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Abstract

Background: Osteoarthritis (OA) is the most common progressive degenerative joint
disorder that occurs due to degenerative changes in the joint structures resulting from
the breakdown of bones, and cartilage. According to the Global Durden of Disease
Study, 2017, OA is the second most common cause of disability among musculoskeletal
disorders affecting nearly 303.09 million people globally. The knee is the most affected
joint in osteoarthritis of the lower limb, followed by the hip, affecting nearly 263.08
million people globally. Several potential biomechanical alterations can occur due to
the changes in joint structure, which may lead to altered weight-bearing patterns, and
further contribute to the development of knee osteoarthritis (KOA) and its progression.
In KOA patient’s limb loading pattern, and gait are severely affected due to pain. These
changes can be assessed using an advanced gait and motion analysis system, which is
expensive, limitedly available, and primarily used for research purposes. The existing
approaches and technologies are not effective enough to assess early changes in limb
load asymmetry, and biomechanical deviations of the lower limb in patients with KOA
in real-time scenarios. Studies going on in this direction have gained significant
development in recent times. Although many new wearable devices have been made to
the market, they lack assessment capabilities due to limited sensor configuration. Thus,
there is still a need for a new low-cost technology that can effectively assess limb load,
and plantar pressure asymmetry in patients with KOA, and allow the clinicians to
monitor the patient’s condition in real-time and progress over time.

Objective: The aims of this study were to evaluate the prevalence of limb load
asymmetry among patients with knee osteoarthritis, to understand clinician’s
perspective towards the need, content, function, structure, and applicability of wearable
device for KOA, and to develop and validate a new wearable technology for assessment
of limb load asymmetry in KOA.

Methods: The study was conducted in four phases- need assessment (Phase I),
prevalence study (Phase II), device development (Phase III) and validation (Phase IV).
For need assessment, a focus group discussion was conducted. The focus group
discussion was conducted via an online videoconferencing platform, which included 25

physiotherapists working in rehabilitation facility (group size=8, sessions=3); the data
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was analyzed thematically using Microsoft excel. The prevalence study was conducted
at Physiotherapy OPD, Uni Hospital, LPU, Phagwara, to evaluate the prevalence of
limb load and spatiotemporal gait asymmetries among patients with KOA using
WinTrack System (sample size=95); the data was analyzed descriptively and
statistically using SPSS software. The prototype device was developed based on the
recommendations of FGD and it was tested for concurrent validity and reliability
against the WinTrack System, at Physiotherapy OPD, Uni Hospital, LPU, Phagwara
(study population= Knee Osteoarthritis, sample method= systematic random sampling,

sample size=9).
Results:
Phase 1

A total of 25 physiotherapists participated in one of the three FGD sessions to reach
data saturation. The participants included 15 male and 10 female physiotherapists with
a minimum clinical experience of three years. However, their years of experience range
from a minimum of 3 years to a maximum of 29 years, with a mean of 11.8 years of
experience. The majority (23 out of 25) of the participants had master’s degree in
different specialties of physiotherapy, and two participants had a doctorate degree in
physiotherapy. Participants were in favor of using wearable devices for assessment,
telemonitoring, feedback, activity tracking, and adherence to exercise. The appearance,
comfort and easy to use, cost of device, and easy-to-understand user interface with local
and cloud storage were the primary factors responsible for acceptance of wearable
technology among the participants. The device should assess and give real-time
feedback to users for asymmetries in limb loading, plantar pressure, and spatiotemporal

gait parameters.
Phase 11

A total of 95 subjects were included, of which 72 were female, and 23 were males, with
the majority being moderately active (93.7%) with an active lifestyle (90.5%). The
mean age of included subjects was 47.69 (+ 6.99), out of which 12 (12.6%) were aged
<40 years, 55 (57.9%) were aged between 41-50 years, 24 (25.3%) were aged between
51-60 years, and 4 (4.2%) were aged > 60 years. In terms of BMI, 54 (56.8%) subjects



were either overweight (40%) or obese (16.8%). Whereas 38 (40%) subjects had normal
BMI, 3 (3.2%) subjects were underweight. The limb involvement varied among the
subjects, 70 (73.7%) subjects (13 male and 53 female) had bilateral KOA, and 25
(26.3%) subjects (6 male and 19 female) had unilateral KOA. Out of 95 subjects, two
male and two female subjects had a history of injury to the lower limb. The mean (SD)
age, weight, height, and BMI of the subjects were 47.69 (+ 6.99), 63.42 (= 11.77), 1.55
(£0.07), and 26.29 (+ 4.15), respectively.

The prevalence of asymmetries in limb loading, step length, step duration,
swing phase duration and plantar pressure were 53%, 41%, 55%, 33%, and 86%,
respectively. In unilateral KOA, the mean asymmetry = SD in limb loading, step length,
step duration, swing phase duration and plantar pressure were 12.24% £ 10.27, 11.39%
+11.38,20.73% + 25.30, 10.66% + 10.88, and 22.31% =+ 13.11, respectively. A strong
and significant correlation was observed among the asymmetries (r > .557, p < 0.01,
and r > .494, p < 0.05). Whereas, in bilateral KOA, the prevalence of asymmetries in
static limb loading, step length, step duration, swing phase duration, and plantar
pressure were 55.71%, 38.57%, 57.14%, 32.86%, and 84.29%, respectively. Significant
correlation was found among some of the asymmetries, such as static limb loading
asymmetry with step length asymmetry (r=0.327) and step duration asymmetry
(r=0.528), and step length asymmetry with step duration asymmetry (r=0.716) at P <
0.01, and plantar pressure asymmetry with swing phase duration asymmetry (r=0.214)

at P <0.05.
Phase IV

The test-retest reliability was calculated for intra-rater and inter-rater readings using the
mean of two readings for the same rater and different raters in intra-rater and inter-rater
reliability, respectively. At 95% of the confidence interval, DT-walk showed excellent
intra-rater reliability with ICC > 0.9, (SEM=0.00668, MDC= 0.01852, CV=5.43%)),
and inter-rater reliability with ICC > 0.9, (SEM=0.002, MDC= 0.00556, CV=13.15%)
for LLA in KOA. Whereas DT-walk showed good reliability with ICC = 0.884
(SEM=0.00668, MDC= 0.01852, CV=5.43%) and excellent reliability inter-rater
reliability with ICC = 0.977 (SEM=0.002, MDC= 0.00556, CV= 13.15%) for PPA in
KOA. The DT-walk showed excellent validity against the WinTrack platform with ICC
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> 0.9 at a 95% of the confidence interval, SEM=0.00234, MDC= 0.00648, and CV=
2.31% for static LLA. Similarly, DT-walk showed good to excellent validity against
the WinTrack platform with ICC = 0.877 at a 95% confidence interval, SEM=0.98608,
MDC= 2.73327, and CV= 82.68% for dynamic PPA. The DT-walk showed good to
excellent validity and reliability for the assessment of PPA with ICC > 0.87. The
Pearson correlation suggest that the reading of DT- walk by same and different rater
have strong correlation with each other (» > 0.891, CI=95%). Further, the paired
samples t-test showed insignificant difference between the reading of SLLA and PPA
taken by same or different rater using DT-walk and between reading taken from DT-

walk and WinTrack on same subject (p > 0.05, CI=95%)).
Conclusion:

The prevalence study suggests that a significant proportion of population with KOA
exhibit asymmetries in their gait pattern and standing posture. Whereas the focus group
discussion helped us in understanding the clinicians’ perspective towards the design,
content, structure, features, and clinical application of wearable device for KOA.
Lastly, the validity and reliability study suggest that DT-walk was equally effective in
assessing asymmetries in limb loading and plantar pressure compared to the platform-
based device. The DT-walk showed excellent validity and reliability for the assessment
of SLLA with ICC > 0.9. The DT-walk showed good to excellent validity and reliability
for the assessment of PPA with ICC > 0.87. The Pearson correlation showed strong
positive correlation for reliability and validity of DT-walk (» > 0.891, CI=95%). The
paired samples t-test showed insignificant difference between the reading of SLLA and
PPA taken by same or different rater using DT-walk and between reading taken from
DT-walk and WinTrack on same subject (p > 0.05, CI= 95%). Therefore, null
hypothesis is accepted, and alternate hypothesis is rejected. Hence, it can be concluded
that DT-walk is effective in the real-time assessment of LLA and PPA in standing and
walking in KOA.

Future Recommendations

The DT-walk should be upgraded by integrating telemonitoring feature and motion

sensing units for the assessment of kinematic parameters of gait as recommended by
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the clinicians in focus group discussion. The device, when used by clinicians, will help
in assessment, training, and prognosis. Additionally, it can also help in the early
diagnosis of conditions in which limb loading patterns and balance are affected. Once
the customized smartphone application is developed, the patients using this device will
be able to track their performance in real-time and over time and improve their
performance based on the visual feedback provided by the computing device and the
instructions given by their clinicians. The future study using DT-walk should focus on
dynamic limb loading, gait pattern and asymmetries in different target populations to
evaluate its efficacy. Therefore, this study recommends that clinicians may use the
proposed device or other similar devices for the assessment of foot mapping, plantar
pressure distribution, gait, and limb loading pattern identification in their clinical

practice for early identification of gait and balance disturbances.

Keywords: Knee osteoarthritis, limb load asymmetry, wearable device, DT-walk.
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Operational Definitions

Osteoarthritis:

Osteoarthritis (OA) is a long-term chronic disease characterized by the deterioration of
cartilage in joints which results in bones rubbing together and creating stiffness, pain,
and impaired movement.

Knee Joint:

The knee joint joins the thigh with the leg and consists of two joints: one between the
femur and tibia (tibiofemoral joint), and one between the femur and patella
(patellofemoral joint).

Biomechanics:

Biomechanics is the study of a living body and its mechanics. This includes the forces
exerted by both gravity and muscles on the skeleton.

Spatial:

Relating to the position, area, and size of object.

Temporal:

Relating to time duration an object stays in a position.

Stride:

Relates to time duration between two consecutive right/left heel strikes.
Stride length:

Distance between two successive placements of the same foot. It consists of two step
lengths, left and right, each of which is the distance by which the named foot moves
forward in front of the other one.

Step length:
Distance between two successive placements of the opposite foot
Cadence:

Total number of full cycles of stride or step taken within a given period of time, often
expressed in steps or cycles per minute.

Assessment:

Refers to the wide variety of methods or tools that evaluators use to evaluate, measure,
and document performance, readiness, learning progress, skill acquisition, or other
needs of subjects.
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Gait:

Bipedal, biphasic forward propulsion of center of gravity of the human body, in which
there are alternate sinuous movements of different segments of the body with least
expenditure of energy.

Lower limb:

The lower limb refers to the part of the body from the hip to the toes. It includes the
hip, knee, and ankle joints, and the bones of the thigh, leg, and foot.

Limb load:
Refers to weight bearing by the foot during motion and standing.
Asymmetry:

The lack of equality or equivalence between parts or aspects of something; lack of
symmetry.

Balance:

Balance is an ability to maintain the line of gravity (vertical line from center of mass)
of a body within the base of support with minimal postural sway.

Sensor:

A device which detects or measures a physical property and records, indicates, or
otherwise responds to it.

Velostat:

Velostat is made of a polymeric foil impregnated with carbon black to make it
electrically conductive. Velostat is a piezoresistive material, meaning its electrical
resistance decreases when pressured.

Microcontroller:

A microcontroller is a compact integrated circuit designed to govern a specific
operation in an embedded system. A typical microcontroller includes a processor,
memory and input/output (I/O) peripherals on a single chip.

Wi-Fi:

A facility allowing computers, smartphones, or other devices to connect to the Internet
or communicate with one another wirelessly within a particular area.

Plantar Pressure:

The pressure field that acts between the foot and the support surface during everyday
locomotor activities.
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Foot pressure mapping:
Method of measuring pressures on the surface of the foot during standing or walking.
Joint Angle:

The angle between the two segments on either side of the joint, usually measured in
degrees and often converted to clinical notation.
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CHAPTER 1

INTRODUCTION

1.1 Background

Standing and walking are two primary functional positions for performing activities of
daily living, but they are complex tasks for humans as they require muscle activity.
Human gait can be defined as “a translatory progression of the body as a whole,
produced by coordinated, rotatory movements of body segments” [1]. Normal human
gait aims to facilitate translation of the body from one place to another with minimum
effort while maintaining optimal stability in different walking conditions. Stable gait
can be achieved by a well synchronized communication between central, and peripheral
nervous system for coordinating the movements of the musculoskeletal system [2].
Walking requires a high amount of balance, and stability along with the complex
synchronized oscillatory movement of different joints of the body [3]. The body's
stability, balance, and motion are facilitated by the oscillatory movement of the joints.
The synchronized activity of the neuronal, and musculoskeletal systems with the
environment is required for a good standing balance, and stable gait [4]. The pattern of
walking can get affected by various medical conditions. Any change in musculoskeletal
structures of the lower limb, and trunk can result in abnormal limb load distribution
which leads to abnormal standing posture, and gait patterns. A good static, and dynamic
posture, that is, standing, and walking, not only reduces the burden on foot, ankle, knee,
and hip but also enhances one’s appearance. The standing and walking pattern can get

affected due to injury or degenerative and infectious joint disease of lower limb.

