee flexion angle in
the moderate OA group relative
to the healthy group (p <0.05%).
Reduced knee flexion angle in
the severe and moderate OA
group at 50% stance phase
relative to the healthy and early
OA subjects (p <0.01%).

Reduced knee abduction angle in
the moderate and severe OA at
HS relative to the healthy
subjects (p <0.01**. 0.05*,
respectively).

Reduced knee abduction angle in
the severe OA group at 50%
stance phase relative to the
healthy subjects and those with
early and moderate OA (p <0.05*%,
0.01**, 0.01*, respectively).

The entire OA group had smaller
external tibial rotation at HS than

Exclusion criteria
only focused on
knee and LL
deficits, with no
mention of back
pain if present.

Static calibration.

Healthy people
were significantly
younger and
taller.

The participants
with severe OA
were heavier
than those in all
of the other
groups.

Cross-sectional
design.
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the healthy subjects (p <0.05,
0.01, 0.05, respectively).

Cross- 26 patients | 3D Vicon Walking for Peak angles and Reduced peak hip internal No justification
sectional | with motion capture | 12 metres at | ROM during stance | rotation in the PFPS group for sample size or
study. PFPS. system with10 a self- phase: compared to the controls (p power analysis.
cameras, 2 selected - Forefoot <0.024).
20 force plates and | speed (5 dorsiflexion/abduction | Earlier peak rearfoot eversion No details of
controls. 36 reflective successful /supination (relative to laboratory) in the what the
markers. trials - Rearfoot PFPS (p = 0.010). participants wore
Barton et e . . .
al. (2011) . collected). dor5|.erX|on/|n.ternaI Earllgr peak rea_rf.oot.eversmn on their feet.
Frontal, sagittal rotation/eversion (relative to the tibia) in the PFPS
and - knee (p = 0.030). Static
transverse. flexion/abduction/inter | Increased sagittal plane rearfoot | calibration.
nal rotation ROM (relative to the laboratory)
- Hip in the PFPS (p = 0.007).
adduction/internal
rotation.
Cross- 20 Vicon motion Walking for Discrete kinematics | Reduced maximum hip adduction | Exclusion criteria
sectional | asymptoma | analysis with 8 10 metres in stance phase angle in the severe OA group only focused on
study. tic controls | cameras and 2 | barefoot ata | only: (5.0°) relative to all 3 of the other | knee and LL
(15 women, | force platforms | self-selected | - Peak hip adduction groups (p <0.01). deficits.
5 men). (no details for speed (5 and abduction Static
Hunt et al. markers). successful angles. calibration.
(2010) 75 trials No radiographs
individuals | Frontal plane collected). allowed for
(38 women, | hip angles. asymptomatic
37 men) controls.
with Asymptomatic

controls not
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medial perfectly matched
compartme (only matched for
nt KOA. age).

Cross-sectional
design, so no
relationship or
conclusions could
be drawn.

Abbreviations: * = Statistical significance <0.05; ** = Statistical significance <0.01; 3D = Three-dimensional; cm = centimetres; m = metres; HS = heel-strike;
ROM = Range of motion; KOA = Knee osteoarthritis; PFPS = patellofemoral pain syndrome; PTOA = Patellofemoral osteoarthritis; OA = osteoarthritis.
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2.7.2 Single leg squat kinematic alterations

Following the literature search, 12 studies were included in this literature review that
applied different motion capture systems for analysing the movement patterns of

people with CKP when performing SLS (see Table 4).

Nine of the included studies fully evaluated SLS regarding hip and knee joints using
3D motion capture systems (Carvalho et al. 2022; van der Straaten et al. 2020;
Glaviano et al. 2019; Schmidt et al. 2019; Severin et al. 2017; Leibbrandt and Louw
2017; Nakagawa et al. 2015; Graci and Salsich 2015; Nakagawa et al. 2012) (see
Table 4 for details). Nakagawa et al. (2015), Nakagawa et al. (2012) and Schmidt et
al. (2019) presented increased hip adduction and knee abduction in the PFPS group
compared to the controls. Graci and Salsich (2015) reported similar findings but only

with regards to increasing hip adduction during SLS.

The strength of the studies by Nakagawa et al. (2015) and Nakagawa et al. (2012) is
that the methods were standardised in terms of squat depth (more than 60°) and
speed using a metronome. However, these studies were constrained by the fact that
prior to the kinematic evaluation during squat, the subjects had performed gluteal
muscular strengthening tests (maximal voluntary isometric contraction) using a hand-
held dynameter. These tests may have resulted in muscular fatigue and a greater
number of kinematic alterations during a squat examination, especially because it is

unknown whether the individuals were given appropriate recovery time.

Glaviano et al. (2019) investigated the sagittal and frontal plane movements and
found no significant findings in the hip or knee joints for both planes. Severin et al.
(2017) investigated hip and knee angles in the sagittal and frontal planes and found
reduced peak hip flexion and knee abduction in the affected limb compared to the
non-affected limb and controls. These conflicting findings could be a result of the
inclusion criteria applied by Severin et al. (2017) which included participants with
PFPS who had reported unilateral knee pain for a minimum of 3 months, otherwise
they were considered healthy. To the author's knowledge, these inclusion criteria do
not reflect people with PFPS who should demonstrate retro-patellar or anterior knee
pain that lasts for more than six weeks and is aggravated by at least two of the

following: stairs, squatting, prolonged sitting, and/or ascending or descending stairs
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(Liebbrandt and Louw 2017). Consequently, it is possible that some knee pain
participants were categorised as healthy despite having their pain triggered by these

activities but misdiagnosed by the inclusion criteria, thereby giving different results.

In addition, there was no standardisation of the depth of the squat in their method
and the participants were instructed to squat to any depth, unlike Nakagawa et al.
(2012) and Nakagawa et al. (2015) who stated that a squat angle of > 60° was
required. Arguably, movement alterations in the hip and knee joints associated with
knee pain conditions are more likely to present when the angle of the squat
increases (Zawadka et al. 2020; Chan et al. 2022). Therefore, methodological
limitations may produce different results. In addition, the participants were instructed
to outstretch their arms, unlike in other studies which asked the participants to cross
their arms over the chest. Glave et al. (2012) evaluated the effect of different arm
positions on the trunk and lower limb kinematic movements when squatting and
presented that holding the arms at shoulder level resulted in increased knee flexion
ROM (P<0.01), unlike the other position where the arms are kept stretched by the
sides of the participants (Glave et al. 2012). Therefore, the findings from this study
could explain the different results presented by Severin et al. (2017).

Carvalho et al. (2022) found no significant difference in knee abduction yet they
found increased hip adduction during SLS in the OA group compared to the

controls. Van der Straaten et al. (2020) reported no significant findings in either the
frontal or transverse plane but found reduced knee flexion ROM in the severe knee
OA group compared to the controls. The main limitation of Carvalho et al.’s (2022)
study is their small sample size of 10 participants which increases the risk of type Il
errors and could have affected the findings. The findings presented by van der
Straaten et al. (2020) could be due to the heterogeneity found in the study population
because the OA group was significantly older than the controls. They were also
included with no distinction in the included knee compartment, a factor that was

previously prescribed in the gait alteration section (Sharma et al. 2001).

Leibbrandt and Louw (2017) conducted a systematic review evaluating evidence
concerned with the analysis of functional tasks such as SLS. The authors found

some similar findings in the SLS task that people with PFPS experienced a
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significant increase in hip adduction and knee abduction, which is consistent with the
findings of most of the reviewed studies. Willy et al. (2012) evaluated the hip and
knee joints and showed that people with PFPS demonstrated increased hip
adduction and knee abduction but males with PFPS presented with less hip

adduction and knee abduction compared to their female counterparts.

Two studies conducted by Cabral et al. (2021) and Herrington (2014) evaluated the
knee joint solely. Cabral et al. (2021) investigated the sagittal plane knee angular
kinematics for people with knee OA and found reduced knee angles in the knee OA
group compared to the controls. Although their results were consistent with other
studies that have evaluated knee joint angles, the study still had some limitations
worthy of consideration, such as the inclusion of participants with only mild and
moderate knee OA which were affected by one or more compartments. The knee OA
group was also significantly heavier, with greater BMI than the controls. In addition,
the velocity of the squat was not controlled but the squat depth was limited to a
standardised 45° of knee ROM while keeping the arms extended. This
standardisation of the depth of the squat could have affected the findings. Two
recent studies evaluated the effect of squat depth on lower limb kinematics and
found that deeper squats have a greater influence on hip and knee kinematics with
the knee joint being the prime contributor (Chan et al. 2022; Zawadka et al. 2020).

Salsich et al. (2012) evaluated the hip and knee joints only at peak knee flexion of
the SLS task in a group of people with PFPS who were categorised into 3 conditions:
usual condition, exaggerated dynamic knee valgus condition, and corrected
condition. Their results revealed that those with an exaggerated condition presented
increased hip internal rotation and increased dynamic knee valgus compared to
those with the usual condition. However, the study only included female participants
who were found in another study by Nakagawa et al. (2012) to have greater hip
internal rotation and knee abduction than males with PFPS. The female participants
in Salsich et al.’s (2012) study were also instructed to keep their trunk upright while
performing the task, which could have affected their normal pattern of

movement.
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To conclude, altered movement patterns were primarily identified in the frontal and
transverse plane during the execution of the SLS task in those people with CKP,
such as increased hip adduction/internal rotation and knee abduction/external

rotation. As for the sagittal plane, reduced knee flexion ROM was also identified.

Each of the studies examined has its flaws which should be considered to provide
the best treatment evidence for knee pathology. First, SLS performance and
instructions varied across the studies (see Table 3). Some of the research studies
required the participants to squat as deeply as possible, whereas others required a
minimum angle of 60°. Some studies controlled the velocity of the squats, whereas
others did not. Some researchers gave their participants running shoes but others let
them perform barefooted. Meanwhile, some researchers required the participants to
stretch their arms, put them on the iliac crest or cross them over their chest. Most of
the research studies were cross-sectional, thereby preventing cause-effect
conclusions being made. The validity and generalisability of the outcomes may also
be affected by the study participants. Most of the knee pain sufferers were female

and they tended to be heavier and/or taller than the controls.
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healthy controls using different motion capture systems

Table 4: Summary of studies evaluating double leg squat and single leg squat kinematic alterations for people with CKP and

Type of motion

Authors/ : : analysis and Kinematic o .
Design Subjects Method outcome Key findings Limitations
date plane of .
. variables
motion
Cross- 10 PFOA. |3D VICON To squat greater than | Hip and knee |Increased hip adduction angle Small sample size could
sectional Motion System, |60° knee flexion in abduction/addu |during SLS at 45° (p = 0.045*) and | have led to the lack of
study. 10 28 markers and |2s period and return | ction at 30°, 45°|60° (p = 0.01**) of knee flexion in | difference in other joints
controls. 10 cameras. to start position in 2s |and 60° of knee |the ascending and descending (type Il error).
Carallie without losing flexion in the phase PFOA group.
et al. Frontal plane.  |Palance. ascending and Study design restricts
(2022) descending No significant differences found in | cause-and-effect
Five successful phase of SLS.  |knee abduction at 30°, 45° and 60° | relationship.
repetitions analysed. of knee flexion in the ascending
and descending phase of SLS. Only frontal plane.
Between- |30 Electro To stand on one leg |Knee angular |Reduced knee angular Trunk movement was
subjects participants |goniometer on a force plate displacement  |displacement in the OA group not controlled.
design with KOA. |used for platform barefooted |during SLS. (32.28+7.47) relative to the
kinematic and squat at self- controls (42.90+6.8), (p Velocity of squat was
Cabral et 30 analysis. selected speed to a =0.000**). not controlled.
al. (2021) controls. standardised 45°

Sagittal plane.

while keeping their
arms extended
along their body. 3
trials analysed.

OA group included only
those with mild and

moderate OA and one or
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more affected
compartments.

KOA were significantly
heavier with greater
BMI.

Only knee sagittal plane
(frontal plane is
important for SLS and
pelvis stabilisation).

Partofa |19 severe |Sensors (15 To stand on one leg | Hip, knee ankle | Reduced knee flexion (12-72% of |OA participants were
large unilateral sensors, MVN  [barefooted and kinematics movement cycle). significantly older.
longitudinal | KOA. BIOMECH squat as deep as (within the
study. Awinda). possible while whole Small sample size.
12 healthy maintaining balance |movement
until maximum flexion | cycle) (for
van der controls. 3D ) Hed and th S)I/_S ) ( No distinction between
optoelectronic | 'S reached and then ) the compartment of KOA
Straaten extend the leg. P
(65 markers and (medial or lateral)
et al. :
2020 10 camera
( ) VIKON
Only severe OA.
system).
Frontal,
Transverse and
sagittal planes.
Glaviano |Case- 16 PFPS 3D Vicon Motion | Participants stood on |Hip and knee Decreased knee abduction in the | Small sample size with
et al. control divided into | Analysis with 12 |their painful limb on |kinematics L-FAB group compared to E-FAB | subgrouping.
(2019) |study. 2 groups: 7 |cameras. the force plate while |during SLS. and controls (p =0.01**).
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with flexing the
elevated Sagittal and contralateral limb to No significant difference identified | Significant difference
fear frontal planes. |90° and crossed their in sagittal plane hip or knee between groups
avoidance arms across their kinematics. regarding the duration of
(E-FAB) and chest. They were the symptoms.
9 low fear instructed to squat as
avoidance deep as possible.and No Standardisation pf
(L-FAB). retu.rp to th(?:‘ starting the depth of the squat.
position while
9 controls. maintaining balance
within 4 seconds (2s
descent and 2s
ascent).
Five successful
repetitions analysed.
Cross- 20 women | 3D Vicon Motion | To shift their Hip Decreased knee internal rotation | No standardisation of
sectional |with PFPS. |Analysis with 8- |bodyweight to their abduction/intern | (increased external rotation) in the |the time or depth of
study. cameras. tested limb and flex |al rotation and |PFP group relative to the control  |squat.
20 the uninvolved limb. |knee (moderate effect size 20.40).
controls. Frontal and Then, while standing | abduction/intern Different laboratories
_ transverse on the tested leg al rotation at Increased hip adduction (effect and different days for
Schmidt et planes. wearing running PKF during size= 0.74). data collection between
al. (2019) shoes, they were SLS.

asked to squat as
deep as possible
while maintaining
their balance until
maximum flexion was

Increased hip internal rotation in
the PF group relative to the control
(moderate effect size= 0.46).

PF and controls.

PF group wore shoes
but the controls did not.
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reached and then
extend the leg.

At least 60° should
be reached which
was estimated

visually.
3 trials were
analysed.
Cross- 20 PFPS 4 inertial For SLS, the For DLS: Peak |No significant differences were Inclusion criteria only
sectional |[(10 males |sensors participants were knee and hip found in DLS in any of the peak included participants
study. and 10 (Nanotrak, asked to flex the flexion/abductio |kinematic variables at the hip or with anterior knee pain
females). Catapult sports, |uninvolved limb 70°- |n angles knee joints in the sagittal and who reported lateral pain
Docklands, 90° and positioned (affected vs. frontal planes. for at least 3 months,
20 healthy VIC). behind the body with |non-affected). otherwise they were
controls (10 arms outstretched in For SLS: considered healthy (this
males and | Sagittal and front, then to squat | For 51 s: Peak | - Reduced peak hip flexion criterion is not
Severin et 10 frontal planes. W|th.the pal.nful imb | knee and hip (moderate-large effect size: rgpresentatlve of those
al. (2017) females). (20 mstructl%nrs] for | flexion/abductio | Cohen’s d= -0.75). with PFPS).
' the squat width or
9 n angles - Reduced peak knee abduction

depth). Speed
standardised at
approximately 12
squats per minute.

For DLS: Squat
using both limbs with
arms outstretched

(affected vs.
non-affected).

(large effect size: Cohen’s d= -
0.89).

- Increased peak shank medial
rotation (large effect size: Cohen’s
d=1.35).

Static calibration.

No standardisation of
depth and width of
squat.

No details of footwear.
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across the body.
Speed standardised
at approximately 12
squats per minute.

Systematic |19 studies | 2D or 3D motion | NA. Hip, knee, Three studies showed significant | All included studies were
review. reviewed, 4 | capture ankle and foot |increase in peak knee valgus cross-sectional which
studies on |systems. kinematics (adduction) in people with prevented cause-effect
SLS for during SLS. PFPS compared to controls (MD = | conclusions being
people with 4.93; Cl 2.06, 7.80). made.
PFPS.
2 studies showed significantly Most studies included
increased hip adduction in people |only female participants
Leibbrandt with PFPS compared to controls | with PFPS (gender
and Louw (MD =4.51; CI: 1.98, 7.04). bias).
(2017)
Only English studies
were included (language
bias).
No consistency in the
measured outcomes.
No standard procedures
for SLS.
Cross- 30 3D Participants were Peak hip Increased peak hip adduction in Each painful limb in the
sectional | participants |electromagnetic |instructed to squat adduction and |the PFPS group relative to the PFPS group was
NEV ST study. with PFPS | sensor tracking |greater than 60° knee |peak knee controls (p = 0.04%). compared with the
ctel (mixed system (Folk of |flexion at an average |abduction corresponding limb in
AV males and |Birds). of 15 squats/minute. |during SLS. the controls.
females). One minute of rest
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30
controls.

Frontal plane.

was allowed between
trials.

3 trials were
analysed.

Increased peak knee abduction in
the PFPS group relative to the
controls (p = 0.03%).

No significant correlation was
found between hip and knee
kinematics in the PFPS group but
there was significant correlation
between hip and knee kinematics
in the controls.

No mention of the
validity or reliability of
the electromagnetic
tracking system.

Static calibration.

No clear description of
the method (Did the
participants wear
shoes? What was the
position of the arms and
the other leg?).

Did the participants
reach the 60° squat
depth (unclear).

Mixed gender.
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Graci and
Salsich
(2015)

Cross-
sectional
study.

20 females
with DKV
and PFPS.

3D Vicon motion
capture with 8
cameras.

Frontal and
transverse plane
S.

Condition 1:
Participants were
instructed to flex their
non-weight-bearing
leg behind their body
and to squat with
their painful limb with
their arms by their
sides and to
complete a squat
from start of knee
flexion to full
extension in 4
seconds.

Condition 2
(correction of DKV):
Subjects were
instructed to squat
while keeping their
knees over the
middle of their foot
during the descent
phase.

10-15 seconds rest
allowed between
trials. 3 trials were
analysed.

Femur and tibia
joint angles at
PKF during
SLS.

Increased femoral adduction in
the non-corrected condition (p =
0.001) and internal rotation (p =
0.01**).

No standardisation of
the depth of the squat.

No clear description of
the calibration process.

Small sample size may
have led to the lack of a
significant difference in
some variables and
small effect size.

A significant difference
found in the usual
condition that was above
the standard error of
measurements (SEM)
(used for within-session
reliability).
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Cross- 20 females |3D kinematics | Participants were Hip Greater hip adduction in females | Each painful limb in the
sectional |with PFPS. [measured asked to stand on the | abduction/intern [than males (p< 0.0001**). PF group was compared
study. using a Flock of | evaluated limb and al rotation and with the corresponding
20 female | Birds tracking |elevate the knee abduction |Those with PEPS experience limb in the controls.
controls. device with 5 contralateral limb to  |during SLS. greater hip adduction than the
electromagnetic |90° knee flexion with controls (p < 0.0001**). No mention of the
20 males sensors. arms crossed over validity and reliability of
with PFPS. their chest, then to Females with PFPS demonstrated |the électromagnetic
Nakagawa Frontal and Sq?at greater than greater hip internal rotation than | tracking system.
transverse plane | 60° knee flexion :
et al. 20 male P within a 2s period males with PFPS and both control
S. ’ * : P
(2012) controls. then to return to the groups (all p <0.05%). Static calibration.
starting position
within 2s (overall 4s) Females with PFPS demonstrated |Males were significantly
without losing their greater knee abduction than the heavier than the
balance. males (p < 0.0001**). females.
3 trials were Those with PFPS experienced No details of the
analysed. greater increased knee abduction |footwear in the method.
than the controls (p < 0.0001**).
Controlled |20 females |3D Vicon motion | Subjects were Hip and knee Increased hip internal rotation at | Static calibration.
laboratory |with PFPS |capture system [instructed to wear a |angles at PKF |PKF in the exaggerated condition
study under 3 with 8 running shoe and during SLS. compared to the usual condition (p | yse of skin markers is
Salsich et (within- conditions [cameras. keep their trunk < 0.001**). subject to errors and
al. (2012) subj_ect (usual, upright and 'the'lr inaccuracies from skin
design). | exaggerated | rronta| and arms by their sides Increased knee external (lateral) | artifact.
DKV transverse. as they bend their rotation at PKF in the exaggerated
condition, knees to a minimum
and of 60° knee flexion
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corrected

(usually confirmed) in

condition compared to the usual

Instructions given to

condition). a 4s period. condition (p < 0.001**). participants to keep their
trunk upright could have
For exaggerated Increased pain in the exaggerated | affected their normal
condition: The condition compared to the usual | Pattern of
participants were condition (p < 0.007**). task performance.
asked to let their
knee fall medially Decreased hip adduction (p Small sample size that
during the descent =0.001**) and knee external included only female
phase. rotation (p = 0.06) in the corrected participgnts.(.affects the
condition compared to the usual. | 9eneralisability of the
For the corrected results to all PFP).
condition: The Increased pain in the usual and
participants were the exaggerated condition was
asked to not let their associated with increased knee
knee fall in the external rotation (usual: p = 0.04%;
descent phase. exaggerated: p = 0.03*).
3 trials were analysed Increased pain in the corrected
for each condition. condition was associated with
increased hip medial rotation (p =
0.05*) and knee adduction (p =
0.02%).
Cross- 18 males 3D Vicon motion | To squat to 60° knee |Peak hip Increased knee adduction in males | Static calibration.
Willy et al sectional |[with PFPS. |capture system |flexion while adduction. with PFP than matched male
(2012) | study. with 8 cameras | maintaining arms at controls (p = 0.021%). Males with PEP were

and 30

approximately 90° of
shoulder abduction

significantly heavier than
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18 matched
male
controls.

18 females
with PFPS.

retroreflective
markers.

(speed was
standardised to a 1-
Hz count) while
wearing a
standardised
running shoe.

Five trials were
analysed.

Peak hip
internal
rotation.

Peak knee
adduction.

All of the above
at peak knee
flexion PKF
during SLS.

Increased knee adduction in males
with PFP relative to females with
PFP (p = 0.000**) who squatted
with increased abduction,
Decreased hip adduction in males
with PFP relative to females with
PFP (p = 0.007*).

Increased femoral adduction in
females with PFP compared to
males with PFP (p < 0.000*%).

females with PFP and
matched male controls.

Cross-sectional design
makes it difficult to draw
causal links among the
altered kinematics.

Abbreviations: * = Statistical significance <0.05; ** = Statistical significance <0.01; 3D = Three-dimensional; cm = Centimetres; m = metres; ROM = Range of
motion; KOA = Knee osteoatrthritis; PFPS = Patellofemoral pain syndrome; DKV = Dynamic knee valgus; DLS = Double leg squat; SLS = Single leg squat;
PKF = Peak knee flexion.
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2.7.3 Double leg squat kinematic alterations

For DLS, only one study was found in the literature search that evaluated DLS
altered movement patterns for people with CKP compared to controls using 3D
motion capture systems (Severin et al. 2017) (see Table 4). The study presented no
significant differences between groups in the sagittal or frontal plane hip and knee
peak angles yet the same study evaluated SLS movement (as discussed in the
above section) which is a more challenging task for people with CKP and revealed

some significant findings.

However, many studies have been conducted to analyse the normal squat
movement patterns and biomechanics of healthy individuals. It has been stated that
a deep squat can be used as a screening test to evaluate the bilateral symmetry of
lower limb joints (hips, knees and ankles) (Kritz et al. 2009; Cook et al. 2014). Other
studies have been conducted to identify the factors related to altered movement
patterns (Lee et al. 2015; Zawadka et al. 2018). For instance, previous studies have
shown that there is a relationship between the ROM of the lower limbs and the depth
or kinematics of the squat (Drinkwater et al. 2012; Kim et al. 2015; Zawadka et al.
2020). Zawadka et al. (2020) evaluated the relationship for the sagittal plane ROM of
the lower limbs during bodyweight squats to the depth of the squat. The knee ROM
contributed most significantly to the squat depth out of all the lower limb joints in both
females and males (r = 0.92, p < 0.001). Therefore, the knee flexion ROM is highly
recommended as a parameter for describing squat depth. The squat depth was
related to lumbar, hip and knee motion in females and additionally to the pelvis and
ankle in males (Zawadka et al. 2020). It is important to consider the difference

between males and females in the kinematic analysis and training of deep squats.

A systematic review by Lorenzetti et al. (2018) and a study by Lima et al. (2018)
evaluated the effect of ankle dorsiflexion ROM on knee movement during the
performance of DLS by healthy individuals. Their results revealed that limited
dorsiflexion ROM was associated with increased knee valgus and medial knee
displacement. These findings were most prevalent in people with CKP conditions
such as PFPS (Salsich et al. 2012; Leibbrandt and Louw. 2017). The studies
suggested that if an individual has restricted ankle dorsiflexion ROM that is usually

associated with knee pain, they may be at a greater risk of injury to the knees, hips
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or low-back during DLS (Bell et al. 2013; Powers 2003). In other words, each joint
must exhibit appropriate ROM for the efficient transference of forces through the

body to produce ideal movement (Powers 2003).

Bell et al. (2013) reported that limited ankle dorsiflexion during a squat may reduce
the ability of an individual to control knee valgus and foot pronation due to the
weakness of the surrounding musculature. This forces the individual to achieve
additional ROM by altering their foot mechanics. This limited ankle ROM usually
contributes to altered movement patterns in the form of excessive medial knee
displacement and dynamic valgus which is often a cause of PFPS or/and ACL injury
(Bell et al. 2013; Dill et al. 2014; Macrum et al. 2012). Furthermore, the knees are
incapable of tracking over the toes in the sagittal plane due to reduced ankle
mobility; therefore, motion is borrowed from another plane via external rotation of the
feet, pronation at the foot/ankle complex, or elevating the heels off the floor
(Hemmerich et al. 2006; Toutoungi et al. 2000). Therefore, the clinical evaluation of
ankle ROM must be considered because it could affect the movement patterns of the

lower extremities.

In conclusion, lower limb kinematics and ROM are related to squat depth and should
be considered in movement alteration studies of DLS. Squat asymmetry, medial

knee displacement, and reduced ankle dorsiflexion should also be examined.

Most DLS research has examined the descending portion of the squat, from
beginning to maximum knee flexion (Donohue et al. 2015). Numerous research
studies have examined the kinematics and other confounding aspects of the squat,
including the squat depth, stance width, speed of movement and loading conditions
in the lower extremities during different squat forms. Most of these studies were
conducted on healthy, recreationally active volunteers who have fewer movement
alterations than patients, thereby raising issues regarding their applicability to the
knee pain population. Due to the diverse execution of the squat exercise and the
wide variances between studies in terms of the modifying factors (e.g., load intensity,
technique, foot placement and speed of movement), these studies are difficult to

evaluate. These factors may affect squat performance and the movement alteration
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by increasing or decreasing these alterations. Thus, future research should seek to
investigate altered movement patterns among the knee pain population.

2.7.4 Stair ascent kinematic alterations

Nine studies were found in the literature that evaluated SA (Sparkes et al. 2019; Fok
et al. 2013; Hicks-Little et al. 2011; McKenzie et al. 2010; van der Straaten et al.
2020; lijima et al. 2018; Ferrari et al. 2018; de Oliveira Silva et al. 2016; de Oliveira
Silva et al. 2015) (see Table 5).

Some of these studies presented consistent findings regarding reduced peak knee
flexion angle in the knee pain group compared to the healthy controls (Ferrari et al.
2018; de Oliveira Silva et al. 2016; de Oliveira Silva et al. 2015; Hicks-Little et al.
2011) and increased hip adduction and rearfoot eversion during a SA (Ferrari et al.
2018; de Oliveira Silva et al. 2016; de Oliveira Silva et al. 2015).

Hicks-Little et al. (2011) was the only study that evaluated stair negotiation in the
sagittal and frontal planes for the hip, knee and ankle joints during the whole
movement cycle in addition to the timing of the peak angles during the movement
cycle. The results regarding SA revealed increased hip abduction at foot strike and
late peak hip abduction and flexion angles during support in the OA group compared
to the healthy controls. They found no difference in the average hip flexion angle at
foot strike between groups (Hicks-Little et al. 2011). A reduced peak knee flexion
angle was identified during support and swing, late peak flexion during support and
reduced average knee flexion angle at foot strike. In the ankle, no significant
differences were found in terms of the average and peak joint angles but the OA
group demonstrated delayed peak ankle dorsiflexion and adduction angles during
support. Although this study was the only one that provided a detailed movement
analysis of the stair movement cycle for the hip, knee and ankle joints, the study only
included OA participants who were of mild and moderate severity, which would not

be representative of those with severe OA.
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van der Straaten et al. (2020) evaluated SA during the whole cycle of the hip, knee
and ankle joints and found decreased knee flexion ROM in the OA group compared
to the controls during 15-41% of the movement cycle. However, no difference was
found in the sagittal or the frontal planes for the hip or ankle joints. Similarly, neither
Hicks-Little et al. (2011) nor van der Straaten et al. (2020) found any significant
differences in knee frontal plane kinematics. Sparkes et al. (2019), however,
evaluated the hip, knee and ankle joints and found no difference in the sagittal plane
knee movement but reported an increase in knee abduction ROM in the OA
unaffected limb compared to the healthy controls (P=0.049). Contrary to the findings
of van der Straaten et al. (2020), they presented significant differences at the ankle
joint with reduced ankle dorsiflexion ROM in the OA-affected limb compared to the

controls.

Decreased ankle dorsiflexion ROM reported by Sparkes et al. (2019) was only
presented in the affected limb of the OA group and not among the controls. Although
this was the only study to evaluate both OA limbs (the affected and unaffected) and
provided a significant finding that some movement alterations may be presented in
the unaffected limb as a strategy to unload the affected limb, there were several
limitations associated with the study. Only 4 steps were used when evaluating the
stairs and there was only a small number of participants (10 OA and 8 controls). In
addition, no details were provided regarding the height and depth of the stairs used
and these factors are known to affect joint kinematics during stair ascent and
descent (Trinler et al. 2016).

Fok et al. (2013) investigated sagittal and frontal plane kinematics during the stance
phase for 17 participants with isolated patellofemoral osteoarthritis (PFOA), 13 with
combined PFOA/ tibiofemoral osteoarthritis (TFOA) and 21 matched controls for the
hip, knee and ankle. They found no significant differences in sagittal plane
movements for the knee and ankle joints but some movement alterations only
presented in the hip joint, such as increased hip flexion in both OA groups compared
to the controls. While this study was the only one that included OA participants of
mixed compartments, they used a staircase that consisted of only 3 steps of 16.5 cm
in height, with no details provided regarding the tread depth. According to Livingston

et al. (1991), the knee's flexion/extension is adjusted for different stair dimensions

79



(height and tread depth) to a greater extent than for the hip or ankle joints (Livingston
et al. 1991). It is important to note that Fok et al.’s (2013) study was the only one to
use stairs with a height of 16.5 cm, which was the lowest among all of the other
included studies. Therefore, this may have been responsible for the lack of

significant findings for the knee joint.

The results of the previous research were consistent with a comprehensive
systematic review and meta-analysis which examined eleven studies utilising various
movement analysis techniques to reveal the altered biomechanical variables
performed by OA people when negotiating stairs (lijima et al. 2018). The results of
the meta-analyses showed that, in comparison to healthy controls, people with knee
OA climb stairs with greater trunk and hip flexion (SMD = 0.38 and 0.34,
respectively), as well as decreased knee flexion and ankle dorsiflexion (SMD = -0.28
and -0.32, respectively) (lijima et al. 2018). However, there were no significant
variations in the frontal kinematics in the lower limb joints between those people with
OA and the healthy controls (SMD range = -0.10 to 0.14) (lijima et al. 2018). This
systematic review was constrained by the fact that the data extraction and study
inclusion processes were carried out by a single author, which may have reduced
the internal validity and produced greater errors than Higgins et al. (2019) who
advocated using two or more researchers. The authors also noted that the quality of
the evidence for these findings was very low according to the GRADE approach
(Balshem et al. 2011).

The altered movement patterns revealed in the previous research (increased hip
flexion and decreased knee flexion kinematics) show that people with knee OA have
potentially developed a compensating strategy. This altered movement pattern may
be the result of quadriceps muscular weakening (Ling et al. 2007; Rudolph et al.
2007) and painful step loading during functional activity. Although trunk kinematics
were not investigated in this LR, people with OA strive to limit the loading time for a
single leg. This was found to be achieved through higher trunk flexion which
generates greater force for vertical displacement with larger maximum acceleration
(Bolink et al. 2012). In addition, the correlation between increased peak trunk flexion
and decreased external knee flexion moment (KFM) during stair ascent in knee OA

patients may indicate the presence of a compensation mechanism (Asay et al.
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2009). In addition, increasing KFM in conjunction with an increased knee adduction
moment (KAM) is a strong predictor of increased knee contact force (R2 = 0.73)
(Richards et al. 2018). Therefore, decreasing KFM by enhancing sagittal trunk

kinematics could reduce knee joint loading.

In summary, the previous studies that have evaluated SA for people with knee pain
using 3D motion capture systems demonstrated some consistent findings. Reduced
peak knee flexion, increased hip flexion and adduction, and rearfoot eversion during

SA were mainly reported in the literature.

2.7.5 Stair descent kinematic alterations

Eight studies evaluated SD (Sparkes et al. 2019, Fok et al. 2013; Hicks-Little et al.
2011; McKenzie et al. 2010; van der Straaten et al. 2020; Schwane et al. 2015;
Igawa and Katsuhira 2014; Lessi et al. 2012) (see Table 5). Reduced knee flexion
ROM was evident among those with CKP compared to healthy controls in some of
the included studies (van der Straaten et al. 2020; Igawa and Katsuhira 2014; Fok et
al. 2013; Hicks-Little et al. 2011). van der Straaten et al. (2020) and Hicks-Little et al.
(2011) also provided consistent findings for the hip and ankle joints with no
significant findings observed in all of these joints. However, Igawa and Katsuhira
(2014) indicated decreased hip flexion and overall hip ROM in the OA group
compared to the healthy controls. Meanwhile, Fok et al. (2013) and Igawa and

Katsuhira (2014) presented no significant difference at the ankle joint.

In Igawa and Katsuhira’s (2014) study, only a very small number of participants were
included (4 OA and 8 controls) and the OA participants all exhibited mild severity,
with no clarification of the affected compartment. The authors also used many
markers in their movement analyses (34 markers) which could be affected by skin
artifacts and, consequently, affect the analysis and results. Igawa and Katsuhira
(2014) and Lessi et al.’s (2012) studies were the only two that relied exclusively on
the sagittal plane for their analysis. Therefore, other movement alterations which

could be presented in the frontal or transverse planes were dismissed.
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Sparkes et al. (2019) did not find a significant difference in knee sagittal plane
motion but there was an increased knee abduction ROM in the OA-affected side
compared to the controls and decreased knee transverse ROM in the unaffected
side of the OA group compared to the controls. Similar to van der Straaten et al.
(2020) and Hicks-Little et al. (2011), Sparkes et al. (2019) did not find any significant

differences in the hip or ankle joints.

Schwane et al. (2015) included female participants with PFPS in their study and
presented increased knee internal rotation angular displacement in the PFPS group
compared to the controls of approximately 4 degrees but there were no differences
at the hip or trunk. While the study included only 20 participants in each group, that
figure was determined by a power calculation. They included only young female
participants who were under 35 years of age and, thus, the generalisability of their
findings is restricted. Additionally, speed in their SD protocol was limited to 96
beats/minutes and the participants were asked to wear their own athletic shoes and,
therefore, these factors could have affected their normal pattern of walking and led to
the absence of certain findings which are usually reported in people with PFPS, such

as increased hip adduction and knee abduction (Leibbrandt and Louw 2017).