Osteoarthritis (OA) is the second the most prevalent musculoskeletal disorders
that result in disability among adults, affecting both weight-bearing, and non-weight-
bearing joints. The World Health Organization (WHO) defined OA as “a long-term
chronic disease characterized by the degeneration of cartilage in joints which results in
bones rubbing together, and creating stiffness, pain, and impaired movement” [5].

According to the Global Burden of Disease (GBD) study 2017, OA is the second most

1



common cause of disability globally among musculoskeletal disorders that affect nearly
303,096,500 people [6]. According to World Health Organization (WHO), 18.0% of
women, and 9.6% of men aged over 60 years develops symptomatic OA globally out
of them 80% have limitations in movement, and 25% cannot perform their day-to-day
activities [7]. Among OA, knee osteoarthritis (KOA) is the most common degenerative

disease that affects 4% population worldwide [8].

The GBD study (2017) reported that knee joint is the most affected joint in OA,
affecting nearly 263.08 million people globally with higher prevalence among females
[6]. According to National Health Mission (India), OA is the second most common
rheumatologic problem, and it is the most frequent joint disease, with a prevalence of
22% to 39% in India [9]. It is evident from prior studies conducted in India that women
are affected more than men, with similar prevalence among the urban, and rural
populations [10-12]. Study evaluating epidemiology of KOA in India, and related
factors found that the prevalence of KOA is 28.7% and is highly prevalent in people
with higher BMI who do not exercise and have a sedentary lifestyle [12]. A recent study
conducted in rural area of Ballabgarh, Haryana reported a significantly higher
prevalence of KOA of 64.3% among elderly older than 65 years [11]. The probability
of developing KOA increases substantially with each decade after the age of 45 years,
but it may develop even at an early age [13]. However, a study conducted in Gurdaspur,
Punjab reported that the prevalence of KOA among women between the of 30-60 years
was 21.6% out of which 35.3% were in the age group of 30-40 years [10].

The exact mechanism of KOA is still unknown; certain factors like over 50
years of age, female gender, increased BMI over 25 kg/m2, previous history of a knee
injury, arthritis of other joints, and occupational or physical activities have been
identified as predisposing factors for the development of KOA [14]. In 2020, Raud et
al. found that the BMI is directly proportional to the severity of KOA and hence the
treatment strategies should vary based on obesity severity [15]. Further, Chen et al.
(2020) proposed an obesity-related OA model that establishes the effect of obesity on
pathological changes on the osteochondral unit and surrounding connective tissues in

OA and obesity-related asymmetrical loading, joint malalignment, and muscular
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weakness [16]. On the other hand, several studies have found that history of previous
trauma or injury around the knee joint has direct relationship with the risk of developing
OA of knee [17-19]. Among the injuries of knee, anterior cruciate ligament (ACL) is
most associated with the development of KOA in later stage. Webster and Hewett
(2022) from their systematic review and meta-analysis concluded that ACL injury
significantly increases the risk of KOA in both surgical and non-surgical cases of ACL

injury [20].

The history of knee pain is common in KOA, which is exacerbated by physical
activity, and worsens by the end of the day. The pain can be localized to one area of the
knee joint or generalized to the whole knee joint [21]. Pain and stiffness are common
in the morning and may occur after sitting or prolonged rest was reported in OA of hip
[22]. The pain severity severely affects the ability to perform activities of daily living
(ADL) and participate in physical activity. In KOA patients, the connection between
avoidance of activities and limitation of activities is substantially contributed by muscle
weakness [23-24]. As a result of pain and fear avoidance patients with KOA tend to
spend lesser time and put lesser weight on the affected leg to avoid pain. The
asymmetrical limb loading between the legs leads to altered gait mechanics, and further
joint degeneration. Furter, Wieland et al. (2005) postulated that alteration in joint
alignment can results in cartilage destruction and subchondral bone sclerosis [25]. In
addition, many possible biomechanical deviations may develop because of articular
changes in joint structure which leads to abnormal weight-bearing patterns, and further

contribute to progression of KOA [26].

In the study conducted by Robadey et al., (2018) to evaluate over-ground
asymmetry in kinematic parameters in KOA subjects, it was found that 1) there is lower
knee flexion in the affected limb as a result of the body’s protective mechanism against
knee pain; 2) during the vertical movement of the body, significantly high amount of
forces act on the knee joint contributes to pain in the affected limb which causes
avoidance behavior that leads to limb load symmetry; 3) shorter duration of heel-toe
motion in affected limb implies a flatter landing position of foot [27], and although the

ground reaction forces are not high during heel strike, increased strike pattern is evident
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[27-28]. Thus, patients with KOA may prefer a faster transition from toe touch to
decrease knee flexion moment and increase in rate of loading (ROL) which enhances

degeneration and progression of the knee joint in KOA.

Changes in the way the knee joint bears weight and where pressure is placed
during walking have been detected in the early stages of KOA. This is manifested by
increased forces on the knee during contact and a displacement of the center of pressure.
Dynamic loads on the joints and limbs during physical activity primarily contributes to
biomechanical pathophysiology and progression of KOA [29]. As joint degeneration
progresses, deviations in biomechanics of gait lead to increased overall joint loading,
affecting both medial and compartments of the knee joint [30]. Compensatory
movement and overloading other joints have been identified as potential predisposing

factors for developing KOA [31-34].

Measuring the pressure on the sole of the foot can provide information about
how the foot functions during walking, as it has to bear and adjust to changes in force
direction and magnitude. This is important for analyzing a person's gait, as well as for
medical purposes like diagnosis [35-38], rehabilitation [39—41] and sports [40, 42] is
widely acknowledged. There are two types of equipment used to measure limb load and
plantar pressure: platform-based systems and in-shoe systems. The most common
method for analyzing ground reaction force is through the use of force platforms. It has
a high repeatability, a wide pressure range, is sensitive to minute changes, and can
record at extremely high sampling rates. However, when it comes to analyzing gait
from a comprehensive perspective, force plates have some limitations. While they
provide an accurate measure of force, they cannot detect the pressure on a specific area
of the foot, which is a critical factor when analyzing plantar pressure. These platforms
are expensive, bulky and can only be used in a laboratory setting, and they can typically
record only one or two steps, which is not enough to obtain statistically significant
results [43—44]. Moreover, the subject must be barefooted during the assessment, which
is not true representation of how the foot behaves when wearing shoes, thus limiting

the data collected [45—46].



To address these limitations, wearable sensors have emerged as an alternative
method of analyzing gait. This method is cost-effective and can be used both inside and
outside of the laboratory setting, making it an increasingly popular option. Inertial
motion units and pressure sensors are applied on various body parts to analyze gait
using wearable technology. The sensors used in wearable devices are gyroscope,
magnetometer, eTextile, accelerometer, piezoelectric pressure sensor, inclinometer,
and many others for assessing different parameters of gait [47]. A brief description of
these sensors are given below:

e Gyroscope sensors are devices that, when mounted to a frame, can detect the
speed of angular velocity when the frame rotates [48].

¢ A magnetometer sensor directly senses magnetic fields, helpful in determining
direction [49]

e [E-textiles are fabrics that can be integrated with electronic components such as
batteries, light emitting diodes, sensors, and microcontrollers [50].

e An accelerometer sensor is a device that monitors the acceleration of any body
or object at rest [51].

e A piezoelectric pressure sensor is a device that measures changes in pressure,
acceleration, strain, or force by converting them to an electrical charge via the
piezoelectric effect [52].

e Aninclinometer is a device that measures the angles of slope (or tilt), elevation,
or depression of an object with regard to gravity [53].

The wearable devices made from thesis sensors exist in different forms- sensor units,

sensor embedded clothing, and in-shoe systems.

In-shoe or insole-based systems are more versatile than platform systems. Prior
studies have shown the effectiveness of theses in-shoe or insole-based systems in
plantar pressure measurement systems for diagnosis, rehabilitation, and daily activity
tracking [42, 45-46, 54-58]. There are different brands of smart in-sole devices
available in the market for plantar pressure assessment, namely F-Scan (Tekscan, Inc.,
Massachusetts, USA) [59], Movesole (Movesole, Paulaharjuntie 22, Oulu, Finland)
[60], Walkasin (RxFunction Inc. Eden Prairie, Minnesota, United States) [61],



Evalu.Run (Evalu, Munich, Germany) [62], Xsensor (XSENSOR Technology
Corporation, Calgary, Canada) [63], Insole3 (Moticon ReGo AG, Miinchen, Germany)
[64], and Pedar (Novel GmBH Inc., Munich, Germany) [65]. Although the sensors
may operate differently, the underlying principle of these systems remains the same. In
evaluating plantar pressure using these devices, a matrix of multiple sensors or sensing
unit is employed to measure the force exerted on each sensor while the foot is in contact
with the supporting surface. The pressure level is then determined by dividing the
measured force by the known area of the sensors activated while the foot was in contact
with the supporting surface. These devices cost 10-20 times cheaper than platform-
based force and plantar pressure systems. Still, the cost of these in-shoe devices is very
high for most clinicians and public. The existing approaches, and technologies are not
effective enough to assess early changes in limb loading pattern, and biomechanical
deviations of the lower limb in patients with KOA in real-time scenarios. Studies going
on in this direction have gained significant development in recent times. Although many
new wearable devices have been made to the market, they are either expensive or lack

in their assessment capabilities due to their sensor configuration.

From the current literature review, it is evident that various external, and
internal factors affect the limb loading pattern, and gait parameters in KOA. Limb load
asymmetry, the earliest clinical manifestation in KOA, is the key to prevention,
diagnosis, and disease progression prevention. The pain and modifiable risk factors
should be reduced to correct these changes. Further, early diagnosis of limb load
asymmetry and spatiotemporal gait parameter should be given importance in clinical
practice along with corrective exercises for these changes. For assessment of these
parameters force platform, baropodometry or an insole-based system is required, which
is very expensive, limitedly available, and mainly used for research purposes but not in
general practice. So, due to the lack of such technology, early diagnosis of these
changes is impossible. Thus, there is still a need for a new low-cost wearable
technology which is small, light, and portable and that can effectively assess limb load,
and plantar pressure asymmetry in patients with KOA, and allow the clinicians to

monitor the patient’s condition in real-time and improve over time.



1.2 Research Problem

The literature review suggests that the prevalence of KOA is significantly high and is
increasing with aging population, affecting nearly 263.08 million people globally [6].
Osteoarthritis being the most common progressive degenerative joint disorders that
occurs due to degenerative changes in the joint structures resulting from the breakdown
of bones, and cartilage [66]. Many possible biomechanical deviations may develop
because of articular changes in joint structure which leads to abnormal weight-bearing
patterns, and further contribute to progression of KOA [26]. In KOA patient’s limb
loading pattern, and gait are severely affected [67]. Limb load symmetry, and gait are
closely related, so even a slight asymmetry in limb load can lead to altered gait
mechanics [68]. Force platform-based systems, and gait lab systems based on motion
sensing cameras, along with wearable sensors or reflective markers, have been in use
for a long time for clinical assessment of gait, and limb load symmetry [69]. However,
these technologies are not available in most clinical practices due to their cost and
infrastructure requirement. Therefore, most clinicians rely on observation assessment
which is highly subjective and inaccurate. Studies going on in this direction have gained
significant development in recent times. Various wearable technologies have been
developed by the researcher and are available in the market. However, they lack
assessment capabilities due to their sensor configuration and associated cost of
equipment. The existing approaches, and technologies are not effective enough to
assess early changes in limb load asymmetry in patients with KOA in real-time
scenarios. Thus, there is still a need for a new low-cost technology that can effectively
assess limb load, and plantar pressure asymmetry in patients with KOA, and allow the

clinicians to monitor the patient’s condition in real-time and improvement over time.



1.3 Research Significance

Limb load symmetry, and gait are closely related, so even a slight asymmetry in limb
load can lead to altered gait mechanics [68]. Force platform-based systems, and gait lab
systems based on motion sensing cameras, along with wearable sensors or reflective
markers, have been in use for a long time for clinical assessment of gait, and limb load
symmetry [69]. To date, no cost-effective device is commercially available in the
market for a complete assessment of lower limb load symmetry, and gait parameters
using wearable sensor technology, which can be used outside the clinical setting, and
analyze the performance in real-time, except a few which are highly expensive, and
cannot be used by patients directly. Gait analysis lab systems available in the market
are costly, non-portable, require ample space, and consist of multiple components with

limited walking space, and an expert operator [69].

Therefore, to address these limitations, wearable sensors have emerged as an
alternative method of analyzing gait. This method is cost-effective and can be used both
inside and outside of the laboratory setting, making it an increasingly popular option.
Inertial motion units and pressure sensors are applied on various body parts to analyze
gait using wearable technology [70]. As stated, earlier sensors like gyroscope,
magnetometer, eTextile, accelerometer, pressure sensor, inclinometer, etc. is being
used the researchers for assessing different parameters of gait [47]. Various shoe/insole-
based devices are also available in the market, which claims that they can analyze gait.