McKenzie et al. (2010) also evaluated female participants with PFPS and presented
no significant findings at the knee joint during SD. However, their results
demonstrated increased hip adduction and internal rotation ROM during the whole
stance phase, and increased hip adduction and internal rotation at initial contact. It is
important to note that their study was limited to the hip and knee joints and they
demonstrated a different stair ascent and descent protocol because the participants
were asked to ascend/descend the stairs continuously for three minutes using stairs
with a depth of 22 cm. This step depth is lower than the building standard code but
was determined based on a previous study which allowed for a step height of 20 cm
between steps and a tread depth of 30.5 cm (Schwane et al. 2015). Asking the

participants to ascend/descend continuously for minutes may have led to fatigue.

In conclusion, decreased knee flexion ROM, in addition to increased hip internal
rotation were the most observed alterations. Some other alterations were reported

less frequently such as reduced hip flexion and increased hip adduction. Among both
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SA and SD, stair negotiation demanded greater sagittal plane ROM among all of the
lower limb joints. Meanwhile, more alterations were observed in SA because it is

believed that this is a more challenging and demanding activity.
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Table 5: Summary of studies evaluating stairs ascent and stairs descent kinematic alterations for people with CKP and healthy
controls using different motion capture systems

Type of
Authors/ . . mot.ion Kinematic o
date Design | Subjects | analysis and Method outcome Key findings Limitations
plane of variables
motion
Part of a |19 severe |Sensors (15 For SA: Hip, knee and For SA: OA participants were
large unilateral |sensors, MVN |To ascend the stairs | ankle kinematics |- Decreased knee flexion ROM in | significantly older.
longitudi | KOA. BIOMECH barefooted and (during the the OA group compared to
nal Awinda). wait at the top of the |[whole controls (15-41% of movement Small sample size.
study 12 healthy staircase until given |movement cycle).
controls. Optoelectronic |the instruction to cycle). No distinction for the
(65 markers tum around. For SD: compartment of KOA (medial
and 10 camera - Decreased knee flexion ROM in | or lateral).
van der VIKON For SD: the OA group compared to
s anen system). To descend the controls (12-72% of movement Only severe OA
et al. stairs as instructed cycle). '
(2020) Frontal, and wait at the Many markers (some data
transverse and | bottom until
sagittal instructed to turn were lost due to some
planes. around. invisible markers which led to
technical errors).
® trials collected. Static calibration with severe
OA patients (may not be able
to fully extend their knees).
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No details provided for the
depth or height of the stairs.

Case- 10 3D optical To ascend and ROM for hip, For SA: More females than males in
control moderate | motion capture |descend a 4-step knee and ankle. |- |ncreased knee abduction ROM | both groups (80% OA and
study OA. with 9 cameras |staircase 6 times. in the OA unaffected limb 75% controls).
and full-body compared to controls (p =
8 matched |markersand 4 |3 yials leading with 0.049%). Only moderate OA.
controls.  |force plates. each leg. - Decreased ankle dorsiflexion
ROM in the OA-affected limb Small sample size, limited
Frontal, sagittal compared to the controls (p = power and precision.
and 0.049%).
transverse. - No significant differences found .
] A No power calculation for the
Sparkes et in the hip joint. sample size.
al. (2019)
For SD: Not representative of the
- Increased knee abduction ROM population.
in the OA-affected limb compared
to the controls (p = 0.025%).
S T (P : ) oy | N0 details provided for the
- Decreased knee fransverse depth or height of the stairs.
in the OA-unaffected limb
compared to the controls (p = _
* No details for the speed of
0.036%).
ascent/descent.
- No significant differences found
in the hip or ankle.
Cross- 25 females | 3D Vicon To ascend a 7-step |Peak hip For SA: Static calibration.
Ferrari et |sectional |with motion capture. |staircase (height: 18 |adduction, knee
al. (2018) PFPS. cm, depth: 28 cm) | flexion and

at a self-selected

rearfoot eversion

Only female participants.
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system with 4

speed witha 2 m

angles during

- Increased peak hip adduction in

25 cameras. walkway in front and | stair ascent. the PF group compared to the Cross-sectional design.
matched behind the stairs. controls.
controls. Sagittal and - Increased peak rearfoot eversion
frontal planes. |5 trials collected in the PF group compared to the
and the 4" step controls.
analysed. - Reduced peak knee flexion angle
in the PF group compared to the
controls.
Systema | 12 studies | 3D motion Differed according |Lower limb joint |For SA: Most of the included studies
tic review |included Capture to the included kinematics during | - Increased hip flexion angles were observational cross-
and systems or studies. stair ascent. - Reduced knee flexion Angle sectional studies, which are
reviewed |IMUs. - Reduced ankle dorsiflexion more susceptible to bias and
for angle. numerous confounding factors
individuals | Sagittal plane. compared to randomised
lijima et al. with knee controlled trials.
(2018) OA.
A singular reviewer conducted
the review procedures,
including study selection and
data extraction, which
increased the likelihood of
error.
Between- [ 29 females | 3D Vicon To ascend a 7-step |Peak hip For SA: Static calibration.
de Oliveira subj:ect with motion ca'pture staircase (height: 18 add'uction, knee |- Increased peak hip adduction in
Silva et al. design PFPS. system with 4 | cm, depth: 28 cm)  |flexion and _ the PF group compared to the Only female participants.
(2016) cameras. at a self-selected rearfoot eversion | controls (p = 0.009**, small effect

speed witha 2 m

angles during
stair ascent.

size= 0.38).
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25 Sagittal and walkway in front and - Increased peak rearfoot eversion | Some participants were not
matched frontal planes. |behind the stairs. in the PF group compared to the |experiencing pain at data
controls. controls (p = 0.000**, moderate collection.
5 trials collected effect size= 0.55).
and the 4" step - Reduced peak knee flexion angle
analysed. in the PF group compared to the
controls (p = 0.001**, small effect
size= 0.33).
Cross- 29 females | 3D Vicon To ascend a 7-step |Peak knee For SA: Static calibration.
sectional |with motion capture |staircase (height: 18 |flexion during - Significant reduction in peak
PFPS. system with 4 |cm, depth: 28 cm) |stair ascent. knee flexion angle (2.51°, p = Only female participants.
cameras at a self-selected 0.020*) in the PFPS group
de Oliveira 25 speed witha 2 m compared to the controls. Participants with unilateral and
sl etal matched | Sagittal plane waII.<way " frqnt and bilateral PFPS were included
(2015) controls. | only. behind the stairs. (confounding factor).
5 trials collected ) .
and the 4" step Cross-sectional design.
analysed.
Cross- 20 females | 3D Vicon To descend 4 steps | Hip, and knee For SD: Static calibration.
sectional |with motion capture | (height: 20 cm, joint - No significant difference found in | Only female participants
PFPS. system with 7 | depth: 30.5 cm) in a | displacement terms of hip joint displacement. included.
Schwane cameras, 2 step-over-step way | during the - Increased knee internal rotation
ot al. 20 force platgs and | led by the . stapce phase of angular displacement by about 4° | Speed was controlled.
(2015) matched 46 reflective unaffgcted leg while |stair descent. in the PF group relative to the
controls. | markers. wearing (the controls (p = 0.004**).

participants’ own)
athletic shoes at a

Only 4 steps without eliciting
participants’ pain.
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Sagittal, frontal
and transverse
planes.

controlled speed
(96 beats/minutes).

5 trials for each
participant and 3
trials analysed.

Many markers used (one
participant’s data was affected
by marker occlusion).

Between- |4 3D Vicon The participants Mean peak joint |Sagittal plane in SD only: No clarification for the affected
subject | participants | motion capture |were instructed to  |angles and ROM |- Decreased knee flexion angle in | compartment and only mild
design with early |system with 12 |descend a 5 step for the hip, knee |the KOA group compared to the OA.
KOA. cameras, 6 staircase (height: and ankle in the | healthy controls (p < 0.05*) during
force plates and | 160 mm, depth: 300 |sagittal plane 12-23% of the gait cycle. Many markers used (effect of
8 healthy |34 reflective mm) barefooted at | during the early | _ Reduced hip flexion angle in the | skin artifact).
J— participants markers. a selfd-selehcted stance phase of |koa group compared to the
speed with no stair descent. i
bA— P healthy controls (p < 0.05%) during |very small sample size that
atstiira Sagittal plane. | @ssistance. 9-20% of the gait cycle
(2014) : : was not based on a power
- Decreased hip and knee ROM in | calculation.
3 trials analysed. the OA group compared to the
healthy controls (p < 0.05%). Only sagittal plane (no frontal
- No significant differences found | 5 transverse planes).
at the ankle between both
groups.
Cross- 30 with 3D Vicon The participants Hip, knee and For SA: Static calibration.
sectional |PFOA (17 |motion capture |were asked to ankle sagittal - Increased hip flexion (mean
isolated system with 9  |ascend and joint angles difference 4.6°; p = 0.023*) inthe | No mention of the
Fok et al. : ; . .
(2013) PFOA, 13 |[cameras and 2 |descend a flight of 3 |during only the |isolated PEOA relative to the radiographic procedure for the
combined |force plates. steps (height = 16.5 | stance phase of |controls. controls (who were
PF and cm) with no aids at |SA and SD at the | _ Increased hip flexion (mean
TFOA). a self-selected time of difference 7.1°: p = 0.002**) in the
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Frontal and speed wearing contralateral combined OA relative to the approximately 56 years of
21 age- sagittal standardised toe-off (peak controls. age).
matched |planes. footwear. knee extension |- No significant difference found
controls. moment). between the OA groups in terms of | Controls leg was chosen at
knee flexion or ankle dorsiflexion. |random.
For SD: Stair depth was not
- Decreased knee flexion in the mentioned.
isolated PFOA group compared to
the controls (mean difference 7.7°;
p = 0.001**) but not in combined
OA.
- No significant difference found
between OA groups for knee
flexion or ankle dorsiflexion.
Between- |17 males |2 digital video [Instructed to Task time, total |For SD: Any compartment included
subject |with early |[cameras (NV- |descend a 3 step knee ROM, peak |- No significant kinematic (one subject with medial TF
design KOA Panasonic) staircase (height: knee flexion differences found between OA and | compartment, one subject with
(grades 1 |placed in the 20.5 cm, depth: angle, knee the healthy groups. lateral TF, 8 with PF and 7
and 11). frontal and 27.5cm) flexion at HS, with combined
sagittal plane barefooted at a knee flexion at compartment).
Lessi et al. 14 healthy perpendicular |self-selected speed |loading
(2012) controls. to each other. |leading with the response, time Only 3 steps in the staircase.

Sagittal plane.

evaluated limb,
while positioning
their hands on
their waist.

5 trials analysed.

from HS to peak
loading response
(all during stair
descent).

Only sagittal plane.

Only mild OA.
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Hicks-
Little et al.
(2011)

Case-
control

18 with
KOA.

18
matched
controls.

3D motion
capture system
with 8 cameras
and 28
reflective
markers.

Frontal and
sagittal
planes.

To walk up and
down a customised
staircase consisting
of 4 steps (height =
18 cm, tread length
=28.5cm)
barefooted and
unaided at a self-
selected speed,
ensuring that only
one foot hits each
step.

5 trials for SA and
SD analysed.

Average angle at
HS/peak angle
during
support/time (%
of gait cycle) of
peak angle
during
support/peak
angle during
swing/and
average angle at
toe off.

In the sagittal
and frontal plane
for the hip, knee
and ankle during
the whole cycle
(stance and
swing).

For SA:

Hip:

- Increased hip abduction at HS in
the OA group compared to the
controls (p = 0.03%).

- Late peak abduction angle during
support in the OA group compared
to the controls (p < 0.05%).

- Late peak hip flexion in the OA
group compared to the controls (p
< 0.05%).

- No differences in the average hip
flexion angle at HS between both
groups.

Knee:

- Reduced peak knee flexion
during swing in the OA group
compared to the controls (p =
0.001**).

- Late peak knee flexion during
support in the OA group compared
to the controls (p = 0.001**).

- Decreased average knee flexion
angle at HS in the OA group (p <
0.05%).

- Decreased peak knee flexion
angle during support in the OA
group (p < 0.05%).

Static calibration.

Only mild and moderate knee

OA included.
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Ankle:

- No significant difference in
average ankle abduction at HS
between the OA group and the
controls.

- No significant difference in peak
ankle dorsiflexion during support
between the OA group and the
controls.

- OA group demonstrated late
peak ankle dorsiflexion during
support phase relative to the
controls (p < 0.05%).

- No significant difference in peak
ankle dorsiflexion during swing
between the OA group and the
controls.

- Late peak adduction angle during
support in the OA group compared
with the controls (p < 0.05%).

For SD:

Hip:

- No differences in the average hip
flexion angle at HS between both
groups.

Knee:
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- Reduced peak knee flexion
during swing in the OA group
compared to the controls (p =
0.001**).

- Late peak knee flexion during
support in the OA group compared
to the controls (p = 0.001**).

- Increased knee abduction angle
during the swing phase in the OA
group compared to the controls (p
< 0.05%).

Ankle:

- No significant difference in
average ankle abduction at HS
between the OA group and the
controls.

- No significant difference in peak
ankle dorsiflexion during support
between the OA group and the
controls.

- No significant difference in peak
ankle dorsiflexion during the swing
between the OA group and the
controls.

McKenzie
et al.
(2010)

Cross-
sectional
Case-
control

10 females
with
PFPS.

Magnetic-based
sensors
(Polhemus
Systems, Skills

For SA:

To ascend a 5-step
staircase at a self-
selected speed

Knee
flexion/extension,
hip
flexion/extension,

For SA:
- No significant differences

observed at the hip joint overall
ROM.

Static calibration.

Only female participants
included.
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10
matched
controls.

Technology,
Colchester,
VT).

Sagittal, frontal
and transverse
planes.

(height: 20 cm,
depth 22 cm) with
no assistance for 3
minutes
continuously,
initiated by the
evaluated limb.

For SD:

Upon reaching the
top, the participants
were instructed to
turn around and
walk back down the
stairs to the floor.

adduction/abduct
ion/ and
internal/external
rotation during
the stance
phase (at HS).

- Increased knee flexion angle at
HS in the PF group compared to
the controls during self-selected
speed but to a lesser extent at fast
speed.

- No significant difference for hip
flexion, adduction and internal
rotation angles upon HS.

For SD:

- Increased hip adduction/internal
rotation overall ROM in the PFPS
group relative to the controls.
-Increased hip adduction angle at
HS (difference: 7.5°).

- Increased hip internal rotation
angle upon HS (difference: 5.9°).
- No significant difference for hip
and knee flexion angles upon HS.
- Increased knee flexion angle at
HS in the PF group compared to
controls during self-selected speed
but to a lesser extent at fast
speed.

Step depth was less than
building standard code
(greater slope and task
demand).

All of the included participants
were athletic females (could
be different with men or
sedentary individuals).

Small sample size (no
difference in SA).

Repetition of the task for 3
minutes could have led to
fatigue.

Abbreviations: * = Statistical significance <0.05; ** = Statistical significance <0.01; 3D = Three-dimentional; cm = Centimetres; m = metres; IC = Initial contact;
ROM = Range of motion; KOA = Knee osteoarthritis; PFPS = patellofemoral pain syndrome; DKV = Dynamic knee valgus; SA = Stair ascent; SD = Stair
descent; PKF = Peak knee flexion.
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2.7.6 Vertical jump kinematic alterations

The number of studies that evaluated VJ performance for people with CKP using 3D
motion capture systems was very limited. This could be due to the dynamic nature of
the VJ task which is utilised more frequently for evaluating the kinematics of certain
sports-related injuries such as ACL rupture (van der Straaten et al. 2020). Some
studies evaluated different types of jump activity using 3D motion capture
technologies for individuals with PFPS. For example, Nunes et al. (2019), Baellow et
al. (2020) and Souza and Powers (2009) evaluated the drop vertical jump (DVJ),
Harris et al. (2020) evaluated VJ, Willson and Davis (2009) evaluated single jump
landing (SLJ) and Souza and Powers (2009), dos Reis et al. (2015) and Alvim et al.
(2019) evaluated single leg hopping (SLH). However, none of these jumping
strategies were included and nor were they within the scope of the current review
because they are primarily used for athletic performance assessment, with the

exception of VJ.

Harris et al. (2020) conducted a systematic review in which the studies analysed VJ-
landing mechanics in 3D for athletes with patellar tendinopathy (PT) or asymptomatic
athletes with a history of PT or patellar tendon anomaly (PTA) on imaging. PT is a
clinical condition of the patellar tendon which is characterised by localised pain in the
anterior knee that is not caused by injury (Crossley et al. 2007) but by repetitive VJ-
landing tasks (Khan 1998). Their results from 13 studies revealed that among the 37
variables identified to be statistically significant and associated with PT, there were
only two variables that were consistently replicated between the studies: knee flexion
angle at initial contact and an altered hip flexion/extension strategy during a

horizontal land phase of a VJ (Harris et al. 2020).

It was also found that for evaluating those with PT, sagittal plane hip and knee
kinematics during the landing phase of VVJ were the most important factors to
analyse. The authors of the review recommended that analysing the landing phase
or take-off phase in isolation is inadequate to identify different jump-landing variables
and clinicians need to evaluate the whole jump-landing task. However, there were a
number of limitations associated with this research. There was heterogeneity
between the included studies and it was unclear if this lack of consistency among the

research means that a particular characteristic is irrelevant in all situations or that it
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is reliant on the experimental settings such as the experimental task, cohort, sport,
age or skill level. Some of the studies may have misdiagnosed PT with other anterior

knee pain conditions such as PFPS (Harris et al. 2020).

Pedley et al. (2020) conducted a systematic review on healthy subjects to identify
kinetic, kinematic and performance measures of jumping and landing and their
association with the risk of experiencing lower extremity injuries for studies using
different motion capture systems. Consistent with Harris et al.’s (2020) findings, their
results revealed that the landing phase of VJ appears to be better at identifying
people who are more likely to sustain an injury. This could be attributed to the
similarity between landing and the mechanism of injuries but they recommended
evaluating knee frontal plane motion (knee valgus, valgus displacement, normalised
knee separation distance) in addition to the sagittal plane (knee flexion at initial
contact and peak knee angular displacement) kinematic variables for assessment of
this activity (Pedley et al. 2020).

In conclusion, a very limited number of studies have evaluated lower limb kinematics
for people with CKP during the VJ task using different motion capture systems.
Different investigations have shown varying kinematics at the lower limb joint in
various planes. During VJ exercises, reduced knee flexion exhibited by people with
CKP (notably PT) has been observed. The variety of jumping activities, variables,
measuring techniques and populations that have been examined have led to
disagreement and inconsistency, making it difficult for researchers to synthesise the

results.

2.7.7 Section summary

This review has identified a large number of studies that have investigated lower limb
kinematics during gait, DLS, SLS, VJ, SA and SD for people with CKP

conditions. The range of functional tasks is important because they present different
challenges for people with CKP. When performing these functional activities,

kinematic alterations were evident in the three planes of motion. A reduction in knee
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flexion, an increase in knee abduction and hip adduction, and reduced ankle

dorsiflexion are among them.

Human movement analysis is a complex process that requires the examination of
three planes of motion (sagittal, frontal, and transverse) across numerous joints. The
level of difficulty is dependent upon the functional requirements of the individual. This
presents a challenge in clinical practice, where physiotherapists have traditionally
depended on observational analysis to evaluate human movement. The utilisation of
conventional observational methods would impede a physiotherapist's ability to
precisely monitor numerous joints and planes concurrently throughout a range of
functional activities. Therefore, different motion capture systems were utilised to
analyse these functional tasks. This enables PT treatment to be customised
considering the discovered altered movement patterns. However, the gold-standard
motion capture system is limited to being used in a laboratory and cannot be utilised
in everyday clinical settings. Technological developments have led to the creation of

portable, wearable IMUs to quantify human movement in clinical settings.

However, motion capture systems simultaneously generate large volumes of
kinematic data for multiple planes of motion and joints. These data need to be
reported in a user-friendly manner to help physiotherapists interpret the kinematic
results. Few studies to date have utilised kinematic data. Therefore, the following
section elaborates on the literature concerned with reporting movement analysis and

the interpretation of kinematic data.

2.8 Reporting movement analysis and alterations

Current practice in the clinic involves ‘eyeballing’ of the movement of the limb, joint
angles and execution of functional tasks to try and ascertain whether the movement
is ‘normal’ or ‘abnormal.’ It is up to the individual physiotherapist in the clinic to
determine if an observed difference in movement pattern is clinically relevant. There
are no published guidelines for the knee that define what is and is not an important
or clinically relevant alteration in movement. Movement analysis is a key PT skill but

because it is subjective, it lacks accuracy and standardisation and, therefore, is less
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reliable (Skaggs et al. 2000). Factors such as subjectivity in observations, the lack of
standardisation for protocols and the criteria for movement analysis, variability in
data collection, and the complexity of human movement with regards to multiple
joints, muscles and coordination patterns contribute to these challenges. To improve
accuracy and reliability, physiotherapists are exploring technology-driven
approaches such as 3D motion capture technologies which provide more objective
measurements (Jones et al. 2014). Embracing these advances in clinical settings
can enhance movement analysis and lead to more effective and evidence-based PT
practices. By being able to address movement alterations, it is believed that patients
with CKP will experience less pain and improved function (Roper et al. 2016).

Summary statistics can be created from IMUs-based movement analysis systems to
provide a quantitative description of motion but visual analysis of movement cycle
waveforms offers further insight into a person's performance throughout a task that
can guide the decision-making process with regards to treatment (Button et al.
2022). Individuals’ movement data should be presented in a clear, understandable
and user-friendly format (Button et al. 2022). This requires a movement analysis
report featuring a graphical representation of the patient’s kinematics and/or kinetics
for bilateral sides of individuals in multiple planes of motion, in addition to normative

values for the asymptomatic population (Button et al. 2022).

When bilateral data (e.qg., for the ankle, knee and hip) are included, it is common for
a clinical movement analysis report to comprise upwards of 50-line graphs analysing
a performed movement. Even the most skilled PT may find it difficult to synthesise
and analyse such a vast amount of data. There is a gap in the literature regarding
how physiotherapists report and interpret movement patterns of functional tasks. The
literature search strategy identified seven studies that provided information for the
reporting and interpretation of movement analysis. Detailed study characteristics and
methods are presented in Table 6. Four studies were conducted to investigate
within- and between-rater agreement on identifying a presence or absence of altered
movement patterns between limbs within kinematic waveform graphs in one or more
planes of motion for certain functional tasks (Nieuwenhuys et al. 2017; Wang et al.
2019; Button et al. 2022; Brunnekreef et al. 2005). Other studies established how
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clinicians describe or interpret the identified alteration in movements (Button et al.
2022; Fellin et al. 2010; Crenshaw and Richards 2006; Manal and Stanhope 2004).

Nieuwenhuys et al. (2017) evaluated the between and within rater agreement for 2
different group of raters (experienced and inexperienced) for the interpretation of
kinematic and kinetic data attained from the 3D optoelectronics motion capture
system for 82 children with spastic cerebral palsy (CP). In their study, 28 raters
completed two rounds of classification for the 3D gait analysis reports of 27 or 28 CP
patients. All movement patterns at the pelvic, hip, knee and ankle joints showed a
substantial-to-almost perfect agreement according to the agreement findings (within-
rater Kappa = 0.64-0.91; between-rater Kappa = 0.63-0.86, except for the knee

patterns during stance K=0.49, ‘moderate agreement’) (Nieuwenhuys et al. 2017).

Similarly, Wang et al. (2019) conducted a study to evaluate the interobserver
consistency of interpreting 3D gait analysis reports for children with gait
abnormalities within a single institution. Seven experienced raters interpreted 15
patients’ reports and a variety of issues and suggested treatments were presented to
the interpreters, where they were asked to choose ‘yes,’ ‘no’ or ‘indeterminate.” The
interpretation of the 3D gait analysis data (kinematics, kinetics, EMG and video)
identified potential altered gait movement patterns in 15 children with gait

abnormalities with moderate agreement (averaged Kappa = 0.55).

Wang et al.’s (2019) study demonstrated some limitations because they did not
assess the intra-observer variability analysis and all of the included raters were
experienced orthopaedic surgeons. Thus, it is uncertain whether conducting the
same investigation with inexperienced participants would provide similar results. In
addition, they analysed data for only 15 patients and this limited number of
participants may not be representative of all alterations. Although Nieuwenhuys et al.
(2017) included a larger number of patients and a group of raters with differing levels
of experience in their study, there were 4.7% unclassified patterns in their analysis
which was mostly presented at the hip joint across three planes of motion. In both of
the studies by Nieuwenhuys et al. (2017) and Wang et al. (2019), raters were
directed to detect the presence of multiple gait deviations by presenting 3D

movement analysis data and only responding ‘yes’ or ‘no’ to a list of gait issues
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(Wang et al. 2019) and an outline of movement alterations that occurred during
various gait phases (Nieuwenhuys et al. 2017). However, no attempt was made to
describe these movement changes and gait problems (Nieuwenhuys et al. 2017,
Wang et al. 2019).

Brunnekreef et al. (2005) investigated the inter-rater and intra-rater agreement
between experienced and inexperienced raters by employing a standardised gait
analysis template to analyse the recorded footage of individuals with orthopaedic
disabilities for gait movement patterns. Thirty patients who were sent to a physical
therapist for gait therapy had their gait videotaped. Ten raters (four experienced, four
novice and two experts) each assessed the patients' filmed gait patterns twice using
a standardised gait analysis form that included 12 items and reflected the movement
of the trunk, arm, pelvis, hip, knee and ankle within the gait cycle. The results of their
study reported moderate between- and within-rater agreement (between
experienced raters, ICC = 0.42; between novice raters, ICC = 0.40; within

experienced raters, ICC = 0.63; within novice raters, ICC = 0.57).

Brunnekreef et al. (2005) evaluated kinematic data from video footage. Visual
observation of video footage is inadequate and unreliable when assessing most gait
cycle events due to the difficulty of distinguishing movements from multiple planes.
For instance, compared to a simpler set of movement alterations at the knee in the
sagittal plane, Brunnekreef et al. (2005) reported less agreement between raters on
items that were thought to be challenging to identify, such as movement alterations
at the pelvis in the transverse plane (ICC ranges = 0.19 - 0.33 vs 0.58 - 0.60,
respectively). Additionally, Kawamura et al. (2007) found that only pelvic obliquity
and knee flexion at first contact can accurately be assessed solely based on visual
cues. Therefore, it is preferable to include quantitative evaluation alongside
observational analysis when assessing most gait cycle events. This data also
supports the use of waveform graphs rather than films in movement analysis reports

that are to be used in clinical settings.

Manal and Stanhope (2004) proposed an alternative method to show altered
movement patterns in gait analysis. Current methods of plotting kinematic and kinetic

data against mean and standard deviation values are time-consuming and
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complicated. This is because when using standard approaches, six-line graphs of
the patient's data plotted against normative values would be examined to obtain the
same conclusion. The proposed method uses colour-coded magnitude and direction
of the alteration to create a compact and visually appealing overview of all of the
changing magnitudes on one page. The colour-coding methodology was explained
and the gait data from an affected patient was compared to 15 healthy persons. This
approach simplifies the displaying of alterations and simultaneously interprets
numerous variables. However, reporting data as modifications may result in some
information being lost, hence it should be utilised alongside other methods. The sign
protocol for anatomical motion should also be considered when evaluating colour-
coded alterations. The proposed method is limited to gait analysis but can be used

for other movement analysis.

This technique has some drawbacks, such as the loss of joint angles when data are
displayed as an alteration. For example, the magnitude of the ankle angle (marked
red in the report) at a certain time during stance may be relevant. This information is
not available in colour-coded variants. It is not recommended that this method
replace the alternative methods of presenting data but rather it should serve as a
useful supplement. Another consideration is the joint's anatomical motion sign
format. In Manal and Stanhope’s (2004) study, knee flexion was a negative value
and, therefore, excessive flexion was marked in red. In most studies, flexion is a
positive score and excessive flexion is highlighted in blue. The lack of a standard
sign format for time history data should be examined in future studies. Finally, the
study limited the reported variations to +3. The authors justified this range because
movement patterns beyond these extremes are abnormal and, from a clinical
standpoint, it is useless to distinguish between excessive alterations (Manal and
Stanhope 2004). This reasoning should be reconsidered because for people with
CKP or who have any other pathology that alters their movement (e.g., CP), large
deviations from the norm are clinically important to assist with patient-therapist

decision-making and treatment planning.

Crenshaw and Richards (2006) analysed gait pattern symmetry and normality using
a novel approach called eigenvectors to compare the entire waveforms. To

determine symmetry, the right and left limbs of a single person’s sagittal plane
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movement were compared to a normative file based on the average of healthy
controls. Four measurements were provided by the analytical procedure: phase shift,
trend symmetry/normality, the range amplitude ratio, and range offset. When the
curves were an identical shape, trend symmetry would equal zero. This can be used
to contrast symmetry between joints. For instance, if the trend symmetry at the knee
is 3.2 and the trend symmetry at the hip is 1.5, it can be concluded that the hips are
more symmetrical than the knees. A comparison of each limb's ROM is undertaken
using the range amplitude ratio, with a value of one indicating that each curve has a
similar ROM, whilst a score of more than one indicates increased ROM and a score
of less than 1 signalling decreased ROM. The range offset compares the operating
ranges of each limb and according to their analysis, a range offset value of zero
indicates that both sides operate within the same ROM, whereas a positive value
indicates flexion and a negative value indicates extension (Crenshaw and Richards
2006). Although using the eigenvector method to assess joint and waveform
symmetry and normality can help quantify and monitor alteration in joint motion and
present better visualisation of the data, the method is only suitable for waveform

data. As such, it cannot be used to assess symmetry for discrete time points.

Fellin et al. (2010) compared 3D lower limb kinematics during overground (OG) and
treadmill (TM) running. Quantitative kinematic curve analysis was used to examine
the 3D kinematics of the hip, knee and rearfoot during OG and TM running.
Subsequently, the trend symmetry method introduced by Crenshaw and Richards
(2006) was utilised. An additional goal of the study was to contrast the findings of

each analysis approach.

Twenty runners were observed running at 3.35 m/s 5% on a treadmill and in open
space while right lower extremity kinematics were captured. Utilising intraclass
correlation coefficients, the kinematics of the hip, knee and rearfoot during foot strike
and peak were compared (Fellin et al. 2010). The study’s results demonstrated an
average high trend symmetry between running modes of 0.94 (perfect symmetry is
1.0). A lower similarity value was recorded between the knee frontal plane and
transverse plane (0.86-0.90). All variations were less than 1.5°, except for a 4.5°
decrease in rearfoot dorsiflexion at foot strike during treadmill running. There were

8/18 discrete variables with high correlations (>0.8) and 17/18 discrete variables with
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moderate correlations (>0.6). When averaged across the subjects, the kinematic
curves for treadmill and overground running were similar (Fellin et al. 2010).
Although trend symmetry compares two waveforms using a range of variables to
ensure a thorough analysis, there are several limitations associated with the
technique. For instance, the method does not specifically deal with the waveforms'
variability. Accordingly, for data that are extremely changeable, this approach can

return results that are not truly indicative of the raw data.

A study by Button et al. (2022) developed a template for reporting and interpreting
altered movement patterns. Firstly, the authors investigated the identification of
altered movement patterns in the sagittal and frontal planes during various functional
activities and, secondly, described these alterations. In Button et al.’s (2022) study,
within and between user agreements for the evaluation of 14 IMU movement
analysis reports for 14 individuals with ACL reconstruction containing 225 kinematic
waveform graphs for three functional activities (gait, DLS and SA) were created. A
total of six people (five physiotherapists with differing levels of experience and one
clinical movement scientist) independently examined each report and three users
again examined the reports a week later. Users were told to note whether they
believed a movement alteration was present for each parameter by writing down
either ‘yes’ or ‘no.” They were instructed to text-describe any altered pattern they
believed to exist. Then, quantitative content analysis was utilised to categorise the
written text on the movement alteration and describe it (Button et al. 2022). Their
results indicated good agreement, with between-user agreement ranging from 0.6-
0.9 for the sagittal plane and from 0.75-1.0 for the frontal plane for the presence of a
movement alteration. The within-user agreement was 0.57-1.00 for the sagittal plane
and 0.71-1.00 for the frontal plane.

As for describing the identified alteration and results of the content analysis, there
was variation in terms of how movement alterations were described. However, three
main themes and seven categories were identified from the waveform
interpretations: the amount (qualitative and quantitative description), timing (phase,
discrete-time point, cycle) and nature (peak, ROM, timing) of the alteration. Based on
their results, a standardised reporting template for the interpretation of movement

analysis reports was developed (Button et al. 2022).
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It is important to note that there were several limitations with this study. For instance,
most rater disagreements regarding the detection of altered movement patterns were
observed for kinematic waveform graphs in the sagittal plane, as opposed to the
frontal plane. This was because the kinematic data for several planes were displayed
using various scales and, therefore, frontal plane waveforms appeared to be more
obvious for raters than those used for the sagittal plane. While the results from this
study are distinctive because users had to identify kinematic waveforms with and
without movement alterations and describe how they interpreted the data, which had
not been examined in previous studies, the users were not provided with any
instructions regarding how to interpret the data to decide if small deviations in the

waveforms should be considered as alterations.

In summary, movement analysis has become a critical component of the
rehabilitation process for those people with CKP. Therefore, future studies should
focus on how to improve the reporting of data, interpretation and standardisation.
These interpreted reports can be observed and referred to multidisciplinary teams
such as physiotherapists and doctors in order to provide the best possible treatment
options for patients. For this reason, it is crucial that the movement analysis reports
are precise and provide complete answers to the clinical queries. However, it can be
concluded from the literature that there is no standardised method for reporting

kinematic data.

2.8.1 Section summary

Rapid technological advances have enabled the development of precise and reliable
equipment as well as new methods for objectively assessing numerous functional
movement characteristics, thereby offering physiotherapists a plethora of knowledge
about an individual's movement. Graphics make data easier to interpret and many of
these systems also create databases and allow users to access data files. These
elements can be used to generate a movement analysis report that can be evaluated
and analysed to discover altered movement patterns, aid physiotherapist decision-
making and individualise treatment strategies. However, the literature is lacking in
terms of how physiotherapists evaluate altered movement patterns. There is no
standard means of interpreting movement. In the literature, some research studies

concentrated on identifying movement alterations, whilst others focused on
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describing them. However, for both of these, there is no consensus regarding what
constitutes the optimal method. Future research in this area should seek to
standardise the reporting of waveform data in movement analysis and identify

interactive user-friendly reporting tools.
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Table 6: Summary of studies reporting movement analysis and alterations

Al:jt:t(;rS/ Aim Design Subjects Method Key findings Limitations
To create a Inter-rater and 14 patients Wearing body-worn The observed inter-user No instructions were provided to
standardised intra-rater with ACLR. sensors, 14 people with | agreement for the presence of a | users regarding how to
template that will |agreement for 6 raters with | anterior cruciate ligament | movement compensation determine the presence of an
help identification of different levels | reconstruction undertook |ranged from 0.60 to 0.90 in the |alteration.
physiotherapists | movement of stair climbing, double-leg |sagittal plane and from 0.75 to
to report data compensation experience. squats and overground 1.00 in the frontal position. As a result of variations in the
from lower limb | strategies walking. 252 kinematic scales employed to represent the
kinematic (reliability). waveforms of hip, knee | within-user agreement for the | data in the sagittal and frontal
waveforms. Quantitative and ankle joint angles in | gagittal plane was 0.57-1.00 planes, disparities in the
content analysis to the sagittal and frontal and for the frontal plane, 0.71- |waveforms of comparable
describe planes were inspected by |4 gg, magnitude in the frontal plane
Bu(ttz(z)nzg; & alteration. Six users. seemed more obvious to the user

The waveform interpretations
revealed three themes and
seven categories: amount
(qualitative and quantitative
description), timing (phase,
discrete time point, cycle) and
nature (peak, ROM, timing).
An interactive report and a
standardised template for
interpreting kinematic
waveforms were developed.

and were thus more likely to
have been considered as an
altered strategy.
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Wang et al.
(2019)

To evaluate the
interobserver
reliability of
(3DGA)
interpretation for
children with gait
abnormalities
within a single

Inter-rater
agreement/
reliability.

15 patients
(14 with CP, 1
with
myelodysplasi
a).

7 experienced
raters.

7 skilled interpreters
reviewed the 3DGA data
of a single patient every 3
months. The data of 15
patients were interpreted
and the interpreters were
asked to choose ‘yes,’
‘no’ or ‘indeterminate.’

The average kappa for the ten
most common problems and
suggested solutions were 0.69
and 0.59, respectively.

Hip and knee anomalies had
the most consistency in the
sagittal plane.

No intra-observer variability
analysis was performed.

Only 15 patients’ data were
analysed.

institution. Calculations of kappa and
percentage of agreement
were used to assess
consistency.
To measure Inter-rater and 82 patients 2 classifications of 3DGA | For all joints, intra-rater 4.7% of all ratings for all patterns
physician inter- |intra-rater with CP (57 results from 27 or 28 agreement ranged from were determined to be
rater/intra-rater | agreement/ males, 25 patients were requested | "substantial" to "almost perfect” |unclassifiable, with hip patterns
agreement on reliability. females). from each rater. Using the | (K= 0.64 - 0.91). in all three anatomical planes
joint movement 16 percentage of agreement accounting for the majority of
patterns in ‘experienced’ | and kappa statistics, inter- | The results of the inter-rater these scores.
children with and 16 and intra-rater agreement agreement were similar (K=
Nieuwenhuys | spastic cerebral ‘inexperienced | on 49 joint motion 0.63 - 0.86), except for the knee | The learning phase of the study
etal. (2017) |palsy (CP). ' rater groups | patterns was assessed. | natierns during stance (K= was uncontrolled and purposely

based on their
experience
with 3DGA.

0.49, "moderate agreement").

brief. This lack of standardisation
could have resulted in decreased
interrater agreement for criterion

classification.

The joint movement patterns
tested in this investigation were
the outcome of a Delphi
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consensus study which relied on
the knowledgeable but subjective
judgement of specialists.

Fellin et al.
(2010)

To evaluate the
hip, knee and
rearfoot 3D
kinematics of
overground and
treadmill runners
using both
kinematic curve
and discrete
variable
comparisons.

Compare
kinematic curves
during stance
phase using the
trend symmetry
method within
each subject.

Exploratory and
correlation.

20 healthy
runners.

20 runners were observed
running at 3.35 m/s 5%
on a treadmill and
overground while right
lower extremity
kinematics were captured
using 3D. Utilising
intraclass correlation
coefficients, the
kinematics of the hip,
knee and rearfoot during
foot strike and peak were
compared.

Most of the kinematic curves
between OG and TM running
appeared to be similar.

The trend symmetry analysis
supported the visual evaluation
by demonstrating that alll
kinematic curves had a mean
trend symmetry value of 0.94.

Lower similarity was observed
between the knee frontal plane
and transverse plane (0.86—
0.90).

All variations were less than
1.5%, except for a 4.5° decrease
in rearfoot dorsiflexion at foot
strike during treadmill running.

There were 8/18 discrete
variables with high correlations
(>0.8) and 17/18 discrete
variables with moderate
correlations (>0.6).

The method does not specifically
deal with the waveforms'
variability. For data that are
extremely changeable, this
approach can return results that
are not indicative of the actual
data.
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To analyse
symmetry and
normalcy of gait
patterns using
eigenvectors to
compare the

Exploratory
study.

1 subject.
A group of
healthy
participants
for

To determine symmetry,
the right and left limbs of
a single person were
compared. A single
subject's limb was
compared to a normative

The same ROM is used by both
sides when the range offset
value is O (positive values
indicate increased flexion,
negative values indicate

Sagittal plane only.

No details for the number of
healthy participants used for
comparison.

comparison. increased extension). The method described for
entire selected file made from the determining joint symmetry and
waveform. average of f[h_e healthy For range amplitude, a value of | nhormality is only suitable for
Crenshaw control.part|C|pants to 1 indicates that each curve has |waveform data; it cannot be used
and Richards determine normalcy. The | the same ROM (>1 indicates |0 determine symmetry for
(2006) 4 metrics of symmetry increased ROM; <1 indicates | discrete data points.
and normality provided by | 4ecreased ROM).
the analytical approach
are trend phase, trend .
For trend symmetry, if the
symmetry/normalcy,
. : curves were the same shape,
range amplitude ratio, and
the score would be zero (the
range offset.
larger the trend symmetry, the
greater the difference in the
shape of the curves).
To assess the Inter-rater and 30 patients Patients had their gait Moderate between- and within- | Different study population
reliability of intra-rater with videotaped. Using a rater agreement. (multiple orthopaedic
visual gait reliability. orthopaedic standardised gait analysis conditions).
analysis in impairment. form, ten raters analysed |getween experienced raters
Brunnekreef | Patients with the videotaped gait ICC = 0.42. Videos were condensed into a
et al. (2005) |orthopaedic 10 raters; 4 | Patterns of the patients one-minute film-clip for analysis;

problems.

experienced,
4 novice and
2 experts.

twice. Reliability was
measured using the
intraclass correlation
coefficient (ICC),

Between novice raters, ICC =
0.40.

a short period that may have led
to items being difficult to
observe.
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calculated using a two-
way random design and
based on absolute
agreement.

Within experienced raters, ICC
= 0.63.

Within novice raters, ICC =
0.57.

Objective standard to assess the
validity of raters' visual
observations was not
accomplished.

Visual observation using video
footage.

Manal and
Stanhope
(2004)

To present a
different
approach to
reporting
movement
pattern
alterations in
comparison to
normative data
by colour-coding
the size and
direction of the
difference to
improve
visualisation.

Exploratory
study.

1 patient.
15 healthy
subjects to
compare.

To illustrate the use of
colour coding, gait data
from one patient with
impaired gait were
compared to normative
data for 15 healthy
people. During the stance
phase of walking, the
sagittal plane ankle, knee
and hip angles and
moments were calculated
using Visual3D. The
variables of 101 data
points representing 0% to
100% of the stance phase
were interpolated.

The deviations shown were
successfully converted from a
vertical spatial dimension to a
colour-based range using the
colour-coding technique. This
significantly minimises the
amount of space needed to
show how far the patient's data
deviates from the norm in both
size and direction.

Shades of red represent
significant negative deviations
in the patient's ankle angle
during first stance, whereas
shades of yellow and green
represent an increasing normal
pattern.

Alterations were only presented
as colours ranging from red
(increased alteration) to blue
(normal) without the ability to
establish the joint angle at the
point of alteration.

The sign convention association
with the anatomical motion of the
joint was different for some joints
than in the majority of the
reported literature (e.g., knee
flexion was a negative value and
shaded red).

The range of the reported
alteration was limited to 3.

Abbreviations: ICC = Interclass correlation coefficient; CP = Cerebral palsy; 3D = Three dimensional; ACLR = anterior cruciate ligament reconstruction; DGA
= Dynamic gait assessment; OG = overground; TM = treadmill.
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2.9 Literature review summary

Chronic knee pain is one of the leading causes of disability and activity limitation. It
represents a substantial burden for individuals, society and the healthcare system.
Multiple aetiologies can induce or exacerbate CKP. Some individuals with CKP do
not respond favourably to conservative PT management. It has been suggested that
the reduced success of typical therapy treatments in terms of their ability to alleviate
pain and improve function may be attributable to the presence of certain movement
alterations (Kobsar et al. 2015; Watari et al. 2016). Thus, the pain might result in a
range of motor alterations, from small adjustments in muscle activity to movement

avoidance (Hodges and Tucker 2011).

Kinematic analysis provides valuable information about joint motion and movement
patterns during various functional tasks which are directly relevant to the daily
activities and challenges faced by individuals with CKP. Understanding kinematic
alterations can help to identify specific movement deficits and guide interventions to
improve functional performance. The associations between pain and the movement
system are complex and often fluctuate. The hypotheses posit that pain can incite
diverse motor alterations such as increased or reduced muscular activity (Roland
1986; Henriksen et al. 2011), altered movement patterns and restricted motion
(Hodges and Tucker 2011). These alterations are affected by both peripheral and
central mechanisms and can provide short-term protective benefits yet they may
engender prolonged functional constraints and amplified pain. By understanding
movement alterations, physiotherapists can develop targeted interventions that
address specific impairments, restore optimal movement patterns and alleviate pain,
thereby ultimately improving functional outcomes for patients. Thus, taking a more
individualised approach to exercise prescription could prove more beneficial for the
CKP population by targeting these alterations.

Accordingly, movement alterations were investigated in three planes of motion
during various functional activities which present different challenges for the knee
and are necessary for everyday life. Several movement alterations were identified in
the literature which necessitate the need for individualised treatment plans.

Movement analysis aims to comprehend the reason for altered movement patterns,
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thereby aiding in the prevention, detection and rehabilitation of a broad spectrum of
diseases, disabilities and injuries. However, movement analysis is complex because
it produces considerable volumes of kinematic data in three planes of motion
(sagittal, frontal and transverse) across numerous joints and the complexity of tasks
varies according to the individual's functional needs. Physiotherapists can use
movement analysis reports generated by motion capture systems to identify
abnormal movement patterns, make decisions and develop individualised therapy
regimens. Therefore, the motion capture systems required for movement analysis
were scrutinised. Optoelectronic motion capture systems provide 3D measurements
and they are regarded as the gold standard (Munro et al. 2012). Whilst they offer
significant advantages, these systems are costly, their application is highly complex
and their configuration is time-consuming (Schurr et al. 2017). Therefore, it may be
challenging to install these systems in clinics. Moreover, optoelectronic systems are
limited to laboratory surroundings and may be unable to accurately simulate outdoor
activities. The commonly available camera-based 2D movement analysis method
may be utilised as an alternative to the gold standard motion capture devices to
generate movement data in clinical settings (Alahmari et al. 2020). However,
because of the inconsistent validation findings, the merits of 2D movement analysis

have proven to be debatable (Neal et al. 2020).

IMUs are an alternative technology. It has been determined that IMU-based
movement analysis is accurate and consistent when assessing kinematics for all
planes during various functional tasks (Al-Amri et al. 2018). In clinical contexts, the
IMU-based movement analysis method is therefore the most suitable alternative to
the gold standard motion capture systems. However, IMU-based movement analysis
generates a large amount of kinematic data in the three anatomical planes, thereby
making it very challenging for physiotherapists to interpret them. In clinical practice, it
is the responsibility of the individual reporter to decide if an ‘observed difference’ is
sufficiently large to be clinically significant. There are no published criteria for the
knee to state what is or is not an important alteration in movement. To improve the
uniformity of kinematic data interpretation among users, there is a need to
standardise the method for reporting altered movement patterns in kinematic
waveform graphs. Reporting movement alterations through statistical summaries can

be constructed to provide a quantitative description of motion, but visually examining
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the waveforms of movement cycles that is individualised for each person provides
extra information on how an individual performs throughout a task, which is more
applicable for clinical settings and can be used to guide tailored therapy choices.
Previous research presented in the literature has emphasised the need to develop
online reporting tools that are user-friendly to help physiotherapists facilitate the
individual assessment and management of those experiencing CKP

conditions. Accordingly, the current thesis sets out to address the following aims:

2.10 Thesis aim

The overall aim of the thesis is to explore the utility of individualised IMU-based

clinical movement analysis for those with CKP.

2.10.1 Part 1 aim

To explore the between- and within-subject kinematic differences of those with CKP
and healthy people during various functional tasks including gait, DLS, SLS, VJ, SA
and SD in the sagittal and frontal planes for the hip, knee and ankle joints using

clinically available IMUs.

2.10.2 Part 2 aim

To test the usability of a digital version of an IMU-based movement analysis and

reporting tool for physiotherapists treating individuals with CKP.

It is important to note that the word ‘utility’ in the current study’s topic and aim refers
to the two parts in this thesis. In part one, altered movement patterns were explored
and movement was analysed during the performance of functional tasks utilising
IMU kinematic reports and a standardised reporting template to inform PT practice.
In part two, the usability (another meaning for the word utility) of converting IMU
kinematic reports to an interactive electronic version and making them available

online for physiotherapists to use was also explored.
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Chapter 3, Part 1: Movement alterations in individuals with
chronic knee pain and in healthy people using inertial

measurement units and a standardised reporting template

3.1 Introduction

This study is linked to previous works carried out by our research team on the
development of the sensor-based movement analysis and reporting toolkit, as well
as the standardised reporting template. Therefore, providing a summary of previous
works conducted for the development of the toolkit and the template is crucial to
providing a comprehensive view of what has been done and informing the next

stages.

Multiple studies were conducted by members of our research team, including PhD
students (M.F.) and (K.N.), to develop a movement analysis toolkit that is provided
by the portable inertial sensors. As a result, an ergonomic, rapid, and accessible
movement analysis kinematic report was created in accordance with the instructions
presented by Baker (2013). This was meant to promote the use of sensor-based 3D
systems among users and provide access to kinematic testing for those with CKP.
The kinematic report was developed employing custom-written code on MATLAB
software (version 9.6.0.1150989 (R2019a) Update 4) (Nicholas et al., 2018; Davies
et al., 2021). The report represents kinematic data (temporo-spatial and joint angle
waveforms) acquired from inertial sensors for joints in the lower limbs (e.qg., hip,
knee, and ankle) as well as in the sagittal and frontal planes during a variety of
functional tasks (Gait, DLS, SLS, VJ, SA and SD). These functional tasks included
were rationalised by the previous validation study (Al-Amri et al., 2018) in addition to
other literature reviewed concerning the validity and reliability of the sensor-based
movement analysis. The kinematic data reported in our report can be interpreted by
physiotherapists and patients to guide therapeutic decision making, inform treatment

planning, and monitor progress.

As a result of this, a first version of the movement analysis toolkit comprising inertial
sensors and a kinematic report was developed. Following this, the PhD candidate

(K.N.) conducted two exploratory qualitative studies to assess the initial version of a
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toolkit's acceptability among physiotherapists and individuals with CKP. The first
study involved interviews with physiotherapists to explore their perspectives on the
toolkit's suitability within the clinical setting for ACL patients, aiming to refine its
design. The second study comprised qualitative interviews with patients before and
after utilising the toolkit during their rehabilitation, aiming to understand their
experiences and opinions regarding its usage. Findings from the studies revealed
disparities in physiotherapists' interpretation of kinematic data and the terminology
employed to describe observed altered movement patterns. This uncertainty
suggests the necessity for further investigation into the ability of physiotherapists to
accurately and consistently interpret supplied kinematic data, thereby highlighting the

need for additional research.

To address this, an exploratory study was conducted by another PhD candidate
(M.F.) (Button et al., 2022). This study evaluated within and between-rater
agreement in identifying the presence of movement alterations within kinematic
waveform graphs for lower limb joints (e.g., hip, knee, and ankle) in the sagittal and
frontal planes during three functional tasks (Gait, DLS, and SA). Also, raters
gualitative description of the identified movement alterations was investigated. The
findings exhibited that raters were consistent when identifying movement alterations;
however, the way of how they qualitatively describe these alteration was varied.
Therefore, a standardised reporting template was created. Using this template can
enhance users’ reporting and interpretation of kinematic waveform data in accurate
and consistent manner. This template included a series of standardised
terminologies arranged into four boxes according to the 3 themes identified in the
study by Button et al. (2022) (“Amount”, “Nature”, and “Timing”) and their categories.
To interpret and report any of the altered movement patterns presented in a
waveform graph by comparing the waveforms for the affected and non-affected
limbs, the user is instructed to choose a single term from each box to best describe
the movement alteration identified. This was followed by integrating and writing the
chosen terms in the required space according to the joint and plane of movement

analysed.

Users’ agreement of using the developed template to interpret kinematic waveform

graphs was then evaluated. This was conducted by members of our research team
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(Zhou et al., 2021). The findings revealed a moderate agreement among raters with
limited experience in movement analysis, which suggested consistent users’

reporting of the movement alterations identified in waveform graphs.

These preceding works had led to a modified version of the sensor-based movement
analysis toolkit containing inertial sensors and a movement analysis kinematic
report, which was used alongside the standardised reporting template. In Part 1 of
the thesis, this modified version of the toolkit was used alongside the
standardised reporting template to identify altered movement patterns in
individuals with CKP. This was achieved by achieving the following aim and

objectives:

3.1.1 Aim and objectives for Part 1

Aim

e To explore the between-group and within-subject kinematic differences
of people with CKP and healthy people during various functional tasks
including gait, DLS, SLS, VJ, SA and SD in the sagittal and frontal
planes for the hip, knee and ankle joints using clinically available inertial
measurement units (IMUs). This was achieved by achieving the following
objectives:

Objectives
e Performing a structured clinical interpretation (SCI) of kinematic data by
kinematic analysis of waveform data for people with CKP and healthy people
in the sagittal and frontal planes using previously developed IMU kinematic
reports (Davies et al. 2021) and a standardised reporting template (Button et
al. 2022) for gait, DLS, SLS, VJ, SA and SD.

It is important to note that the SCI of kinematic data involved a descriptive analysis of
the entire waveform graphs. This method utilised a standardised (structured)

reporting template tailored for each individual participant. Utilising descriptive
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waveform analysis can uncover subtle individual differences which might otherwise
remain undetected if the data were averaged at discrete time points, thereby

enabling rapid evaluation and improved clinical decision-making for PT.

e To conduct standard quantitative analysis (SQA) of kinematic data to
evaluate differences in kinematics within and between subjects with CKP and
healthy people for gait, DLS, SLS, VJ, SA and SD in the sagittal and frontal
planes for hip, knee and ankle.

It is important to note the SQA of kinematic data focused on the examination of
specific datapoints within the movement cycle. Utilising conventional statistical tests
such as t-tests, this analysis method allows for the comparison of discrete time

points to evaluate differences or similarities in the kinematic parameters.

To explore these objectives, the study was conducted outside of the movement
laboratory in a non-controlled environment. First, the method and protocol of the
study will be reported. Then, the data analysis will be explained. Finally, ethical

considerations are introduced.

3.2 Materials and methods

3.2.1 Research design

A between-groups and within-subjects study design was applied in a non-controlled
environment to identify differences in lower limb joint kinematics during the gait, DLS,
SLS, VJ, SA and SD used by patients with CKP compared to healthy individuals
undertaking the same functional tasks. This design was selected because of its

ability to identify movement characteristics (Portney and Watkins 2015).

The between-group design implies that differences in conditions occur across groups
of subjects rather than within a single subject across conditions. The goal of a
between-group design is usually to test if the groups differ significantly from one
another (Oeldorf-Hirsch 2017). In the current study, the movement patterns of people

with CKP were compared to those of individuals who do not experience knee pain.
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The benefits of this design include the following: the results are more generalisable
to the population due to the use of a variety of participant groups and it eliminates
the possibility of order effect which occurs when the order of conditions influences
the outcomes (Bordens and Abbott 2002).

The within-subject study design requires data collection from the same group of
participants under different conditions. In the current study, the movement patterns
of individuals with and without CKP were investigated on their injured/dominant and
uninjured/nondominant legs. This design offers various benefits. For instance,
employing the same participants in multiple situations while performing different
tasks allows for better control of individual variables such as age, gender and the
level of physical activity (Portney and Watkins 2015). Moreover, the lack of variability
between the participants increases the statistical power as well as the capacity to
identify changes. Because the same participants are utilised, a smaller sample size
is required to achieve statistical significance. Finally, by employing the same
participants in multiple situations, confounding variables which could influence the
results (e.g., environmental factors) are eliminated (Charness et al. 2012; Portney
and Watkins 2015).

3.2.2 Ethical approval

The current study was conducted as part of Biomechanics and Bioengineering
Research Centre Versus Arthritis (BBRCVersusArthritis) initiative at Cardiff
University and received ethical approval from the Wales Research Ethics Committee
3 (10/MRE09/28). All of the participants provided written informed consent.

3.2.3 Setting

The current study was conducted at the School of Healthcare Sciences in Ty Dewi
Sant (TDS), Cardiff University, United Kingdom. Regular classrooms were booked
and organised for research purposes. This setting was selected because IMUs is a

motion capture technology which does not require markers and is a wearable device
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that does not require extensive and/or controlled laboratory preparations. Therefore,
it can be used as an alternative to the expensive marker-dependent 3D motion
capture technologies that cannot be performed outside of laboratory settings (Kim et
al. 2021).

3.2.4 Sample size

A power calculation was determined for the current study using G*power version
3.1.9.2 (Faul et al. 2009) where (a)= 0.05, the effect size = 0.9 and the power of 1 - 3
is 95%. This resulted in 28 participants in each group. The alpha level (0.05) was
selected because it is the most common number used in the majority of the previous
academic research (Toutenburg 1974). The power of the study was chosen based
on the fact that the ideal study is one with higher power, which means that the
possibility of detecting the existing differences between groups is high (Suresh and
Chandrashekara 2012). Also, a power of 80% or more is considered to be the
perfect power for any study (Hintze 2008; Suresh and Chandrashekara 2012).

3.2.5 Recruitment procedures
3.2.5.1 Recruitment strategies for people with chronic knee pain

People with CKP were recruited using various strategies, as follows:

1. Members of staff and students from Cardiff University were recruited via an
invitation letter which described the study. This letter was distributed via the
Yammer online networking service which is an enterprise social networking
service included in the Microsoft 365 product bundle. It is primarily used for
private communications within organisations but also for inter-organisational
networks. Anyone interested in participating was able to contact the
researcher via email and express their interest. The researcher then
contacted them to provide them with a participant information sheet and to

provisionally book an appointment for them.
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2. CKP participants were also recruited from a patient and public involvement
(PPI) event organised by the Biomechanics and Bioengineering Research
Centre Versus Arthritis. Invitation letters were distributed to the attendees and
those who expressed an interest were asked to complete a permission to
contact form during the event. The researcher then contacted them via email
to provide them with the relevant information sheet and to book an

appointment for them.

3.2.5.2 Recruitment strategies for healthy individuals

Healthy participants were recruited from the general population in addition to
volunteers who were hospital staff, university staff and students. They were recruited

using the following procedure:

1. Adverts were placed on Yammer providing a brief description of the study, the
procedures and contact information. Individuals who were interested in taking
part contacted the lead researcher. They were then sent a participant
information sheet as well as a permission to contact form and they were

contacted to book an appointment.

2. Study posters were also displayed around Cardiff University (see Appendix
B). These included an invitation and a brief description of the study with
accompanying pictures and contact details. Interested participants then
contacted the lead researcher via email. A participant information sheet (see
Appendix C) and permission to contact form (see Appendix D) were then sent

to them and they were contacted to book an appointment.

3.2.6 Study inclusion and exclusion criteria for people with CKP

The CKP population in this study was defined in detail in Section 2.3.1. Most of the
inclusion criteria for the CKP group were determined according to the

recommendations made by Bennell et al. (2012b), which were as follows:

Inclusion criteria
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Adults aged 18+ years. The current study sought to investigate

participants with CKP and was not limited to the OA population.

Males and females experiencing CKP not related to injury or surgery for

more than 3 months and on most days during the previous month.

Experiencing activity-related joint pain.

Able to understand written English or Welsh language.

Able to provide consent.

Exclusion criteria

e Patients with pathologies that impair walking.

e Lower limb neurologic deficits, injuries, or surgeries.

e Spinal pain (individuals will be excluded from the study if their primary
complaint is back pain and not knee pain). The reason for this exclusion
criterion is that in many knee conditions, individuals may experience back
pain as a comorbidity (Suri et al. 2010), thereby meaning that back pain
can coexist with knee pain. This could potentially confound the results.
Consequently, altered lower limb kinematics observed in these
participants may be attributed to their back pain rather than their knee
pain (Rahbar et al. 2015).

e Refusal to sign the consent.

e Allergy to adhesives.

3.2.7 Study inclusion and exclusion criteria for the healthy individuals

Inclusion criteria

e Adults aged 18+ years.
¢ No history of chronic or acute lower limb or spinal pain in the previous 6

months.
e No previous history of knee injury for in the previous 6 months or

surgery in the previous 12 months.
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e Participants who have no activity restricting conditions such as
neurological compromise, knee ligament instability, evidence of
rheumatoid or any other type of arthritis, prolonged knee pain that
required medication or knee surgery (Kianifar et al. 2017; Gok et al.
2002).

e No allergy to adhesives.

e Able to understand written English or Welsh language.

e Able to provide consent.

Exclusion criteria

e Subjects currently experiencing spinal pain or who have undergone
lower limb surgery in the previous 6 months.

e History of hip and/or knee joint replacement.

e Any joint condition affecting lower extremity function.

¢ Inability to walk without an assistive device.

e Pregnant subjects.

3.2.8 Instrumentation and equipment

The movement analysis tool involved 3D IMU sensor-based movement analysis
using the Xsens MVN Awinda system (version 2019.0, Xsens Technologies,
Enschede, The Netherlands). The kinematic data were collected at a frequency

frame rate of 60 Hz, using the Xsens MVN Analyze software package.

The MVN Awinda system comprises the following (see Figure 4):

e 17 (+1 spare) wireless motion trackers (MTw).

e 1 Awinda station.

¢ 1 Awinda dongle.

e 2 Awinda chargers.

e MTw full-body Velcro straps including 3 shirts, a headband, footpads, 2 pairs

of gloves.
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e 1 Segmometer.

e Quick setup sheet.

The MTw provides 3D acceleration, 3D angular velocity, atmospheric pressure, and
3D earth magnetic field data. These are crucial to ensure accurate movement
analysis. The Awinda Station and USB dongle receive synchronised data from the
MTw units. MVN Studio (controlled by MVN Analyze) is the software displaying real-
time and recorded 3D movement data. All of these components are essential to

ensure comprehensive movement analysis results.

A digital weighing scale (model 862, SECA Ltd., Medical Scales, Birmingham, UK)
was used to measure the participants’ weight in kilograms (Kg) and a stadiometer
was employed to measure their height (Marsden HM-250P Leicester Portable Height
Measure, UK) in centimetres (cm). Furthermore, a laptop (HP Envy x360, HP Inc.,
Palo Alto, California, USA) was used for the data collection and system setup. A
privacy screen was provided for the subjects to change their clothing.
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2.5 MVN Awinda backpack/suitcase with contents

The MVN Awinda arrives in durable backpack with
protective frame, which contains:

- 18 Wireless Motion Trackers (MTw)

1 Awinda Station

1 Awinda Dongle

2 Awinda Chargers

MTw full body Velcro straps, including 3 shirts,
headband, footpads, 2 pairs of gloves

1 Segmometer

Quick Setup sheet

——

Suitcase containing the MVN Awinda
System

2.6 Motion Tracker (MTw)
T Like the MTx, the MTw is a miniature inertial

a~ measurement unit containing 3D linear

/ . accelerometers, 3D rate gyroscopes, 3D

-3 magnetometers, and a barometer. Additionally
each MTw contains an internal battery. The

P
" trackers are placed at strategic locations on the
e body (secured by the straps), to measure motion
. of each body segment. For more details about the
< “ MTw, see Section 5.7.1.

Motion Tracker (MTw)

H 'nda Station
i .
Awinda Station : Awinda USB Dongle

u

Document MVO319P.N|

ogies B.V MVN User Manual

Figure 4: MVN Awinda suitcase and contents (MTw, Awinda station, USB dongle)
adapted from Xsens Technologies B.V. (2021).

3.2.9 Outcome variables

Kinematic outcome measures in addition to the self-reported outcome measures of
pain and function which were investigated in the current study are explained in the

next section.

3.2.9.1 Kinematic variables

Range of motion (ROM) during the whole movement cycle and the joint angle at
peak knee flexion (PKF) were collected and compared for each of the predetermined
activities (gait, DLS, SLS, VJ, SA and SD), each joint (hip, knee and ankle), each
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plane of movement (sagittal and frontal) and each side of the body (right and left).
For gait, SA and SD trials, the joint angle at heel strike (HS) was also identified.

3.2.9.2 Self-reported measures

The Knee Injury and Osteoarthritis Outcome Score (KOOS) questionnaire was
administered to determine the individuals’ self-rated assessment of their knee health
and problems. The Numeric Pain Rating Scale (NPRS) was used to explore the pain

severity of the CKP population.

3.2.9.2.1 Knee Injury and Osteoarthritis Outcome Score

The KOOS (see Appendix E) is a valid and reliable knee-specific tool which was
developed to determine patients’ opinions of their knees and related issues (Roos
and Lohmander 2003). It was developed for use with knee injuries or knee OA in a
young and active group of patients. KOOS can be used with individuals aged
between 13-79 years and it is suitable for both short- and long-term follow-up
assessments of various knee pain conditions, including OA (Roos and Lohmander
2003). This allows for a more holistic assessment of a patient's knee-related health
status, regardless of the specific knee condition they are experiencing (Roos and
Lohmander 2003).

The questionnaire claims to capture a wider range of patient-relevant functional
capabilities using subscales include leisure and daily living activities. The KOOS
assesses both the short- and long-term consequences of knee injury. It contains 42
elements in five separately graded subscales: pain (nine items), other symptoms
(seven items), daily living function (ADL) (17 items), sport and recreation function

(five items), and knee-related quality of life (QOL) (four items) (Peer and Lane 2013).

The KOOS scoring system uses a five-point Likert scale, ranging from zero (no
problems) to four (extreme problems), and each of the five scores shall be measured
as the total of the included items. The ratings are converted to a scale of 0-100, with
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zero representing extreme knee problems and 100 representing no knee issues. The
KOOS does not compute an aggregate ranking and it is instead necessary to
interpret each sub-scale separately (Collins et al. 2016; Peer and Lane 2013; Roos
and Lohmander 2003).

3.2.9.2.2 Numeric Pain Rating Scale

The validity and reliability of the NPRS (see Appendix F) as a measure of pain have
been extensively documented in the literature (Williamson and Hoggart 2005;
Boonstra et al 2008; Hjermstad et al 2011). The NPRS, as described by Hawker et
al. (2011), is an eleven-point ordinal scale in which zero denotes "no pain" and ten
signifies "extreme, unbearable pain." Mild pain is classified as scores one to three,
moderate pain as scores four to six, and severe pain as scores seven to ten (Goulet
et al. 2015).

Individuals with CKP were requested to rate the severity of their knee pain during
periods of rest over the preceding week by placing a mark on a pre-designed scale

(Hjermstad et al. 2011) to answer the following questions:

e On a scale of zero to ten, with zero being no pain at all and ten being the
worst pain imaginable, how would you rate your pain RIGHT NOW?

e On the same scale, how would you rate your USUAL level of pain during the
last week?

e On the same scale, how would you rate your BEST level of pain during the
last week?

e On the same scale, how would you rate your WORST level of pain during the

last week?

3.2.10 Study protocol
3.2.10.1 Venue preparation

Before the subjects arrived, the classroom was prepared to ensure that there was

sufficient space to perform and record the trials and to set up all of the equipment
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listed in Section (3.2.8). The following activities were selected: gait, DLS, SLS, VJ,
SA and SD. Justification for the chosen activities was provided in Section 2.7. All of
the tasks were performed in the classroom except for the gait, SA and SD. Gait was
performed in a long corridor close to the classroom where sufficient space was
available. The participants performed SA and SD on the building’s staircase located
just beside the corridor. The area was blocked off to non-participants for the duration

of the trials.

The researcher took precautions to ensure the accuracy of the data by checking the
room for any magnetic fields which could interfere with the motion tracker’s
orientation estimates and affect the quality of the data (Seel and Ruppin 2017). This
check was performed once during the piloting phase before starting the actual data
collection. Magnetic disturbances are common in indoor and outdoor environments
and can particularly affect the inclination of the motion tracker's orientation estimates
(Jambrosic et al. 2020). However, it was found that there were no magnetic

disturbances in the area selected for this study.

3.2.10.2 MVN system software setup

To identify differences in lower limb joint kinematics, 17 IMUs were attached to the
participants’ bodies by one researcher (RA), in accordance with the Xsens guidelines
(Xsens Technologies B.V. 2021). IMUs were secured in place using elastic Velcro
straps which consist of a non-latex composite material. The IMUs were positioned as
follows (see Figure 5): one on the head; one over the sternum in the middle of the
chest; two at the back on the superior border of each scapula (shoulder blades); two
on both upper arms on the lateral side above the elbow; two on both forearms just
above the wrist; two on both hands flat on the dorsal side. For the lower limbs, two
were placed in the centre of both upper thighs between the greater trochanter and
lateral epicondyle of the knee; two on both lower legs flat on the shin bone proximal
and medial to the surface of the tibia; and two on the middle of the dorsum of the
feet. One sensor was placed centrally on the sacrum (L5, S1), with the upper border
of the sensor in line and centred between the right and left posterior superior iliac

spine. The sensor on the sacrum was stabilised using 3aM™ Tegaderm™
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Transparent Film Roll dressing double-sided adhesive tape to secure the sensor in
place because this is gentle on the skin and a comfortable dressing that stretches
with the movement of the skin (3M 2019).

The software setup stage consists of three parts: the body dimensions of the subject;
the fusion of data (the process of combining information from multiple sensors to
achieve a more accurate and complete understanding of the subject's movements or
orientation); and sensor-to-segment calibration. To quantify the body segments, the
body measurements of the subjects must be given as inputs for the complete body
configuration model in the MVN program (Roetenberg et al. 2007a). When attaching
the sensors, the initial pose between the body segments and sensors is unknown.
Hence, it is difficult to assess the distances between the body segments by
numerical integration. Accordingly, a calibration procedure must be performed to
determine the sensor-to-body dimensions and body alignment (Roetenberg et al.
2007a).

Upper Arm

Lower Leg

Figure 5: MVN straps adapted from Xsens Technologies B.V. (2021)
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3.2.10.3 System calibration

System calibration is required to align the IMU sensors with the subject segments to
ensure accurate and high-quality data collection (Xsens Technologies B.V. 2021).
Using the IMUs, a dynamic calibration procedure was performed in accordance with
the manufacturer’s instructions to improve the accuracy of the sensor data during

use (Xsens Technologies B.V. 2021) and this is described below:

Calibration procedure step 1: The subjects stood in a neutral position (N-pose) with
the body upright and head looking forwards, feet parallel and pointing forwards with
the arms close to the body. They held this position for approximately 20 seconds
(see Figure 6). Step 2: The subject was asked to walk at their normal pace for a
distance automatically determined by the system on the screen. They were then
asked to turn around and walk back, before finally returning to the starting position of
the static N-pose until the calibration process was complete. Step 3: The quality of
the calibration (good, acceptable, poor or fail) was checked in the system which
automatically started processing the recording to obtain the calibration results.
Following the application of the calibration, the participants were instructed to walk
around slowly and freely for approximately 30 seconds to warm up the engine. After
confirming that the calibration procedure had been successful by examining the
resulting quality and comparing the actual participant's movement performance to
that of the avatar (a 3D visual representation of the participants' movements) and
providing real-time feedback during the data collection process, data collection could
begin. While avatars themselves are not the direct outcome of the current study, they
play a crucial role in facilitating accurate motion capture and data collection.
Disruptions to the avatar's display could lead to misalignment between the
participant's actual movements and the captured data which might compromise the
reliability of the captured data. If calibration is unsuccessful, recalibration is required.
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Figure 6: Static N-pose adapted from Xsens Technologies B.V. (2021)

3.2.10.4 Experimental procedure

All of the participants were invited to attend one movement analysis session. On the
day of the session, the subjects were welcomed and a hard copy of the information
sheet that had been sent to the participants via email was provided, followed by an
explanation of the study procedures. The participants were able to ask any questions
before and during the trials, if needed. The participants were provided with a written
consent form to sign. The subjects were informed that they have the right to
withdraw from the experiment at any time without needing to provide any explanation
for their decision and that their data would not be used in any other studies without

their permission.

The participants were asked to remove their shoes so that they could have their
measurements taken and perform the tasks barefooted. Then, baseline
sociodemographic data, namely, age, sex, body height (in centimetres (cm)), and
weight (in kilograms (kg)) were collected by the researcher. The participants then

changed their clothes and wore comfortable non-restricting clothing such as tight
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leggings or shorts. They were also provided with a t-shirt that comes with the sensor
toolkit in three sizes with a zip-fastening. This was provided to the participants based
on their size to ensure a tight fit. These t-shirts were washed in between each data
collection session to prevent any possibility of cross infection. The t-shirt features
Velcro patches to secure the shoulders and sternum in place (Robert-Lachaine et al.
2017). The participants were also provided with a headband and gloves to ensure

reliable and easy placement of the head and hand sensors.

At the beginning of the session, the lead researcher (RA) took the anthropometric
measurements including shoulder height and width, arm span, hip height and width,
knee height, ankle height and foot length in the standing position using a Xsens
measuring tape (Xsens Technologies, Enschede, The Netherlands). The
measurements were then entered into the MVN software (see Table 7). This
information was needed to develop a body configuration model in the MVN software
which allowed the segment of the body to be quantified (Roetenberg et al. 2007b).