However, they only analyze the gait phases [69].

The developed prototype device (DT-walk) assesses static limb load asymmetry
(SLLA) and plantar pressure asymmetry (PPA) using a computer-based application.
The DT-walk is an insole-based device which is very lightweight, easy to use, and
susceptible for any application that requires quantitative evaluation limb load and
plantar pressure asymmetry without requiring a sophisticated laboratory setup, and
ability to be used in any environment. The DT-walk is based on a custom-made
pressure-sensitive matrix made up of one layer of velostat sheet sandwiched between

two layers of copper strips. One layer of copper strips is placed in the horizontal



direction, and the other layer in the vertical direction. Each cross-sectional area formed
by the velostat and copper layers act as a pressure-sensing unit. This results in a
lightweight, flexible, and high-resolution insole that can be worn and carried easily.
Additionally, a separate layer consisting of five force-sensitive resistors was placed at
key locations on the plantar surface of the foot for accurate gait phase identification.
For spatiotemporal gait parameters, two inertial motion sensors with attitude and
heading reference system (AHRS) were also incorporated into our device for accurate
spatial and temporal gait detection. A detailed description of DT-walk device

development is mentioned in section 4.3.

The DT-walk can be used for assessment by medical practitioners,
physiotherapists, occupational therapists, podiatrists, and orthotists, as well as for
training purposes by physiotherapists, trainers, patients, and athletes if the training
component is also developed in later stages. Moreover, based on cost of materials, and
technologies used in this device, costs at least 50-100 times cheaper than traditionally

platform-based systems with similar accuracy when produced in bulk.



1.4 Rationale

KOA is the most common degenerative disease that affects 4% population worldwide
[8]. In KOA, abnormal gait is reported to be associated with limb load asymmetry [67].
Asymmetrical limb loading is the primary response to knee pain in the early stage of
KOA which activates due to pain and fear avoidance belief. Individuals with knee pain
tend to avoid pain provoking activities like weight bearing on affected knee which
results in joint and limb loading asymmetry. Hence, limb load symmetry, and other gait
parameters in static, and dynamic postures are important aspects of assessing KOA in
clinical practice. Prior studies have primarily focused on kinetic and kinematic
alteration of gait in KOA like joint angle and joint torque/moment. However, there is
scarcity of literature on limb loading pattern in KOA. Asymmetrical limb loading leads
to gait changes, further enhancing joint degeneration [71]. Early detection, and training
for limb load asymmetry, and gait parameters is the key to preventing further
progression of KOA [67]. Currently available devices are expensive, sophisticated,
non-portable, and require trained operators, and ample space. Due to the lack of such
devices assessment of limb load asymmetry, and spatiotemporal gait parameters in real-
time scenarios remains unassessed in its early stages of KOA [66, 72]. In postoperative
cases of KOA, training of correct limb loading pattern, and biomechanical strategies is
essential for a good prognosis. With the development of the new wearable device, the
current demands of assessment technology and rehabilitation of limb load asymmetry
in KOA were addressed. The DT-walk is very light, easy to use, and track results over
time using a mobile computing application. It can be used by healthcare practitioners
like physicians, physiotherapists, occupational therapists, orthopedics, neurologists,
orthotists, prosthetists, podiatrists, patients, athletes, and the footwear industry for
assessment. DT-walk is effective in assessing the patient’s limb load symmetry, and
thereby delaying the progression of KOA due to the following reasons:
e The commercially available platform-based systems are not affordable for
clinicians since they are expensive, non-portable, require significant space, and
consist of multiple components with limited walking space [73]. In contrast,

this device is cost-effective, portable, and wearable.
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The DT-walk uses an innovative wearable sensor-based technology that can be
used by anyone, anywhere, and efficiently for assessing limb load asymmetry,
and plantar pressure asymmetry in real-time in KOA.

The DT-walk can assess limb load, and plantar pressure asymmetry, display
results, and give visual feedback to the patients.

The DT-walk allows continuous assessment of the patient’s limb loading, and
plantar pressure distribution pattern.

Clinicians and patients can use the DT-walk inside and outside the lab.
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1.5 Research Questions

e What is the prevalence rate of limb load and plantar pressure asymmetry in

KOA?

e What is the clinician’s perspective towards wearable technology for assessment

and rehabilitation in KOA?

e C(Can a wearable device be as equally effective as a platform-based device for

assessing limb load asymmetry, and plantar pressure asymmetry in KOA?
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1.6 Research Objectives

The objectives of this research are as follows:

General Objective
To develop and validate a new wearable device for assessing limb load, and plantar

pressure asymmetry in KOA.

Specific Objective

1. To ascertain the content, structure, and design of DT-walk for assessing
limb load asymmetry, and plantar pressure asymmetry in standing, and
walking based on clinician’s perspective. (Phase I)

2. To evaluate the prevalence of limb loading, plantar pressure, and
spatiotemporal gait asymmetry among patients with KOA using WinTrack,
a platform-based system. (Phase II)

3. To develop DT-walk based on recommendations of focus group. (Phase I1I)

4. To evaluate the validity, and reliability of a new wearable device, DT-walk,
for limb load asymmetry, and plantar pressure asymmetry in standing, and
walking in patients with KOA against the WinTrack, a platform-based
system. (Phase IV)
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1.7 Research Hypothesis

Null Hypothesis : DT-walk is a valid, and reliable tool for assessing limb load
asymmetry, and plantar pressure asymmetry in KOA.
Alternate Hypothesis : DT-walk is not a valid, and reliable tool for assessing limb load

asymmetry, and plantar pressure asymmetry in KOA.
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CHAPTER 11

LITERATURE REVIEW

Overview

This review of literature is designed to explore the extent to which KOA affects the
population, and how it is being treated. This attempt also significantly consolidates the
existing assessment, and treatment approaches for KOA. The review focuses on the
theoretical concepts of limb loading, and gait, and how it affects KOA. This chapter

has considered all these directions to narrow down the research question.

The aims of this chapter are to:

e Review the KOA, and its pathology to provide clearer insights into clinical
findings, and associated problems the patients face.

e Review the existing approaches for clinical assessment of KOA, and their
limitations.

e Review the existing approaches for the treatment of KOA, and their limitations.
e Review the relevant literature related to the theories of limb loading for a clear
understanding of limb loading patterns, and asymmetry that occurs in KOA.

e Review the relevant literature related to the theories of gait for a clear

understanding of biomechanical deviations that occurs in KOA.
e Synthesize the review to form a conceptual framework for effectively assessing

and treating KOA.
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2.1 Knee Osteoarthritis

Among the musculoskeletal disorders OA is the second the most prevalent disorders
that result in disability among adults, affecting both weight-bearing, and non-weight-
bearing joints. WHO defined OA as “a long-term chronic disease characterized by the
degeneration of cartilage in joints which results in bones rubbing together, and creating
stiffness, pain, and impaired movement” [5]. The Osteoarthritis Research Society
International defines OA as “a disorder involving movable joints characterized by cell
stress and extracellular matrix degradation initiated by micro- and macro-injury that
activates maladaptive repair responses including pro-inflammatory pathways of innate
immunity. The disease manifests first as a molecular derangement (abnormal joint
tissue metabolism) followed by anatomic, and/or physiologic derangements
characterized by cartilage degradation, bone remodeling, osteophyte formation, joint

inflammation, and loss of normal joint function), that can culminate in illness” [74—75].

According to the GBD study (2017), OA is the second most common cause of
disability globally among musculoskeletal disorders that affect nearly 303,096,500
people [6]. According to WHO, symptomatic OA affects 18.0% of women and 9.6% of
men over 60 in the world; of these, 80% have mobility restrictions and 25% are unable
to carry out their activities of daily living [7]. The National Health Mission (India)
reports that in India, OA is the most common joint disease and the second most

prevalent rheumatologic issue, affecting 22% to 39% of the population. [9].

KOA is the most common degenerative disease that affects 4% population
worldwide [8]. The GBD study (2017) reported that the knee is the most affected joint
in OA, affecting nearly 263.08 million people globally [6]. It is evident from prior
studies conducted in India that women are affected more than men, with similar
prevalence among the urban, and rural populations [10-12]. Study evaluating
epidemiology of KOA in India, and related factors found that the prevalence of KOA
is 28.7% and is highly prevalent in people with higher BMI who do not exercise and
have a sedentary lifestyle [12]. A recent study conducted in rural area of Ballabgarh,
Haryana reported a significantly higher prevalence of KOA of 64.3% among elderly
older than 65 years [11]. The probability of developing KOA significantly increases

with each decade after 45 years of age, but it may develop even at an early age [13].
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However, a study conducted in Gurdaspur, Punjab reported that the prevalence of KOA
among women between the of 30-60 years was 21.6% out of which 35.3% were in the
age group of 30-40 years [10]. It is evident from the reports of the GBD study in 2017
that women have a higher risk of developing KOA [6]. Prevalence of OA has been
associated with menopause [76—78] for a long time due to estrogen deficiency [77] and

osteoporotic changes in the bone.

KOA typically presents with a history of chronic progressive joint degeneration
[12]. A history of knee pain is common in KOA, which is exacerbated by physical
activity, and worsens by the end of the day. Wieland et al. (2005) postulated that
alteration in joint alignment can results in destruction of joint cartilage and sclerosis of
subchondral bone. Pain initiates because of mechanical and chemical nociceptor
activation, impairing the quality of life and frequently leads to disability, stigma, and
isolation from social circle [25]. In KOA, the pain can be localized to one area or
generalized to the whole of the knee joint [21]. Pain, and stiffness are common in
morning, and may occur after sitting or prolonged rest [22]. Stiffness, and crepitus are
also prominent features of KOA. The swelling of knee joint occurs secondary to
synovitis, and formation of osteophyte along the joint [21]. Joint locking, and instability
are common symptoms in KOA that develop due to weakness of quadriceps and

hamstring muscles resulting from underuse of these muscles [21-22].

The exact mechanism of KOA is still unknown; certain factors predispose a
person to develop KOA. Silverwood et al. (2015) from their systematic review
concluded that individuals over than 50 years of age, female gender, BMI over 25
kg/m2, history of injury to knee joint, arthritis of other joints, and occupational or
physical activities are predisposing factors for the development of OA of knee joint
[14]. The symptoms of KOA increase significantly with every decade of life, with the
highest incidence between 55-66 years [79]. OA is not merely a basic physical wearing
down and deterioration of cartilage, but rather a dynamic biological process in which
cells within the joint play a role in mediating the degeneration of cartilage [80]. Chen
et al. (2020) identified pathological changes associated with obesity-related OA and
proposed a hypothetical model of obesity-related osteoarthritic changes based on

biomechanical factors as shown in Figure 2.1. The model demonstrates how obesity
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impacts the pathological alterations to the osteochondral unit and the connective tissues
surrounding it in cases of OA, as well as the uneven loading, joint misalignment, and
muscle weakness that are associated with obesity [16]. Raud et al. (2020) found that the
BMI score is directly proportional to the severity of KOA and hence the treatment
strategies should vary based on obesity severity [15].

Malalignment — . _— Muscle Weakness
o

Overload

l

Deformation =~ ——> Abnormal loading — Instability

l

Loss of cartilage homeostasis
Loss of bone remodeling balance

g } \

. . Subchondral bone deterioration Surrounding tissue changes
Cartilage degeneration » Subchondral bone sclerosis + Marked synovitis
* Earlier cartilage lesions - More plate-like trabeculae - Moaioal cabrigion

* Increased cartilage defects « Increased BMLs S i e (LD

* Increased osteophytes

OA development

Figure 2. 1 A model of obesity-related osteoarthritis.

BMLs: bone marrow lesions; IPFP: Infrapatellar fat pad; OA: osteoarthritis

(Source: Chen L, Zheng JJY, Li G, Yuan J, Ebert JR, Li H, Papadimitriou J, Wang Q,
Wood D, Jones CW, Zheng M (2020) Pathogenesis and clinical management of

obesity-related knee osteoarthritis: Impact of mechanical loading. J Orthop Translat
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The genetic composition can predispose an individual to the development of
OA. Various genetic factors like COL11A1, COL11A2, COL1Al, COL2Al,
Interleukin- 1, 4, 6, and 17, ASP, HLA, BTNL2, and many more have also been
identified which are closely linked with the occurrence of OA [81-83]. However,
certain genes have been identified to have a genetic association with KOA, namely
GDF5, DVWA, HLA-DQBI1, BTNL2, C0G5, DUS4L, MCF2L, GLT8D, TP63, and
some others [84]. A recent review has concluded that genome-wide association scan of
DNA variants using alleles mapping has identified 124 single nucleotide
polymorphisms that significantly correlates with higher risk of developing OA [85].
Thus, it can be concluded that individuals having one of these genes have higher

chances of developing KOA.