Table 7: Measurements needed for subject dimension input

Body
measurements Description
(cm)
Body height From the ground to top of the head when standing upright.
Foot size From the back of the heel to the front of the toe.
Armispan From the top of the right fingers to the top of the left fingers in T-
pose.
Hinlheight From the ground to the most lateral bony prominence of the greater
trochanter.
Knee height From the ground to the lateral epicondyle on the femoral bone.
Ankle height From the ground to the distal tip of the lateral malleolus.
Hip width From the right to the left anterior superior iliac spine.
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Shoulder width From the right to the left distal tip of acromion (acromial angle).

Shoulder height From the ground to the tip of acromion.

Cm= Centimetres

After attaching the IMUs and conducting the calibration, the researcher gave a verbal
explanation of the activities that needed to be undertaken: DLS, SLS, VJ, gait, SA
and SD. The order of the tasks was standardised as follows: DLS, SLS, VJ, gait, SA
and SD. Before each activity, they received instructions regarding how to perform the
movement but no specific instructions in terms of how this should be achieved (for
example, no details regarding how fast to walk, how deep to squat, etc.). For DLS,
starting from the standing position, the participants were asked to perform eight
squats (Kwong et al. 2020; Severin et al. 2019) by bending both knees to the extent
they found comfortable. For SLS, the participants were asked to start the SLS with
their right leg fixed on the floor and they were asked to go down by bending their
right knee and lifting the other one whilst remaining in their comfort zone without
specific instructions with regards the depth of the squat and whilst trying to maintain
their balance as best they could. The same technique was performed for the left leg.
Eight trials were performed for each leg (Kwong et al. 2020; Severin et al. 2019). For
VJ, the participants started from the standing position and they were asked to
perform eight VJs in their own way to the maximum height. For gait, the subjects
performed two gait trials along a straight flat corridor at a speed of their choice. The
distance for gait was pre-determined by the lead researcher (RA) using two traffic
cones based on the available space, which was approximately 20 gait cycles for
each trial (Tura et al. 2012), starting from the initial contact of one foot with the
ground (heel strike) to the moment that same foot made contact again (toe-off) in the
subsequent step (Caldas et al. 2017). For SA and SD, the subjects were asked to
ascend and descend 12 stairs (each with a height of 17 cm and a depth of 27.5 cm)
at their preferred speed without holding the rail, starting with their right limb in a

single step pattern.

For each of the functional tasks, a trial was deemed to be a failure if the subject lost
their balance, the trial was interrupted, the Xsens software was not configured to

record, or the sensors moved. If the test was a failure, it was repeated. In the event
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that an individual was unable to perform a functional task due to knee pain, no data
was gathered.

A data collection sheet was prepared to organise the reporting of the data collection
trials and facilitate data analysis (see Appendix G). For every subject, each trial was
reported and marked ‘S’ if successful or ‘F’ if failed. Once all of the tasks had been

completed, the sensors were removed.

Finally, the individuals were instructed to rest before completing the NPRS and
KOOS questionnaires. The scores from these two surveys were used to describe the
pain and function levels of the CKP patients. The entire procedure took between 35
and 60 minutes to complete.

3.2.11 Pilot study

A pilot test on four healthy subjects was undertaken to ensure the feasibility of the
research procedure, standardise it, check if any amendments were needed to the
data collection procedures and to measure the amount of time required to collect the

data.

The researcher practiced using the measuring tape to measure the dimensions of
the body (as mentioned in Section 3.2.10.4). The researcher also practiced putting
on the straps, applying the sensors to the participant’s body, giving the instructions,
initiating the calibration, and letting the subject perform the predetermined activities
to become familiar with the procedure and the system. It took approximately 10-15
minutes to apply the sensors to the subject’s body, provide an explanation and

practice the task prior to recording.

Three issues arose during the piloting and recording of the data in the MVN studio.
First, the avatar did not appear correctly on the full screen and was manifested with
missing body parts or incorrect orientation. This was solved by ensuring that the
MVN studio software was up to date because newer versions featured bug fixes and

improved compatibility. Also, issues were encountered when performing a thorough
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calibration and ensuring that the sensors attached well on the participant's body and
functioned appropriately to ensure accurate data capture. Second, difficulties were
encountered with regards to saving and processing the data but with practice, this
issue was overcome. Third, the walking distance (20 gait cycles) was sometimes
found to affect the quality of the data and when the participants walked far away from
the computer, the walking avatar was interrupted and the signal was affected,
thereby resulting in unnatural jerky movements in the avatar's movements, making it
less representative of the participant's actual walking pattern. Therefore, the solution
to this was to position the computer and the awinda station halfway along the
walking distance and this proved successful.

3.2.12 Data processing

The data collected using the MVN Analyse software were exported as a *.mvnx file
for both groups (healthy and CKP). Each subject in both groups had a specific file
with the raw data of the eight saved trials. The MVN Analyse data was reprocessed
using a high-definition (HD) mode. It was necessary to reprocess the data in order to
collect and integrate the sensor data with the advanced biomechanical models in
order to determine the position and direction of the human body segments (Schepers
et al. 2018).

Joint angles and segment orientations and positions calculated by the MVN Analyse
software were extracted from the *.mvnx file using MATLAB software (Matlab version
9.6.0.1150989 (R2019a) Update 4) (Nicholas et al. 2018; Davies et al. 2021) by
uploading the exported (*. mvnx) files. Movement cycles were defined using a
custom-written script and then checked manually. Positive joint angles indicate
flexion/dorsiflexion in the sagittal plane and abduction in the frontal plane, whereas
negative angles indicate extension/plantarflexion and adduction, respectively (Xsens
Technologies B.V. 2021).

For gait, heel strike was determined via the anterior-posterior position of the foot
relative to the pelvis, as described by Zeni et al. (2009). For DLS and SLS, the

beginning and ending points of the movement cycle were defined as the start and
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end of knee flexion. For SA, the initiation of each movement cycle was indicated by
the local minima in the vertical distance between the pelvis and the foot segments,
specifically at the point where the foot was closest to the pelvis. Each movement
cycle concluded with the beginning of its subsequent cycle. For SD, each movement
cycle commenced at the local minima of the vertical distance between the pelvic and
the opposing foot segments.

For the VJ task, two distinct jump strategies were observed and, therefore, it was
important to analyse them separately. These strategies were referred to as the
continuous and discrete strategies, respectively. For both strategies, the initiation of
take-off was at PKF. During the continuous jump strategy, the participants flexed
their knee on landing and then immediately extended into the next jump. The next
PKF was used to indicate the completion of the landing phase. This also marked the
start of the next take-off phase. During the discrete jump strategy, the participants
flexed the knee on landing and then extended the knee to come to a standstill before
flexing the knee to begin the next jump. The end of the landing phase was
characterised as the first local maxima in knee angle that surpassed 5 degrees (i.e.,
an extension of at least 5 degrees). Following this period of knee extension, knee
flexion marked the next take-off phase.

3.2.13 Data analysis of Part 1

In the current study, kinematic data for the CKP group and for the healthy group
were collected once for gait, DLS, SLS, VJ, SA and SD but analysis of the data
extracted from the IMUs was conducted in two different ways: the SCI of kinematic
data and the SQA of kinematic data. In the SCI analysis, kinematic data for the
whole waveform graphs were analysed using a standardised reporting template for
each patrticipant individually. In the SQA analysis, the data were analysed at discrete
time points of the movement cycle using the standard statistical tests (t-tests in the

current study).
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3.2.13.1 Structured clinical interpretation of kinematic data

This part of the analysis sought to identify individualised movement alterations of the
whole kinematic waveform of the movement cycle using a standardised reporting
template developed for the clinical setting. Button et al. (2022) reported that using

the template improved the robustness and consistency of the interpretation.

The kinematic waveforms of the hip, knee and ankle joints in the sagittal and frontal
planes were analysed for gait, DLS, SLS, VJ, SA and SD. Using the template, each
waveform graph was interpreted by comparing the knee pain painful limb (KPPL) to
the non-painful limb (KPNPL) in the CKP group and by comparing the dominant limb
(HDL) to the non-dominant limb (HNDL) in the healthy group.

Before analysing the data using the SCI, certain predetermined criteria were set to
determine whether a movement pattern between limbs was an alteration or a normal
variation. These criteria were determined based on the existing literature concerning

movement analysis and are as follows:

1) Evidence supported the use of 5° as the cut-off point for the difference in joint
angle ROM between limbs. This is the boundary for clinical relevance, so
anything greater than 5° (see Figure 7) was reported as an alteration
(Ismailidis et al. 2021; Ismailidis et al. 2020). However, this value should be
interpreted with caution because ROM is dependent on the plane, joint and

activity.
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Figure 7: Example of the differences in the joint angles between two limbs

2) Waveforms going in an opposite direction for the KPPL compared to the
KPNPL or for the HDL compared to the HNDL (see Figure 8); e.g., valgus

direction compared to varus at the comparison joint indicating a movement

alteration (Horan et al. 2014).
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Figure 8: Example for the difference in the direction of the waveforms

9). Waveform similarity is an important consideration in movement analysis
when comparing kinematic patterns to reference results, particularly when

comparing data from a group of patients to data from healthy people or data

for a painful limb to that of a non-painful limb (losa et al. 2014). To clarify,

Figure 9 presents waveform data for the frontal plane knee joint during the
performance of DLS for a painful limb (red line) and a non-painful limb (blue
line). The painful limb presents a waveform with increased knee varus but the

non-painful limb is in a neutral position. This lack of similarity between the

limbs in the waveform data is considered an alteration.
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Figure 9: Example of the difference in the shape/similarity of the waveforms

There were five progressive stages to this SCI of kinematic data that were
followed for both groups in the study:

STEP 1: The standard reporting template contained standardised terms organised
into four boxes based on three themes: amount, nature and timing (see Figure 10). A
single term from each of these themes was selected to describe the observed

altered movement patterns.
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Figure 10: The standardised reporting template adapted from Button et al. (2022)

STEP 2: Integrating and writing the chosen terms in a prepared Excel sheet
according to the joint and plane of movement analysed (see Appendix H). All of the
identified alterations were written for each individual on a separate spreadsheet.

STEP 3: The researcher (RA) read through the data many times to become familiar
with it.

STEP 4: Once the researcher was familiar with the data, all of the identified
movement alterations were copied into a Microsoft Word document for each task,
joint and plane of movement. Then a colour-coding technique was used to identify
commonalities (Bianco et al. 2015). The coding process involved searching the text
for similar themes (similar movement alteration from the participants) and then
marking those descriptions with a code colour (Bianco et al. 2015). This makes it
easier to identify common patterns, quantify the number of identified alterations and

enhance comparisons (see Appendix I).
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STEP 5: All of the colour-coded altered movement patterns were organised in tables
for each activity, joint and plane of movement for each group. Furthermore, the
frequency (number of identified alterations) and percentage (frequency of the
identified alterations divided by the total number of participants who performed the
activity in each group X 100) of each alteration were reported and compared

between groups and limbs.

3.2.13.2 Standard quantitative analysis of kinematic data

In this SQA analysis, the data were analysed at discrete time points of the movement
cycle using the usual standard statistical tests. An explanation for the statistical tests
undertaken for the current analysis is provided in the following sub-sections.

3.2.13.2.1 Descriptive statistics

Descriptive statistics were calculated using Microsoft Excel software (Microsoft
Office, Excel software, version 2013) and are presented as the means and standard
deviations (mean + SD) for demographic data (age, gender, height, weight and BMI)
for both groups. Data for the patient-reported outcome measures (PROMs), KOOS

and NPRS were also presented as mean + SD for the CKP group only.

The kinematic variables (ROM during the whole cycle, the joint angle at PKF, and
the joint angle at HS for the hip, knee and ankle joints on both sides of the body in
the sagittal and frontal planes) were calculated as means + SD for each limb. This
was based on the sensor data and a series of time points and variables which were
predetermined according to the existing movement analysis literature. First, the
average scores for each participant's joint angular kinematics (across all repetitions)
for each task were determined. Descriptive analysis was then conducted to
determine the mean, standard deviation and 95% confidence interval. Subsequently,

data for all of the participants in a group were averaged to calculate the group mean.
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3.2.13.2.2 Inferential statistics

All of the data collected were analysed using the Statistical Package for Social
Sciences (SPSS) version 27 (IBM Corp. in Armonk, NY). Because the aim of the
current study was to explore between-group and within-subject kinematic differences
of those with and without CKP during various functional tasks including gait, DLS,
SLS, VJ, SA and SD in the sagittal and frontal planes for the hip, knee and ankle
joints using clinically available IMUs, t-tests were chosen for the purpose of

comparison in case the following assumptions were met:

e The data are independent.

« They are approximately normally distributed.

e There is an equal amount of variance (homogeneity of variance) (Kim and
Park 2019).

Thus, the normal distribution of data was first assessed using the Shapiro-Wilk test,
Q-Q plots and histograms (see Appendix J). The Shapiro-Wilk test has the
advantage of objectively determining the normality of the data but it might be
insensitive to small sample numbers or overly sensitive to large sample sizes
(Mishra et al. 2019). Therefore, Q-Q plots and histograms were investigated to better
visualise the data distribution, as recommended by Field (2009). If data were
normally distributed, a parametric paired-sample t-test was used for within-subject
comparison; otherwise, the non-parametric Wilcoxon signed-rank test was used. For
between-group comparison, parametric independent t-tests were performed to
determine differences in primary outcome measures between groups in the normally
distributed data. Alternatively, the non-parametric Mann-Whitney U test was applied

if the normality assumption was violated.

The independent t-test assumes that the variances of the two groups are equal in the
population. The assumption of homogeneity of variance was tested for between-
group comparisons using Levene's Test of Equality of Variances which is produced
in SPSS Statistics when running the independent t-test procedure. The test for

homogeneity of variance provides the F-statistic and a significance value (p-value)
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but the p-value is the one that should be investigated. If it was greater than 0.05 (i.e.,
p > .05), the group variances were treated as equal and the independent t-test score
was taken. However, if p < 0.05, this indicates that the variances were unequal and
the assumption of homogeneity of variances was violated. In this case, the welch t-

test score was considered (Kim 2019).

A comparison was performed for the outcome variables for each task (gait, DLS,
SLS, VJ, SA and SD), each lower limb’s joint (hip, knee and ankle) and each plane
of movement (sagittal and frontal). For within-subject comparisons, the painful limb
was compared to the non-painful limb in the CKP group, whereas the dominant limb
was compared to the non-dominant limb in the healthy group (Sadeghi et al. 2000)

and the significance level (p value) was set at p < 0.05.

In the between-group comparison, each limb of the CKP group was compared to the
dominant limb only of the healthy group. The decision to choose the dominant limb of
the healthy group for comparison was because previous research supported using
any healthy limb as a reference limb for the diseased group (Abu El Kasem et al.
2020). This was also supported by other investigations claiming that, although
statistically significant changes presented between the dominant and non-dominant
sides of the healthy group, they could be clinically disregarded (Cocchiarella and
Andersson 2001; Hallajeli et al. 2014; Macedo and Magee 2008). The current study
therefore supports the use of the dominant side of the healthy group as a reference

for the CKP group.

The significance level in the between-group analysis was adjusted for three multiple

comparisons (KPPL, KPNPL and HDL) using Bonferroni correction, which resulted in
a significance level of p < 0.017. Adjusting the p-value for multiple comparisons was

advocated to reduce the possibility of type | errors and the Bonferroni method is one
of the most widely used approaches for adjusting for t-tests (Lee and Lee 2018). The
significance level is therefore divided into the number of comparisons being tested

based on the following equation:

Adjusted alpha (a) = a / k (number of comparisons tested)

142



Thus, type | error can be reduced. In other words, the greater the number of
comparisons to be tested, the stricter the criterion and the lower the likelihood of

producing type | errors (Lee and Lee 2018).

For all comparisons, effect sizes were calculated as Cohen's d only when statistically
significant differences were identified and in order to avoid drawing conclusions
based solely on p-values. Effect size was interpreted as follows: Cohen's d of 0-0.19
= trivial effect; 0.2-0.49 = small effect; 0.50-0.79 = moderate effect; > 0.8 = large
effect (Cohen 1992). The following flowchart (see Figure 11) explains the statistical

analysis process conducted for this section:
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comparisons comparisons
Paired/dependent Unpaired/independent
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Figure 11: Flowchart explaining the SQA for within-subject and between-group

comparisons
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3.2.14 Ethical considerations

With regards to risk assessment, the classroom and corridor were checked prior to
data collection to avoid any possibility of colliding with objects and causing injury to
the participants. In addition, the participants were assured about the safety of the
device (IMU-sensors). It was also made clear to the participants that the IMUs are
attached using sticky tape for the sacral tracker or elastic straps for the other body
parts. The removal of these items may cause some mild discomfort, similar to that
experienced when removing a sticky plaster. The participants were also notified that
they may experience some temporary pain within the affected joint or muscle
soreness during or after performing the activities. This discomfort, however, was
reduced by allowing breaks between the activities and only performing the tasks if
pain in the knee joint was manageable at levels they would normally experience

during activities of daily living.

In addition, all of the participants were supervised whilst performing the activities by
a qualified physiotherapist for safety purposes and to prevent any unforeseen
events. The classroom was booked for research purposes only and locked off during
the experimental tests. In addition, a sign was posted in front of the door indicating
that "participant research is ongoing" to help ensure privacy during the data
collection process. There was an area in the room dedicated to the changing of

clothing and this was protected by a privacy screen.

With regards to data management and the processing of the participants’ personal
information, it was stored securely on a password protected university computer.
Access to this information was restricted to members of the research team. All of the
participants signed a written consent sheet and each was assigned a unique ID
number. From then on, this number was used to identify each participant throughout
the study. For confidentiality and security purposes, electronic data were saved in an
electronic record system using a protected password on Cardiff University’s servers.
A digital copy of the anonymised data was stored on OneDrive with a password
known only by the researcher and a hard copy also was securely saved in a locked
cupboard which could only be accessed by the researcher. The data will be reserved
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for 15 years following completion of the study and will then be deleted. Cardiff
University’s Guidelines for Research Governance, the General Data Protection
Regulation (GDPR 2018), and the procedures for good clinical practice in research

were followed.

It is of utmost importance to ensure that participants are not obliged to take part in
the study and, therefore, they were given 2-3 days to decide whether or not they
would like to participate in the study after they had received the information sheet.
The participants had the right to ask questions at any time and to withdraw from the

study if they did not wish to continue.
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Chapter 4: Results of part 1

4.1 Overview

The aim of this study was to explore the between and within-subject
kinematic differences of people with CKP and healthy people during
various functional tasks, including gait, DLS, SLS, VJ, and SA and SD in
the sagittal and frontal planes for the hip, knee, and ankle joints using
clinically available IMUs. This was accomplished by pursuing the following

objectives:

e Performing a structured clinical interpretation (SCI) of kinematic
data by exploring kinematic movement alterations of waveform data for
gait, DLS, SLS, VJ, SA and SD for people with and without CKP in the
sagittal and frontal planes of movement using IMU kinematic reports and a

standardised reporting template.

e Conducting a standard guantitative analysis (SQA) of kinematic data
by statistically assessing differences in kinematics at discrete time points
among people with and without CKP for gait, DLS, SLS, VJ, SA and SD in
the sagittal and frontal planes of movement.

4.2 Participants

Data were collected for 38 healthy participants including four from the pilot study
and 21 participants with CKP. However, data of the four healthy participants from
the pilot were excluded in addition to the data of three other healthy participants
due to issues with the quality of that data. Accordingly, a total of 31 healthy
participants were included in the study. For the CKP group, the data collection

process had to stop due to the events of the Covid-19 pandemic and the target
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sample size of 28 participants was unachievable, thereby representing a
limitation of this study. Thus, a total of 21 participants with CKP were included. In
addition, some of the participants were unable to perform certain activities
including SLS, SA and SD due to the pain that they experienced. Full details of

the number of participants that completed each task are presented in Table 8.

Table 8: Number of participants included in the analysis for each task

el Healthy group Chronic knee pain group
HDL HNDL KPPL KPNPL

DLS 31 31 21 21

SLS 31 31 16 20

VJ 31 31 21 21

SA 31 31 20 20

SD 31 31 20 20

Gait 31 31 21 21

The number of participants is given for each limb because some of the activities
(e.g., SLS) needed to be performed in each limb separately and some of the
participants were only able to perform it on one leg but not on the other. HDL
refers to the healthy dominant limb in the healthy group, HNDL refers to the
healthy non-dominant limb in the healthy group, KPPL refers to the knee pain
painful limb in the CKP group, and KPNPL refers to the knee pain non-painful

limb in the CKP group.
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4.3 Demographics, knee injuries and osteoarthritis outcome score and

numeric pain rating scale

The participants’ demographics, in addition to the self-reported outcome
measures of pain (NPRS) and function (KOOS) are summarised in Table 9.
The independent sample t-test was used to compare the demographic data
and the results indicated no statistically significant difference between groups
in terms of their gender, height, weight or BMI (p> 0.05). Indeed, a statistically
significant difference (p< 0.001) was only found for the age between the CKP

and healthy groups.

Table 9: Participant demographics, knee injury, osteoarthritis outcome and
numeric pain rating scale scores

Demographic, KOOS and Healthy group Chronic knee pain group
NPRS data mean + SD mean + SD
Age (years)* 30 £6.3 45 + 16.4
Gender 13M:18F 8M:13F
Height (cm) 165.74 + 10.33 170.28 + 11.33
Weight (kg) 72.80 + 15.05 77.34 + 15.83
Body mass index (kg/m?) 26.52 +5.23 26.85 + 5.83
KOQOS pain score N/A 65 + 16
KOOS symptoms score N/A 63 £ 15
KOOS ADL score N/A 7614
KOOS sport/rec score N/A 59 + 17
KOOS QoL score N/A 49 + 16
Average NPRS score N/A 3.33+2.05
Pain right now (NPRS) N/A 219+ 213
Usual pain (NPRS) N/A 3.76 £ 2.47
Best pain (NPRS) N/A 1.76 £ 1.7
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Worst pain (NPRS) N/A 5.62+1.88

M: male, F: female, cm: centimetres, Kg: kilograms, KOOS: knee pain and osteoarthritis
outcome score, ADL: activities of daily living, QoL: quality of life, NPRS: numeric pain
rating scale *: statistically significant difference (p< 0.05).

KOOS and NPRS scores were only collected for those with knee pain. Each
KOOS subscale score could range from zero to 100, with a score of zero
indicating extreme knee problems and a score of 100 indicating no knee
problems. The highest average score was reported for the KOOS daily living
functions subscale (ADL) (76/100), and the lowest score for the KOOS QoL

subscale (49/100). The results for each subscale are presented in Table 9.

The scores for the level of pain were reported by the CKP individuals using
the NPRS. The total average NPRS for the CKP group was 3.33/10. The
average rating for the (best) level of pain was 1.76/10, whereas the average
rating for the (worst) level of pain was 5.62/10. Goulet et al. (2015) reported
that scores ranging from 1 to 3 were categorised as mild, scores of 4 to 6
were moderate, and 7 to 10 were severe pain. Thus, the average NPRS for
the CKP group in the current study is considered to be mild. Further details for

each category of the NPRS are presented in Table 9.

4.4 Results for the structured clinical interpretation and standard

guantitative analysis of the kinematic data

4.4.1 Results for the SCI of the kinematic data

In the SCI results, altered movement patterns were identified using the
standardised reporting template and all of the identified alterations are
displayed in the tables on the basis of the percentage of the total number of
participants who performed this alteration in each group: 21 participants in the
CKP group and 31 participants in the healthy group (except for some activities
such as SLS, SA and SD). It should be noted that the data included in the
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tables are the result of within-subject comparisons. Thus, for those subjects
with CKP, the KPPL was compared to the KPNPL for gait, DLS, SLS, VJ, SA
and SD in the sagittal and frontal planes for the hip, knee and ankle. The
number of different movement patterns that the KPPL limb showed compared
to the KPNPL is reported. The data are represented as a percentage of the
total number of participants in the CKP group (21 participants).

For the healthy group, the HDL was compared to the HNDL for gait, DLS,
SLS, VJ, SA and SD in the sagittal and frontal plane for the hip, knee and
ankle. The number of different types of movement patterns that the HDL limb
showed compared to the HNDL is reported. Again, the data are presented as
a percentage of the total number of participants in the healthy group (31

participants).

Importantly, in this SCI of the kinematic data, differences are between the
limbs in terms of kinematic movement patterns, so no limb was superior to the
other. Consequently, no limb was favoured over another in terms of

movement patterns.

4.4.2 Results for the SQA of the kinematic data

The results for the SQA for the sagittal and frontal planes of movement for
within-subjects and between-groups are presented as the mean and SD for
the hip, knee and ankle joints for the following variables: the ROM throughout
the whole movement cycle, joint angles at PKF and joint angles at HS (only
for gait, SA and SD).

Within-subject comparisons were conducted to identify differences in
movement patterns in the sagittal and frontal planes among CKP subjects
(KPPL versus KPNPL) and within healthy subjects (HDL versus HNDL). For

this, the statistical significance level was set at p< 0.05.

Between-group comparisons were also conducted to identify differences in
altered movement patterns in the sagittal and frontal planes between the CKP
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group and healthy individuals during the execution of the selected functional
tasks. Thus, both limbs in the CKP group (KPPL and KPNPL) were compared
to the dominant limb (HDL) of the healthy group. The statistical significance
level for between-group comparisons was set at p< 0.017 and was adjusted

for multiple comparisons according to the Bonferroni corrections.

In the following sections of this chapter, the results for the SCI and SQA are
introduced and started with a short description of the movement cycle for
each activity and each plane of movement. For example, the gait movement
cycle and results for the SCI in the sagittal plane are presented first, followed
by the SQA results for within-subject and between-group comparisons.
Subsequently, the frontal plane results for the same activity are introduced.

This is applied to all of the activities analysed in the current study.

In the SQA, positive values indicate flexion, abduction or dorsiflexion,

whereas negative values indicate extension, adduction or plantarflexion.
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4.4.3 Gait sagittal plane results

Gait waveform graphs (see Appendix K) indicate that the stance phase starts with
the first foot contact (HS) on the ground. The mid-stance then places weight over the
stance leg and foot on the ground. Late stance ends when the body advances
forwards and the stance limb pushes off the ground, commencing the swing phase.
The early swing phase begins with the foot rising and the knee and hip joints flexing
for the forward swing. The PKF joint angle occurs mid-swing when the limb swings
forwards, the knee reaches maximum flexion and the foot clears the ground. Last is
the late swing which prepares the foot for ground contact. Knees and hips should be

extended for stance.

In Table 10, altered movement patterns are described according to their order in the
gait movement cycle, starting from movement throughout the whole cycle, then the

stance phase and, finally, the swing phase.

4.4.3.1 Gait sagittal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

Based on the criteria developed to identify the presence of movement alterations for
the SCI in the sagittal plane, there were 17 observable kinematic movement
alterations in the KPPL compared to the KPNPL and 19 in the HDL compared to the
HNDL across individuals. All movement alterations for the gait sagittal plane are

presented in Table 10.

At the hip, knee and ankle joints, various movement alterations were observed
between the KPPL and KPNPL and between the HDL and HNDL. The low number of
participants using each strategy suggests that various alterations were used
between limbs, regardless of pain. At the hip there was no consistency in the
alterations observed between the KPPL and KPNPL and the HDL and HNDL. At the
knee joint, reduced flexion during stance was the most widely observed between
limb difference for the KPPL versus KPNPL and less frequently observed between
HDL and HNDL. At the ankle, the most common strategy for both KPPL and KPNPL
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as well as HDL and HNDL was altered plantarflexion ROM (both increased and
decreased) during the swing phase.

All of the data for the sagittal plane gait analysis for SQA are presented in Table 11.
For the CKP group, the results of the within-group differences between the KPPL
and KPNPL demonstrated that there were no significant findings in any of the
outcome variables at the hip, knee or ankle joints (P> 0.05). With regards to the
healthy group, a statistically significant finding was presented between the HDL and
the HNDL only at the hip joint at PKF, with reduced hip flexion ROM for the HDL
compared to the HNDL (p=0.041, mean + SD=12.28 + 3.74 HDL vs 13.24 + 3.19
HNDL, d= 0.383).

4.4.3.2 Gait sagittal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at HS

The CKP group demonstrated a significant reduction in knee flexion angle at HS in
the KPPL compared to the HDL (p= 0.016, mean + SD -1.29 + 5.49 KPPL, 2.20 +
3.73 HDL, d=0.743). No other significant between-group differences presented at
the hip or ankle joints (p> 0.017).

Joint angle at PKF

Sagittal plane hip and knee angles at PKF indicated no statistically significant
differences between groups (p> 0.017). With regards to the ankle joint at PKF, a
statistically significant difference was observed between the KPPL and the HDL with
reduced ankle plantarflexion in the KPPL (p= 0.006, mean = SD -10.06 + 4.78 KPPL,
-14.17 £ 5.28 HDL, d=0.810).

ROM during the whole cycle
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No significant differences in the ROM during the whole cycle were identified for the
hip or knee joints during gait (p> 0.017). At the ankle joint, a statistically significant
difference was observed between the KPPL and the HDL with reduced ankle
dorsiflexion ROM in the KPPL compared to the HDL (p= 0.011, mean + SD 38.99 +
8.36 KPPL, 44.48 £ 6.69 HDL, d=0.741).

In summary, both analyses underscore gait movement alterations in the sagittal
plane, with most alterations occurring at the ankle. For the SCI, the most common
between limb alteration among the CKP and healthy groups was an altered range of
plantarflexion during the swing phase. The CKP group frequently demonstrated
reduced knee flexion during the stance phase in the KPPL compared to the KPNPL.
However, the SCI demonstrated the complexity and individual variability of altered
movement patterns in CKP. The SQA results indicated reduced ankle dorsiflexion

ROM throughout the cycle and plantarflexion joint angle at PKF in the KPPL limb.
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Table 10: Gait sagittal plane SCI for HDL (n= 31) and KPPL (n=21)

Joint *Limb Altered movement pattern Nur.nt.>er of Percc.en.tage of
participants participants
Decreased flexion ROM throughout cycle 1 3%
Decreased flexion ROM during the stance phase 2 6%
Decreased extension ROM during the stance phase 2 6%
Decreased peak extension at late stance 1 3%
HDL | Increased peak flexion at early swing 1 3%
Early peak flexion at early swing 1 3%
Hip Decreased flexion ROM at late swing 1 3%
Decreased flexion ROM during early stance 1 4%
Increased peak extension at late stance 1 4%
KPPL
Decreased flexion ROM at late swing 1 4%
Increased flexion ROM throughout cycle 1 3%
Decreased flexion ROM throughout cycle 1 3%
HDL Increased flexion ROM during stance 1 3%
Decreased flexion ROM during early stance 2 6%
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Increased peak flexion at mid-swing 4 12%

Knee Decreased peak flexion at mid-swing 4 12%
Decreased flexion ROM throughout cycle 1 4%

Increased extension at early stance 1 4%

Decreased flexion ROM from mid-to-late stance 3 14%

KPPL Decreased flexion ROM during swing phase 1 4%

Increased peak flexion at mid-swing 2 9%

Decreased peak flexion at mid-swing 2 9%

Decreased peak dorsiflexion at late stance 1 3%

Decreased plantarflexion ROM at early stance and late swing 5 16%

Increased peak plantarflexion ROM at mid-swing 5 16%

HDL Decreased peak plantarflexion at mid-swing 8 25%

Early peak plantarflexion at mid-swing 1 3%

Late peak plantarflexion at mid-swing 1 3%

Increased plantarflexion ROM during early stance 1 4%

Ankle Increased dorsiflexion ROM from mid-to-late stance 2 9%
KPPL | Decreased dorsiflexion ROM from mid-to-late stance 2 9%
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Decreased plantarflexion ROM during swing phase 2 9%
Increased peak plantarflexion at mid-swing 6 28%
Decreased peak plantarflexion at mid-swing 6 28%
Early peak plantarflexion at early swing 1 4%
Increased plantarflexion ROM during late swing phase 1 4%

* In the limb section, HDL was compared to the HNDL and the KPPL was compared to the NPNPL for each joint,
each task and each plane of movement.
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Table 11: Summary statistics for gait sagittal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups (p<

_ group (p< 0.05) (p< 0.05) 0.017)
Joint Tlme Sig- Sig-
point KPPL KPNPL HDL HNDL KPPL vs KPNPL
Mean = SD Mean = SD Mean = SD Mean + SD HDL vs HDL
Gait

HS (°) 24.11 +4.01 24.32 +4.12 0.684 23.43 + 4.37 23.56 + 3.89 0.794 0.577 0.466

Hip PKF (°) 12.81 £+ 5.31 13.55 + 4.09 0.327 12.28 + 3.74 13.24 + 3.19 *0.041 0.675 0.252
ROM () 36.01 + 3.87 35.92+4.71 0.877 37.84 +3.74 38.16 + 3.810 0.468 0.095 0.110

HS (°) -1.29+5.49 -0.08 £+ 4.64 0.203 2.20+ 3.73 1.84 +4.11 0.595 *0.016 0.056

Knee PKF (°) 58.10 + 6.63 59.210 + 6.52 0.476 57.85+4.65 58.09 + 4.97 0.570 0.589 0.355
ROM () 61.48 + 10.13 61.47 + 6.51 0.995 58.41 + 3.84 58.63 +4.11 0.745 0.197 0.038

HS (°) -2.57 £ 3.03 -1.83 +£3.13 0.210 -3.21+£4.02 -4.28 + 3.98 0.173 0.535 0.191

Ankle PKF (°) -10.06 + 4.78 -10.72 + 4.33 0.503 -14.17 +5.28 -14.710 + 5.66 0.395 *0.006 *0.016

ROM () 38.99 + 8.36 39.610+ 7.28 0.503 44.48 + 6.61 4493 +£6.72 0.517 *0.011 0.018

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; HS: angle at
heel-strike; PKF: joint angle at peak knee flexion; ROM: range of motion during the whole cycle; * statistically significant findings (p< 0.05 for
within-group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive values indicate flexion, abduction or dorsiflexion,

whereas negative values (-) indicate extension, adduction or plantarflexion.

159




4.4.4 Gait frontal plane results

In Table 12, altered movement patterns are described according to their order in the
gait movement cycle, starting with movement throughout the entire cycle, then the
stance phase and, finally, the swing phase.

4.4.4.1 Gait frontal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

For the frontal plane SCI of the kinematic data, 26 lower-limb movement alterations
were identified in the KPPL compared to the KPNPL, whilst there were 25 in the HDL

compared to the HNDL. All between-limb alterations are presented in Table 12.

At the hip joint, range of movement alterations were used across the participants and
there was little consistency. Increased hip abduction ROM at early stance was more
commonly observed in the HDL than in the HNDL. Also, altered abduction/adduction
ROM during the stance phase was the most frequent alteration identified between
limbs (KPPL vs KPNPL and HDL vs HNDL). At the knee, altered (increased or
decreased) peak adduction during the swing phase was the most commonly identified
alteration in the KPPL compared to the KPNPL and in the HDL compared to the HNDL.
In both groups, most alterations were evident in the swing phase of the gait cycle. With
regards to the ankle, increased peak adduction during the swing phase was the most
identified alteration in the KPPL compared to the KPNPL and in the HDL compared to
the HNDL. Altered adduction ROM during the swing phase was also identified in the
KPPL compared to the KPNPL and in the HDL compared to the HNDL.

For the gait SQA (Table 13), the CKP group demonstrated no statistically significant
differences across all three joints between the KPPL versus the KPNPL. However,
there was a statistically significant difference within the healthy group. At the hip joint,
there was increased hip abduction at heel strike in the HDL compared to the HNDL
(p=0.007, mean + SD=5.25 + 2.43 vs 3.09 * 3.43, d= 0.522). At the ankle, there was
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increased abduction ROM across the whole cycle of the HDL compared to the HNDL
(p=0.001, mean + SD=17.95 + 4.24 vs15.26 + 2.69, d= 0.639).

4.4.4.2 Gait frontal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at HS

The hip and ankle joints demonstrated no statistically significant differences between
groups in the frontal plane of movement (p> 0.017). With regards to the knee joint, a
statistically significant difference was presented in the CKP group with a decreased
knee adduction angle at HS in the KPPL compared to the HDL (p= 0.013, mean *
SD -0.47 £ 1.53 KPPL vs -2.13 £+ 2.44 HDL, d=0.783).

Joint angle at PKF

There were no statistically significant differences between groups in the frontal plane
hip, knee and ankle joint angles at PKF (p> 0.017).

ROM during the whole cycle

There were no statistically significant differences in the ROM across the whole cycle

in the frontal plane, between the groups at the hip, knee or ankle joints (p> 0.017).

In summary, the SCI demonstrated many different combinations of movement
alterations between limbs in both the CKP and healthy groups in the frontal plane,
with low numbers of participants using each alteration. This was reflected in the
SQA because no statistically significant differences were found between limbs within
the CKP. However, SQA presented a statistically significant difference at the knee
joint at HS between the painful limb of CKP and the HDL of the healthy group. This
finding did not appear in the SCI and most of the alterations existed during the swing
phase of the gait cycle. For the HDL of the healthy group, there was limited

occurrence of increased hip abduction during gait based on the SCI and SQA.
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Table 12: Gait frontal plane SCI for HDL (n= 31) and KPPL (n= 21)

Joint | *Limb Altered movement pattern Nur.nt.)er of Perce-zn-tage of
participants | participants

Increased abduction ROM throughout cycle 2 6%

Decreased abduction ROM throughout cycle 1 3%

Decreased adduction ROM throughout cycle 1 3%

HDL Increased abduction ROM during early stance 12 38%
Increased adduction ROM from mid-to-late stance 3 9%

Increased adduction ROM from mid-stance to mid-swing 1 3%

Increased peak abduction at mid-swing 1 3%

Increased abduction ROM at late swing 9 29%

Hip Increased abduction ROM throughout cycle 2 9%
Decreased adduction ROM during stance phase 3 14%

Decreased abduction ROM at early stance 2 9%

Increased adduction ROM during mid and late stance phase 1 4%

KPPL Decreased peak abduction at early swing 4 19%
Increased peak abduction at early swing 1 4%

Decreased peak adduction at early swing 1 4%

Early peak abduction at early swing 1 4%

Late peak abduction at mid-swing 1 4%

Decreased abduction ROM at late swing phase 2 9%
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Decreased adduction ROM at early stance 1 3%
Decreased abduction ROM at early swing 1 3%
Increased peak abduction at mid-swing 1 3%
Decreased peak abduction at mid-swing 2 6%

HDL | Late peak abduction at mid-swing 1 3%
Decreased peak adduction at late swing 4 12%
Increased peak adduction at late swing 4 12%

. Increased abduction ROM during swing phase 1 4%
Increased abduction ROM at early swing 1 4%
Increased peak adduction at mid-swing 4 19%
Decreased peak abduction at early swing 4 19%

KPPL Early peak abduction at early swing 1 4%
Late peak abduction at mid-swing 1 4%

Early peak adduction at late swing 2 9%

Late peak adduction at late swing 1 4%
Increased adduction ROM throughout cycle 3 9%
Decreased adduction ROM throughout cycle 4 12%

. Increased abduction ROM during stance phase 4 12%
Decreased abduction ROM during stance phase 1 3%

HDL | Increased adduction ROM during early stance 3 9%
1 3%

Decreased adduction ROM from early to mid-stance
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Decreased adduction ROM at early stance and during swing 2 6%
Increased adduction ROM during swing phase 4 12%
Increased peak adduction at mid-swing 6 19%
Decreased peak adduction at mid-swing 3 9%
Increased adduction ROM throughout cycle 2 9%
Decreased adduction ROM throughout cycle 1 4%
Decreased adduction ROM during early stance 3 14%
Increased adduction ROM during early stance and swing phase 2 9%
KPPL | Decreased peak abduction at late stance 1 4%
Decreased adduction ROM during swing phase 4 19%
Increased peak adduction at mid-swing 4 19%
Decreased peak adduction at mid-swing 2 9%

*In the limb section, HDL was compared to HNDL and KPPL was compared to KPNPL for each joint, each task
and each plane of movement.
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Table 13: Summary statistics for gait frontal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups

_ group (p< 0.05) (p< 0.05) (p< 0.017)

Joint Tw_ne Sig- Sig-
point KPPL KPNPL HDL HNDL NPPLvs | KPNPL
Mean + SD Mean + SD Mean + SD Mean + SD HDL vs HDL

Gait

HS (°) 3.89+2.86 4.00 + 2.66 0.972 5.25+2.43 3.09+£3.43 | *0.007 0.020 0.086
Hip PKF (°) 7.79 £ 3.56 7.89+2.78 0.702 8.28 £ 2.25 7.41 £ 3.08 0.113 0.279 0.580
ROM () 13.79 £ 2.75 14.21 + 3.57 0.390 1527 £2.501 | 14.63+2.30 0.136 0.049 0.216
HS (°) -0.47 £1.53 -0.98 £ 1.65 0.216 -2.13+2.44 -1.97£1.76 0.685 *0.008 0.064
Knee PKF (°) -0.02 £ 2.49 -0.30 £ 3.26 0.696 2.30+4.44 3.12+4.77 0.362 0.034 0.025
ROM () 9.06 £ 2.84 9.00 £ 3.02 0.947 9.75+4.88 10.28 £ 4.88 0.185 0.948 0.874
HS (°) -6.51 £5.28 -6.27 £ 4.74 0.846 -7.86 £ 5.58 -7.65 £ 4.49 0.821 0.386 0.288
Ankle PKF (°) -5.31+4.34 -5.03 £ 4.87 0.850 -5.70 £ 5.61 -4.99 +£4.76 0.467 0.789 0.660
ROM () 18.25 £ 4.46 17.17 £ 4.25 0.356 17.95+4.24 15.26 £2.69 | *0.001 0.805 0.517

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; HS:
angle at heel-strike; PKF: angle at peak knee flexion; ROM: range of motion during the whole cycle; * statistically significant findings (p<
0.05 for within-group and p< 0.017 for between-group); (°): the measurement unit in degrees. Positive values indicate flexion, abduction

or dorsiflexion, whereas negative values (-) indicate extension, adduction or plantarflexion.
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4.4.5 Double leg squat sagittal plane results

According to the DLS waveform graphs (see Appendix K), DLS consists of two main
phases: the descent phase and the ascent phase. From a standing position, the
individual starts bending their hips and knees as far as possible to reach their
maximum squat which is the point of PKF. Subsequently, the individual starts to
extend their hips and knees and move their body upwards.

In Table 14, movement alterations are presented according to the DLS movement
cycle, starting from movement throughout the cycle, the descending phase,

maximum squat and then the ascent phase.

4.4.5.1 DLS sagittal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

The interpretations of the sagittal plane SCI graphs of DLS for both groups
demonstrated several different alterations: 10 in the KPPL compared to the KPNPL
and 11 in the HDL compared to the HNDL. All between-limb alterations are
presented in Table 14.

Based on the SCI of the CKP group (KPPL vs KPNPL) and healthy group (HDL vs
HNDL), only a few participants demonstrated any differences between limbs. There
was no consistency in the alteration used. At the hip and knee, there was evidence
of both an increased or decreased flexion angle, most commonly at maximum squat
and at the ankle decreased or increased dorsiflexion ROM throughout the cycle or at

maximum squat.

For within-subject SQA (Table 15), there were no statistically significant findings in
the CKP group or the healthy group in the ROM during the whole cycle or in the

lower limb joint angles at PKF in the hip, knee or ankle joints (p> 0.05).
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4.4.5.2 DLS sagittal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at PKF

The were no statistically significant between group (KPPL vs HDL and KPNPL vs
HDL) differences in the hip, knee or ankle peak joint angles in the sagittal plane of
movement (p> 0.017 for all three joints).

ROM during the whole cycle

There was no statistically significant difference in the ROM during the whole cycle at
the hip, knee or ankle joints between the groups (KPPL vs HDL and KPNPL vs HDL)
in the sagittal plane (p> 0.017).

In summary, for the DLS task in the sagittal plane, there was no consistency in
terms of increased or decreased hip and/or knee flexion or ankle dorsiflexion

between limbs for either group.
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Table 14: DLS sagittal plane SCI for HDL (n= 31) and KPPL (n= 21)

Joint * Limb Altered movement pattern Nur.nl.)er of PerC(-an-tage of
participants participants
Decreased flexion ROM throughout cycle 1 3%
HDL Increased peak flexion at maximum squat 4 12%
Decreased peak flexion at maximum squat 5 16%
Hip
Decreased ROM throughout cycle 1 4%
KPPL Decreased peak flexion at maximum squat 2 9%
Increased peak flexion at maximum squat 3 14%
Increased peak flexion at maximum squat 2 6%
HbL Decreased peak flexion at maximum squat 1 3%
Knee
Increased peak flexion at maximum squat 3 14%
KPPL | Increased flexion ROM at early descent and late ascent 1 4%
Decreased flexion ROM during early descent phase 1 4%
Increased dorsiflexion ROM throughout cycle 5 16%
Decreased dorsiflexion ROM throughout cycle 3 9%
Ankle HDL Increased peak dorsiflexion at maximum squat 4 12%
Decreased peak dorsiflexion at maximum squat 1 3%
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Late peak dorsiflexion at maximum squat 1 3%
Decreased dorsiflexion ROM during descent phase 1 3%
Increased dorsiflexion ROM throughout cycle 3 14%
Decreased dorsiflexion ROM throughout cycle 4 19%
(PR Increased peak dorsiflexion at maximum squat 3 14%
Decreased peak dorsiflexion at maximum squat 2 9%

*In the limb section, HDL was compared to the HNDL, whereas the KPPL was compared to the KPNPL for
each joint, each task and each plane of movement.
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Table 15: Summary statistics for double leg squat sagittal plane within and between group comparisons

Within chronic knee pain

Within healthy group (p< 0.05)

Between-groups (p<

_ group (p< 0.05) 0.017)
. Time . .
Joint . Sig- Sig-
point KPPL KPNPL HDL HNDL KPPL vs KPNPL
Mean = SD Mean = SD Mean = SD Mean = SD HDL vs HDL
DLS
0.351
PKF (°) 94.18 + 22.08 93.47 £ 20.16 87.85+22.76 87.96 + 21.82 0.724 0.366 0.396
Hip
ROM () 86.41 + 22.45 86.03 + 20.96 0.614 80.84 + 22.01 80.29 + 21.09 0.704 0.379 0.400
103.86 +
PKF (°) 94.21 + 23.05 93.84 + 23.02 0.532 103.77 £ 20.57 0.837 0.122 0.108
Knee 20.77
ROM () 89.68 + 24.94 89.65 + 23.57 0.972 99.95 + 18.92 99.69 + 18.67 0.617 0.098 0.087
0.830
PKF (°) 29.73+£8.72 29.32+£9.39 0.698 28.74+12.4 28.49 +£10.43 0.752 0.855
Ankle
ROM () 28.29+8.14 28.60+7.91 0.591 27.66 £ 6.56 28.32+7.23 0.327 0.759 0.642

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; PKF: joint
angle at peak knee flexion; ROM: range of motion during the whole cycle; DLS: double leg squat; * statistically significant findings (p< 0.05 for
within-group and p< 0.017 for between-group); (): measurement unit in degrees. Positive values indicate flexion, abduction or dorsiflexion,

whereas negative values (-) indicate extension, adduction or plantarflexion.
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4.4.6. Double leg squat frontal plane results

In Table 16, movement alterations are presented according to the DLS movement
cycle, starting from movement throughout the cycle, then the descending phase,

maximum squat and, finally, the ascent phase.

4.4.6.1 DLS frontal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

In the SCI of kinematic data, 17 movement alterations were identified in the KPPL
compared to the KPNPL and 17 movement alterations in the HDL compared to the
HNDL in the frontal plane across the hip, knee and ankle joints. All between-limb

alterations are presented in Table 16.

Most frontal plane movement alterations identified in the CKP group (KPPL vs
KPNPL) were found at the hip level, with an overall trend of increased hip abduction
ROM throughout the cycle which was identified in the KPPL compared to the KPNPL
and in the HDL compared to the HNDL. With regards to the knee joint, altered
adduction ROM throughout the cycle was most commonly identified with an overall
trend of increased knee adduction in both groups (KPPL vs KPNPL and HDL vs
HNDL). The CKP group also demonstrated increased peak adduction at maximum
squat in the KPPL compared to the KPNPL. At the ankle, altered adduction
(increased or decreased) ROM throughout the cycle was identified in both groups
(KPPL vs KPNPL and HDL vs HNDL).

For within-subject SQA (Table 17), both groups demonstrated significant differences
at the knee joint during PKF, with an increased knee adduction angle in the KPPL
compared to the KPNPL in the knee pain group (p= 0.029, mean + SD=-3.90 *+ 6.57
KPPL vs -1.83 + 6.55 KPNPL, d= 0.515) and decreased abduction angle in the HDL
compared to the HNDL in the healthy group (p= 0.007, mean + SD= 1.55 + 4.75 HDL
vs 4.54 + 4.74 HNDL, d= 0.48). The healthy participants exhibited another significant

difference in the ankle joint at PKF with a decreased ankle adduction angle of the
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HDL compared to the HNDL (p= 0.022, mean + SD=-4.39 + 10.39 HDL vs -7.18
12.65 HNDL, d=0.411).

4.4.6.2 DLS frontal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at PKF

There was no statistically significant difference in the hip and ankle
abduction/adduction joint angles at PKF (p> 0.017). At the knee joint, the frontal
plane presented a statistically significant increase in the knee adduction angle in the
KPPL in the CKP group and the HDL in the healthy group (p< 0.001, mean = SD —
3.90 £ 6.57 KPPL vs 1.55 + 4.75 HDL, d= 0.982).

ROM during the whole cycle

ROM at the hip, knee and ankle joints exhibited no statistically significant difference

between the groups (p> 0.017 for all joints).

In summary, the frontal plane presented an increase in knee adduction angle at
maximum squat (dynamic knee valgus) which was the most recurrent alteration
identified within-subjects in both the SCI and the SQA. This finding for the knee joint
angle at PKF was confirmed by the SQA of within-subjects and between-groups but
the mean differences between the limbs of the CKP group were very small, with a

small effect size, thereby indicating a lack of clinical significance.
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Table 16: DLS frontal plane SCI for HDL (n=31) and KPPL (n=21)

Joint *Limb Altered movement pattern Nur.nt.)er of Perce-zn-tage of
participants participants
Increased abduction ROM throughout cycle 10 32%
Decreased abduction ROM throughout cycle 6 19%
Increased peak abduction at maximum squat 4 12%
HDL | Decreased peak abduction at maximum squat 2 6%
Increased peak adduction at maximum squat 2 6%
_ Increased abduction ROM throughout cycle 7 33%
AL Decreased abduction ROM throughout cycle 2 9%
Increased peak abduction at maximum squat 2 9%
Increase peak adduction at maximum squat 1 4%
KPP Late peak adduction at maximum squat 1 4%
Early peak abduction at maximum squat 1 4%
Increase abduction ROM at early descent 2 9%
Decreased abduction ROM at early descent 1 4%
Increased abduction ROM throughout cycle 1 3%
HDL Decreased abduction ROM throughout cycle 3 9%
Increased adduction ROM throughout cycle 8 25%
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Knee Increased peak adduction at maximum squat 2 6%
Decreased peak adduction at maximum squat 1 3%

Decreased peak abduction at maximum squat 4 12%

Increased adduction ROM throughout cycle 5 23%

Decreased adduction ROM throughout cycle 3 14%

KPPL Increased peak adduction at maximum squat 6 28%
Decreased peak adduction at maximum squat 1 4%

Early peak abduction at maximum squat 1 4%

Increased adduction ROM throughout cycle 4 12%

Decreased adduction ROM throughout cycle 8 25%

Increased abduction ROM throughout cycle 5 16%

Hbt Decreased abduction ROM throughout cycle 1 3%
Increased peak adduction at maximum squat 1 3%

Ankle Decreased peak adduction at maximum squat 4 12%
Increased adduction ROM throughout cycle 8 38%

Decreased adduction ROM throughout cycle 5 23%

“PPL Decreased peak adduction at maximum squat 1 4%
Decreased peak abduction at maximum squat 1 4%
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* In the limb section, HDL was compared to the HNDL, while the KPPL was compared to the
KPNPL for each joint, each task and each plane of movement.
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Table 17:

Summary statistics for double leg squat frontal plane within and between group comparisons

B0 ch;?(r)lhcpknee pain Within healthy group Between-groups
(p< 0.05) (p<0.017)
. Time (p< 0.05) _ .
Joint oint Sig- Sig-
P KPPL + KPNPL HDL HNDL NPPL KPNL vs
Mean SD Mean = SD Mean + SD Mean + SD vs HDL HDL
DLS
Hi PKF (°) 9.510 £ 9.62 8.07£10.11 0.354 11.04 +9.87 8.56 £ 8.63 0.236 0.603 0.297
[
P ROM () 9.21+£5.71 8.60+4.91 0.614 9.69 £ 5.96 8.79+£4.234 0.531 0.780 0.544
K PKF (°) -3.90 + 6.57 -1.83 £ 6.55 *0.029 1.55+4.75 454 +4.74 *0.007 *0.001 0.035
nee
ROM () 9.96 £ 5.47 9.59+4.34 0.538 9.37£3.18 9.85+4.95 0.945 0.758 0.859
Ank PKF (°) -4.49 + 9.76 -2.88 £+ 9.38 0.281 -4.39 £ 10.39 -7.18 +12.65 | *0.022 0.816 0.730
nkle
ROM () 7.310 £ 5.42 8.28 £5.17 0.156 9.25+5.41 9.31+£7.210 0.938 0.081 0.407

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; PKF: joint
angle at peak knee flexion; ROM: range of motion during the whole cycle; DLS: double leg squat; * statistically significant findings (p< 0.05 for
within-group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive values indicate flexion, abduction or dorsiflexion,

whereas negative values (-) indicate extension, adduction or plantarflexion.
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4.4.7 Single leg squat sagittal plane results

According to the SLS waveform graphs (see Appendix K), SLS consists of two main
phases: the descent phase and the ascent phase. SLS begins by standing on one
leg, with the other leg slightly lifted off the ground. The individual then starts bending
their hips and knees as far as possible to reach their maximum squat, which is the
point of PKF. Subsequently, individuals start extending their hip and knee and
moving their body upwards. The descending phase is the start of the movement

cycle and it is followed by the ascending phase.

In Table 18, movement alterations are presented according to the SLS movement
cycle starting with movement throughout the cycle, then the descending phase,
maximum squat and, finally, the ascent phase.

4.4.7.1 SLS sagittal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

Analysis of SLS sagittal plane SCI of the hip, knee and ankle resulted in the
identification of various alterations in both groups: 21 in the KPPL compared to the
KPNPL and 28 in the HDL compared to the HNDL. All between limb alterations are
presented in Table 18.

At the hip joint, the CKP group demonstrated a trend of lower peak hip flexion at
maximum squat in the KPPL compared to the KPNPL. In contrast, in the healthy
group (HDL vs HNDL), there was a trend for greater peak hip flexion at maximum
squat in addition to increased flexion ROM during the whole cycle. At the knee joint,
lower peak flexion at maximum squat was most commonly identified among the CKP
participants (KPPL vs KPNPL) but in the healthy group (HDL vs HNDL), increased
peak flexion at maximum squat was identified. At the ankle joint, the CKP group
(KPPL vs KPNPL) demonstrated altered (increased or decreased) dorsiflexion ROM
throughout the cycle or at maximum squat. The HDL exhibited a trend towards

increased dorsiflexion ROM throughout the cycle.
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For the SQA within the CKP group (Table 19), no statistically significant difference
was identified in the KPPL compared to the KPNPL across the three joints (p> 0.05).
The SLS only exhibited statistically significant findings in the healthy group at the
ankle with decreased ankle dorsiflexion ROM in the HDL compared to the HNDL
during the entire cycle (p= 0.013, mean + SD= 24.46 + 6.02 HDL vs 26.34 + 5.8
HNDL, d=0.474).

4.4.7.2 SLS sagittal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at PKF

There were no statistically significant differences between groups in the hip and
ankle peak joint angles in the SLS sagittal plane of movement (p> 0.017). The knee
joint presented a statistically significant difference between groups at PKF, with a
decreased peak flexion angle in both limbs of the CKP group compared to the HDL
of the healthy group (p= 0.003, mean = SD 57.15 + 23.05 KPPL, 72.99 + 20.77 HDL,
d=0.43; and p= 0.009, mean + SD 61.03 + 23.02 KPNPL vs 72.99 + 20.77 HDL, d=
0.36, respectively).

ROM during the whole cycle

There was no statistically significant difference between groups in the ROM at the
hip and ankle joints. Sagittal plane knee ROM presented a statistically significant
difference between KPPL in the CKP group and the HDL in the healthy group with
decreased knee flexion ROM in the KPPL compared to the HDL (p= 0.006, mean +
SD 48.90 + 19.13 KPPL vs 63.39 + 14.41 HDL, d= 0.477).

In summary, in the SLS sagittal plane of movement, the CKP group presented with
a lower knee flexion angle at PKF and lower knee flexion ROM during the entire
cycle compared to the HDL, which was identified in both the SCI and the SQA.
Further alterations were identified in the SCI between limbs (KPPL vs KPNPL and
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HDL vs HNDL) with the CKP group exhibiting a trend toward decreased flexion
during the movement cycle among the three joints.
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Table 18: SLS sagittal plane SCI for HDL (n=31) and KPPL (n=16)

Joint *Limb Altered movement pattern Nur.nt.)er of Perce-zn-tage of
participants participants

Increased flexion ROM throughout cycle 4 12%

Decreased flexion ROM throughout cycle 2 6%

Increased flexion ROM during descent phase 4 12%

Decreased flexion ROM during descent phase 3 9%

Increased flexion ROM during ascent phase 1 3%

Hbt Decreased flexion ROM during ascent phase 1 3%
Increased peak flexion at maximum squat 15 48%

Decreased peak flexion at maximum squat 8 25%

Hip Early peak flexion at maximum squat 1 3%
Late peak flexion at maximum squat 1 3%

Increased flexion ROM throughout cycle 1 6%

Decreased flexion ROM throughout cycle 1 6%

Increased flexion ROM during descent phase 3 18%

“PRL Increased peak flexion at maximum squat 1 6%
Decreased peak flexion at maximum squat 6 37%

Early peak flexion at maximum squat 2 12%
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Late peak flexion at maximum squat 1 6%

Increased flexion ROM throughout cycle 2 6%

Decreased flexion ROM throughout cycle 2 6%

Increased flexion ROM at early descent 6 19%

Decreased flexion ROM during descent phase 3 9%

HDL Increased flexion ROM during ascent phase 1 3%
Decreased flexion ROM during ascent phase 1 3%

Increased peak flexion at maximum squat 10 32%

Decreased peak flexion at maximum squat 6 19%

nee Early peak flexion at maximum squat 2 6%
Increased flexion ROM throughout cycle 1 6%

Increased flexion ROM during descent phase 3 18%

Decreased flexion ROM during descent phase 2 12%

“PPL Decreased flexion ROM during ascent phase 2 12%
Decreased peak flexion at maximum squat 6 37%
Early peak flexion at maximum squat 2 12%
Increased dorsiflexion ROM throughout cycle 6 19%

Ankle HDL Decreased dorsiflexion ROM throughout cycle 2 6%
Increased dorsiflexion during descent phase 2 6%
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Increased dorsiflexion at early descent 2 6%
Decreased dorsiflexion at early descent 2 6%
Increased dorsiflexion at late ascent 1 3%
Decreased dorsiflexion at late ascent 1 3%
Decreased peak dorsiflexion at maximum squat 2 6%
Early peak dorsiflexion at maximum squat 1 3%
Increased dorsiflexion ROM throughout cycle 1 6%
Decreased dorsiflexion ROM throughout cycle 2 12%
Increased dorsiflexion ROM during descent phase 2 12%
Decreased dorsiflexion ROM during ascent phase 1 6%
i Increased dorsiflexion at late ascent 1 6%
Increased peak dorsiflexion at maximum squat 1 6%
Decreased peak dorsiflexion at maximum squat 3 18%
Early peak dorsiflexion at maximum squat 1 6%

*In the limb section, HDL was compared to the HNDL and the KPPL was compared to the KPNPL for
each joint, each task and each plane of movement.
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Table 19: Summary statistics for single leg squat sagittal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups (p<

. group (p< 0.05) (p< 0.05) 0.017)
: Time . .
Joint . Sig- Sig-
point KPPL KPNPL HDL HNDL KPPL vs KPNPL
Mean = SD Mean = SD Mean = SD Mean = SD HDL vs HDL
SLS
H PKF (°) 51.79 £ 21.27 52.74 + 24.08 0.814 57.95 + 21.29 55.05 + 20.06 0.098 0.352 0.421
i
P ROM (¢) | 41.88 + 23.68 42.86 + 23.24 0.642 49.98 + 19.86 47.85 + 18.70 0.185 0.138 0.140
K PKF (°) 57.15 + 23.05 61.03 + 23.02 0.552 72.99 £ 20.77 71.42 £ 20.57 0.115 *0.003 *0.009
nee
ROM (°) | 48.90 + 19.13 53.58 +17.51 0.399 63.39 + 14.41 62.67 + 14.54 0.521 *0.006 0.034
Ank| PKF (°) 27.88 £7.35 29.09 £ 6.28 0.746 30.85 +6.28 30.74 £ 6.24 0.900 0.154 0.332
nkle
ROM () 22.86 +£8.80 24.83 £ 6.85 0.490 24.46 £ 6.02 26.34 +£5.83 *0.013 0.520 0.839

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; PKF: angle
at peak knee flexion; ROM: range of motion during the whole cycle; SLS: single leg squat; * statistically significant findings (p< 0.05 for within-
group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive values indicate flexion, abduction or dorsiflexion, whereas

negative values (-) indicate extension, adduction or plantarflexion.
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4.4.8. Single leg squat frontal plane results

In Table 20, movement alterations are presented according to SLS movement cycle
starting with movement throughout the cycle, then the descending phase, maximum

squat and, finally, the ascent phase.

4.4.8.1 SLS frontal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

In the SCI frontal plane of movement, 15 movement alterations were identified in the
KPPL compared to the KPNPL and 17 in the HDL compared to the HNDL across the
hip, knee and ankle joints. All between-limb alterations are presented in Table 20.

Overall, in both groups there was a trend for reduced adduction ROM at the hip
throughout the cycle in both KPPL vs KPNPL and HDL vs HNDL. The opposite
occurred at the knee joint for both groups between limbs and there appeared to be a
trend overall for increased adduction (dynamic knee valgus). At the ankle, a large
range of alterations were used in both KPPL vs KPNPL and HDL vs HNDL and there
was no dominant pattern; people used a combination of increased or decreased

abduction ROM throughout the cycle.

Regarding within-subject SQA (Table 21), the healthy group was found to have a
statistically significant decrease in hip adduction angle at PKF in the HDL compared
to the HNDL (p= 0.007, mean + SD=-8.23 + 5.85 HDL vs -11.97 + 5.88 HNDL, d=
0.522).

4.4.8.2 SLS frontal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at PKF
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At PKF, the KPNPL of the CKP group compared to the HDL of the healthy group
demonstrated a statistically significant increase in mean hip adduction angle (p<
0.010, mean + SD -14.37 + 7.03 KPNPL vs -8.23 + 5.85 HDL, d= 0.773). However,
knee and ankle abduction/adduction joint angles at PKF presented no statistically

significant difference between the groups (p> 0.017).

ROM during the whole cycle

There was no statistically significant difference between the groups either at the hip
joint or in the knee joint (p> 0.017). However, the ankle frontal plane ROM depicted a
statistically significant difference between groups with decreased ankle abduction
ROM in the KPNPL of the CKP group compared to the HDL in the healthy group (p<
0.008, mean + SD 12.52 + 6.45 KPNPL vs 15.52 + 4.59 HDL, d= 0.799).

In summary, frontal plane SLS findings at the individual level (based on SCI)
revealed that a range of individual alterations were present at each joint. There was
a trend for the HDL and KPPL to demonstrate decreased hip adduction and
increased knee adduction compared to their respective limbs. At the ankle, there
was no dominant trend. Meanwhile, for the averaged data (SQA), these alterations
were not found to be statistically significant. At the hip and ankle joint for the non-
painful limb in the CKP group, the hip was found to have significantly increased
adduction at PKF and the ankle significantly decreased abduction throughout the
SLS.
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Table 20: SLS frontal plane SCI for HDL (n= 31) and KPPL (n=16)

Joint *Limb Altered movement pattern Nur.nt.)er of Perce-zn-tage of
participants participants
Increased adduction ROM throughout cycle 3 9%
Decreased adduction ROM throughout cycle 13 41%
HDL Decreased adduction ROM during descent phase 3 9%
Increased peak adduction at maximum squat 4 12%
Decreased peak adduction at maximum squat 7 22%
Hip Late peak adduction at maximum squat 1 3%
Increased adduction ROM throughout cycle 3 18%
Decreased adduction ROM throughout cycle 8 50%
KPPL | Increased peak adduction at maximum squat 3 18%
Decreased peak adduction at maximum squat 3 18%
Early peak adduction at maximum squat 1 6%
Increased adduction ROM throughout cycle 7 22%
Increased abduction ROM throughout cycle 1 3%
Knee Hbt Increased peak adduction at maximum squat 4 12%
Decreased peak adduction at maximum squat 2 6%
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Increased adduction ROM throughout cycle 2 12%
Decreased adduction ROM throughout cycle 1 6%
Increased peak adduction at maximum squat 3 18%

KPPL | Decreased peak adduction at maximum squat 1 6%
Early peak adduction at maximum squat 1 6%
Increased abduction ROM throughout cycle 5 16%
Decreased abduction ROM throughout cycle 3 9%
Increased adduction ROM throughout cycle 1 3%
Increased abduction ROM during descent phase 1 3%

HDL Increased abduction ROM at early descent 1 3%
Decreased abduction ROM at early descent 5 16%

Ankle Increased peak abduction at maximum squat 3 9%
Increased abduction ROM throughout cycle 3 18%
Decreased abduction ROM throughout cycle 3 18%
Decreased abduction during early descent 1 6%

KPPL | Decreased abduction at late ascent 1 6%
Decreased peak abduction at maximum squat 1 6%

*In the limb section, HDL was compared to the HNDL and the KPPL was compared to the KPNPL
for each joint, each task and each plane of movement.
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Table 21: Summary statistics for single leg squat frontal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups

group (p< 0.05) (p< 0.05) (p< 0.017)
Joint Tlme Sig- Sig-
point KPPL KPNPL HDL HNDL NPPL vs KPNPL
Mean SD Mean SD Mean SD Mean SD HDL vs HDL
SLS
Hi PKF (°) -10.53 £ 6.013 -14.37 £ 7.03 0.177 -8.23+5.85 -11.97 £5.88 *0.007 0.212 *0.010
i
P ROM () 11.04 + 5.09 12.52 + 6.45 0.453 11.14 + 3.84 12.57 £ 5.42 0.138 0.939 0.647
Knee PKF (°) -4.35+4.77 -2.66 + 4.86 0.423 -2.81+5.28 -1.14 +5.32 0.085 0.333 0.743
ROM () 7.71+3.91 7.46 + 3.42 0.851 11.14 + 3.84 12.57 £ 5.42 0.487 0.857 0.964
Ankle PKF (°) 11.81+4.71 11.60 +4.84 0.905 8.52 +6.26 7.11+5.51 0.098 0.071 0.109
ROM () 11.04 + 5.09 12.52 + 6.45 0.642 15.52 + 4.59 14.35 + 4.26 0.145 0.041 *0.008

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; PKF: joint
angle at peak knee flexion; ROM: range of motion during the whole cycle; SLS: single leg squat; * statistically significant findings (p< 0.05 for
within-group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive values indicate flexion, abduction or dorsiflexion,

whereas negative values (-) indicate extension, adduction or plantarflexion.
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4.4.9 Vertical jump sagittal plane results

In the VJ waveform graphs (see Appendix K), the movement cycle entails a
preparatory phase in which the individual flexes their hips and knees, followed by an
explosive upward motion as they extend their lower body muscles, propelling
themselves off the ground. This take-off phase leads to an ascent, reaching the peak
height of the jJump before transitioning to the landing phase. The landing phase
involves the individual absorbing the impact by flexing their lower body joints,
stabilising their body to regain their balance and preparing for subsequent
movements. In this movement cycle, the point of PKF signifies the completion of
the landing phase and the initiation of the take-off phase. This is applied for the
sagittal and frontal planes.

In Table 22, movement alterations are described according to the sequence of the
movement cycle, starting with movement throughout the cycle, then the take-off

phase and, finally, the landing phase.

4.4.9.1 VJ sagittal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

There were 13 movement alterations in the KPPL compared to the KPNPL and 13 in
the HDL compared to the HNDL in the sagittal plane across the hip, knee and ankle

joints. All between-limb alterations are presented in Table 22.

Regarding the SCI at the hip joint, a very symmetrical pattern between limbs was
identified because there are not many alterations between limbs (KPPL vs KPNPL
and HDL vs HNDL) in these groups. At the knee joint, the most prevalent alteration
appeared to be in the CKP group (KPPL vs KPNPL) which demonstrated less knee
flexion ROM during take-off. At the ankle joint, there was a trend towards decreased
peak dorsiflexion at the end of landing in the KPPL compared to the KPNPL. During
take-off there was a trend for reduced plantarflexion in the KPPL compared to the

KPNPL. The healthy people demonstrated no consistent alterations.
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The results for the within-subject SQA between the KPPL compared to the KPNPL
demonstrated no significant findings for the joint angles at PKF (end of landing) and
the ROM during the entire cycle at the hip, knee or ankle joints (p> 0.05) (Table 23).
However, the healthy group demonstrated a statistically significant difference at the
hip joint at PKF (end of landing) with decreased hip flexion in the HDL compared to
the HNDL (p=0.017, mean £ SD=42.97 + 20.502 HDL vs 44.4 + 19.98 HNDL, d=
0.455).

4.4.9.2 VJ sagittal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at PKF

In the CKP group, the hip joint exhibited a significant increase in peak flexion angle
for both limbs compared to the HDL (p= 0.004, mean = SD 66.75 + 30.75 KPPL vs
42.97 + 20.502HDL, d=0.947; and p= 0.004, mean = SD 65.79 + 29.43 KPNPL vs
42.97 £ 20.502 HDL, d=0.932, respectively).

ROM during the whole cycle

The hip joint presented statistically significant increased hip flexion ROM during the
entire cycle for both limbs in the CKP group compared to the HDL (p= 0.017, Mean *
SD 53.34 + 28.57 KPPL vs 35.64 £ 18.18 HDL, d=0.773; and p=0.017, 52.65 +
27.10 KPNPL vs 35.64 + 18.18 HDL, d= 0.767, respectively). No other statistically

significant difference was identified in the knee or ankle joints.