In several studies, the history of previous trauma or injury around the knee joint
has been postulated to have a direct relationship with the development of KOA. Injured
joints may be susceptible to the development of KOA because of the initiation of
pathogenic processes within the joint at the time of injury. These processes can be
linked to long-term alterations in the way the joint is loaded and functions dynamically.
[18] because of the body’s defense and protective mechanism. Sustaining injuries to
the anterior cruciate and medial collateral ligament (MCL) which can result in rupture
and tear of ligament and meniscal, are significant risk factors for the development of
KOA. [17-19]. Bone fractures proximal or distal to the knee joint also significantly
impact the early development of KOA. These fractures may include tibial, femoral,
fibular, patellar, and stress [86]. Webster and Hewett (2022) from their systematic
review and meta-analysis concluded that ACL injury significantly increases the risk of

KOA in both surgical and non-surgical cases of ACL injury [20].

Occupation-related physical activities that involve frequent sitting, and
standing, prolonged standing or walking, and vigorous physical activity like sports, and
athletic events predispose the individual to develop KOA at an early age [87].
Occupations that require prolonged standing or walking up, and down stairs puts the

knee joint under continuous compression, which causes early degeneration of joint
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cartilage, whereas weight lifting puts additional load on the knee joints that further
compresses the meniscus, and may potentially damage the ACL, and MCL which may
predispose the knee joint to adapt to an altered limb loading pattern [17, 88] which may
further contribute to the development of OA of knee joint [71].

Risk factors for Knee Osteoarthritis

Extrinsic, and Biomechanical Factors:
1. Physical Avtivity Level

2. High BMI

3. Occupational Exposure

4. Past Joint Injury

Systemic Factors:

1. Genetic Predisposition

2. Increasing age

3. Female Gender

4. Diet

5. Bone Mineral Density

6. Post-menopausal hormone replacement therapy

Intrinsic Factors:

1. Congenital Abnormalities
2. Infection

3. Past Joint Surgery

Figure 2. 2 Risk factors for developing KOA.
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2.2 Clinical and Advanced Assessment

The primary indications of KOA are pain in the knee, stiffness of knee joint, and altered
joint function which often worsen with weight-bearing activities such as standing and
walking during the initial stage [5, 13, 14, 17, 18, 84, 89-91]. As the condition advances
and cartilage loss leads to direct contact between bones, OA can result in constant pain
both during the day and at night [5, 90]. Compared to other inflammatory arthritis, like
rheumatoid arthritis, which is associated with prolonged morning stiffness, and
worsened pain in the morning, OA is associated with stiffness that worsens by the end
of the day [92]. The stiffness experienced by those with OA is referred to as "inactivity
stiffness," which is different from the extended "morning stiffness" often seen in
rheumatoid arthritis. In OA of joints in the lower limbs, inactivity stiffness can last for
as long as 10 minutes and typically occurs when a person attempts to stand up and put

weight on the joint after a prolonged period of inactivity [12, 92-95].

According to the American College of Rheumatology (ACR), clinical OA of
the knee can be defined as “knee pain and at least three out of six of the following
criteria: age > 50 years, morning stiffness < 30 min, crepitus, bony tenderness, bony
enlargement, and no palpable warmth” [96]. On physical examination, cartilaginous
crepitus or a crackling feeling can be felt on palpation of the knee with movement. As
the condition progresses into later stage, a coarser bone-on-bone crepitus can be felt,
where the ends of the articular bone, which have lost their cartilage, seem to rub against
each other [13, 21, 30, 76, 86, 93, 97-99]. With the progression of KOA, there is
frequently a noticeable reduction in the range of motion of the affected knee. The loss
of cartilage within the knee joint can result in the leg becoming misaligned, with an
observable varus or valgus deformity in the leg's positioning [18, 26, 90, 100]. Varus
deformity commonly applies to the angulation of the knee towards the medial

compartment in KOA [86, 92, 101].
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Table 2. 1 The American College of Rheumatology criteria for the classification and
reporting of osteoarthritis of the knee.

Clinical and laboratory Clinical and radiographic Clinical ¥

Knee pain Knee pain Knee pain

+ at least 5 of 9: + at least 1 of 3: + at least 3 of 6:

- Age > 50 years - Age > 50 years - Age > 50 years

- Stiffness <30 minutes |- Stiffness < 30 minutes - Stiffness < 30 minutes
- Crepitus - Crepitus - Crepitus

- Bony Tenderness + - Bony Tenderness

- Bony enlargement Osteophytes - Bony enlargement

- No palpable warmth - No palpable warmth
- ESR <40 mm/hour

- RF <1:40

- SF OA

92% sensitive 91% sensitive 95% sensitive

75% specific 86% specific 69% specific

ESR = erythrocyte sedimentation rate (Westergren); RF = rheumatoid factor; SF OA
= synovial fluid signs of OA (clear, viscous, or white blood cell count <2,000/mm3).
T Alternative for the clinical category would be 4 of 6, which is 84% sensitive and
89% specific.

(Source: R. Altman, E. Asch, D. Bloch, G. Bole, D. Borenstein, K. Brandt, W. Christy,
T. D. Cooke, R. Greenwald, M. Hochberg, D. Howell, D. Kaplan, W. Koopman, S.
Longley 111, H. Mankin, D. J. McShane, T. Medsger Jr., R. Meenan, W. Mikkelsen, R.
Moskowitz, W. Murphy, B. Rothschild, M. Segal, L. Sokoloff, F. Wolfe (1986)
Development of criteria for the classification and reporting of osteoarthritis-
Osteoarthritis of the Knee. Arthritis Rheum 29:1039-1049.
https://doi.org/10.1002/art.1780290816.) (Permission available at:

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=51276151-5de3-4e84-aldb-
cc41ec0616c3 vide permission to use License Number 5605320245563)

The National Institute for Health, and Care Excellence (NICE) recommends a
holistic approach to the assessment of persons with OA that includes social assessment
in terms of lifestyle, and impact on life, occupational assessment in terms of ability to
work, and home or workspace adjustments, the mood in terms of stress, and depression,
quality of sleep, other musculoskeletal pain, altitudes to exercise, and physical activity,
influence of comorbidities, and pain assessment. Nonetheless, NICE also suggests that
OA can be diagnosed through clinical evaluation alone, without the need for further

tests, in individuals who are 45 years of age or older, experience joint pain during
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activity, and have either no joint stiffness in the morning or morning stiffness that lasts

for no more than 30 minutes [21, 102].

However, to confirm the diagnosis of KOA, the clinician might recommend the
patient for a radiological examination as recommended by ACR. The primary role of
radiography in diagnosing OA is to evaluate the joint space width. An X-ray is most
recommended for patients with suspected osteoarthritic changes in the knee joint. A
knee X-ray can provide a reliable indication of KOA through the narrowing of the joint
space, according to several studies [12, 17, 21, 76, 92, 97, 103] but the osteophytes can
only be seen in advanced stages of KOA [22, 97, 103]. An MRI may also be
recommended if the patient has severe pain to rule out other causes of pain or is in

advanced stages of KOA for planning a total knee replacement surgery [21, 97, 103].

Since asymmetrical limb loading leads to altered gait mechanics, further
enhancing joint degeneration [71, 104], a functional assessment. Alterations in gait
mechanics significantly impact the ankle and hip joint moment, coronal arc, and range
of motion. Individuals with KOA tend to have reduced range of motion and a stiffer
gait pattern. [101]. Knee adduction moment (KAM) was also higher in patients with
KOA compared to normal subjects [101, 105].

For assessment of limb load asymmetry, force platform, pressure platform
system or advanced gait analysis lab is required, which is available in a limited number
of healthcare institutions due to its heavy investment, and infrastructure requirements
[69, 106]. These systems are highly accurate and considered as gold standard. The force
and pressure platform can be used alone or in conjunction with motion analysis system.
Force and plantar pressure platforms are primarily used for assessment of GRF and/or
plantar pressure distribution between and within the foot. These platforms are
expensive, bulky and can only be used in a laboratory, and they can typically record
only one gait cycle. Further, the subject must be barefooted during the assessment,
which is not a true representative of how the foot behaves when wearing footwear. On
the other hand, a gait lab typically consists of (1) infrared video-cameras; (2) inertial
sensor; (3) force platform; (4) wireless EMG; (5) data analysis and interpretation
system; (6) video recording system; (7) Display screen; and (8) data acquisition system.

The commercially available platform-based systems are not affordable for clinicians
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since they are expensive, non-portable, require significant space, and consist of multiple

components with limited walking space [73].

Figure 2. 3 BTS Gait Lab configuration. (1) infrared video cameras; (2) inertial sensor;
(3) GRF measurement walkway; (4) wireless EMG; (5) workstation; (6) video

recording system; (7) TV screen; (8) control station.

( Source: Muro-de-la-Herran A, Garcia-Zapirain B, Mendez-Zorrilla A. Gait Analysis
Methods: An Overview of Wearable and Non-Wearable Systems, Highlighting Clinical
Applications. Sensors. 2014; 14(2):3362-3394. https://doi.org/10.3390/s140203362
Available via Common Creative License: CC BY 3.0)
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Assessment of KOA

Radiological:

1. X-ray
2. MRI

Physical Examination:

1. Muscular Strength
2. Muscular Tightness

Gait Analysis:

1. Observation
2. Gait Analysis

Others:

1. Bone Density
2. EMG
3. Static Limb Load Asymmetry

Figure 2. 4 Clinical assessments of KOA
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Limitations in Clinical Assessment of KOA

Physical Examination:

1. Time Consuming
2. Chances of error
3. Subjective

Gait Lab Analysis:
1. Expensive

2. Time Consuming
3. Unavailability

Force and Pressure Platform
1. Limited cycles recorded

2. Expensive

3. Infrastructure

Observational Gait Analysis:

1. Subjective
2. Non-quantifiable
3. Inaccurate

Figure 2. 5 Limitations of existing assessment approaches
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2.3 Theoretical Concepts of Gait, Balance, and Limb Loading

The movement of a human body from one location to another commonly referred to as
human gait is a complicated process that includes intricate interactions between the
pelvis, hips, knees, and ankles. Human gait can be defined as “bipedal, biphasic forward
propulsion of center of gravity of the human body, in which there are alternate sinuous
movements of different segments of the body with least expenditure of energy” [107].
Normal human gait aims to facilitate translation of body from one place to another with
minimum effort and maintain optimum stability in different walking conditions. To
achieve stable gait, the movement of musculoskeletal system must be coordinated by

a complex network of central and peripheral neural pathways [2, 108].

Determinants of Gait

Saunders et al. (1953) introduced a theory of gait that has had significant and enduring
impact. Commonly known as the "six determinants of gait," the theory proposes that
there are six key factors that influence how people walk. These factors include the
rotation and tilt of the pelvis, as well as the flexion of the hips, knees, and ankles.
Another determinant is the interaction between the knees and ankles, and the final
determinant is the lateral displacement of the pelvis [109]. This theory was later
contradicted when subjected to scrutiny by many researchers who concluded that it
should be called kinematic features of gait [110]. In 1997, Gracovetsky developed the
"spinal engine" theory of human gait, which focuses on observing and analyzing the
biomechanics of the thoracic-lumbopelvic region. This theory proposes that the human
body has a fundamental coupled motion mechanism that drives walking and that the
lower extremities have a supportive, functional role that aligns with theories of human
evolution. Gracovetsky also suggests that the legs are like "instruments of expression"
that extend from the spinal engine. Essentially, the spinal engine theory posits that there
is a biomechanical mechanism at the core of human ambulation and that the legs play

a supportive and expressive role in this mechanism. [111].
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Dynamic Walking Model

The concept of dynamic walking is a theoretical framework for bipedal motion that
relies on basic dynamical models and considers behavior across multiple steps rather
than just one, with the aim of understanding and enhancing stability and energy
conservation during walking [112]. Dynamic walking takes advantage of the passive
dynamics of the legs to drive the majority, if not all, of the gait. This approach involves
the stance and swing legs moving in a pendulum-like manner, similar to a ballistic
motion, and extending this motion to create a fully periodic gait. During each step, the
leading leg collides with the ground, causing a redirection of the body's center of mass

(COM) and initiating the next step [112—-114].

Inverted Pendulum Model

The dynamic walking model establishes the applicability of how the stance phase in
inverted pendulum can be used to minimize energy usage during walking by focusing
on how leg works in step-to-step transition, and it establishes relationships between step
length and step frequency [115-116]. The inverted pendulum is the most used model
for studying the biomechanics of biped walkers [117]. Walking can be thought of as
the motion of two coupled pendula as the stance leg acts like an inverted pendulum that
moves around the stance foot, while the swing leg behaves like a regular pendulum that
swings around the hip [118]. Typically, the motion of the mass in an inverted pendulum
model is constrained to the sagittal plane, which is the plane perpendicular to the ground

and contains the direction of the walker's movement [112—114, 118—119].

Stability Model

In order to maintain balance and conserve energy, it is important to keep the center of
mass within the base of support. In 1985, Nashner & McCollum studied how this is
achieved and identified three common strategies: the ankle strategy, the hip strategy,
and the stepping strategy [120]. The theory is supported by various researchers [120—
123]. The ankle strategy involves minimal movement of the hip or knee joint and
instead rotates the body about the ankle joints to shift the center of mass in response to
small anterior-posterior sway perturbations. The hip strategy is used for larger
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perturbations and involves flexion and extension of the hips to shift the center of mass.
The stepping strategy is reserved for the most significant perturbations and involves
quickly realigning the base of support under the center of mass through steps, hops, or

stumbles in the direction of the perturbation source [120, 123].

To maintain a stable posture, a combination of active and passive mechanisms
at the muscle and spinal level, as well as visual and vestibular system, is necessary.
Active torques are produced by the contraction of muscles in response to the commands
send by central nervous system (CNS) and reflex mechanisms, whereas passive torques
are produced by the intrinsic stiffness and viscosity of the muscle and surrounding
tissues, like ligaments and tendons [108]. Researchers commonly use the Inverted
Pendulum model to analyze postural sway stabilization. This model represents the
musculoskeletal system as a single rigid segment that rotates about the ankle joint,
influenced by the force of gravity and the net torque generated by the musculo-tendon
complex surrounding the ankle joint [113, 115, 117, 122]. In this model, the total
stiffness, which is the sum of ankle-joint and gravitational stiffness, must be greater
than zero for local asymptotic stability. An equal weight distribution on each leg is
required for a stable static or dynamic posture and uneven weight distribution can lead
to postural instability [124]. Increased limb loading asymmetry in standing posture is
due to the asymmetrical contribution of both legs to control [125], which may lead to

an asymmetrical gait pattern [126].

Ankle Push-off Model

Based on biomechanical evidence, Zelik & Adamczyk, (2016) concluded that ankle
push-off primarily affects the mechanics of the body's center of mass (COM) by
increasing speed through the localized action of the push-off limb. This limb, which is
responsible for generating kinetic energy, may have a small mass in comparison to the
rest of the body, but its velocity change significantly contributes to the body's overall
dynamics. Therefore, the movement of the limb plays a critical role in changing the
body's COM and energy changes. To understand the relationship between the
movement of the limb and the COM, the entire body can be viewed as a system of

segments that can be divided into the push-off limb and the rest of the body [127].
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Rate of Loading

The body can experience repetitive stress, and associated complications at the initial
contact of the foot with the ground due to the cyclic nature of walking, and the ROL.
Due to change in gait kinematics, ROL increases at initial contact and a repetitively
high ROL can lead to various joint disorders like OA of hip and knee. Proprioceptive
feedback signals related to limb position and movement play crucial role in
understanding how the foot strikes the ground, and, thus, affects the ROL [128]. ROL
can get affected if an individual tries to slow down or stops the foot before landing on
the ground or if they allow the ground to stop their foot along with downward velocity
or acceleration of the foot and knee joint [129]. Walking velocity positively affects

coordinative stability in relative phase dynamics but not on changes in amplitude [130].

Fear Avoidance Beliefs

According to Crombez et al. (2012), individuals experiencing acute pain may follow a
trajectory that leads to chronic disability and suffering, which is described by the fear-
avoidance (FA) model [131]. The FA model suggests that pain-related fear triggers
avoidance mechanisms that result in reduced movement and activity, which can be
adaptive in the context of acute pain but harmful in the long term. Zale and Ditre (2015)
conceptualized that the fear of experiencing pain, fear of pain-inducing activities, fear
of movement or re-injury, and pain-related anxiety are all aspects of pain-related fear
[132]. The FA model suggests that pain-related fear avoidance mechanisms result in
reduced movement and activity, which can be adaptive in the context of acute pain but
harmful in the long term. Long-term avoidance of physical activity can negatively affect
functioning, leading to reduced participation in daily activities, increased negative
mood, and physical deconditioning [133]. Hence, it is crucial to note that pain-related
fear may contribute to the transition from acute injury/pain to chronic pain and
disability. Overall, the FA model proposes that the mutual reinforcement of pain-related
fear and avoidance behaviors may contribute to the development and progression of

disability.
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2.4 Altered Weight Bearing Pattern in Knee Osteoarthritis

Individuals with KOA typically presents with a history of chronic progressive joint
degeneration [12]. History of pain in the knee is common in KOA, which is exacerbates
with physical activity, and worsens as the day progresses. The pain can be localized to
one area of knee joint or generalized to whole of knee joint [21]. It is typical to
experience pain and stiffness after periods of prolonged rest, particularly in the morning
[22]. Stiffness, and crepitus are also prominent features of KOA. The swelling of knee
joint in KOA occurs after the formation of osteophytes and inflammation of joint
synovium [21]. The weakness of knee flexor muscles (hamstrings) and extensor
muscles (quadriceps) develops due to underuse of these muscle results in joint locking,

and instability associated with KOA [21-22].

A longitudinal study evaluating the prevalence of pain-related avoidance of
activities in early symptomatic KOA states that knee pain and low vitality were
associated with a subsequent increase in avoidance of activities. This pain-related
avoidance of activities was found to be linked with activity limitations not only at the
onset of symptoms, but also in the years that followed [134]. The study involving
Malaysian population with KOA reported that moderate to severe intensity knee pain
was associated with decreased ability to perform instrumental activities of daily living
(crude RR =2.00; 95% CI=1.29-3.11) [24]. Muscle weakness significantly contributes
to the connection between avoidance and limitation of activities in KOA patients [23].
As a result of pain and fear avoidance patients with KOA tend to spend lesser time and
put lesser weight on the affected leg to avoid pain. The asymmetrical limb loading
between the legs leads to altered gait mechanics, and further joint degeneration. The
changes in joint structure associated with KOA can cause a variety of biomechanical
alterations, including alteration in weight-bearing patterns, which may contribute to the
progression of the disease [26]. In KOA, The osteoarthritic changes in KOA are more
frequently reported in medial compartment than the lateral compartment of the
tibiofemoral joint [93, 135]. The most evident gait deviations in patients with medial
KOA are increased knee adduction moments, and decreased flexion of knee joint,

associated with varus alignment, and weakness of quadriceps muscles [105, 136—137].
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Due to reduced knee flexion, the impact load is increased on joint cartilages [138], as
seen in individuals with KOA who usually experience stiffness of knee joint during
weight acceptance [136, 139]. Muscles, and ligaments around the knee joint forms the
passive structures the protects the joint cartilage by regulating the fine joint motion and
shear forces acting on the joint [ 140—142]. Nevertheless, in individuals with KOA, these
passive structures are ineffective as there is excessive frontal plane laxity due to muscle
weakness, and articular changes within the joint. The gait deviation stated above occurs
due to the degeneration of the articular structure that results in uneven load distribution

within the knee joint of the affected leg, and between the two legs.

Due to change in gait kinematics, ROL increases at initial contact and a
repetitively high ROL can lead to various joint disorders like OA of hip and knee.
Proprioceptive feedback signals related to limb position, and movement play a crucial
role in understanding how foot strikes the ground, and, thus, affects the ROL [128].
Knee proprioception is thought to be significant for joint injury prevention since it is
necessary for protection against excessive movements, stability during static posture,
and movement coordination [143]. In KOA, proprioception is usually impaired in
presence of pain and muscle weakness [144] which may result in increased ROL.
Further, the weakness of quadriceps muscle has been associated with dynamic balance
stability in the more painful KOA. The reduced proprioception and muscle strength
positively correlates with static and dynamic balance and sway of center of pressure in

KOA [145].

Changes in the way the knee joint bears weight and where pressure is placed
during walking have been detected in the early stages of KOA. This is manifested by
increased forces on the knee during contact and a displacement of the center of pressure.
Dynamic loads on the joints and limbs during physical activity primarily contributes to
biomechanical pathophysiology and progression of KOA [29]. As joint degeneration
progresses, deviations in biomechanics of gait lead to increased overall joint loading,
affecting both medial and compartments of the knee joint [30]. Compensatory
movement and overloading other joints have been identified as potential predisposing

factors for developing KOA [31-34].
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Bilateral KOA patients exhibit significant limb load asymmetry [67]. Whereas
patients with unilateral hip OA tend to put more load on the contralateral limb, which
leads to early degeneration of knee joint structure due to asymmetries in dynamic joint
loading at the knee associated with peak external knee abduction moment [146]. The
patients with severe unilateral KOA have abnormal joint loading in both lower limbs.
The knee abduction moment, at peak and mid-stance associates with the load on medial
compartment, is predictive factor for development and progression of KOA [32]. In
KOA, the peak abduction moment during gait is evident in the medial compartment of

the knee [26, 105, 147].

In the study conducted by Robadey et al., (2018) to evaluate over-ground
asymmetry in kinematic parameters in KOA subjects, it was found that 1) there is lower
knee flexion in the affected limb as a result of the body’s protective mechanism against
knee pain; 2) during the vertical movement of the body, significantly high amount of
forces act on the knee joint contributes to pain in the affected limb which causes
avoidance behavior that leads to limb load symmetry; 3) shorter duration of heel-toe
motion in affected limb implies a flatter landing position of foot [27], and although the
ground reaction forces are not high during heel strike, increased strike pattern is evident
[27, 28]. Thus, patients with KOA may prefer a faster transition from toe touch to
decrease knee flexion moment and increase in rate of loading (ROL) which enhances

degeneration and progression of the knee joint in KOA.
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Difficulty in Pain Avoidance Gait and Postural Development of Bilateral Modification of
performing ADLs Adaptations Knee Osteoarthritis ADLs
Predisposing Asymmetrical
Factors Limb Loading
A
Early Degenerative . Pain Degeneration of . | Bilateral Knee Lifestyle and QOL
Changes o Contralateral Limb "|  Osteoarthritis compromised
Y
Lower limb Injury Gait Alterations
| I I |
Risk Factors Development of Unilateral Knee Progression from Unilateral to Bilateral Knee Progression of
Osteoarthritis Osteoarthritis Knee Osteoarthritis

Figure 2. 6 Conceptual framework for development, and progression of knee osteoarthritis.
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2.5 In-Shoe System for Limb Load and Plantar Pressure Assessment

Measuring the pressure on the sole of the foot can provide information about how the
foot functions during walking, as it has to bear and adjust to changes in force direction
and magnitude. This is important for analyzing a person's gait, as well as for medical
purposes such as diagnosis [35-38], rehabilitation [39—41] and sports [40, 42] is widely
acknowledged. There are two types of equipment used to measure limb load and plantar
pressure: platform-based systems and in-shoe systems. The most common method for
analyzing ground reaction force measurement is through the use of force platforms. It
has a high repeatability, a wide pressure range, is sensitive to minute changes, and can
record at extremely high sampling rates. However, when it comes to analyzing gait
from a comprehensive perspective, force plates have some limitations. While they
provide an accurate measure of force, they cannot detect the pressure on a specific area
of the foot, which is a critical factor when analyzing plantar pressure. An alternative to
this issue is to use an optical pedobarograph, which displays a graphical representation
of pressure applied during walking in real-time. The device is highly precise and
capable of detecting even minor pressure variations. Nevertheless, the device requires
appropriate calibration to ensure accurate measurement of the pressure magnitude.
These platforms are expensive, bulky and can only be used in a laboratory setting, and
they can typically record only one or two steps, which is not enough to obtain
statistically significant results [43—44]. Moreover, the subject must be barefooted
during experiments, which is not representative of how the foot behaves when wearing

shoes, thus limiting the data collected [45-46].

In-shoe or insole-based systems are more versatile than platform systems. Prior
studies have shown the effectiveness of theses in-shoe or insole-based systems in
plantar pressure measurement systems for diagnosis, rehabilitation, and daily activity
tracking [42, 45-46, 54-58]. There are different brands of smart in-sole devices
available in the market for plantar pressure assessment, namely F-Scan (Tekscan, Inc.,
Massachusetts, USA) [59], Movesole (Movesole, Paulaharjuntie 22, Oulu, Finland)
[60], Walkasin (RxFunction Inc. Eden Prairie, Minnesota, United States) [61], Evalu

36



Run (Evalu, Munich, Germany) [62], Xsensor (XSENSOR Technology Corporation,
Calgary, Canada) [63], Insole3 (Moticon ReGo AG, Miinchen, Germany) [64], and
Pedar by Novel (Novel GmBH Inc., Munich, Germany) [65]. Although the sensors may
operate differently, the underlying principle of these systems remains the same. In
evaluating plantar pressure using these devices, a matrix of multiple sensors or sensing
unit is employed to measure the force exerted on each sensor while the foot is in contact
with the supporting surface. The pressure level is then determined by dividing the
measured force by the known area of the sensors activated while the foot was in contact
with the supporting surface. A comparison of the cost of these systems are given in
Table 2.1. These devices cost 10-20 times cheaper than platform-based force and
plantar pressure systems. Still, the cost of these in-shoe devices is very high for most

clinicians and the public.
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Figure 2. 7 Wearable in-shoe device available in market: a. Movesole, b. Walkasins, c.

F-scan, d. Evalu, e. Pedar.