In summary, sagittal plane analysis only revealed decreased knee flexion ROM
during take-off in the CKP group at the individual level and not in averaged data.
Minimal sagittal plane differences were observed in the hip joints between limbs in
both groups, thereby suggesting symmetrical patterns. SQA averaged data revealed
significant alterations at PKF and in ROM throughout the cycle between the CKP and
healthy groups, with a small clinically relevant decrease in hip flexion during healthy
group landing. Individual-level analysis using SCI revealed detailed waveform
alterations including joint angles and ROM during take-off and/or landing which were
not captured by SQA.
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Table 22: VJ sagittal plane SCI for HDL (n= 31) and KPPL (n=21)

Joint | *Limb Altered movement pattern MU 267 @) FRCENIERE O
participants participants
Decreased flexion ROM throughout cycle 1 3%
Decreased flexion ROM during take-off 2 6%
HDL Increased peak flexion at end of landing 1 3%
Hip Decreased peak flexion at end of landing 3 9%
Increased flexion ROM during take-off 1 4%
KPPL Increased peak flexion at end of landing 1 4%
Decreased peak flexion at end of landing 2 9%
Decreased flexion ROM throughout cycle 2 6%
Decreased flexion ROM during take-off 3 9%
HDL Decreased flexion ROM during landing 1 3%
Decreased peak flexion at end of landing 4 12%
Increased peak flexion at end of landing 1 3%
Knee
Increased flexion ROM throughout cycle 1 4%
Decreased flexion ROM throughout cycle 1 4%
Increased flexion ROM during take-off 2 9%
KPPL Decreased flexion ROM during take-off 5 23%
Increased peak flexion at end of landing 1 4%
Decreased peak flexion at end of landing 2 9%
Increased plantarflexion ROM during take-off 6 19%
Ankle HDL Decreased plantarflexion ROM during take-off 7 22%
Increased peak dorsiflexion at end of landing 7 22%
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Decreased peak dorsiflexion at end of landing 5 16%

Decreased dorsiflexion ROM throughout cycle 1 4%
Increased plantarflexion ROM during take-off 4 19%
KPPL Decreased plantarflexion ROM during take-off 6 28%
Decreased peak dorsiflexion at end of landing 5 23%

*In the limb section, the HDL was compared to the HNDL and the KPPL was compared to the
KPNPL for each joint, each task and each plane of movement.
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Table 23: Summary statistics for vertical jump sagittal plane within and between group comparisons

Within chronic knee pain group Within healthy group Between-groups
. Time (p< 0.05) _ (p< 0.05) . (p< 0.017)
Joint . Sig- Sig-
point KPPL KPNPL HDL HNDL KPPL vs KPNPL vs
Mean = SD Mean = SD Mean = SD Mean = SD HDL HDL
VJ
PKF (°) 66.75 + 30.75 65.79 + 29.43 0.170 42.97 £20.502 44.4 £19.98 *0.017 *0.004 *0.004
Hip
ROM (°) 53.34 + 28.57 52.65 + 27.10 0.322 35.64 +18.18 35.41 +#18.13 0.691 *0.017 *0.017
PKF (°) 74.99 + 20.01 75.110 + 19.57 0.814 72.16 £ 17.75 72.7+17.17 0.337 0.594 0.564
Knee
ROM () 66.96 + 21.88 68.24 £ 21.44 0.198 64.85 +£17.56 64.37 £ 17.28 0.539 0.702 0.534
Ankle PKF (°) 27.84 +7.05 28.96 + 8.87 0.385 27.93 £ 10.76 27.5+10.73 0.609 0.975 0.718
ROM () 71.210+£15.56 | 73.53+15.010 0.152 73.03 £8.85 73.64 £9.69 0.510 0.647 0.893

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; PKF: joint angle at
peak knee flexion; ROM: range of motion during the entire cycle; VJ: vertical jump; * statistically significant findings (p< 0.05 for within-group and p<
0.017 for between-group); (°): measurement unit in degrees. Positive values indicate flexion, abduction or dorsiflexion, whereas negative values (-)

indicate extension, adduction or plantarflexion.
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4.4.10 VJ frontal plane results

In Table 24, movement alterations are described according to the sequence of the
movement cycle, starting with movement throughout the cycle, then the take-off

phase and, finally, the landing phase.

4.4.10.1 VJ frontal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

In the SCI of kinematic data, many altered movement patterns were observed in the
frontal plane of the jumping task among all of the participants in both groups. A total

of 17 movement alterations were identified in the KPPL compared to the KPNPL and
21 were identified in the HDL compared to the HNDL in the frontal plane among the

hip, knee and ankle joints. All of the between limb alterations are presented in Table
24,

At the hip joint, neither group (KPPL vs KPNPL and HDL vs HNDL) presented
consistency of movement at the hip and there was a trend for both increased or
decreased abduction and adduction ROM throughout the cycle and also during the
landing phase. At the knee joint, an overall trend of reduced knee abduction at the
end of landing was identified in the KPPL compared to the KPNPL. However, no
dominant alteration was identified between limbs in the healthy group. At the ankle
joint, both the healthy group (HDL vs HNDL) and the CKP group (KPPL vs KPNPL)
exhibited altered adduction and abduction ROM at the end of landing and during
take-off.

For the SQA, no significant differences were identified in any of the outcome
variables within-subjects in the CKP group (Table 25). On the other hand, healthy
participants presented some significant findings, mainly at the knee and ankle joints.
There was a decrease in the knee abduction angle at PKF (end of landing) in the
HDL compared to the HNDL (p= 0.013, mean + SD=1.47 + 5.25 HDL vs 3.62 + 5.47
HNDL, d= 0.475). With regards to the ankle, there was an increase in ankle
abduction ROM during the entire cycle in the HDL compared to the HNDL (p= 0.007,
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mean + SD= 26.60 = 8.76 HDL vs 21.77 + 7.41 HNDL, d= 0.525). Another significant
result was found at PKF (end of landing) with a decreased ankle adduction angle in
the HDL compared to the HNDL (p= 0.004, mean + SD=0.97 + 6.43 HDL vs -2.10
6.09 HNDL, d= 0.568).

4.4.10.2 VJ frontal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at PKF

There was no significant difference in the hip and ankle joints between groups at
PKF. However, a significant increase in knee adduction was identified between the
KPPL in the CKP group and the HDL in the healthy group (p< 0.015, mean £+ SD -
2.40 £5.70 KPPL vs 1.47 £ 5.25 HDL, d= 0.713).

ROM during the whole cycle

There were no statistically significant differences in the ROM between the groups at
the hip, knee or ankle joint ROM during the whole cycle (p> 0.017).

In summary, in the frontal plane, the SCI of within-subjects were more consistent in
the CKP group than in the healthy group, especially at the knee and ankle joints,
which was also identified in the SQA. More alterations at the knee and ankle were
identified between the limbs of the healthy group but these findings were not
clinically significant. Between the two groups, increased knee adduction at end of
landing phase (at PKF) was observed in the KPPL compared to the HDL in both

analyses.

195



Table 24: VJ frontal plane SCI for HDL (n= 31) and KPPL (n=21)

Joint | *Limb Altered movement pattern NS @ SETCEMIERS Of
participants participants
Increased abduction ROM throughout cycle 5 16%
Increased adduction ROM throughout cycle 3 9%
Decreased adduction ROM throughout cycle 1 3%
Increased abduction ROM during take-off 2 6%
HDL Increased adduction ROM during landing 5 16%
Increased abduction ROM during landing 1 3%
_ Increased peak abduction at end of landing 5 16%
Hip Decreased peak abduction at end of landing 1 3%
Increased abduction ROM throughout cycle 7 33%
Decreased abduction ROM throughout cycle 4 19%
KPPL Increased adduction ROM during landing 1 4%
Increased peak adduction at end of landing 2 9%
Decreased peak adduction at end of landing 2 9%
Increased abduction ROM throughout cycle 1 3%
Increased peak adduction at maximum squat 3 9%
HDL Increased adduction ROM during landing 2 6%
Decreased peak abduction at end of landing 3 9%
Knee Decreased peak adduction at end of landing 1 3%
Increased adduction ROM throughout cycle 1 4%
KPPL Increased adduction ROM during landing 4 19%
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Decreased peak abduction at end of landing 7 33%
Decreased peak adduction at end of landing 4 19%
Increased adduction ROM throughout cycle 1 3%
Decreased adduction ROM throughout cycle 1 3%
Increased adduction ROM during take-off 13 41%
Decreased adduction ROM during take-off 5 16%
HDL Increased adduction ROM during take-off to mid-landing 9 29%
Increased abduction ROM during landing 8 25%
Increased peak abduction at end of landing 15 48%
Increased peak adduction at end of landing 3 9%
Ankle
Increased adduction ROM throughout cycle 3 14%
Decreased adduction ROM throughout cycle 2 9%
Increased adduction ROM during take-off 5 23%
Increased abduction during landing 3 14%
KPPL Increased peak adduction at end of landing 4 19%
Decreased peak adduction at end of landing 1 4%
Increased peak abduction at end of landing 1 4%
Decreased peak abduction at end of landing 3 14%

*In the limb section, HDL was compared to the HNDL and the KPPL was compared to the KPNPL for each
joint, each task and each plane of movement.
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Table 25: Summary statistics for vertical jump frontal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups

_ group (p< 0.05) (p< 0.05) (p< 0.017)
. Time . .
Joint : Sig- Sig-
point KPPL KPNP HDL HNDL NPPL vs KPNPL vs
Mean + SD Mean + SD Mean = SD Mean = SD HDL HDL
VJ
PKF (°) 5.83 +5.68 3.71 +£5.66 0.194 2.42 +6.14 1.82 +5.87 0.814 0.048 0.445
Hip
ROM () 8.07 + 3.44 6.91+2.74 0.088 8.20+ 4.3 7.95+ 4.29 0.806 0.905 0.234
PKF (°) -2.40+5.70 -1.39+5.16 0.280 1.47 £5.25 3.62 + 5.47 *0.013 *0.015 0.058
Knee
ROM () 9.65+3.71 9.32 + 3.03 0.698 8.79+4.44 9.85 +5.08 0.342 0.470 0.637
" PKF (°) -0.45 + 4.58 0.36 + 6.45 0.608 0.97 + 6.43 -2.1 £6.09 *0.004 0.388 0.737
Ankle
ROM () 23.21 £9.16 21.65+7.75 0.500 26.6 £ 8.76 21.77 £ 7.41 *0.007 0.184 0.041

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; PKF: joint
angle at peak knee flexion; ROM: range of motion during the whole cycle; VJ: vertical jump; * statistically significant findings (p< 0.05 for within-
group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive values indicate flexion, abduction or dorsiflexion, whereas

negative values (-) indicate extension, adduction or plantarflexion.
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4.4.11 Stair ascent sagittal plane results

SA waveform graphs (see Appendix K) show that the movement cycle begins when
the foot touches the higher step (HS). This is followed by the mid-stance and
terminal/late stance phase when the foot pushes off the ground to lift the body to the
following stride. Subsequently, the swing phase begins at 64% of the movement
cycle. Early swing marks the start of the swing leg's movement; mid-swing is when
the leg swings past the body to contact the next step; and late swing is when the leg
approaches the next step to prepare for another round of initial contact. PKF typically
occurs in the mid-to-late stance phase; the knee flexes to allow the body to clear

the step and maintain stability.

In Table 26, movement is arranged according to its sequence in the movement
cycle, starting with movement throughout the cycle, then the stance phase (and

subphases) and, finally, the swing phase (and subphases).

4.4.11.1 SA sagittal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

In the SCI of the kinematic data, 24 movement alterations were identified in the
KPPL compared to the KPNPL and 21 in the HDL compared to the HNDL in the
sagittal plane of movement among the three joints. All between-limb alterations are
presented in Table 26.

At the hip joint, both the healthy group (HDL versus HNDL) and the CKP group
(KPPL versus KPNPL) used either increased or decreased flexion at different
phases of the movement cycle. There was no prevalent alteration strategy. At the
knee joint, participants in the CKP group (KPPL vs KPNPL) used a combination of
increased and decreased flexion at the knee during the stance and swing phases. A
similar pattern was identified in the healthy group between the HDL and HNDL. At
the ankle joint, both groups demonstrated increased and decreased dorsiflexion and

plantarflexion. No prevalent alteration identified.
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The results for within-subject SQA between the KPPL compared to the KPNPL and
the HDL compared to the HNDL indicated no significant findings in any of the
outcome variables at the hip, knee or ankle joints (p> 0.05) in the SA sagittal plane of

movement (Table 27).

4.4.11.2 SA sagittal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at HS

None of the joints presented statistically significant results between groups at HS in

the sagittal plane of movement (p> 0.017).

Joint angle at PKF

None of the joints presented statistically significant results between groups at PKF in

the sagittal plane of movement (p> 0.017).

ROM during the whole cycle

The hip joint demonstrated a statistically significant reduction in hip flexion ROM
during the entire cycle which existed between both limbs in the CKP group and the
HDL in the healthy group (p= 0.010, mean = SD 50.87 + 5.09 KPPL vs 54.36 + 4.12
HDL, d=0.774; p< 0.000, mean + SD 48.71 £ 5.41 KPNPL vs 54.36 £ 4.12 HDL, d=
1.214, respectively).

In summary, the sagittal plane finding of decreased hip flexion ROM during the
whole cycle was the only finding identified in the SCI and SQA and was found in the
CKP group (both limbs) compared to the healthy group. The SCI demonstrated
various altered movement patterns between the limbs of both groups which were
primarily identified in the knee joint of the CKP group and in the ankle joint of the

healthy group.
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Table 26: SA sagittal plane SCI for HDL (n= 31) and KPPL (n= 20)

Joint *Limb Altered movement pattern p’::{;?;;r?tfs Ps;(r:t?gitsgr?tgf

Increased flexion ROM throughout cycle 1 3%

Decreased flexion ROM throughout cycle 1 3%

Increased peak flexion at early stance 3 9%

HDL Decreased peak flexion at early stance 5 16%

Increased peak extension at mid-swing 5 16%

Decreased flexion ROM from mid-stance to mid-swing 1 3%

Hip

Increased flexion ROM throughout cycle 1 5%

Increased flexion ROM during stance phase 3 15%

Decreased flexion ROM during early stance 4 20%

Increased peak flexion at early stance 2 10%

KPPL Decreased peak flexion at early stance 1 5%

Early peak flexion at early stance 1 5%

Decreased flexion ROM during swing 3 15%

Increased peak extension at mid-swing 2 10%

Decreased flexion ROM throughout cycle 3 9%

Increased flexion ROM during stance phase 3 9%

Decreased flexion ROM during stance phase 5 16%

Knee HDL Decreased extension ROM at late stance 1 3%
Decreased flexion ROM during swing phase 1 3%

Increased peak extension at mid-swing 4 12%
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Increased flexion ROM throughout cycle 1 5%
Increased flexion ROM during stance phase 1 5%
Decreased flexion ROM during stance phase 6 30%

Early peak flexion at late stance 1 5%

KPPL Increased flexion ROM from mid-stance to mid-swing 1 5%
Increased flexion ROM during early swing 2 10%

Increased peak extension at early swing 2 10%

Early peak extension at early swing 2 10%
Decreased flexion ROM at mid-swing 4 20%
Increased flexion ROM at late swing phase 1 5%
Decreased dorsiflexion ROM throughout cycle 1 3%
Increased dorsiflexion ROM during early stance 9 29%
Increased plantarflexion ROM at early stance 2 6%
Decreased dorsiflexion ROM during mid-stance 1 3%

HDL Decreased dorsiflexion ROM at late stance 2 6%
Increased peak plantarflexion at push-off (late stance) 8 25%
Decreased peak plantarflexion at push-off (late stance) 10 32%

Early peak plantarflexion at push-off 2 6%

Ankle Increased dorsiflexion ROM at late swing 2 6%
Increased dorsiflexion ROM during stance 3 15%
Decreased dorsiflexion ROM during stance 3 15%

Increased dorsiflexion ROM at early stance 1 5%

KPPL Increased peak plantarflexion at push-off (late stance) 6 30%
Decreased peak plantarflexion at push-off (late stance) 10 50%

Increased dorsiflexion ROM at late swing phase 1 5%
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* In the limb section, HDL was compared to the HNDL and the KPPL was compared to the KPNPL for each
joint, each task and each plane of movement.
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Table 27: Summary statistics for stair ascent sagittal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups Sig

Time group (p< 0.05) (p< 0.05) (p<0.017)
Joint point KPPL KPNPL Sig- HDL HNDL 519" 1 kPPLvs | KPNPL vs
Mean + SD Mean + SD Mean + SD Mean + SD HDL HDL
SA
HS () 40.55+7.18 40.43 +8.22 0.918 37.96 +5.84 37.81+548 0.853 0.166 0.217
Hip PKF () 43.34 +7.12 43.04 +7.42 0.759 40.910 £ 5.43 41.65+5.69 0.382 0.190 0.263
ROM (°) 50.87 +5.09 48.71 £ 5.41 0.082 54.36 +4.12 53.510+4.710 0.102 *0.010 *0.000
HS (°) 82.43 +8.29 82.75 + 8.76 0.851 81.49 + 6.38 82.76 +6.72 0.138 0.651 0.554
Knee PKF (°) 85.95+8.34 87.59 + 8.30 0.270 86.53 +6.12 86.97 + 6.38 0.608 0.773 0.603
ROM (°) 76.310 £+ 8.92 | 76.75 + 8.410 0.843 77.64 + 563 77.40 +7.07 0.788 0.581 0.682
HS (°) 6.510 £+ 5.85 4.39+592 0.060 2.14 +7.93 0.23 +6.65 0.052 0.235 0.524
Ankle PKF () 7.08 £ 6.31 5.66 +6.70 0.212 3.49 + 8.21 2.13+6.88 0.170 0.235 0.721
ROM (°) 38.14 +9.77 41.23 + 10.06 0.126 41.79 £ 9.63 4211 +9.24 0.846 0.195 0.844

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; HS: joint angle
at heel-strike; PKF: joint angle at peak knee flexion; ROM: range of motion during the whole cycle; SA: stair ascent; * statistically significant findings
(p< 0.05 for within-group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive values indicate flexion, abduction or
dorsiflexion, whereas negative values (-) indicate extension, adduction or plantarflexion.
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4.4.12 Stair ascent frontal plane results

In Table 28, movement is arranged according to its sequence in the movement
cycle, starting with movement throughout the cycle, then the stance phase and,

finally, the swing phase.

4.4.12.1 SA frontal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

For the frontal plane SCI, there were 23 movement alterations in the KPPL
compared to the KPNPL, and 24 in the HDL compared to the HNDL among the three

joints for both groups. All between-limb alterations are displayed in Table 28.

At the hip joint, in both groups there is an overall prevalence of increased abduction
ROM throughout the cycle and during stance but some evidence that certain people
use less abduction. At the knee joint, both the healthy group (HDL versus HNDL)
and the CKP group (KPPL versus KPNPL) exhibit increased abduction and
adduction ROM throughout the cycle and specific alterations during the stance
phase. Among the three joints, the ankle joint presented the most movement
alterations in both groups. A trend towards altered ankle adduction ROM throughout
the cycle and at different points during the stance phase was identified in both
groups. Increased ankle adduction ROM at the late swing was more frequently
identified in the KPPL compared to the KPNPL.

Regarding the SQA (Table 29), a statistically significant increase in ankle abduction
ROM was observed in the KPPL compared to the KPNPL limb within the CKP group
(p=0.038, mean + SD=22.73 + 5.65 KPPL vs 19.54 + 3.82 KPNPL, d= 0.499).
Notably, a similar trend was identified in the healthy group, with the HDL
demonstrating greater ankle abduction ROM compared to the HNDL (p= 0.000,
mean = SD=20.44 £ 4.96 HDL vs 16.76 =+ 4.56 HNDL, d= 0.751).

Statistically significant increases in hip abduction angles at both HS and PKF were

also observed in the healthy group in the HDL compared to the HNDL (p= 0.046,
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mean = SD=7.31 £ 4.21 HDL vs 4.91 + 5.09 HNDL, d= 0.374; and p= 0.030, mean +
SD=7.32 + 4.39 HDL vs 4.40 £ 5.81 HNDL, d= 0.409, respectively).

4.4.12.2 SA frontal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at HS

No statistically significant differences were found between groups for the hip and
knee joints. However, a notable decrease in the ankle adduction angle in the KPPL
in the CKP group compared to the HDL in the healthy group was identified (p= 0.010,
mean = SD=-5.68 + 5.19 KPPL vs -10.27 + 6.43 HDL, d=0.768).

Joint angle at PKF

No statistically significant differences were observed between groups for the hip and
knee joint angles at PKF (p> 0.017). However, the ankle joint demonstrated a
statistically significantly decreased ankle adduction angle in the KPPL compared to
the HDL (p=0.012, mean + SD=-5.83 + 5.49 KPPL vs -10.58 + 6.81 HDL, d= 0.361).

ROM during the whole cycle

There was no statistically significant difference found between groups at any of the
lower limb joints’ ROM (p> 0.017).

In summary, the frontal plane SCI indicated that most within-subject variations were
identified at the ankle joint with more details regarding where these variations existed
among the entire movement cycle but this was also confirmed in the within-subjects
and between-group SQA because the most significant findings were identified at the
ankle joint. Altered (increased or decreased) ankle adduction angles were identified
between the limbs of both groups in both the SCI and the SQA. This finding presents
statistically significant results at HS and at PKF (during the stance phase) between
groups.
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Table 28: SA frontal plane SCI for HDL (n= 31) and KPPL (n= 20)

*Limb

Joint Altered movement pattern pl\ilrjtrir::ki)pegr?tfs Ps;ft?sitsgr?tgf
Increased abduction ROM throughout cycle 7 22%
Decreased abduction ROM throughout cycle 3 9%
Increased adduction ROM throughout cycle 1 3%
HDL Increased abduction ROM during stance phase 7 22%
Increased adduction ROM during early stance 2 6%
Decreased peak adduction at mid-stance 1 3%
Hip Decreased abduction ROM from late stance to late swing 1 3%
Increased abduction ROM throughout cycle 3 15%
Increased adduction ROM throughout cycle 5 25%
Increased abduction ROM during stance phase 3 15%
KPPL Decreased abduction ROM during stance phase 4 20%
Increased abduction ROM at late swing 1 5%
Decreased abduction ROM at mid-stance and mid-swing 1 5%
Increased abduction ROM throughout cycle 1 3%
Increased adduction ROM during stance phase 7 22%
Decreased adduction ROM at early stance 3 9%
HDL Increased peak adduction at mid-stance 2 6%
Knee Decreased peak adduction at mid-stance 1 3%
Increased adduction ROM during late swing 3 9%
Increased abduction ROM throughout cycle 1 5%
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Increased adduction ROM at early stance 7 35%
Decreased peak adduction at mid-stance 3 15%

KPPL | Increased adduction ROM from early to mid-stance 1 5%
Increased abduction at late swing 1 5%
Increased adduction at late swing 1 5%
Increased adduction ROM throughout cycle 6 19%
Decreased adduction ROM throughout cycle 4 12%
Increased abduction during stance phase 1 3%
Increased adduction at early stance 5 16%
Increased abduction ROM from mid-to-late stance 1 3%

HDL Increased peak adduction at mid-stance 8 25%
Decreased peak adduction at mid-stance 12 38%

Early peak adduction at mid-stance 2 6%
Increased adduction ROM during late swing 1 3%
Increased abduction ROM during late swing 1 3%

Ankle Decreased adduction ROM at late swing 3 9%
Increased adduction ROM throughout cycle 1 5%
Decreased adduction ROM throughout cycle 4 20%
Decreased adduction ROM during stance phase 5 25%
Increased peak adduction at mid-stance 4 20%

KPPL | Early peak adduction at early stance 1 5%
Later peak adduction at late stance 1 5%
Increased adduction ROM from mid-stance to early swing 2 10%
Increased abduction from mid-stance to mid-swing 1 5%
Increased adduction ROM during late swing 7 35%
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Decreased adduction ROM during late swing 4 20%

Increased adduction ROM during swing phase 1 5%

*In the limb section, HDL was compared to the HNDL and the KPPL was compared to the KPNPL for each
joint, each task and each plane of movement.
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Table 29: Summary statistics for stair ascent frontal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups

. group (p< 0.05) (p< 0.05) (p< 0.017)
Joint UG Sig- Sig-

point KPPL KPNPL HDL HNDL NPPL vs KPNPL vs

Mean £ SD Mean + SD Mean + SD Mean + SD HDL HDL

SA

HS (°) 6.22 + 4.62 6.32 +5.27 0.931 7.31+4.21 491 +5.09 *0.046 0.390 0.463

Hip PKF (°) 5.75+5.49 5.83 +5.11 1.000 7.32+4.39 440 + 5.81 *0.030 0.650 0.272

ROM (°) 10.90+3.29 | 11.01 £ 3.910 0.841 1041+ 3.52 | 11.14 + 3.65 0.360 0.537 0.643

HS () -3.11+5.04 -2.33+5.31 0.517 -1.43 +6.48 0.65 +6.57 0.078 0.333 0.605

Knee PKF () -3.44 +5.30 -2.03+5.20 0.188 -1.18 £6.79 0.10 +6.88 0.239 0.214 0.638

ROM (°) 12.38 + 5.24 12.99 + 4.56 0.652 13.31+5.92 | 12.28 + 4.41 0.313 0.728 0.908

HS (°) -5.68 +5.19 -6.65 +4.84 0.577 -10.27 £6.43 | -9.18 + 5.03 0.390 *0.010 0.036

Ankle PKF (°) -5.83+5.49 -6.67 £5.40 0.629 -10.58 +6.81 | -9.56 + 4.61 0.394 *0.012 0.035

ROM (°) 22.73+5.65 19.54 + 3.82 *0.038 2044 +496 | 16.76 + 4.56 *0.000 0.133 0.496

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; HS: joint
angle at heel-strike; PKF: joint angle at peak knee flexion; ROM: range of motion during the whole cycle; SA: stair ascent; * statistically
significant findings (p< 0.05 for within-group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive values indicate
flexion, abduction or dorsiflexion, whereas negative values (-) indicate extension, adduction or plantarflexion.
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4.4.13 Stair descent sagittal plane results

According to the SD waveform graphs (see Appendix K), the movement cycle begins
with the early stance phase when the foot initially makes contact with the lower step
(HS). Next is the mid-stance when the descending limb supports the body. In the
late/terminal stance, the descending leg pushes off the step, starting the descent to
the following step. After stance, the swing leg’s knee flexes to clear the step in the
early swing phase. Mid-swing, the leg swings past the body to prepare for the next
cycle phase. In the late swing phase, the swing leg approaches the next step and the
knee extends to prepare for the next initial contact with the lower step. PKF occurs

during the stance phase (early to mid-stance).

In Table 30, movement is arranged according to its sequence in the movement
cycle, starting with the movement during the whole cycle, then the stance phase and,

finally, the swing phase.

4.4.13.1 SD sagittal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

According to the SCI of the kinematic data, 20 movement alterations were identified
in the KPPL compared to the KPNPL and 18 in the HDL compared to the HNDL
among the three joints in the sagittal plane of movement. All between-limb
alterations are presented in Table 30.

At the hip joint, the CKP group demonstrated altered (increased or decreased) hip
flexion ROM throughout the cycle in the KPPL compared to the KPNPL, particularly
during the stance phase. In the healthy group, decreased peak flexion at early swing
was the most commonly identified alteration in the HDL compared to the HNDL. In
the knee joint, both groups demonstrated altered flexion ROM during the stance
phase in the KPPL compared to the KPNPL and in the HDL compared to the HNDL,
with notable changes in peak flexion at different points during the stance phase.
Reduced knee flexion ROM during the swing phase was also prevalent in both

groups. With regards to ankle joint alterations, the CKP group demonstrated
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decreased peak plantarflexion during the swing phase of SD but this finding was
more variable in the healthy group, with most participants demonstrating decreased
peak plantarflexion, whereas others presented increased peak plantarflexion in the
HDL compared to the HNDL. The CKP group also presented altered (increased or
decreased) dorsiflexion ROM during the stance phase in the KPPL compared to the
KPNPL.

The results of within-subject SQA between the KPPL compared to the KPNPL and
the HDL compared to the HNDL demonstrated no significant findings in any of the

outcome variables at the hip, knee or ankle joints (p> 0.05) in the SD sagittal plane
of movement (Table 31).

4.4.13.2 SD sagittal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at HS

A statistically significant increase in hip flexion angles in both limbs of the CKP group
compared to the HDL in the healthy group was observed (p= 0.004, mean + SD=
13.91 +6.76 KPPL vs 8.84 + 5.29 HDL, d= 0.859; and p= 0.002, 14.46 + 6.62
KPNPL vs 8.84 + 5.29 HDL, d= 0.963).

Joint angle at PKF

No statistically significant differences were observed between groups in either the
knee or ankle joint (p> 0.017). However, a significant finding was noted at the hip
joint, indicating a greater hip flexion angle at PKF in the KPNPL compared to the
HDL (p= 0.002, mean + SD= 32.47 £ 6.11 KPNPL vs 27.48 + 4.68 HDL, d= 0.263).

ROM during the whole cycle

A statistically significant increase in knee flexion ROM throughout the whole cycle
was identified in the KPPL compared to the HDL (p= 0.016, 73.78 £ 10.11 KPPL vs
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71.05 £4.95 HDL, d= 0.342). No statistically significant difference between the
groups was identified at the hip or ankle joints (p> 0.017).

In summary, in the SD analysis of the sagittal plane, increased hip flexion was
identified between groups in both the SCI and SQA. Most of the alterations identified
by the SCI were evident during the stance phase of SD, with fewer alterations
occurring in the ROM throughout the whole cycle. However, the SQA only presented
a significant increase in flexion ROM between groups at the knee joint and this

finding was not clinically significant.
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Table 30: SD sagittal plane SCI for HDL (n= 31) and KPPL (n=20)

Joint | *Limb Altered movement pattern MURIBEr @fF ) PEMEEIEEE &
participants participants

Decreased flexion ROM throughout cycle 1 3%

Increased flexion ROM during stance 2 6%

Increased extension ROM during stance 1 3%

HDL Decreased flexion ROM during swing 2 6%
Decreased peak flexion at early swing 7 22%

Late peak flexion at mid-swing 2 6%

Hip

Increased flexion ROM throughout cycle 1 5%

Decreased flexion ROM throughout cycle 2 10%

Increased flexion ROM during stance phase 5 25%

Decreased flexion ROM during stance phase 4 20%

KPPL Decreased flexion ROM at mid-stance 3 15%
Increased flexion ROM during late stance phase 2 10%

Increased flexion from early to mid-stance 2 10%

Decreased flexion ROM during swing phase 2 10%

Decreased flexion ROM during stance 8 25%

Increased peak flexion at late stance 8 25%

Decreased peak flexion at late stance 4 12%

Knee HDL Early peak flexion at late stance 5 16%
Late peak flexion at late stance 4 12%

Decreased flexion ROM at late swing 9 29%

Increased flexion ROM during swing 3 9%
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Decreased flexion ROM during stance phase 6 30%
Increased peak flexion from mid-to-late stance 6 30%
Early peak flexion at mid-stance 6 30%
KPPL Late peak flexion at late stance 3 15%
Decreased peak flexion at late stance 4 20%
Decreased flexion ROM during swing 4 20%
Increased dorsiflexion from early to mid-stance 2 6%
Decreased plantarflexion ROM from mid-stance to mid-swing 3 9%
HDL Increased peak plantarflexion at mid-swing 6 19%
Decreased peak plantarflexion at mid-swing 11 35%
Early peak plantarflexion at mid-swing 4 12%
Ankle
Decreased plantarflexion ROM throughout cycle 2 10%
Increased dorsiflexion ROM during stance 4 20%
Decreased dorsiflexion ROM during stance 5 25%
KPPL Increased plantarflexion ROM during early and mid-stance phase 1 5%
Decreased peak plantarflexion at mid-swing 5 25%
Early peak plantarflexion at mid-swing 1 5%

*In the limb section, HDL was compared to the HNDL and the KPPL was compared to the KPNPL for each joint,
each task and each plane of movement.
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Table 31: Summary statistics for stair descent sagittal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups

T group (p< 0.05) (p< 0.05) (p< 0.017)
Joint . Sig- Sig-
point KPPL PNPL HDL HNDL KPPL vs | KPNPL vs
Mean = SD Mean = SD Mean = SD Mean = SD HDL HDL
SD
HS (°) 13.91 £ 6.76 14.46 + 6.62 0.611 8.84 +5.29 8.82 +6.03 0.980 *0.004 *0.002
Hip PKF (°) 31.82 +6.89 3247 +6.11 0.513 2748+ 468 | 27.85+5.11 | 0.519 0.019 *0.002
ROM (°) | 28.04+6.88 | 28.94 +4.46 0.490 26.75+2.89 | 26.93+3.75 | 0.764 0.847 0.038
HS (°) 20.34+9.29 | 22.45+10.42 | 0.208 22.1+7.17 23.4 +7.54 0.092 0.449 0.889
Knee PKF (-) |80.59+11.47| 80.85+9.16 0.940 81.38+6.66 | 81.01+7.09 | 0.600 0.985 0.811
ROM (¢) | 73.78 £10.11 | 72.57 +7.47 0.173 71.05+4.95 | 69.99+4.85 | 0.076 *0.016 0.302
HS (°) 8.87 +5.38 10.92 £ 7.08 0.225 10.99+4.66 | 11.28+4.81 | 0.645 0.210 0.960
Ankle PKF (°) -5.83 £ 9.62 -6.65 + 8.74 0.503 -9.23+10.44 | -9.83+9.73 | 0.606 0.247 0.364
ROM (¢) |51.35+10.27 | 51.72 +9.63 0.863 57.64 £ 9.85 58.6 £9.9 0.307 0.033 0.039

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; HS:
joint angle at heel-strike; PKF: joint angle at peak knee flexion; ROM: range of motion during the whole cycle; SD: stair descent; *
statistically significant findings (p< 0.05 for within-group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive
values indicate flexion, abduction or dorsiflexion, whereas negative values (-) indicate extension, adduction or plantarflexion.
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4.4.14 Stair descent frontal plane results

In Table 32, movement is arranged according to its sequence in the movement
cycle, starting with the movement during the whole cycle, then the stance phase and,

finally, the swing phase.

4.4.14.1 SD frontal plane within-subject (KPPL vs KPNPL and HDL vs HNDL)

kinematic results

According to the SCI of kinematic data, 16 movement alterations were identified in
the KPPL compared to the KPNPL, and 16 in the HDL compared to the HNDL in
stair descent frontal plane of movement across the hip, knee and ankle joints. All
between limb alterations are presented in Table 32.

Regarding the hip joint, both groups present similarities in increased abduction and
adduction ROM throughout the cycle, as identified in the KPPL compared to the
KPNPL and in the HDL compared to the HNDL. However, increased hip adduction
ROM during early and mid-stance and a later peak abduction during the late stance
phase were also identified in the CKP group (KPPL versus KPNPL). These findings
suggest potential alterations in hip joint movement patterns during stair descent
among individuals with CKP. Regarding the knee joint, the CKP group displayed an
increase in knee adduction during the late stance phase which was the most
identified alteration in the KPPL compared to the KPNPL. The healthy group
demonstrated altered knee adduction ROM throughout the movement cycle and
during stance in the HDL compared to the HNDL. At the ankle joint, both groups
(KPPL versus KPNPL and HDL versus HNDL) demonstrated altered (decreased or
increased) peak ankle adduction during the swing phase but the CKP group also
demonstrated later peak adduction during the swing phase of SD. Other alterations
found in both groups were altered abduction/adduction ROM during the stance

and/or swing phases.

With regards to the SQA (Table 33), both groups exhibited a significant increase in
hip abduction ROM during the entire cycle in the KPPL compared to the KPNPL of
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the CKP group (p= 0.036, mean + SD=15.05 + 4.47 KPPL vs 13.72 + 3.97 KPNPL,
d=0.46) and in the HDL compared to the HNDL of the healthy group (p= 0.024, mean
+ SD=15.15 £ 2.90 HDL vs 14.18 + 3.78 HNDL, d= 0.428). Additionally, a significant
increase in ankle abduction ROM during the entire cycle was identified in the HDL
compared to the HNDL (p= 0.001, mean + SD=22.17 + 5.23 HDL vs 18.52 + 5.32
HNDL, d= 0.643).

4.4.14.2 SD frontal plane between-group (KPPL vs HDL and KPNPL vs HDL)

kinematic results

Joint angle at HS

There were no statistically significant findings between groups at the hip, knee or

ankle joint angles at HS in the frontal plane of movement (p> 0.017).

Joint angle at PKF

There were no statistically significant findings between groups at the hip, knee or
ankle joint angles at PKF in the frontal plane of movement (p> 0.017).

ROM during the whole cycle

There were no statistically significant differences in the ROM between the groups at
the hip, knee or ankle joints during the entire cycle (p> 0.017).