Source:

a. MoveSole - MoveSole n.d. https://www.movesole.com/en/ (accessed August 7,
2023).

b. Walkasins by RxFunction | A Peripheral Neuropathy Device n.d.
https://rxfunction.com/ (accessed August 7, 2023).

c. F-Scan GO System | In-Shoe Pressure Measurement Foot Function Gait Analysis
System | Tekscan n.d. https://www.tekscan.com/products-solutions/systems/f-scan-
system (accessed August 7, 2023).

d. Finde heraus wie Du ldufst - running coach | evalu n.d. https://evalu.com/ (accessed
August 7, 2023).

f. Footwear pressure distribution measurement- pedar] novel.de n.d.
https://novel.de/products/pedar/ (accessed August 7, 2023).
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Table 2. 2 Comparison of cost of insole and platform-based system for plantar pressure

and limb load assessment.

S. No. | Name and country Type Price Price (INR)
1  |Pedar, Novel, Germany [65] Insole Based | 27809 Dollars 23,01,041
2 |F-scan, Tekscan, US [59] Insole Based [> 250000 Dollars| 20,69,125
3 WalkinSense, Kinematix, UK Insole Based Commqrmally NA

[148] unavailable
Stridalyzer Prism Insole,
4 ReTiSense, Delaware [149] Insole Based 699 Dollars 57,838
Stridalyzer Forceplate Sensor
5 |Board, ReTiSense, Delaware Insole Based 999 Dollars 82,661
[149]
6 [Move Sole, Finland [60] Insole Based Commgrmally NA
unavailable
7 [Runvi, Germany [62] Insole Based | Commercially NA
unavailable
8 |OpenGo, Moticon, USA [64] Insole Based 1895 Dollars 1,56,800
9 [XSENSOR, Canada [63] Insole Based Unavailable NA
10 Force Plate Quattro Jump, 3-axis force
Kristler, Switzerland [150] plate
AccuPower-O, AMTI, USA 3-axis force 25000 - 30000 | 20,69,125 -
11 [151] late Dollars/ 24.82,335
P Force plate per Force plate
12 Bertec Force Plate FP4060-08, 3-axis force
Bertec Corporation, USA [152] plate
GAITRite Platinum Plus .
13 Classic, GAITRite, USA [153] Baropodometric| 25815 Euros 22,79,412
14 WinTrack, Medicapteurs, Baropodometric| 9000 Euros 7,94,681
France [154]
15 [Slt gl;l]e way, Tekscan, USA Baropodometric | 25000 Dollars 20,69,125
16 Pasport, Pasco Scientific, USA | 2-axis force 1525 -2127 1,26,185 —
[156] plate Dollars 1,75,997
Force Platform Biosignalsplux,| 1-axis force
17 Plux biosignals, Portugal [157] plate 2730 Euros 2:42,819
Bilateral Force Plate, Hawkins 1-axis force
18 Dynamic, USA [158] plate 5000 Dollars 4,13,722
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2.6 Conceptual Framework

From the current literature review, it is evident that various external, and internal factors
affect the limb loading pattern, and gait parameters in KOA. The Global Burden of
Disease study reported that the KOA affects nearly 263.08 million people globally, with
a higher prevalence among females. The history of knee pain is common in knee
osteoarthritis, which is exacerbated by physical activity and worsens by the end of the
day. The pain severity severely affects the ability to perform activities of daily living
and participate in physical activity. As a result of pain and fear avoidance, patients with
knee osteoarthritis tend to spend less time and put less weight on the affected leg to
avoid pain. This asymmetrical limb loading between the legs leads to altered gait
mechanics and vice-versa, which furthers joint degeneration. Joint alignment alteration
can result in cartilage destruction and subchondral bone sclerosis. In addition, several
potential biomechanical alterations may occur due to the changes in joint structure,
leading to altered weight-bearing patterns and contributing to the further progression of
knee osteoarthritis. As structural degeneration progresses, alterations in gait mechanics
lead to increased overall joint loading, affecting the medial and lateral compartments
of the knee. Compensatory movement and overloading other joints have been identified
as potential predisposing factors for developing knee osteoarthritis. The pain and
modifiable risk factors should be reduced to correct these changes. Further, early
diagnosis, limb load asymmetry and spatiotemporal gait parameter should be given
importance in clinical practice along with corrective exercises for these changes. Limb
load asymmetry, the earliest clinical manifestation in KOA, is the key to prevention,
diagnosis, and disease progression prevention. This framework recommends early
assessment of limb load asymmetry in all individuals with predisposing factors of knee

osteoarthritis to prevent the development and progression of knee osteoarthritis.

For assessment of these parameters force platform, baropodometry or an insole-based
system is required, which is very expensive, limitedly available, and mainly used for
research purposes but not in general practice. So, due to the lack of such technology,
early diagnosis of these changes is impossible. Therefore, it can be said that there is a

great need for a low-cost wearable device that is small, light, and portable for
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assessment. The development of such wearable device can be achieved in the following

steps:

The clinical profile of KOA patients’ needs to be verified.

The current needs of technology in the assessment of KOA are to be identified.
Based on the need assessment, new technology/devices should be developed
The reliability of the new device should be tested.

The validation of new devices against the gold standards
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Figure 2. 8 Conceptual framework for assessment, prevention, and management of knee osteoarthritis based on limb load asymmetry

© Amber Anand, Senthil NS Kumar, Suresh Mani- Lovely Professional University vide Registration No. [L-124575/2023, Copyrights

India.

42



Users

Hospitals

Academic
Institutions

Device

Research
Institutions

Force/Pressure
Platform

Clinics

Sports Training

Footwear
Manufacturer

Parametrers

3-D Force

Accuracy

Gold Standards

Cost

25000-35000

Dollars

Moderate to
excellent

Athletes

Patients

1000-28000
Dollars

Spatial Gait
Parameters
In-shoe Systems
Temporal Gait
Parameters
DT-walk

Plantar Pressure

Good to

excellent

300-500 Dollars

Figure 2. 9 Relative applicability and cost effectiveness of DT-walk.
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CHAPTER 111

METHODOLOGY

Overview

This chapter aims to provide the outline for the methodology used in this study. The
study was conducted in four phases. The first phase was designed to identify and discuss
the clinical problems in KOA with the focus group, and to develop the device based on
the focus group's recommendations. The second phase was designed to evaluate the
prevalence of asymmetries in limb loading, plantar pressure, and spatiotemporal gait
parameters in KOA. The third phase was designed for development of DT-walk. The
fourth phase was designed to assess the validity, and reliability of DT-walk against gold
standards. Each phase has its methodology, which is explained in this chapter.

Focus Group Discussion
(Phase I)
December 2019 - December 2020

Preliminary Study
(Phase II)

March 2021 - December 2021
Development of DT-walk
(Phase III)

December 2020 - December 2022
Validation and Reliability Testing
(Phase IV)

December 2022 - February 2023

Figure 3. 1 Phases of this study
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3.1 Focus Group Discussion (Phase I)

Based on the literature review, we understand the fact that there is a need for a new
wearable technology for the assessment of limb load asymmetry in KOA. A focus group
discussion was conducted to conceptualize the need, content, structure, and design of
the DT-walk based on clinician’s perspective. Finally, based on the recommendations
made by the focus group regarding the needs, content, structure, and design of the alpha
prototype, a functional prototype was made in collaboration with the Division of

Research and Innovation, Lovely Professional University.

Focussed Group Discussion:
To evaluate the need of new technology in clinical rehabilitation

Recommendations
For identification of content, structure, and design of prototype device

Development of DT-walk

To validate DT-walk for assessing asymmetries in limb loading and plantar
pressure in KOA

Figure 3.2 Components and outcomes of the need assessment study

The focus group discussion was planned with a panel of clinical experts. Focused group
discussion was conducted between August 2020 and October 2020 via an online video-
conferencing platform like Google meet or Zoom meetings. The FGD included twenty-
four physiotherapists working at different clinics, hospitals, and academic institutions
in one of the three focus group discussions where each discussion included six — eight
participants. Focused group discussion covered different aspects of KOA, including

prevalence, clinical features, assessment techniques, and treatments available for KOA.
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The primary focus of this discussion was on the clinical assessment of asymmetrical
limb loading, which ultimately leads to alteration in gait patterns and the strategies or
technologies being used in clinical practice for such assessment in patients with KOA.
Secondly, this discussion was focused on assessment and rehabilitation techniques or
technology they use in clinical practice. How effective is the current approach? Is there
any need for new technology? What kind of technology do they want to see in the

future? What parameters should be incorporated in such devices?

Methodology
Study Design: Qualitative Study Design using Focus Group Discussion (FGD).

FGDs were used for generating information on collective views, and the meanings that
lie behind those views. It is useful in generating a rich understanding of participants'

experiences and beliefs [159].
Study population: Physiotherapist

The study population included only the physiotherapists working in a clinical setting
with a minimum experience of three years for homogeneity of samples based on the

guidelines given by Morgan (1997) and Krueger (2002) [159-160].
Sample Size: Twenty-four

Based on the recommendations for group size of focused group discussion given by
[159, 161, 162], the optimal focus group size should include six to ten participants, and
an additional 20% non-participants who would miss the discussion. A total of three

focus group discussion sessions were conducted to identify the key themes.
Study Location: Online video-conferencing platform

It was conducted via video-conferencing platforms like Google meet or Zoom
meetings. The participants can join the discussion from their own location at the

scheduled time of the meeting.
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Procedure

The focus group discussion was conducted based on the guidelines given by [159] for
planning, observation, analysis, and reporting a focus group discussion. The focus
group discussion required a moderator and an assistant moderator. The researcher took
the role of moderator, and an assistant moderator was appointed who assisted the
moderator in the discussion, took notes, and recorded audio and video of the whole

session.

Due to the prevailing COVID-19 pandemic, the FGD was conducted online
mode via cloud meeting. The potential participants were approached via email and
personalized text message with an invitation to participate in one of the three FGDs.
All the participants provided consent via Google form prior to taking part in the study.
A total of 29 physiotherapists had consented to participation in the FGD, out of which
four physiotherapists could not make it to the FGD, and the remaining 25
physiotherapists participated in one of the three FGD sessions conducted via online
videoconferencing. Ultimately, 25 physiotherapists with a minimum experience of
three years in treating KOA with good English communication skills volunteered to
participate in this study. The duration of each discussion was between 90 and 120
minutes. Two moderators (AA and SR) facilitated the discussion based on a semi-

structured topic guide.

Table 3.1 shows the flow of discussion with associated questions. At the start
of each focus group discussion (FGD), an introduction was given to explain the
discussion format and rules, followed by a guarantee of confidentiality for all
exchanged information. The discussion objectives were thoroughly clarified, along
with the definitions of KOA and wearable technology. To aid in later analysis, each
FGD session was recorded on video and transcribed verbatim. The thematic analysis of
the FGD was performed individually by the two moderators, and the outputs were
cross-checked for validity before the results were categorized. Key themes were
identified from which concepts were derived, and these themes were used to compare
responses between focus groups and to map and interpret data. The physiotherapists'
responses were organized into different themes and concepts using Microsoft Excel

spreadsheets.
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Table 3. 1 Semi-structured topic guide for focus group discussion

1. Introduction
e  Moderators, and participants introduce themselves.
e Setting the ground rules, and format of discussion, and its aim
e Confidentiality Assurance

2. Knee Osteoarthritis
e Definition- KOA
e  What is their opinion about KOA and its prevalence in our society?
e  What is the most common complaint of patients with KOA from their perspective?
e Do they think the assessment of limb load asymmetry is important in KOA?
e How do they assess limb load asymmetry?
e  What are the challenges with the current technologies?

3. Waearable technology
e Definition- wearable technology
e Askifthey know or use any wearable devices or have seen a demonstration of any developed
prototype.
e Ask if'they like wearable technology, and, if so, why:
o Would you use it?
o How often would you like to wear it?
e  Ask what they do not like about wearable technology, and if so, why?
o What would put you off from using such technologies?
e Askif they know of any alternative to wearable sensor technology.

4. Feelings about wearable medical technology

e How are they doing in general in dealing with KOA?

e Do they think wearable technology would help their patient’s situation? If so, how?

e How do they view this technology in comparison to conventional forms of treatment? And
why?

e Do they see themself using this kind of technology? If so, how?

e  Would they use this technology for monitoring their patient’s rehabilitation practice from
their home rather than going to clinical practice?

5. Features & Functionality
e  What features would they like to include in such a device for KOA?
e  What parameters would you like to include in such a device for KOA?

6. Impact on relationships
e If they did decide to use this technology, how do they think it would impact their clinical
practice?
e Do they think it would change how they interact with patients?
e  What are their views on data privacy?

7. Closing
e [s there anything else they would like to say about what we have discussed?
e  What are their expectations from the new technology, and its cost?
e  Summarize the discussion.

e Thank everyone for their time, and participation
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An invitation, along with the objectives of the focused group discussion, was sent via
email to the physiotherapists working in a rehabilitation facility to participate in the
discussion. They were asked to give their consent electronically via email/personal
message for participation in the focus group discussion. Once consent was received
from all the participants, the structure of the focus group discussion was finalized. In
this study, three sessions of focused group discussion were conducted. The first focus
group discussion was guided in the identification of current approaches used in clinical
practice, problems being faced in assessment and training, and the need for technologies
for the future- their design, content, and structure. The successive sessions of focus
group discussion were helpful in confirming of structure, content, and design of the

future device.