In summary, the frontal plane SCI of SD presented altered hip and ankle abduction
ROM between-limbs in both groups. This finding presented a statistically significant
result during the whole movement cycle between limbs in the SQA but the SCI
demonstrated more details regarding the timing of these alterations during the
movement cycle. A few alterations were also identified in the knee joint but these

were only evident in the SCI.
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Table 32: SD frontal plane SCI for HDL (n=31) and KPPL (n= 20)

Joint | *Limb Altered movement pattern MU 267 @) FRCENIERE O
participants participants

Increased abduction ROM throughout cycle 3 9%

Increased adduction ROM throughout cycle 7 22%

Decreased peak abduction at mid-stance 3 9%

HDL Increased abduction ROM from mid-stance to mid-swing 4 12%
Decreased abduction ROM from mid-stance to mid-swing 1 3%

Increased abduction ROM during swing phase 1 3%

Hip

Increased abduction ROM throughout cycle 4 20%

Increased adduction ROM throughout cycle 4 20%

KPPL | Increased adduction ROM during early and mid-stance phase 4 20%
Decreased peak abduction at mid-stance 2 10%

Late peak abduction at late stance 2 10%

Increased adduction ROM throughout cycle 4 12%

Increased adduction ROM during stance 5 16%

HDL Decreased peak abduction at mid-stance 3 9%

Early peak adduction at mid-stance 3 9%

Decreased adduction ROM throughout cycle 1 5%

Knee Decreased abduction ROM throughout cycle 1 5%
KPPL | Increased adduction ROM during late stance phase 5 25%
Increased peak abduction at mid-stance 2 10%

Increased abduction ROM during swing 1 5%
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Increased adduction ROM throughout cycle 4 12%
Decreased adduction ROM during stance phase 4 12%
Increased abduction ROM from early to mid-stance 5 16%
HDL Increased adduction ROM from mid- stance to mid-swing 5 16%
Increased peak adduction at mid-swing 9 29%
Decreased peak adduction at mid-swing 6 19%
Ankle
Increased abduction ROM throughout cycle 1 5%
Increased adduction ROM throughout cycle 3 15%
Decreased abduction ROM during stance phase 3 15%
KPPL Increased adduction ROM during late stance and swing phase 4 20%
Late and increased peak adduction at late swing 10 50%
Late and decreased peak adduction at late swing 5 25%

* In the limb section, HDL was compared to the HNDL and the KPPL was compared to the KPNPL for each joint,
each task and each plane of movement.
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Table 33: Summary statistics for stair descent frontal plane within and between group comparisons

Within chronic knee pain

Within healthy group

Between-groups (p<

) group (p< 0.05) (p< 0.05) 0.017)
. Time . .
Joint int Sig- Sig-

poin KPPL KPNPL HDL HNDL NPPL vs KPNPL vs

Mean + SD Mean + SD Mean + SD Mean + SD HDL HDL

D

HS (°) -2.89+5.49 -1.56 +4.34 0.359 -296+4.24 | -2.38+3.14 0.500 0.957 0.258

Hip PKF (°) 7.84 + 3.53 8.17 £ 5.22 0.789 9.18+3.13 8.66 +4.78 0.582 0.160 0.440

ROM (¢) | 15.05+4.47 13.72 + 3.97 | *0.036 1515+29 |[14.18+3.78 | *0.024 0.452 0.145

HS (°) -0.65+1.6 -0.38+0.97 | 0.313 -0.52 +1.89 0.12+1.8 0.061 0.772 0.847

Knee PKF (°) -1.01 +5.14 0.83 +5.21 0.180 2.13+6.65 3.41+5.62 0.213 0.080 0.465

ROM (°) 962+274 10.68 + 3.31 0.322 10.45+4.37 | 10.39 +4.03 0.869 0.499 0.487

HS (°) 6.10+4.77 6.43+4.76 0.809 3.75+7.03 1.91 +5.62 0.127 0.196 0.141

Ankle PKF (°) -2.16 +5.82 0.37 £5.99 0.122 -4.32+842 | -4.39+6.04 0.955 0.320 0.036

ROM (°) | 22.21+£5.49 | 20.71+6.36 | 0.473 2217 +5.23 | 18.52+5.32 | *0.001 0.981 0.376

KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant limb; HNDL: healthy non-dominant limb; HS:
angle at heel-strike; PKF: angle at peak knee flexion; ROM: range of motion during the whole cycle; SD: stair descent; * statistically
significant findings (p< 0.05 for within-group and p< 0.017 for between-group); (°): measurement unit in degrees. Positive values indicate
flexion, abduction or dorsiflexion, whereas negative values (-) indicate extension, adduction or plantarflexion.
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4.5 Section summary

To summarise, a variety of altered movement patterns were identified in the within
and between groups in the sagittal and frontal planes of movement during the
execution of various functional tasks using the SCI and SQA of kinematic data. Table

34 presents a summary of the findings from both the SCI and SQA.

During gait, the sagittal plane analysis revealed ankle-related alterations in both the
CKP and healthy groups. The CKP participants exhibited reduced knee flexion
during stance alongside limited ankle plantarflexion during swing. Many individual
variations were emphasised in the CKP group. In the frontal plane, diverse
movement alterations were evident among the CKP and the healthy participants,
with no significant differences found among the CKP or between the CKP and the
healthy participants. The averaged data indicated a significant decrease in knee
adduction angle at HS between the painful limb of CKP and the HDL of the healthy
group. There was evidence of increased hip abduction between-limbs in the healthy

group.

During DLS, neither group demonstrated a consistent pattern of increased or
decreased hip, knee or ankle flexion in sagittal plane movements. The averaged
data did not reveal any significant group or limb variations and this is likely to be due
to diverse kinematic patterns between limbs. In the frontal plane, the participants
showed an increased knee adduction angle (dynamic knee valgus) at maximum
squat, a recurrent alteration in the CKP group. However, at an individual level there
was a prevalence of more alterations in knee abduction/adduction ROM throughout

the movement cycle and at maximum squat.

During SLS, lower knee flexion angles and reduced knee flexion ROM across the
cycle were identified between the CKP and healthy groups, with further variations on
an individual level between limbs with the CKP group exhibiting a trend towards
decreased flexion ROM among the three joints. In the frontal plane there was a trend
for the HDL and KPPL to demonstrate decreased hip adduction and increased knee
adduction compared to their respective limbs. No dominant trend was observed at
the ankle. In the CKP group, the hip joint of the KPNPL exhibited a statistically
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significant increase in adduction at PKF, while the ankle joint showed a statistically
significant decrease in abduction throughout the SLS.

During VJ, sagittal plane analysis revealed reduced knee flexion ROM during take-
off in the CKP group, identified only at the individual level. Minimal sagittal plane
differences were observed in the hip joints between limbs, indicating symmetrical
patterns in both groups. SQA averaged data revealed significant alterations at PKF
and in ROM throughout the cycle between the CKP and healthy groups, with a small
clinically relevant decrease in hip flexion during healthy group landing. Individual-
level analysis using SCI revealed detailed waveform alterations not captured by
SQA, including joint angles and ROM during take-off and/or landing. In the frontal
plane, the SCI of individuals demonstrated greater consistency in the CKP group
compared to the healthy group, especially at the knee and ankle joints, as
corroborated by SQA. More alterations at the knee and ankle were identified
between the limbs of the healthy group, although these were clinically insignificant.
Between the two groups, increased knee adduction at the end of the landing phase

(at PKF) was found in the KPPL compared to the HDL in both analyses.

During SA, decreased hip flexion ROM during the entire cycle was identified in the
CKP group (both limbs) compared to the healthy group which was identified between
both groups at the individual level and when averaging the data. Individuals
presented various altered movement patterns between limbs, primarily at the knee
joint in the CKP group and at the ankle joint in the healthy group. In the frontal plane,
altered ankle adduction ROM was identified between limbs in both groups but the
averaged data presented statistically significant between-group results at HS and
PKF.

During SD, increased hip flexion was identified between groups. Individuals in both
groups revealed several alterations during the stance phase of SD across the hip,
knee and ankle joints, although these findings did not yield statistically significant
results. Minimal alterations were found in the ROM throughout the cycle among
individuals, as confirmed by the averaged data. In the frontal plane, altered hip and
ankle abduction ROM were identified between limbs in both groups. Individually,

additional insights into the timing of these alterations during the movement cycle
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were identified. Few alterations were identified in the knee joint among the CKP and
healthy individuals.
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Table 34: Summary of the results of the standard quantitative analysis and structured clinical interpretation of kinematic data in the
sagittal and frontal planes

Sagittal plane findings

Frontal plane findings

SQA of kinematic data

SCI of kinematic data
(between limbs within

SQA of kinematic data

SCI of kinematic data
(between limbs within

Within- Between- groups for CKP & Within- Between- groups for CKP &
subjects groups healthy) subjects groups healthy)

ROM None. Statistically Hip: No consistency in Statistically None. Hip: Increased hip
significant the nature of the significant abduction ROM at
decrease in identified alterations. increase in early-stance in the HDL
ankle ankle vs HNDL. Altered
dorsiflexion Knee: Reduced flexion abduction abduction and
between KPPL ROM during stance was ROM in the adduction ROM
vs HDL. mostly identified HDL vs HNDL. between limbs in both

At Statistically Statistically between limbs of CKP None. None. groups.
PKF significant significant group.
decrease in decrease in Knee: Altered peak
hip flexion ankle Most alterations adduction during swing
Gait angle between | plantarflexion occurred at the ankle for between limbs in both
HDL vs between KPPL both groups. Altered groups.
HNDL. vs HDL. plantarflexion ROM

At-HS | None Statistically during swing was Statistically Statistically Ankle: Altered
significant identified in both groups. | significant significant adduction ROM during
decreased knee increase in decrease in swing in both groups.
flexion between hip abduction knee adduction
KPPL vs HDL. in the HDL vs between KPPL

HNDL. & HDL.
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ROM None. None. No consistency of None. Hip: Increased hip
At- None. None. increased or decreased | gjgnificant Statistically abduction ROM
PKF hip and knee flexion and | jncrease in significant between limbs in both
ankle dorsiflexion knee increase in groups.
between limbs in both adduction knee adduction
groups. within CKP ROM between Knee: Increased
group. KPPL vs HDL. adduction ROM
Decreased between limbs in both
DLS .
knee groups and increased
abduction and peak adduction at
ankle maximum squat in the
adduction KPPL vs KPNPL.
between limbs
of the healthy Ankle: Altered
group. adduction ROM in both
groups.

ROM Statistically Statistically Hip and knee: None. Statistically Hip: Decreased hip
significant significant Decreased hip and significant adduction ROM
decrease in decrease in knee flexion angles at decrease in between limbs in both
ankle peak knee maximum squat between ankle groups.
dorsiflexion in flexion between limbs in the CKP group. abduction in the
the HDL vs KPPL vs HDL. KPNPL vs HDL. Knee: Increased
HNDL. Ankle: Altered ankle adduction between

SLS At- None. Statistically dorsiflexion ROM Statistically Statistically limbs in both groups.

PKF significant throughout the cycle significant significant

decrease in within the CKP group decrease in increase in hip | Ankle: No dominant
knee flexion in and increased hip adduction | adduction pattern of increased or
the CKP (both dorsiflexion at in the HDL & between KPNPL | decreased abduction
limbs) vs HDL. maximum squat HNDL. & HDL. ROM.

between limbs of healthy
group.
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ROM None. Statistically Hip, knee and ankle: Statistically None. Hip: Increased
significant there were no significant abduction ROM
decrease in hip | consistent patterns of increase in throughout the cycle
flexion between | increased or decreased ankle and during stance
both limbs in hip or knee flexion or abduction between limbs in both
CKP group vs ankle dorsiflexion ROM within groups.

HDL. between limbs in both both groups.
groups. Knee: Increased

At- None. None. Statistically Statistically abduction and

PKF significant significant adduction ROM
increase in decrease in throughout the cycle.

SA hip abduction ankle More alterations
between HDL adduction angle | identified during the
vs HNDL. between KPPL stance phase.

& HDL.

HS | None. None. Statistically Statistically Ankle: Altered
significant significant adduction ROM
increase in decrease in throughout the cycle
hip abduction | ankle and during stance
between HDL adduction angle | between limbs in both
vs HNDL. between KPPL groups. Increased ankle

& HDL. adduction ROM at late
swing in the CKP group.

ROM None. Statistically Hip: Altered hip flexion Statistically None. Hip: Increased
significant ROM throughout the significant abduction & adduction
increase in cycle and during stance increase in ROM between limbs in
knee ROM between limbs in the hip abduction both groups. Increased

sD between KPPL CKP group. Decreased between limbs adduction ROM during

and HDL. peak hip flexion at early | of both groups. early and mid-stance

swing between limbs of
the healthy group.

Statistically
significant
increase in

and later peak
abduction during late
stance within the CKP

group.

227




Knee: Altered flexion

ankle

ROM during stance and abduction in Knee: Increased
decreased knee flexion | the HDL vs adduction at late stance
ROM during swing HNDL. between limbs in the
At- None. Statistically between limbs of both None. None. CKP group.
PKF significant groups.
increase in hip Ankle: Altered peak
flexion between | Ankle: Decreased peak ankle adduction during
KPNPL and plantarflexion during swing in both groups.
HDL. swing and altered Late peak adduction
dorsiflexion during during swing between
stance between limbs in limbs of the CKP group.
the CKP group.
HS None. Statistically None. None.
significant
increase in hip
flexion angle
between CKP
group and HDL.

ROM Significant Statistically Hip: Very symmetrical Statistically None. Hip: No consistent
decrease in significant pattern between limbs in | significant pattern. Increased or
hip flexion increase in hip both groups. increase in decreased abduction
ROM in the flexion ROM in ankle and adduction ROM
HDL vs the KPPL vs Knee: Decreased knee abduction throughout the cycle
HNDL, HDL. flexion ROM during ROM in the and at the end of

take-off between limbs of | HDL vs HNDL. landing in both groups.
VJ
CKP.
At- Statistically Statistically Statistically Statistically Knee: Decreased

PKF | significant significant Ankle: Decreased significant significant abduction angle at end
decrease in increase in hip dorsiflexion during decrease in increase in of landing between-
hip flexion flexion angle landing between limbs of | knee knee adduction | limbs of the CKP group.
angle in HDL between CKP the CKP group. abduction in between KPPL
vs HNDL. group (KPPL, Decreased & HDL.
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KPNPL) vs plantarflexion ROM in the HDL vs Ankle: Altered
HDL. the CKP group. HNDL. adduction and
abduction ROM at the

Statistically end of landing and
significant during take-off
decrease in between-limbs of both
ankle groups.
adduction
angle in the
HDL vs HNDL.

DLS: double leg squat; SLS: single leg squat; VJ: vertical jump; SA: stair ascent; SD: stair descent; CKP: chronic knee pain group; ROM: range of motion;
PKF: joint angle at peak knee flexion; HS: joint angle at heel-strike; KPPL: knee pain painful limb; KPNPL: knee pain non-painful limb; HDL: healthy dominant
limb; HNDL.: healthy non-dominant limb; In within-subjects column, the KPPL was compared to the KPNPL and the HDL was compared to the HNDL. In the

between-groups column, both limbs in the CKP group (KPPL and KPNPL) were compared to the HDL.
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Chapter 5 Discussion of part 1

This study sought to identify the between-group and within-subject
kinematic differences of people with and without CKP during various
functional tasks (gait, DLS, SLS, VJ, SA and SD) in the sagittal and
frontal planes for the hip, knee and ankle joints using IMUs. This was first
achieved via a SCI of kinematic waveform data which explored altered
movement patterns among people with CKP and healthy individuals using a
standardised reporting template. Second, a SQA of kinematic data was
conducted to statistically evaluate differences in kinematics at discrete
timepoints between CKP and healthy individuals and knee pain for injured and
uninjured limbs and healthy dominant and non-dominant limbs. These data
were collected outside of the laboratory in a more natural and less controlled

setting using IMUs.

5.1 Summary of the overarching findings

A summary of the main kinematic findings is provided in Table 35. Overall, the

findings indicate the following:

» The SCI analysis contributed to the results extracted from the SQA
analysis in that it enabled analysis of the complexity of the movement
cycle in its entirety and provided additional information regarding the
variety of movement patterns performed at an individual level in both
groups without being limited to averaged data for a group at discrete
timepoints.

e The SCI of both planes of movement showed that kinematic
differences between the affected and unaffected sides in CKP and the
dominant and non-dominant limb of the healthy group are present in
the index (knee) joint as well as the adjacent joints.

e Most within-group statistically significant findings demonstrated small

effect sizes which indicated limited clinical significance.
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Movement alterations were also presented in the non-painful limb,
thereby indicating that the unaffected side should always be included
when evaluating patients with unilateral pathology to ensure that
secondary alterations are understood in a more comprehensive
manner.

The overall lack of significant differences between-limbs within CKP
individuals may correspond to the wide range of alterations identified at
the individual level (SCI analysis).

In clinical practice, integrating individualised kinematic analysis of
movement patterns with pain and function assessments is essential to
ensure a comprehensive understanding of movement alterations which

can offer valuable insights for tailored interventions.
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Table 35: Summary of the overarching findings for within and between-group kinematic differences

Activity Sagittal plane findings Frontal plane findings
CKP participants exhibited: - No significant differences found within or between CKP and HDL
- Reduced knee flexion ROM during stance and at HS (between- but most were in healthy participants with small-to-moderate effect
groups). sizes.
Gait - Limited ankle plantarflexion during swing. - Evidence of increased hip abduction between limbs in the healthy
- Both individual and averaged data presented ankle-related group in averaged and individual data.
alterations observed between limbs and groups. - Significant reduction in knee adduction angle at HS between
painful limb of CKP and HDL (healthy limb) of the healthy group.
- No consistent pattern of increased or decreased hip, knee or - Increased knee adduction angle (dynamic knee valgus) at
ankle flexion observed in either group. maximum squat observed in both groups.
- Alterations in knee abduction/adduction ROM at an individual
PLS level throughout the movement cycle and at maximum squat.
- Individuals in both groups demonstrated between-limb increase
in hip abduction and altered ankle abduction ROM.
- Lower knee flexion angles and reduced knee flexion ROM - Individually, there was a trend for HDL and KPPL to demonstrate
identified between groups. decreased hip adduction and increased knee adduction. However,
- Further variations on an individual level between limbs in the between-group averaged data demonstrated a statistically
SLS significant increase in hip adduction of the KPNPL compared to

CKP group: Trend towards decreased flexion ROM among the

three joints.

the HDL exhibited at PKF.
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- Trend towards increased flexion ROM among the three joints in

the healthy group.

-Individually, no dominant trend was observed at the ankle but a
statistically significant reduction in abduction ROM throughout the
SLS was found between-groups (KPNPL and HDL).

VJ

- At the individual level, reduced knee flexion ROM during take-off
in the KPPL and during landing in the HDL, in comparison to their
respective limbs, were identified.

- Minimal sagittal plane differences observed in hip joints between
limbs, thereby indicating symmetrical patterns in both groups.

- SQA averaged data highlighted significant hip alterations at PKF
and in ROM throughout the cycle with increased hip flexion
between CKP (both limbs) and HDL.

- SCI of individuals demonstrated greater consistency between
limbs in the CKP group, especially at the knee and ankle joints.

- More alterations at the knee and ankle identified between the
limbs of the healthy group, although these were clinically
insignificant.

- Between both groups, increased knee adduction at the end of the
landing phase was found in the KPPL compared to the HDL in
both analyses.
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- Individually, no prevalent alteration identified between limbs at
the hip joint.

- Decreased hip flexion ROM during the entire cycle identified in
the CKP group (both limbs) compared to the healthy limb only

when data were averaged.

- Altered ankle adduction ROM identified between limbs in both
groups.

- Averaged data presented statistically significant increase in
eversion results between groups (KPPL vs HDL) at HS and PKF.

- Between limbs, CKP individuals demonstrated altered hip

oA - Individuals demonstrated various altered movement patterns abduction/adduction but averaged data indicated a significant
between limbs; primarily at the knee joint in the CKP group. increase in hip abduction between the limbs of the healthy group.
- At the ankle joint in the healthy group.
- Increased hip flexion at HS identified between groups in the CKP | - Altered hip (between-limbs in both groups) and ankle abduction
group vs HDL but hip movement varied between-groups and limbs | ROM (between-limbs in HDL vs HNDL) were identified within both
across individuals. groups.

SD

- Absence of significant between-group findings.
- Individually, additional insights into the timing of these alterations

during the movement cycle were identified.

CKP= chronic knee pain; KPPL= knee pain painful limb; KPNPL= knee pain non-painful limb; HDL= healthy dominant limb; HNDL= healthy non-
dominant limb; SQA= standard quantitative analysis; SCl= structured clinical interpretation; HS= heel-strike; ROM= range of motion; PKF= peak
knee flexion; DLS= double leg squat; SLS= single leg squat; VJ= vertical jump; SA= stair ascent; SD= stair descent.
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5.2 Subject demographics

While the participants in the current study were not matched for gender, the
percentage of female participants was approximately similar in both groups.
Additionally, the percentage of female participants in both groups was slightly higher
than that of the male participants. A substantial body of literature indicates that the
prevalence of certain CKP conditions (e.g., OA and PFPS) is higher among females
in comparison to males. For example, being female is regarded as a risk factor in the
development of knee OA (Kellgren and Moore 1952; Pereira et al. 2011; Hunter and
Bierma-Zeinstra 2019).

With respect to age, despite considerable efforts to assure age matching among
participants, a difference in age was observed between the two groups, with the CKP
group being older than the comparator group. This could potentially be attributed to
exclusion criteria that limited participation to healthy individuals with specific health
conditions (e.g., prior knee joint surgery or injury, or the use of walking assistance).
Consequently, the eligibility criteria were satisfied exclusively by younger individuals.
Regarding individuals with CKP, prior research suggests that the prevalence of OA
escalates from 50 to 75 years of age (Jarvholm et al. 2005; Moghimi et al. 2019).
The participants in the current study who had CKP had an average age of 45 years,

which does not necessarily correspond to the age range for OA.

5.3 Knee injury and osteoarthritis outcome scores and numeric pain rating

scale

The KOOS questionnaire was only used to evaluate the subjective severity of the
CKP group. Its results showcased the impact of knee pain across five domains: pain,
symptoms, activities of daily living (ADL), sports and recreational activities, and
overall knee-related quality of life (QoL). In terms of pain and symptoms domains,
the CKP patrticipants in the current study reported higher scores compared to the
findings in the previous literature by Ismailidis et al. (2021), van der Straaten et al.
(2020), Ismailidis et al. (2020), Crossley et al. (2017), and Grenholm et al. (2009).

This was also reflected in the ADL and quality of life domains because the mean
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scores in the current study were higher than those presented by the aforementioned
studies. Therefore, this may suggest that the participants in the current study
experienced less pain and better function, which may affect how they moved across

the various activities.

With regards to the NPRS, the average pain score for the participants with CKP was
3.33/10. According to the NPRS, pain severity is presented on a scale ranging from
0 (no pain) to 10 (maximum/extreme pain) (McCaffery and Beebe 1989). Based on
the cut-off points provided in their study, McCaffery and Beebe (1989) stated that a
pain score of 3.33/10 would fall within the ‘mild’ category. This suggests that, on
average, the CKP population in the current study reported a relatively low level of
pain according to this established scale. Notably, the NPRS results align with the
KOOS pain, suggesting a lower pain intensity compared to the other literature
concerning movement analysis (Emamvirdi et al. 2023; Beebe et al. 2021;
Varbakken et al. 2019). The relatively lower average NPRS score in the current
study relative to the findings in other CKP studies in the previous literature could be
attributed in part to the recruitment strategy employed. Most of the participants in the
current study were self-referred from the community and were not actively seeking
treatment. In addition, relatively few participants were recruited from the NHS and

seeking treatment, possibly resulting in a cohort with milder symptoms.

While these self-reported measures of function and pain are significant in terms of
providing valid and accurate information about patients' function and pain, a notable
limitation is that they do not provide direct information regarding how people move
(Brenneman et al. 2016). Accordingly, in clinical practice, movement data need to be
considered alongside information about pain and function to identify when and what
intervention is needed. Therefore, kinematic analysis of individuals’ movement
patterns would provide a comprehensive overview of their movement and provide
additional information about an individual’s performance and how this may contribute

to the score from the pain and function questionnaires.
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5.4 Interpretation and comparison of kinematic findings with previous

literature

5.4.1 Gait

The current analysis revealed several between-limb alterations among the CKP
group, contrasting with statistically significant differences in the hip and ankle joints
between limbs in the healthy group when data were averaged in both planes of
movement (see Table 35). Despite the statistical significance, these differences in
the healthy group exhibited small-to-moderate effect sizes, thereby suggesting a lack

of clinical relevance.

In the sagittal plane analysis, individuals with CKP demonstrated reduced knee
flexion ROM during stance. Previous research has similarly reported kinematic
differences in CKP individuals during gait, with lower peak knee flexion angles for the
affected limb compared to the non-affected limb (Ismailidis et al. 2021; Mills et al.
2013; Creaby et al. 2012; Briem and Snyder-Mackler 2009; Lewek et al. 2006).
These studies, however, present conflicting findings at heel strike (HS), possibly due
to variations in pain severity, as demonstrated by Ismailidis et al. (2021) who
included individuals with severe knee OA, unlike the other studies which focused on

mild-to-moderate severity.

Notably, reported sagittal plane kinematic changes across studies were generally
less than 3°, raising uncertainty with regards to clinical significance (Ismailidis et al.
2021; Mills et al. 2013; Creaby et al. 2012; Briem and Snyder-Mackler 2009; Lewek
et al. 2006). In our CKP population, the between-limb difference was approximately
1.5°, potentially contributing to the lack of statistical significance in the averaged
data. The absence of clinically meaningful differences among the individuals in both
groups could be attributed to the equal effort exerted by both lower limbs during gait,
a primary activity for healthy subjects. Overall, the variations in movement pattern
identified between limbs in both groups emphasise the importance of individualised
analyses rather than standard group means at discrete time points, necessitating
further exploration in larger clinical cohorts to establish clinical significance (Negrini
et al. 2022).
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The finding of reduced knee flexion at HS was more prevalent in the between- group
analysis between the KPPL and healthy group. This finding is corroborated by those
of previous studies (Nagano et al. 2012; Duffell et al. 2014; Zeni et al. 2009;
Astephen et al. 2008; Mundermann et al. 2005). Duffell et al. (2014) supported the
current findings when they examined people with early-stage OA. Their findings
showed that gait alterations often linked with OA do not occur in the early stages,
whereas neuromuscular adaptations are evident and presented as postural control
deficits during one leg standing and altered hip adduction moment (Duffell et al.
2014). It is possible that the avoidance strategy to pain or reduced stability of the
knee is induced by reduced knee extension strength, which adversely affects the

knee flexion angle (Cabral et al. 2021).

Although many studies in the previous literature have reported findings of decreased
knee flexion during the stance and swing phases (Ismailidis et al. 2021; Ismailidis et
al. 2020; van der Straaten et al. 2020; Ro et al. 2019; McCarthy et al. 2013; Rahman
et al. 2015), these studies only featured severe OA participants who were scheduled
for TKA. This could be different from the population in the current study which was
not limited to the OA population and their KOOS results indicated that they were not
severely affected. To clarify, the KOOS sub-scores presented in Ismailidis et al.’s
(2021 and 2020) studies were much lower than the KOOS scores in the current
study’s CKP population, thereby suggesting that the knee pain population in the
current study was of lower severity. Hence, this may have led to the absence of
some movement alterations. Mindermann et al. (2005) found that reduced knee
flexion at HS was mostly prominent in people with less severe knee pain. Messier et
al. (2005) hypothesised that individuals with knee OA reduce the knee extension
moment and, consequently, knee compressive forces by reducing their walking
velocity in reaction to pain. Their results supported the discovery of this difference
solely in the population with severe knee OA. Astephen et al. (2008) also reported
increased gait alterations among people experiencing knee pain which were only
apparent among severe OA populations. These investigations supported the current
study’s conclusion that individuals with mild-to-moderate disease typically
experience less pain and greater joint mobility and, hence, do not exhibit the same

deficit in dynamic ROM.
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The current study’s sagittal plane findings also demonstrated altered ankle
plantarflexion ROM during the swing phase which was identified between individuals
and in the averaged data. There is a paucity of previous studies that have evaluated
kinematic differences at the ankle between patients with CKP and healthy controls.
The results of the current study are consistent with those of Ismailidis et al. (2021)
and Ismailidis et al. (2020). While these studies examined people with severe knee
OA, Mundermann et al. (2005) reported that ankle angles in the sagittal plane were
the same, irrespective of whether patients had less or more severe knee OA. Altered
ankle plantarflexion and dorsiflexion during swing is common in CKP conditions and
has been found to compensate for knee flexion to avoid heel striking and toe walking
on the affected side (Robon et al. 2000). Joint contractures can produce aberrant
gait patterns and knee flexion contractures create short leg limps (Ismailidis et al.
2021). The plantarflexion moment at the ankle creates the knee extension moment,
while quadricep spasticity reduces knee flexion during the swing phase (Ismailidis et
al. 2021).

In the frontal plane, the current study revealed a statistically significant increase in
knee abduction angle at HS in the CKP group compared to the healthy group. This
finding aligns with Mundermann et al.'s (2005) suggestion that individuals with CKP
may employ greater hip adductor muscle forces at HS, potentially aiming to laterally
move the trunk, although trunk movement was not assessed in the current study.
This lateral trunk motion may be facilitated by a medial force exerted by the foot on
the ground, representing a gait alteration often observed in individuals with knee pain

to unload the knee joint.

These gait alterations not only affect the knee joint but also extend to adjacent
weight-bearing joints including the hip and ankle (Schmitt et al. 2015). The current
study’s between-limb analysis of individuals in both groups emphasised the
complexity and individual variability of altered movement patterns in the CKP group,
affecting not only the knee joint but also the hip and ankle joints. Despite the
prevalence of these alterations, individual variability was apparent in the averaged
data where no statistically significant differences were found between limbs within

the CKP group or between the painful limb of CKP and the HDL in the healthy group.
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Only limited research has investigated secondary gait alterations in adjacent joints
but Ro et al. (2019) demonstrated that mechanical changes in the knee joint
significantly affect the ROM throughout the cycle, coronal motion arc, and joint
moment at the hip and ankle. Although the current study’s results did not indicate
significant differences in knee ROM during the whole cycle, movement alterations
were evident in ankle ROM and the increased knee abduction angle at HS, thereby
underscoring that the alterations observed in knee movement during gait are not
isolated but are part of a complex and interconnected system involving multiple

joints.

Some important factors in the methodologies of gait analysis studies may explain the
heterogeneity of the findings. To clarify, the gait analysis walkway was only 6m in
some studies, which may have caused some participants to walk slower than usual
(Duffell et al. 2014). The footwear used by the participants also varied. To remove
footwear effects, the participants in the current study walked barefoot (Morio et al.
2009; Zhang et al. 2013b). Some research studies gave the participants standard
footwear, others let them walk barefoot, while some wore their own footwear. In

some instances, no description of the footwear was offered.

Calibration of motion capture equipment is also important. We employed static and
dynamic calibration to accurately extract kinematic data in the current investigation.
Most of the empirical research defined the biomechanical model and estimated the
joint angles using static calibration. This position may not be neutral for knee pain
patients, especially those with significant OA and joint contractures (the knee is
severely flexed), which could affect the kinematic results (Favre et al. 2014; Nagano
2012).

5.4.2 Double leg squat

The current findings of between-limb and between-group analysis demonstrated very
limited alterations in the sagittal plane (see Table 35), which was reflected in the
averaged data by the absence of statistically significant results. Only very few

studies have investigated DLS movement for people with CKP. The current study
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confirms the findings of previous research indicating equivalent flexion angles during
DLS in individuals with anterior knee pain (Severin et al. 2017) and others with ACL
injury (Roos et al. 2014; Salem et al. 2003). Nevertheless, the authors emphasised
that there were kinetic variations between the limbs and cautioned that
compensatory movements may not be reflected in the kinematics. Without access to
kinetic measures, it is often difficult for practitioners to discover joint substitutions
(Severin et al. 2017).

Roos et al. (2014) and Salem et al. (2003) found comparable flexion angles during
DLS in persons with a history of ACL injury. Severin et al. (2017) found no significant
differences between groups either in the sagittal or frontal plane of movement. The
sagittal plane findings could be the result of substituted altered movement patterns
by frontal plane movement (Pappas and Carpes 2012). The current findings were
more pronounced in the frontal plane and demonstrated altered knee adduction
ROM throughout the cycle which was primarily identified between limbs in both
groups. The CKP group also demonstrated increased peak knee adduction at
maximum squat which was identified between groups (KPPL vs HDL) and limbs
(KPPL vs KPNPL).

These inconsistent frontal plane findings between the current study and Severin et
al. (2017) could be attributed to the difference in the ages of the study population
because the CKP group in the current study were significantly older than those
participating in Severin et al.’s (2017) study. Additionally, it could be a result of their
inclusion criteria which only included subjects who had experienced lateral knee pain
for at least three months, otherwise they were declared healthy (Severin et al. 2017).
According to the author's knowledge, these inclusion criteria do not account for
individuals with PFPS who should exhibit retro-patellar or anterior knee pain that
lasts for more than six weeks and is aggravated by at least two of the following:
squatting, prolonged sitting, and/or ascending or descending stairs (Liebbrandt and
Louw 2017).

The finding of increased knee adduction could be an avoidance strategy to alleviate
pain. Additionally, knee valgus is known to contribute to most of the non-contact ACL

injuries and is a result of a lack of femoral control which leads to increased adduction
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and internal rotation and, consequently, increased stress on the ACL (Bell et al.
2013). Knee valgus can be controlled by the knee's proximal and distal joints,
including the trunk, hip and ankle. These findings indicate that some movement
alterations could be presented in the other adjacent joints to unload the knee, even
though they were not statistically significant and may cause the condition to worsen if
not targeted appropriately (Bell et al. 2013). The current study’s between-limb
findings for individuals in both groups indicated that multiple alterations appeared in
the hip and ankle joints including increased hip abduction and altered ankle
abduction ROM. Therefore, physiotherapists should consider the adjacent joints in
their rehabilitation for this pain population.

The healthy group recorded significant frontal plane findings of decreased knee
abduction and ankle adduction at PKF but the effect sizes were small, thereby
indicating no clinical significance. However, this strategy could cause future knee
pain and injury if not corrected (Baniasad et al. 2022). Han et al. (2013)
recommended that healthy and CKP people perform squats in a neutral position
because squeezing and outward squats can cause joint diseases. Clinically,
activities which target knee-joint muscles from the top-down or bottom-up reduce
knee valgus. These findings may help physiotherapists to develop individual exercise

regimens which reduce knee valgus to prevent lower limb injuries.

5.4.3 Single leg squat

Between-limb kinematic analysis of SLS indicated reduced hip and knee flexion and
ankle dorsiflexion within the CKP group in the sagittal plane of movement but these
observations did not demonstrate any statistically significant results when averaged
(see Table 35). In contrast, the healthy group showed increased flexion ROM among
the hip and knee joints between healthy limbs. There was an increase in ankle
dorsiflexion between-limbs only at maximum squat, however, the averaged data for
the healthy group demonstrated decreased ankle dorsiflexion but in the ROM during
the whole cycle. This finding demonstrates a small effect size which means that
these investigations are not clinically significant (Warner et al. 2019). From a motor
control perspective, the healthy group might be exhibiting higher degrees of freedom
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that they can use and, thus, they often exhibit natural variability in movement
patterns (Latash et al. 2002; Davids et al. 2003). This variability can extend to factors
including ankle dorsiflexion and hip abduction which are influenced by multiple
muscle groups and neural pathways. Also, the variations in the healthy group could
result from the lack of standardisation in the depth of squat and the instructions

provided to the participants.

Decreased knee flexion ROM during the whole squat cycle (KPPL vs HDL) and at
PKF (CKP group both limbs vs HDL) was also identified in the between-group
comparisons among individuals and when averaging the data which is consistent
with other studies in the literature (Cabral et al. 2021; van der Straaten et al. 2020).
The decreased knee flexion angle in SLS was found to be attributable to pain and
fear of movement (kinesiophobia) (Cabral et al. 2021) which is accompanied by
increased physical disability and results in poor SLS performance (Gunn et al. 2017).
Nonetheless, the results of the current study imply that while performing more
demanding tasks than walking (e.g., SLS) in which the knee contact force increases,
CKP individuals adjust their movement patterns (i.e., knee flexion ROM), most likely
as an adaptation approach to reduce knee joint loading or pain (Van Rossom et al.
2018). Both knees in the CKP group recorded a reduction of approximately 10°
compared to the healthy group at PKF. This discrepancy may stem from the
participants redistributing their body weight to the non-painful limb, possibly due to
fear of movement. Prolonged reduction in knee ROM could contribute to structural
changes and future knee pathologies in the non-painful limb. Consequently,
physiotherapists should address both limbs in individuals with knee pain to promote
movement symmetry and alleviate pain. In contrast, Glaviano et al. (2019) reported
no significant difference in the knee pain group which consisted of 16 participants
and was divided into two groups: the first had seven participants with elevated fear
avoidance and the second had nine participants with low fear avoidance. These two
knee pain groups were compared against nine healthy controls. While the study
presented significant findings in the frontal plane, the subgrouping of participants
with a small sample in each group might have led to type Il error, resulting in the

findings having limited power and precision.
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Most of the previous studies that investigated movement alterations in SLS activity
focused on the frontal and transverse planes of movement because it was found that
movement alterations of SLS primarily appeared in the frontal plane, followed by the
transverse and then the sagittal planes (Leibbrandt and Lauw 2017). The results of
the current study at the individual level demonstrated a range of individual alterations
with a trend for the HDL and KPPL to demonstrate decreased hip adduction and
increased knee adduction (dynamic knee valgus) compared to their respective limbs.
Previous research has reported a significant correlation between knee valgus
alignment and the adjacent joints including the hip (Nakagawa et al. 2012) and ankle
(Dill et al. 2014). Most of the previous investigations concerning SLS reported
increased hip and knee adduction (increased valgus alignment) (Leibbrandt and
Lauw. 2017). This finding of increased valgus was found to be associated with hip
weakness. While frontal plane hip or knee alterations were not found to be
statistically significant between the KPPL and the healthy limb when averaged, it can
be concluded that individuals with CKP appear to utilise distinct kinematics in the

affected and unaffected limb.