Before the commencement of the discussion, all the necessary preparation were
done, including the selection of a suitable online video-conferencing platform, selection
of participants, presentation, and video recording. The background details of each
participant, including demographic details, area of interest, specialty, experience, and
informed consent stating their willingness to participate actively, were collected. As
soon as the discussion started, the assistant moderator began the audio and video

recording of the session and took notes from the discussion.

During the discussion, the moderator addressed the participants with a warm
welcome note and briefing about the purpose of this focus group discussion and set out
the discussion rule. The moderator initiated the discussion with the set of questions he
had prepared in advance based on the objective of the focus group discussion. One by
one, the question was presented before all the participants, and the response of each
participant for each question was recorded as they discussed. All the participants were
encouraged to express their views and concerns that were relevant to the core objectives
of the discussion. At the end of discussion, the moderator thanked all the participants

for their valuable time in participation and comments.

Immediately after the end of the discussion, the moderator and the assistant
moderator debriefed the contents of the discussion and labeled and stored the recorded
data document, audio, and video files in a password-protected storage device. The

moderator and assistant moderator prepared a report on the outcomes of the focus group
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discussion. The successive focus group discussions were conducted based on the
findings of the first focus group discussion. In a similar manner, successive focus group
discussions were scheduled and conducted via videoconferencing with a different group

of participants.

Data Analysis

The comments of each participant were recorded and carefully analyzed using
systematic and verifiable methods. The focus group discussions were analyzed
thematically using Microsoft excel, based on the framework given by Gale et al.,
(2013) for the analysis of qualitative data in multi-disciplinary health research [163].
For quantitative analysis of qualitative data, the data has to go through multiple stages,
which include transcription, familiarization, coding, development of an analytical

framework, application of the analytical framework, and summarization.

To transcribe accurately, a high-quality audio recording was necessary, and the
transcripts generated were formatted with wide margins and line spacing to allow for
future annotations and coding. It was crucial to become familiar with the entire
interview by utilizing the audio-video recording, transcript, or other notes taken during
the focus group discussion to interpret the content effectively. After gaining familiarity
with the discussion, the researcher carefully reviewed the transcript line by line and
applied codes or paraphrases to convey their interpretation of the text. Following the
coding process, the researcher developed a practical analytical framework that was
utilized to analyze the complete data. The transcript, coding, and analytical framework
were then applied to Microsoft Excel, and the analysis was conducted. The focus group
discussion was summarized, and recommendations were generated based on the

findings of the analysis [164].
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3.2 Prevalence Study (Phase II)

The preliminary study was conducted understand the extent to which limb load
asymmetry and gait parameters are affected in KOA, a preliminary study using the
WinTrack system is required. The preliminary study evaluated the prevalence of limb
load asymmetry and biomechanical deviations among KOA patients using WinTrack
system based on the basic framework given by Smith et al., (2015) for carrying out a
preliminary study [165].

Methodology

Research Design: Cross-sectional Study

To evaluate the prevalence of limb load asymmetry and spatiotemporal gait changes in

KOA was conducted using a cross-sectional study design.
Study Population: KOA

Patients with the diagnosis of KOA were included in the study.
Sampling Method: Purposive Sampling

Since this was a prevalence study, no randomization was required. Therefore, all the

samples meeting the selection criteria were included in the study.
Sample Size: 95

The total sample size for this study was calculated using G*Power version 3.1 [166]
using a two-tailed t-test for the correlation point biserial model with an effect size of
0.3, error prob 0.05, and power of 0.8, which was 82. Considering 15% dropouts
(including both those who enrolled but couldn’t come on the day of the assessment and
those who came for the assessment but could not complete the assessment due to some
other health problem) in the total sample, 13 more samples were included in the study.
Therefore, the total sample size comes out to be 95, which was included in this study

(Figure 3.2).
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X-Y plot for a range of values

Figure 3. 2 G*Power Package Software program displays the statistical power, effect

size, and alpha for the sample size used in the calculation. The calculated total sample

size 1s displayed in the Protocol of power analyses.
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Selection Criteria:

Inclusion Criteria:
e Fulfilment of American College of Rheumatology criteria
for diagnosis of knee osteoarthritis.

e Gender: Both males, and females

Exclusion Criteria:
e Injury to the leg (< 6 months)
e History of fracture in lower limb
e Deformities of the spine and lower limb
e Musculoskeletal disorders of the trunk and upper limb
e Diagnosed cases of cardiac arrhythmias
e Diagnosed cases of Neurological Disorder

e Diagnosed cases of Psychosomatic Disorder
Study Location: Physiotherapy OPD, Uni Hospital, LPU, Phagwara

Patients coming to Uni Hospital, and Physiotherapy OPD of Lovely Professional
University were asked to participate in the study and were included after getting the

signed consent from them.

Equipment: WinTrack platform, Laptop with WinTrack Software, Weighing scale,

and Stadiometer.

The assessment of limb loading, and spatiotemporal gait parameters was performed
using the Win-Track platform (Medicapteurs Technology, France) which is a valid and
reliable tool for these assessment barefooted [167]. The platform has a dimension of
1610 mm X 652 mm x 30 mm (length/width/height). It has a thickness of 9 mm, and it
has a total of 12 288 sensors of resistive type. Each sensor has a dimension of 7.8 x 7.8
mm?, with an acquisition frequency of up to 200 images/s. The WinTrack data
accusation software allows the clinician to upload the assessment data to a computer on
which it is installed, and it automatically identifies the footstep and calculates the

parameters in three modes static, dynamic, and postural. The WinTrack system
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provides the clinician with quantitative information about the patient’s static loading,

plantar pressure, postural instability, and spatiotemporal gait parameters.

lr Wintrack - TEST TRACK - 11/03/2009 - 11:18:22 AM
Files Utilties Statistics Configuration Help
patient | Exam | Acquisition Graphs | Compere | Video | Wil |

2EEDET gt

Cadence 938  Step/mn

Area 148 126 143
AvgP. 1111 1218 910
MaxP. 2519 2829 2263

Left foot 730 ms
Right foot

Double Support

Simple Support

S 10 15 20 25 30 35 40 45 S0 55 60 65 70 75 G0 65 %0 5 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 180 155 200

Figure 3. 4 WinTrack application for data acquisition from WinTrack platform.
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Figure 3. 5 Computers with Wintrack application.
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200CM

b'.'“ e "‘h:;‘

Figure 3. 6 Stadiometer and weighing scale used in the study.
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Outcome measures:

Temporal

Swing Duration- left (ms), Swing Duration- right (ms), Stance
Duration- left (ms), Stance Duration- right (ms), Step Duration-
Left (ms), Step Duration- Right (ms) and Stride Duration (ms).
Spatial

Step Length- Left (mm), Step Length- Right (mm), Gait Velocity
(m/s) and Stride Length (mm).

Load Distribution

Limb Load- Left (kg), Limb Load- Right (kg), Maximum Plantar
Pressure- Left (kPa) and Maximum Plantar Pressure- Right
(kPa).

Asymmetry

Limb Load Asymmetry (%), Step Length Asymmetry (%), Step
Duration Asymmetry (%), Swing Phase Asymmetry (%) And

Plantar Pressure Asymmetry (%).
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Procedure

Samples were selected based on the inclusion and exclusion criteria (self-reported based
on medical record). Subjects fulfilling the inclusion criteria were asked to participate in
the study. The aims and objectives of the study were explained to them. The procedure
was explained to the patients to make them understand the importance of the study and
how they will benefit from it. Patients were asked to give their consent for participation
in the study. After getting consent from the patient, the general assessment was done.
Then the patient was taken to the lab for assessment where we explained the assessment
procedure and showed them what the data looks like on the system interface. The
assessment outcome was explained to each patient and relevant self-care exercises and

measures were explained to them post assessment.

For the assessment of spatial and temporal parameters of gait using WinTrack,
a certain procedure recommended in the user manual needs to be followed. Firstly, the
WinTrack platform needs to be placed on the floor; then, a start/end line was marked
on the floor. The WinTrack platform was connected to a computer on which the
WinTrack analysis application was installed. Then a new case was created for each
subject, and the basic information like name, age, gender, foot size, weight, and height
were fed into the system for each subject, and the data acquisition system was turned
on and activated. Secondly, subject preparation was done that included an explanation
of the procedure, and they were instructed to stand by the start/end line as marked on
the floor and wait for instructions. Thirdly, the patient was asked to follow the
instruction during the analysis process while the data was being stored, and the data
acquisition profile was generated in a sequential manner that included assessment of
static limb load, dynamic limb load, spatiotemporal gait parameter, and postural

instability (Figure 3.7).

In this study, the WinTrack platform was used to record static loading and 3-
step gait. In static loading assessment, the platform records the position of the foot,
weight, and plantar pressure distribution between and within the foot. The participants
were instructed to stand barefoot on the platform in their natural posture and look ahead
to assess the static loading. The static data was recorded once the participant confirmed

their position. For the assessment of the gait parameters, the platform records the first
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3 steps of gait once the participant steps on the platform. The start and end points were
marked on the floor 2 meters from the edge of the platform to get more accurate and
natural gait data. The participants were instructed to stand barefoot with both feet at the
start mark and start walking in their natural pattern and pace while looking ahead. Each
participant was administered six trials according to multiple dynamic assessment
protocol of the WinTrack software wherein they were required to place their dominant
foot on the platform and take at least three consecutive steps. The best-recorded gait
cycle of the six trials was selected for analysis. On successful completion of the
procedure, the patient was thanked for his cooperation. Home exercise rehabilitation

protocol was explained to the participants for their knee pain and gait asymmetries. The

same procedure was followed for all (n=95) of the patients recruited in this study.

Figure 3. 7 Use of WinTrack system for assessing limb load and spatitemporal

asyemmetry.

The system recorded the following gait variable: single stance (%), cadence
(steps/minute), step duration (ms), double stance duration (ms), swing duration (ms),
stride duration (ms), step length (mm), gait cycle length (mm), area (cm?) covered by
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the first, second, and third footsteps, and average, and maximal plantar pressure (kPa)
under the foot during the first, second, and third step of the foot on the platform. Based
on variables recorded by the WinTrack system, additional calculations were made to
calculate, namely dynamic interlimb maximum pressure difference (kPa), interlimb
swing phase duration difference (ms), interlimb step duration difference (ms), interlimb
step length difference (mm), step length asymmetry (%), step duration asymmetry (%),
and plantar pressure asymmetry (%).

The calculations were made as follows:

1. Dynamic Interlimb Maximum Pressure Difference (DIMPD):

Dynamic Interlimb Maximum Pressure Difference (kPa)

= Max. Pressure jor; — Max. Pressure pign;

Where, Max. Pressure e, and Max. Pressure rigne are the maximum pressure exerted
on the left and right foot, respectively, during walking.

2. Interlimb Swing Duration Difference:

Interlimb Swing Duration Difference (ms)

= Swing Duration .rr — Swing Duration gign;

Where, Swing Duration Let and Swing Duration rignt are the duration of the swing phase
of the left and right foot respectively, during walking.

3. Interlimb Step Duration Difference:

Interlimb Step Duration Difference (ms)

= Step Duration pof — Step Duration gignt

Where, Step Duration Let and Step Duration rignt are the duration of the left and right
steps respectively, during walking.
4. Interlimb Step Length Difference:
Interlimb Step Length Difference (mm)
= Step Length ;.rc — Step Length gign:

Where Step Length et and Step Length rigne are the length of the left and right steps,
respectively, during walking.