The finding for the hip was consistent with the conclusions arrived at by Duffell et al.
(2014) for SLS which alluded to the fact that the absence of gait adaptations could
be more pronounced in SLS activity in the form of postural control deficits and
altered hip adduction/abduction (Duffell et al. 2014). It appears that the current study
presented inverse frontal plane findings between the painful and non-painful limbs
with increased hip adduction in the non-painful limb and increased hip abduction and
knee adduction in the painful limb. While the results of increased hip abduction and
knee adduction are comparable to the previous literature (Carvalho et al. 2022,
Schimidt et al. 2019; Leibbrandt and Lauw 2017), it could be that the CKP group
started these movement alterations but they were not sufficiently severe to present
statistical significance. On the other hand, these findings in the non-painful limb
demonstrated a large affect size which emphasises the importance of assessing

both limbs in CKP populations.

While there was no dominant trend at the ankle in both groups when analysing the
data individually, a significant reduction in ankle abduction ROM throughout the SLS

was found in the non-painful limb of the CKP group compared to the HDL. These
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findings support our previous sagittal plane conclusions that the CKP group
unloaded their knees by altering their movement using the KPNPL, which could have

adversely affected the limb and led to the weakness of the limb.

Despite the ankle’s significant stabilising role during the closed chain work of the
SLS and the fact that it is an essential component in the lower extremity kinematic
chain, only a very limited number of studies have included ankle movement in their
analysis of SLS. Dill et al. (2014) investigated ankle kinematics during squatting
using a sample of people with limited weight-bearing ankle-dorsiflexion ROM. Their
results demonstrated that weight-bearing activities such as SLS presented altered
ankle kinematic displacement which led to secondary knee-varus displacement. This
could explain the current study’s findings of altered ankle frontal plane movement in
the CKP. Thus, Dill et al. (2014) suggested that increasing ankle ROM during weight-
bearing tasks could be an essential intervention to alter high-risk movement patterns
which are frequently linked to noncontact sport injuries such as ACL.

5.4.4 Vertical jump

There were few sagittal plane variations in the hip joint between the limbs during VJ,
thereby suggesting symmetrical patterns in both groups. Significant differences
between the CKP and healthy groups were observed in ROM and at PKF throughout
the cycle based on the averaged data (see Table 35). In individuals with CKP, these
findings may indicate altered movement patterns and adaptive strategies. Chronic
knee pain can lead to changes in hip biomechanics to minimise the stress on the
affected knee joint (Dos Reis et al. 2015). Increased hip flexion during a VJ suggests
a potential strategy to offload the knee by using the hip joint more actively. Similarly,
higher peak hip flexion during landing may be an attempt to absorb the impact with
increased hip involvement, possibly to reduce the load on the knee joint and
minimise any discomfort or pain during the landing phase (Myer et al. 2009).
Previous research found that abnormal hip mechanics can influence knee injury risk
(Powers 2010). Powers (2010) demonstrated a link between altered hip kinematics
and higher knee valgus angles and moments, a finding observed in female athletes

complaining of PFPS. Indeed, this finding was similar to the current study’s between-
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group frontal plane results where increased knee adduction at the end of the landing
phase and during the maximum hip and knee flexion was identified in the KPPL of
the CKP group compared to the HDL of the healthy group. This may represent an

adaptive mechanism aimed at mitigating the impact of CKP on the affected limb.

Analysis of data at the individual level demonstrated reduced knee flexion during
take-off in the KPPL and during landing in the HDL, in comparison to their respective
limbs. There was also a reduction in ankle dorsiflexion during landing and reduced
plantarflexion during take-off between-limbs in both groups. However, these findings
did not demonstrate statistically significant results when the data were averaged.
Rosen et al. (2015) demonstrated reduced hip and knee flexion in individuals with
patellar tendinopathy. Nunes et al. (2019) reported reduced sagittal plane hip, knee
and ankle joint angles during the landing phase among people with PFPS. The
current study’s finding of increased hip flexion and reduced knee and ankle sagittal
plane movement mean that CKP individuals were using a harder landing strategy.
These findings stress the importance of individually assessing people with CKP in

order to tailor treatment interventions.

The ankle joint generally plays a significant role in jumping movements. The
plantarflexion of the ankle joint during the push-off contributes 22-23% of the take-off
velocity (Hubley and Wells 1983; Luhtanen and Komi 1978). This ankle joint
contribution is characterised by the force applied by the plantar flexors relative to the
temporal coincidence of their activation initiation (Bobbert and van Zandwijk 1999)
and its ROM (Papaiakovou 2013). Previous research has reported the importance of
increased ankle dorsiflexion in the countermovement phase of the jump (the push-off
phase) for better jump performance and higher jumps but this should be a
coordinated movement with other joints (e.g., the hip and knee) to achieve higher
ROM, and lower trunk inclination (Papaiakovou 2013), which was not the case in the

current study’s results.

It should be noted that during VJ, large standard deviations were observed in both
groups among the three joints in the sagittal plane which reflects the variation in
performance of this highly dynamic task. This could be a result of certain factors.

First, there were no standardised instructions for jump performance. Thus, it was
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found that the participants performed the jump using two distinct ways: continuous
and discrete jump strategies. When undertaking a continuous jump, the participants
flexed their knee on landing and then immediately extended into the next jump,
whereas when performing a discrete jump, they flexed the knee on landing and then
extended the knee to come to a standstill, before flexing the knee to begin the next
jump. Although these different strategies were dealt with cautiously during the data

analysis process, they may still have affected the results.

In addition, the arm swing and position of the foot were not controlled. These two
factors were extensively investigated in the literature and were known to affect jump
performance. The evidence suggested that the arm-swing’s contribution is equally
important for improving jump height/performance, as demonstrated by an average
21.1% increase in jumps conducted with an arm-swing over those without (Hara et
al. 2008; Akl 2013). In addition, squat depth and knee flexion angles were not
controlled. Prior research indicates that individuals who have undergone training to
jump from a deep squat position may exhibit greater vertical jumping ability
compared to their preferred position, if they have developed the right coordination
pattern (Domire and Challis 2007; Hsieh and Cheng 2016). However, in the current
study, the idea was to have a system that is useful for clinical settings at the
individual level without over-standardising the performance and irradicating these
individual variations which is necessary for physiotherapist decision-making and for

tailoring the treatment interventions.

5.4.5 Stair ascent

In the sagittal plane, the between-limb analysis in the current study revealed no
significant averaged findings in the knee and ankle joints, despite individual
kinematic alterations (see Table 35). The CKP population displayed no significant
sagittal plane differences at the knee joint, unlike in the prior literature which reported
decreased knee flexion ROM and PKF angles in the knee pain groups (van der
Straaten et al. 2020; Oliveira Silva et al. 2016; Hicks-Little et al. 2011; de Oliveira
Silva et al. 2015). The only significant finding occurred at the hip joint, indicating
decreased hip flexion ROM throughout the cycle in the CKP group compared to the
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healthy participants. Previous studies proposed that reduced hip flexion during SA
could be an adaptive strategy for painful knees, potentially compromising effective
stair climbing and increasing the risk of hip and knee injuries (Hall et al. 2017). Such
limited hip flexion may induce a more upright posture during SA, potentially
intensifying load on the patellofemoral joint and exacerbating knee pain, thereby
contributing to the progression of knee pathology (de Oliveira Silva et al. 2015).

In the frontal plane, decreased ankle adduction (increased eversion) ROM was
observed among individuals within each group but the averaged data revealed
statistically significant differences between the KPPL and HDL at HS and PKF. This
reduced ankle adduction during SA is consistent with prior research (Oliveira silva et
al. 2016; Oliveira silva et al. 2015; Ferrari et al. 2018). The association between
excessive rearfoot eversion and knee pain has been interpreted based on the notion
that during the stance phase of locomotion, excessive internal rotation of the tibia is
induced by an excessively everted rearfoot. Therefore, increased hip internal rotation
and subsequent hip adduction may increase PFJ strain (Powers 2010). Abnormal
ankle motion will impair knee biomechanics (Rasnick et al. 2016). Extreme pronation
will delay the external rotation of the lower leg that occurs concurrently with subtalar
joint supination (Standifird 2015). This delay causes a compensatory response at the
tibiofemoral joint which may result in patellofemoral discomfort (Rasnick et al. 2016).
Unfortunately, the transverse plane was not investigated in this study and,
consequently, there could be an increase in hip internal rotation which was not
presented to support this finding.

Additionally, the current findings of decreased ankle adduction at HS and PKF in the
painful limb suggest that the participants could have used this strategy of moving
their ankle towards an abducted position (toe-out movement strategy) as a protective
role to avoid knee pain. Previous research used this movement strategy as a
modification for gait among those people with knee OA and found that increasing the
toe-out angle had the potential to protect the knee against OA progression (Hunt and
Takacs 2014; Chang et al. 2007). The explanation for this is that out-toeing has the
potential to reduce the knee adduction moment by moving the GRF vector closer to
the knee joint centre (Chang et al. 2007). Hunt et al. (2006) suggested the

investigation of therapies that minimise the frontal plane moment arm as a viable
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method for decreasing the knee adduction moment. This idea is further supported by
the correlation between a larger toe-out angle (which reduces the moment arm) and

a reduced likelihood of OA progression (Hunt et al. 2006).

Individually, the CKP group demonstrated altered hip abduction/adduction but
healthy people recorded significantly increased hip abduction between limbs with
small effect sizes indicating no clinical relevance. Increased hip abduction in the
healthy group during SA is a normal strategy people often use to prevent the
contralateral limb from making contact with the intermediate step. This method
counteracts the pelvic drop on the contralateral side (Vallabhajosula et al. 2012;
Nadeau et al. 2003). The absence of this strategy among the CKP group could be a

stiff strategy resulting from knee pain and fear of movement.

5.4.6 Stair descent

In the sagittal plane, both the CKP and healthy groups exhibited changes in hip and
knee flexion ROM throughout the movement cycle at the individual level. Despite
prevalent alterations, none of the between-limb sagittal plane findings demonstrated
statistical significance within each group. Notably, there were some prevalent
between-group alterations and the CKP population demonstrated increased hip
flexion angles at HS, increased hip flexion at PKF, and increased knee flexion ROM
in the painful limb (see Table 35). These observations contradict the existing
literature concerning CKP, where studies often report decreased hip and knee
flexion angles (Igawa and Katsuhira 2014). The increased sagittal plane movement
observed in the current study suggests potential adaptive strategies or protective
mechanisms employed by the CKP population. Although increased knee flexion may
induce pain, the participants appeared to utilise hip flexion primarily to lower their
bodies, resulting in an augmented knee flexion angle. When comparing both CKP
limbs with the healthy group, this suggests a consistent strategy employed by the
CKP group, potentially indicating a cautious approach during stair descent, guided
predominantly by hip movement. Unlike other studies which found increased frontal
plane movement at the hip and knee (Ferrari et al. 2018; de Oliveira Silva et al.
2016; Hicks-Little et al. 2011), the absence of significant frontal plane findings
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between groups further supports this conclusion, suggesting a hip-led protective
mechanism among the CKP participants.

On the other hand, some between-limb frontal plane alterations were identified within
each group at the individual level and when averaging the data, including increased
hip abduction ROM in the KPPL and in the HDL, and increased ankle abduction in
the HDL among the healthy group. Excessive pronation, leading to increased ankle
abduction, delays lower leg external rotation during subtalar joint supination,
potentially causing tibiofemoral joint alteration and patellofemoral pain (Mei et al.
2019). Patients with patellofemoral dysfunction should undergo a subtalar joint
examination by a physiotherapist with consideration of altered femur external
rotation. Limitations in subtalar joint pronation or supination may result in incorrect
external rotation during contact phase knee flexion, potentially affecting
patellofemoral compression (Mei et al. 2019; Resende et al. 2019). The severity of
aberrant pronation, as indicated by ankle joint angle differences of 3-4° for painful
and dominant limbs, can determine symptomatic femur movement alterations. While
small and medium effect sizes were observed in the current study’s data, the timing
of abnormal pronation is crucial and, if not treated, may exacerbate knee symptoms
in CKP or lead to future alterations in healthy individuals. Tiberio (1987) emphasised
that more pronounced pronation which exceeds 5°, especially during midstance, is a

functional abnormality necessitating femoral adjustments.

The findings of the current study may differ from the previous literature due to
methodological variations. Trinler et al. (2016) stressed the need to standardise stair
measurements such as the height and breadth of the tread which affect stair walking
mechanics. Differences in the stair dimensions in previous studies (16-20cm in
height, 22-34cm in width) compared to the current study (17cm height, 27.5cm width)
may explain the observed variations. Riener et al. (2002) suggested that stair
inclination affects kinematic and kinetic patterns. The current study’s 12-step
staircase may represent normal movement patterns and, therefore, discrepancies
may potentially be due to the step count. The failure to control the speed introduced
variability into the current study, unlike other studies. While the anthropometric data,
especially lower limb measurements, were comparable across groups, stair-stepping

cadence data may improve outcomes. The current study did not adjust for speed and
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anthropometric factors but including these as covariates in future research may
provide additional insight.

5.5 Strengths and limitations

The novelty of the current study is that it utilised the SCI of kinematic data generated
from IMU sensors, thereby providing a detailed interpretation of the entire movement
cycle. In addition, it was conducted using a standardised reporting template which
was tested for its reliability to help standardise interpretations of waveform data,
thereby resulting in a thorough analysis of the results (Zhou et al. 2021). Analysing
movement based on discrete variables is important but it does not provide
information regarding the entire movement cycle. The integration of the SCI of
kinematic data used in the current study provided greater insight into the state of the
whole movement cycle and contributed valuable information regarding CKP and the
healthy population’s movement patterns and variability. Although not all of these
investigations were statistically significant when the data were averaged, these
subtle changes in movement patterns would not have been apparent if relying on
regular analysis and may affect patient treatment by improper management. Thus,
the focus of the individuals’ analysis was on elucidating the clinical relevance of the
observed kinematic alterations for each participant rather than investigating the

statistical significance.

Nonetheless, the strength of the current work is that, based on IMUs, multiple
clinically relevant activities that were reliable and valid and which could be evaluated
outside of the laboratory were identified. IMU technology is often praised for
providing accurate and detailed movement data in a more naturalistic setting
compared to traditional laboratory-based motion capture systems. Because task
complexity and demand may affect coordination patterns and variability (Weir et al.
2019), it is necessary to investigate distinct tasks because they may uncover
differing strategies (Briani et al. 2022). Thus, this diversity of tasks can enhance the

generalisability of the findings to real-world settings.
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Additionally, the importance of the study lies in highlighting differences within and
between the two groups at all three lower limb joints in two planes of motion during
the performance of various functional tasks. Conducting both within-subject and
between-group analyses allows for a comprehensive examination of individual
variations and group differences, providing a more nuanced understanding of the
data.

There are several limitations with the current study which need to be acknowledged.
The main limitation with the current study is the significant difference in age between
the two groups because the mean age of the CKP population was 45 + 16.4 years,
whereas it was 30 + 6.3 years for the healthy group. The effects of aging on muscle
mass, strength, and neuromuscular control are well known (Nikoli¢ et al. 2005;
Hunter et al. 2016). However, this may have been due to the inclusion criteria which
required participants to have healthy, non-arthritic lower limbs with no knee pain;
thus, it was difficult to find older adults who did not have lower limb comorbidities.
Nonetheless, the CKP group included in the current study could be regarded as a
relatively well-functioning CKP cohort because the participants were able to perform
the selected activities without assistance. For instance, they negotiated the stairs
without requiring a handrail and, furthermore, their body mass and height were not
significantly higher than those of the healthy individuals. In addition, these results
were confirmed by the subjective patients; self-reported findings of the KOOS and
NPRS. For more definite conclusions, the study should be replicated in more
severely affected CKP groups and using larger samples in order to be more
representative of the wider CKP population. The recruitment strategy may have led
to the reduced pain score recorded in our KOOS and NPRS because most of the
research participants were self-referred from the community rather than having
actively sought therapy. If the CKP participants were recruited from the NHS and

actively sought care, they may have had more severe symptoms.

The current study had a mixed knee pain population which made the interpretation of
the findings more complex. However, mixed knee disease is often seen in clinics
and, therefore, the current study reflects clinical reality. In this study, both males and
females participated. Males and females may have distinct kinematic methods for

alleviating CKP symptoms. Males and females with CKP cases such as PFPS may
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position their knees differently during certain activities, such as stair climbing, to alter
pressures and alleviate symptoms (Csintalan et al. 2002). Considering the previously
documented disparities between the sexes, such as larger impairments in strength
(Bolgla et al. 2015) and kinematics (Willy et al. 2012) among participants with CKP
conditions, sex differences between cohorts may be especially noteworthy. Further
research is required to investigate the possible effect of each of these
methodological variations on load absorption during landing tasks among individuals
with CKP. Nonetheless, a mixed-gender population in both groups was chosen to

increase the generalisability of the results.

While the current study investigated the three lower limb joints (hip, knee and ankle),
the trunk was not included in the analysis. By examining the trunk kinematics, it may
have been possible to achieve a better understanding of the altered movement
patterns employed by the CKP patrticipants. To clarify, in certain cases where there
are no abnormalities and a lack of statistically significant findings were found in the
hip, knee or ankle kinematics, one possible explanation is that those with CKP
increased the angle of trunk forward flexion to compensate for reduced muscle
activation around their other joints. A greater angle of forward trunk flexion would
shift the centre of mass anteriorly, thereby aiding forward propulsion by increasing
forward momentum (Hammond et al. 2017). It has been found that integrating a
slightly forward-leaning trunk posture during dynamic exercises increases hip flexion
angles and extensor moments (Farrokhi et al. 2008) while reducing knee extensor
moments and PFJ loading (Atkins et al. 2019).

Lastly, it should be noted that spatiotemporal parameters, which are well-known to
affect the CKP population, were not investigated and were not within the scope of
the current study. Furthermore, there may be kinetic variations between the limbs
and altered movements may not be reflected in the kinematics. Without access to
these measures, it is often difficult for practitioners to discover joint substitutions.
Despite appearing symmetrical in the kinematic analyses, it is probable that the CKP
group in the current study adopted movement alterations that would have been
obvious during kinetic assessments. However, kinetic analysis requires specialist
equipment such as force plates or instrumented treadmills which may not be readily

accessible in clinical settings. Therefore, focusing on kinematic analysis may be
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more practical in terms of feasibility and resource availability. Future research which
incorporates the assessment of spatiotemporal parameters beside joint kinematics
as well as joint moments and muscle activity would provide a more thorough

assessment of full-body biomechanics during functional movements in this patient

group.

5.6 Methodological considerations

There were some considerable variations between the current study and others in
the literature regarding the methods used. For instance, there was heterogeneity
between the studies in terms of the events used to determine the joint angles. During
gait, for example, whereas some research described loading response angles,
others reported peak angles during support, angles at contralateral toe-off, or other
events. In the current study, all of the variables were chosen because they are
commonly used during movement assessment in human performance labs and in
clinical settings (Butler et al. 2014; Paterno et al. 2007; Paterno et al. 2012).

Another important consideration is the different test protocols used for each of the
selected tasks. With regards to gait, most studies referred to it as "level ground
walking" when performed in a laboratory, long corridor or outdoor setting. A longer
pathway is preferable to capture the natural stride of an individual because it allows
the subjects sufficient time and space to adapt their walking as necessary (Tura et
al. 2012). The current study indicated that a minimum of 25 and 33 strides,
respectively, are necessary to accurately compute the step symmetry and stride
regularity of healthy control subjects (Tura et al. 2012). Moreover, Belluscio et al.
(2020) revealed that curved walking, as opposed to straight walking, is more suitable
for assessing individuals with gait abnormalities. Therefore, a treadmill-based
investigation may alter the subject's natural gait. Moreover, Sloot et al. (2014) and
Chang et al. (2009) argued that self-paced walking, as opposed to walking at a fixed
speed, allows for more natural stride variability. In the current study, participants
performed 2 gait trials with approximately 40 strides in total. This was performed in a
long corridor without providing the participants with any specific instructions

regarding their walking speed to ensure normal walking patterns.
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In addition, most studies used a staircase ranging from 3-7 steps to analyse SA and
SD movements (Sparkes et al. 2019; Ferrari et al. 2018; de Oliveira Silva et al. 2016)
which was acknowledged by these studies as a limitation that may have affected
their results. The current study is novel regarding CKP and stair negotiation because
it used a staircase with 12 steps to simulate natural stair negotiation, unlike the
previous studies. As for DLS and SLS, no specific instructions were provided to the
participants regarding how to perform the task or how deep to go with the squat. This
technique was chosen because this is an exploratory study which sought to identify
the altered movement patterns that were performed naturally by the CKP population.
Accordingly, standardising instructions with respect to the speed, depth and so on,
would prevent the participants from demonstrating their natural behavioural

movement.

5.7 Clinical implications

The current study underscores the importance of individualised assessments based
on movement analysis. The SCI of kinematic data allows for a nuanced
understanding of movement patterns at the individual level. Physiotherapists are
able to tailor interventions based on these individualised assessments, addressing
specific movement alterations observed during the entire movement cycle. It is of
paramount importance for physiotherapists to prioritise the clinical significance of
findings at the individual level rather than solely relying on statistical significance.
The study also underscores the need for a nuanced interpretation of kinematic data,
recognising that subtle alterations in movement patterns, even in the absence of
statistical significance, may hold considerable clinical relevance. Physiotherapists
should therefore adopt a holistic approach, considering the potential impact of
observed kinematic nuances on an individual's functional capacity and pain
experience. This perspective aligns with the broader goal of enhancing personalised

care and treatment outcomes for individuals with CKP.

It is crucial to appreciate and account for the natural variability in human movement.
The emphasis should not be on eliminating these variations but rather identifying the

patterns and deviations which are of clinical importance for each person and affect
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an individual's functional capacity and well-being rather than over-standardising to
the point where individualised nuances are lost. The SCI of kinematic waveform data
considered the inherent variability in how people move, including how they swing
their arms, the size of their steps and other individualised aspects of movement. This
approach aligns with the principle of personalised care, recognising that what may
be considered a small variation at a group level might be a significant factor for an

individual's movement and pain experience.

Therefore, in the context of the current study, striking a balance between
standardisation for research purposes and appreciating the inherent variability in
human movement is essential. The use of a template for standardising the
interpretation of kinematic waveform data was found to improve the robustness and
consistency of physiotherapists' clinical decision-making (Button et al. 2022; Zhou et
al. 2021). Consequently, inconsistencies in clinical decision-making based on data

from movement analysis would be avoided.

The study emphasises the importance of considering both limbs in movement
analysis for individuals with CKP. Physiotherapists should conduct a thorough
examination of both the painful and non-painful limbs to identify asymmetries and
altered movement patterns, thereby contributing to a more comprehensive
understanding of the impact that CKP has on movement. The significant number of
within-subject alterations or the considerable variability reported in the healthy group
requires physiotherapists to evaluate movement analysis data with caution because
not all movement deviations in a population with pain will be caused by pathology.
The lack of consistency in the movement alterations emphasises the need for
tailored movement evaluations of functional tasks and individualised treatment
approaches. Also, practitioners should recognise that some asymmetry is normal,
even in healthy populations but research has yet to establish the threshold at which
asymmetrical motions should be deemed undesirable (Lathrop-Lambach et al. 2014;
Paillard 2023). Consequently, the practical consequences of these asymmetric

values remain ambiguous.
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5.8 Conclusion

The current study sought to identify kinematic differences between individuals with
and without CKP across various functional tasks including gait, DLS, SLS, VJ, SA
and SD. The SCI of kinematic waveform data provided a nuanced understanding of
altered movement patterns in both CKP and healthy individuals utilising IMUs and a
standardised reporting template. Additionally, the SQA investigated kinematics at
discrete timepoints, offering insight into between-group and within-subject
differences. However, a notable limitation with this approach is the grouping of data
which results in the presentation of averaged results without providing reporting at an
individual level which is not helpful for physiotherapists. On the other hand, by
employing the SCI, numerous potential benefits were highlighted which included
providing a comprehensive and individualised assessment of kinematic variations
that might not otherwise be captured by traditional quantitative analyses alone. Such
an approach offers considerable promise for enhancing clinical decision-making and
personalised treatment strategies. The findings of the current study, in addition to
others conducted by our research team, emphasise the need for the development of
a system that is both clinically relevant for physiotherapists and people with CKP at
the individual level and scientifically rigorous in capturing meaningful variations in
movement patterns to represent these kinematic waveforms in a user-friendly
manner. An electronic version of the report has been developed, as recommended
by Button et al. (2022), and its usability will be tested in the next part of this PhD
thesis.
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Chapter 6, Part 2: The usability of an electronic IMU-
based movement analysis and reporting tool for

physiotherapists treating individuals with CKP

6.1 Introduction

The first study on movement analysis underscored the significance of
individualised assessment and reporting of kinematic data in clinical practice.
The descriptive analysis of kinematic waveform data reveals individual nuances
that are not visible when the data is averaged at discrete time points. This
underscores the importance, particularly in a clinical setting, of having an
effective method to present these waveform data to physiotherapists in a useful,
helpful, and time-saving manner. So, adding an easy-to-use electronic reporting
tool was seen as a practical way to make the presentation of kinematic
waveforms more efficient, clinically relevant, and easy to understand for
physiotherapists. This is what Part 2 of this PhD is about. The conversion of the
toolkit into an interactive digital version that can be used by
physiotherapists treating individuals with CKP. This progression aimed to
bridge the gap between research outcomes from Part 1 and practical
implementation, enhancing the accessibility and usability of advanced kinematic
analyses in everyday clinical practice. It is important to note that, in the current
study, the developed tool is undergoing usability testing, representing a critical
step towards its potential future integration into clinical practice. Accordingly, the

aim and objectives of this part of the thesis are outlined below.
6.2 Aim

The aim of the current study was to test the usability of an electronic version
of an IMU-based movement analysis and reporting tool for physiotherapists

treating individuals with CKP. To address this, the study had two objectives:
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e To test the usability of the electronic version of the report in terms of its
effectiveness, efficiency, memorability, problems and errors which was

achieved using the think-aloud (TA) method.

e To test the overall ease of use of the E-reporting tool using the SUS

guestionnaire.

The E-reporting tool provided the physiotherapists with better access to the
kinematic data and a more user-friendly interface for interpreting kinematic
waveforms. The electronic version of the movement analysis report includes the

following features:

Enabling users to mark the amount and nature of the alteration by

inserting icons or codes on the graphs.

e Enabling the user to enlarge segments within the waveform or utilise

drawing tools to highlight the timing of when the alteration strategy occurs.

e Enabling the user to request numerical data regarding the amount of
alteration for key parameters.

e Enabling the user to select which cycles they want to see in the average

waveform graphs.

e Use several pictures on each graph to depict the movement cycle for each
activity.

In the current study, the physiotherapists evaluated the usability of the E-
reporting tool. It is important to note that the tool was tested using data collected
in the first part of this thesis, specifically from individuals with CKP (ethics
reference number 10/MREQ9/28). While the usability study focused on
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physiotherapists as participants, the data integrated into the E-reporting tool
originated from CKP individuals, as investigated in Part 1 of the thesis.

6.3 Methods

The following sections provide an overview of the design applied in the current
study, the ethical approval, the setting, the inclusion and exclusion criteria, the

interface, and the test procedures.

6.3.1 Design

The current study is a quantitative formative evaluation of usability. Formative
evaluation is a type of usability testing which helps to ‘form the design of a
product or service. Formative evaluations are used to test a product or service
whilst it is being developed, often iteratively, with the purpose of finding and
addressing usability issues (Theofanos and Quesenbery 2005). Theofanos and
Quesenbery (2005) defined formative usability as “formative testing: testing with
representative users and representative tasks on a representative product where
the testing is designed to guide the improvement of future iterations” (Theofanos
and Quesenbery 2005, p. 29). The use of a quantitative formative approach in
the current study is important because it allows for the description of the
problems encountered, recording how many and who experienced them, and
measuring how long tasks take to complete, what percentage are completed, as

well as the number and types of errors resulting from user interface problems.

According to the European standard regulated by the European Committee for
Electrotechnical Standardization, the purpose of the usability standard is to
identify and minimise user errors and reduce the risks associated with the use of

medical devices. It focuses on optimising usability as it relates to safety, as well
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as how usability relates to task correctness, completeness, efficiency and user
satisfaction (International Electrotechnical Commission (IEC) 2015). This
standard provides guidelines for user interface design and software development
but it also compels manufacturers to undertake usability tests on their products.
The standard defines formative evaluation as an assessment of the user
interface with the purpose of investigating the strengths, weaknesses, and

unforeseen usage errors in its design (IEC 2015).

Sauro (2010) noted that a formative test should be quantitative. Applying a
guantitative formative approach entails describing the problems, reporting how
many and who encountered them, and measuring how long tasks take to
complete, what percentage are completed, as well as the number and types of
errors caused by Ul problems (Sauro 2010). In other words, quantitative
formative usability involves systematically recording events using various metrics

and provides numerical descriptions of those events.

Formative evaluation is highly recommended and is a significant step to be
conducted prior the final summative usability evaluation. It can be undertaken at
the design's ‘summation point’ when the product is complete, ready for
manufacturing and the formative usability evaluation has been completed
(Barnum 2020). It provides valuable data throughout the product development
process (the electronic version of the reporting tool) so that the last evaluation of
usability can be conducted successfully (Barnum 2020; Theofanos and
Quesenbery 2005). According to the usability evaluation cycle, if the product
passes the formative evaluation, the next step will be to conduct a larger
summative evaluation which, if conducted successfully, will enable the system’s

user interface safety to be validated (Barnum 2020) (see Figure 12).
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Figure 12: Usability evaluation cycle adapted from Ylikulju (2018)

However, selecting an appropriate technique is very important for formative
usability evaluation and, therefore, the TA and SUS questionnaire techniques
were chosen in the current study. According to Hartson et al. (2001), who
compared various usability evaluation methods, TA is the gold standard for
usability evaluation. The TA technique is a form of observational analysis which
entails users vocalising their thoughts and actions while performing a set of
tasks. Previous studies have shown that this method provides greater
accessibility to information about the user’s thoughts, interactions and strategies
in complex working conditions (Yen and Bakken 2009), thereby indicating the
validity and reliability of this method (Yen and Bakken 2009; Guan et al. 2006).

Therefore, the aim of TA is usually to collect information about the user’s
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cognitive interaction with the system (Habibi et al. 2018). While performing a
task, users are instructed to verbalise what they are thinking and experiencing
while the researcher observes any problems that they encounter whilst
undertaking various tasks (Barnum 2020). The key benefits of the TA technique
are that it allows researchers to witness the task completion process and it is
particularly useful for examining prototypes, highlighting any possible problems
from a user’s point of view (Barnum 2020). Although the method has several
limitations including the level of guidance provided to participants, researcher
influence and difficulties with data analysis, it was found that the richness of the
collected data outweighed these limitations and that the TA method has the

potential to advance research in this field (Cotton and Gresty 2006).

TA usability testing is widely acknowledged as the most comprehensive and
efficient way to evaluate usability and minimise use-related problems. There are
other approaches called usability inspection techniques such as a heuristic
evaluation and cognitive walkthrough which can be used but they have certain
known weaknesses which limit their suitability for the purpose of the current
study. In heuristic evaluation, rather than classifying usability problems, they are
only employed to detect them. Therefore, the usefulness of heuristics for problem
classification is restricted. Additionally, one of the most notable complaints
associated with heuristic evaluation is that it tends to find many minor or non-
existent problems (false positives). Multiple usability experts are required which
is an additional practical issue. It can be more costly and time-consuming to

locate 3-5 usability professionals than it is to test 3-5 people (Faulkner 2003).

Regarding cognitive walkthrough, the objective is to identify users' goals and how
they strive to achieve them in the interface, followed by a thorough identification
of the problems users may encounter as they learn to use an interface. A
reviewer must describe the user's immediate goal and respond to eight questions
for each step to complete a task. One of the most common complaints regarding
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the cognitive walkthrough technique is the length of time required for the
evaluators to answer each question (Khajouei et al. 2017).

According to Khajouei (2017), cognitive walkthrough and TA are equally capable
of identifying low-priority usability issues, whereas TA detected slightly more
serious usability issues than cognitive walkthrough. TA found twice as many high
severity problems (major and catastrophic) as cognitive walkthrough (six vs
three) and the same number of low severity problems (cosmetic and minor) when
only one method was used to identify problems (13 vs 13) (Khajouei 2017). Thus,
TA appears to be more beneficial than cognitive walkthrough in terms of
identifying different usability problems.

Another usability testing technique which has been presented in the literature is
summative evaluation. A summative evaluation of usability is a formal
assessment with established acceptance criteria. It can be performed at a
‘summation point’ in the design when the product is deemed complete,
production-ready and the formative evaluation of usability has been completed
(Barnum 2020). The primary objective of the summative evaluation of usability is
to collect objective proof that the interface design is safe to use (Barnum 2020).
This reduces the likelihood of committing potentially harmful use errors. This
evaluation can be performed for our system in the future stages of usability
because this is the system’s first version and formative usability is the
appropriate approach at this stage.

The usability questionnaire plays an important role in the system's usability
evaluation. According to Preece et al. (2002), a questionnaire is a well-known
method for gathering demographic information and user feedback. It also
provides surveyors with a better understanding of the topic (Preece et al. 2002).
Results would likely be more reliable if one of the currently available
standardised questionnaires was used (Sauro and Lewis 2009). Because this is
intended to be a usability study, the overall usability was derived from the SUS
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as a questionnaire that measures the perceived usability of interactive systems
(Brooke 1996).

The results of 2,324 SUS surveys on a variety of interfaces (including automated
telephone interfaces to websites) were found to be both reliable and useful
(Bangor et al. 2008; Mol et al. 2020). The questionnaire was also found to be a
valid measure to ordinally compare two or more systems (Peres et al. 2013; Mol
et al. 2020). The widespread use of the SUS questionnaire enables the

comparability of a system's usability to that of others.

While SUS was not specifically designed to measure satisfaction, it is able to
provide insight into users’ overall attitudes and opinions about a product, which
can be indicative of satisfaction. According to Mol et al. (2020), the SUS was
developed to offer a “quick-and-dirty” measure of satisfaction with a system’s
usability. The high association between usability and satisfaction, as established
by previous studies, shows that the SUS offers a relevant measure of satisfaction
in many circumstances (Sauro and Lewis 2011; Tullis and Stetson 2004).
Accordingly, TA and SUS were augmented to be able to measure all of the
characteristics contributing to a usability test, as recommended by Esfahani et al.
(2018).

6.3.2 Ethical approval

Ethical approval for the current study was obtained from Cardiff University,
School of Healthcare Sciences (21/10/2021) (see Appendix L).

6.3.3 Setting

This usability evaluation was conducted virtually using the ZOOM website.

Although conducting usability online could present certain disadvantages such as
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technical issues or Internet connection issues, it was considered to offer the best
way of conducting the test due to the events of the Covid-19 pandemic. The Lead
researcher (RA) ensured that there was a good Internet connection and asked all
of the participants to make sure of that. On the day before the test, the
participants were asked to download the Zoom application or ensure that they
had access to it. In addition, they were reminded that they would require the
username and password to sign up to the E-reporting tool to check if they could
access it and that it was working properly. It was important to ensure that the
participants could access the E-reporting tool successfully to avoid any issues
that may arise on the day of testing. However, the participants were asked not to

try to explore the system until the day of the test.

6.3.4 Participants

A convenient sample of six participants was included in the current study. A
common and suggested practice is to begin with approximately six participants
and increase the number of participants with each iteration of formative usability
testing so that as the design changes, even minor errors are de