5. Step Duration Asymmetry:
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Step Duration Asymmetry (%)

_ <\/(Step Duration j.¢; — Step Duration Right)2> . 100
Step Duration per; + Step Duration gign:
where, Step Duration rer and Step Duration rignt are the duration of the left and right
steps respectively, during walking.
6. Step Length Asymmetry:
Step Length Asymmetry (%)

\J(Step Length ¢ — Step Length gigne)? 100
= *
Step Length o5, + Step Length gign;

where, Step Length et and Step Length rigne are the length of the left and right steps,
respectively, during walking.
7. Plantar Pressure Asymmetry:

Plantar Pressure Asymmetry (%)

\/(Max. Pressure ;o5 — Max. Pressure Right)z 100
— E3
Max. Pressure jorr + Max. Pressure gign:

where, Max. Pressure Let, and Max. Pressure rignt are the maximum pressure exerted on
the left and right foot, respectively, during walking.
8. Limb Load Asymmetry:

Limb Load — Limb Loadg; pt)?
Limb Load Asymmetry (%) = <\/( Left Right) ) %100

Limb Loadcse + Limb Load gign:

where, Limb Load Lett and Limb Load rigne are the weight under left and right foot,

respectively, during standing.
9. Swing Phase Asymmetry

Swing Phase Asymmetry (%)

\/(Swing Duration p5; — Swing Duration Right)z 100
= X
Swing Duration jer; + Swing Duration gign:

The data acquired for all the samples were calculated using the above formula to

evaluate asymmetries in static loading, step duration, step length, and plantar pressure.
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Statistical analysis

The data was analyzed on SPSS version 25.0. Demographic data like age, gender,
weight, height, BMI, physical activity, lifestyle, injury history, and limb involvement
were analyzed descriptively. Data related to outcome measures were also first analyzed
descriptively to evaluate the prevalence of asymmetry in limb loading and
spatiotemporal gait parameters among patients with KOA based limb involvement. The
main outcome measure obtained from this cross-sectional study was prevalence, which

can be calculated using the following equation:

Number of cases in a defined population at one point in time

Prevalence= - - - —
Number of persons in a defined population at the same point in time

The data were then analyzed statistically for correlation between the prevalence of limb
load asymmetry and asymmetries in spatiotemporal gait parameters in patients with
KOA, and the risk factors, namely age, gender, obesity, and history of trauma, using
the test for correlation of co-efficient to measure how strong a relationship is between
two variables. This helped us understand the relationship between patient profile, limb
load asymmetry and spatiotemporal gait deviations in KOA. One of the most used
formulas for assessing correlation of co-efficient in statistics is Pearson’s correlation

coefficient formula, which can be calculated using the following equation:

n(Xxy) — X% (Xy)
V[nEx? — (Z0)?][nTy? — (33)?]

r =

where, r = Pearson’s correlation coefficient, n= number of samples, x, and y are

variables.
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3.3 Development of DT-Walk (Phase I1I)

Based on the recommendations of the expert panel from the focused group discussion,
an outline for the development of the prototype was made. The prototype development
outline includes information related to the assessment parameters to be incorporated,
the type of technology to be used, and the applicability of the device for other areas.
The device outline was explained to the technical experts- Dr. Rajesh Singh and Mr.
Prabin Kumar Das, Division of Research and Innovation, Lovely Professional
University regarding the needs, demands, and applicability of the new device
mentioned below:

e The DT-walk should address clinical issues like scarcity of low-cost assessment
technology, thereby helping in early diagnosis of the asymmetries in limb
loading and gait.

e The device should assess limb loading pattern, limb load asymmetry, foot
mapping, arch index, arch type, and spatiotemporal parameters of gait.

e The DT-walk should be easy to use, a product that is wearable, lightweight,
portable, and cost-effective, and it should have storage and cloud computing
abilities.

e The device should be useful for clinicians, patients, and trainers for real-time
assessment, feedback, and telemonitoring.

Based on framework for health-related wearable device development and
recommendations regarding the structure, contents, and design of the prototype of the

DT-walk, the device was developed in collaboration with technical experts.
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FRAMEWORK FOR HEALTH-RELATED WEARABLE DEVICE DEVELOPMENT
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Figure 3. 8 Framework for health-related wearable device development

© Amber Anand, Senthil NS Kumar, Suresh Mani- Lovely Professional University vide
Registration No. L-123566/2023, Copyrights India.
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Development Team:

Amber Anand

Dr. Suresh Mani

Dr. Senthil NS Kumar
Dr. Rajesh Singh

A o

Prabin Kumar Das
Study Location: Innovation Studio, Block 39, Lovely Professional University
Equipment:

Table 3. 2 Equipment used in development of DT-walk.

S. No.| Equipment Image

Microcontroller-
1. | Arduino Mega
328
) Velostat-
) Adafruit
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Wi-Fi

7. communication
module- Sunrom
Rechargeable

3 battery-

" | Samsung 3.7
volts battery

9. SD card module

10. Force-sensitive

resistor sensor
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15.

Hot air gun

Hot Air Gun

16.

Laptop

17.

Arduino
application

@ sketch_may18a | Arduino 1.8.8

File Edit Sketch Tools Help

sketch_may18a

void setup() {

}

void loop() |

// put your main

18.

Heat Shrink
Sleeve Tube

// put your setup code here,

code here, to run r

to run once:
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19. | Wire cutter

20. | Breadboard

Procedure:

The development of DT-walk device was carried out in the Innovation Studio, Block
39, Lovely Professional University under the supervision of Dr. Rajesh Singh. The
device development was a continuous process which faced many ups and downs and
was developed based on trial-and-error method. Eventually, the prototype of DT-walk
was developed. Detailed development procedures and outcome is explained in result

section.

Description of DT-walk

The DT-walk is an insole-based wearable device which consists of a custom-made
pressure-sensitive matrix made up of one layer of velostat sheet sandwiched between
two layers of copper strips. One layer of copper strips is placed in the horizontal
direction, and the other layer in the vertical direction. Each cross-sectional area formed
by the velostat and copper layers act as a pressure-sensing unit. This results in a
lightweight, flexible, and high-resolution insole that can be worn and carried easily.
Additionally, a separate layer consisting of five force-sensitive resistors was placed at

key locations on the plantar surface of the foot for accurate gait phase identification.
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For spatiotemporal gait parameters, two inertial motion sensors with attitude and
heading reference system (AHRS) were also incorporated into our device for accurate

spatial and temporal gait detection.
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33 Validation and Reliability Testing of DT-walk (Phase IV)

A validation and reliability study were conducted to evaluate the efficacy of DT-walk
in assessment asymmetries in limb loading and spatiotemporal parameters of gait
among KOA patients as compared to the gold-standards WinTrack system, based on
the basic framework given by Smith et al. (2015) for carrying out validity, and
reliability of the instrument [165]. The WinTrack system was selected for assessing the
validity primarily due to its valid assessment capabilities [167], similar assessment
outcome measures as DT-walk and in-house availability of the equipment. The
registration of the validity and reliability study in the Clinical Trial Registry India
(CTRI) was done prospectively vide CTRI number- CTRI/2023/01/048920.

Methodology

Research Design: Cross-Sectional Study

A cross-sectional study design was followed for validation and reliability study.
Although many researchers suggest that the validation study is itself a separate design,
no specific procedure and design have been formalized. So, for the validation and
reliability of the developed prototype device against the gold standards, a cross-

sectional study design was be followed.

Study Population: KOA

Patients with the diagnosis of KOA were included in the study.
Sample Method: Purposive sampling

Since this was a single-group cross-sectional study, no randomization was required.

Therefore, all the samples meeting the selection criteria were included in the study.
Sample Size: 9 (Nine)

Based on the guidelines by NATO, 2018 for validation, and verification of quantitative
and qualitative test methods, a minimum of seven replicate measures should be taken
[168]. Considering a dropout of 20 %, two more subjects were added to the sample.
Thus, a total of nine subjects were included for validation and reliability testing in this

study.
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Raters: Two

Two qualified physiotherapists with experience of at least three years in a clinical

setting.

Selection Criteria: The samples were selected based on the following criteria:
Inclusion Criteria:
e Fulfilment of American College of Rheumatology criteria
for diagnosis of knee osteoarthritis.
e Gender: Both males, and females
e Shoe size- 7 (Due unavailability of additional prototype
device of different sizes)
Exclusion Criteria:
e History of fracture in lower limb
e Deformities of the spine and lower limb
e Musculoskeletal disorders of trunk and upper limb
e Diagnosed cases of cardiac arrhythmias
e Diagnosed cases of Neurological Disorder

e Diagnosed cases of Psychosomatic Disorder
Study Location: Uni Hospital, LPU, Phagwara

Patients coming to Uni Hospital, and Physiotherapy OPD of Lovely Professional
University were asked to participate in the study and were included in the study only

after getting consent from them.
Study Tools/Equipment:

e WinTrack System

e DT-walk

e Laptop with DT-walk application

e Laptop with WinTrack application

e General assessment and consent form
e Tripod Stand

e Patient information sheet
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e Digital camera
Outcome measures:

e Limb load asymmetry

e Plantar pressure asymmetry

§ HEIGHT
i} 200CM

Figure 3. 10 Stadiometer and weighing scale used in the study.
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Figure 3. 11 DT-walk device.
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Figure 3. 12 Placement of (a) stadiometer and weighing scale, and (b) WinTrack and

tripod with camera used in this study.
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Procedure

The samples were selected based on the inclusion and exclusion criteria (self-reported
based on medical record). Individuals who met the requirements for participation in the
study were invited to take part and were requested to provide their consent to participate
in the study. Then the study procedure was explained to the patient, and a general
assessment was performed, followed by preparation for assessment of limb load

asymmetry using WinTrack System and DT-walk for validity and reliability.

Initially, the reliability of DT-walk was tested to establish its ability to
reproduce a consistent and similar result using the test and retest method for both intra-
rater and inter-rater reliability. Patients were asked to walk while wearing DT-walk.
Sample data were collected for each participant for at least two repetitions. For intra-
rater reliability, a five-meter-long walkway was marked on the floor. The researcher
applied DT-walk on the patient’s foot and connected it with the DT-walk application.
The patient was asked to stand close to the starting point marked on the floor and wait
for instructions. The researcher then asked the patient to walk through the walkway and
reach the end point marked on the floor while data was stored and analyzed. Rest for
about 15-20 minutes was given to the patient, and then the patient was asked to walk
again through the walkway from the start point towards the end point while data was
stored. Similarly, the data was collected for nine samples, and the data collected from

the first and second assessment were analyzed for the reliability of the DT-walk.

For inter-rater reliability, a five-meter-long walkway was marked on the floor.
Two physiotherapists performed the assessment test using DT-walk on the same patient
at an interval of 15-20 minutes. The application process for applying DT-walk was
explained to both physiotherapists. The first physiotherapist applied the DT-walk on
the patient and connected it with the DT-walk application. Then, the patient was asked
to stand close to the starting point marked on the floor and wait for instructions. The
physiotherapist then commands the patient to walk through the walkway toward the
endpoint and stop while the data was collected by the DT-walk application in real-time.
After that, the physiotherapist removed the DT-walk from the patient’s body, and the
patient was given a rest of 15-20 minutes. After rest, the second physiotherapist applied

DT-walk to the patient in a similar manner, and take the assessment, and recorded the
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data. The data collected by the two therapists were analyzed for the inter-rater reliability

of DT-walk.

Figure 3. 13 Application of DT-walk device on patient’s leg while standing on

WinTrack platform for validity and reliability testing of DT-walk in standing position.

For validity, the patient was prepared for the assessment using WinTrack as done in the
preliminary study, and the data was collected in a similar manner for six trials according
to multiple dynamic assessment protocol of the WinTrack software for each patient. A
walkway was marked on the floor of the same length as that of the WinTrack platform.

After an interval of 15-20 minutes, the physiotherapist applied DT-walk on the patient
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and connected it with the DT-walk application. The patient was asked to stand close to
the starting point of the walkway and follow the instruction. The physiotherapist then
instructed the patient to walk through the walkway from the starting point to the

endpoint while data was collected for three repetitions for each patient.

Figure 3. 14 Application of DT-walk device on patient’s leg while standing on
WinTrack platform for validity and reliability testing of DT-walk while walking.

At the end of the assessment, outcome was explained to each patient and relevant self-

care exercises and measures were explained to them.
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Statistical Analysis

All the data were analyzed on SPSS version 25.0. Demographic data like age, gender,
weight, height, BMI, physical activity, lifestyle, injury history, and limb involvement
were analyzed descriptively. Data related to outcome measures were also first analyzed
descriptively to evaluate the prevalence of asymmetry in limb loading and plantar
pressure asymmetry among patients with KOA based on criteria like age, gender,
obesity, and limb involvement. Data related to outcome measures were analyzed
statistically to evaluate the validity and reliability of DT-walk for the assessment of
limb load and plantar pressure asymmetry as compared to the gold standards among

patients with KOA.
Reliability

To assess the reliability, coefficients of variation percent (CV%), standard error of

measurements, minimal detectable changes, and intra-class correlation coefficient

(ICC) calculations were selected [169, 170].

The computation of a coefficient of variation gives a quantitative index of the reliability

of the testing system [164]. The CV% was calculated using the following formula:
CV % = % x 100 @)

Where, o is sample standard deviation and . is the sample mean.

Standard error of measurement (SEM) is inversely proportional to the reliability of a
test. This implies that larger the SEM, the lower the reliability of the test, and vice-

versa [171]. The SEM was calculated using the following formula:
SEM =SD X~V1—r (i1)
Where, SD is sample standard deviation, and r is the reliability of the test.

The minimal detectable changes (MDC) measure the minimum difference in an
individual’s score which ensures that the observed change is not because of
measurement error, with 95% confidence [170]. The MDC was calculated using the

following formula:
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MDC = 1.96 x SEM x+/2 (iii)
Where, SEM is the standard error of measurement.

Intraclass correlation coefficient (ICC) is a statistical measure that assesses the degree
of similarity between observations within a group or cluster. It is used to evaluate the
consistency or reproducibility of measurements made by different individuals or using

different methods. The ICC was calculated using the following formula:

_ MSR—MSE .
IcC (2,1) = W (lV)
ICC (2,k) = MM v)

MSg—(k-1)MSp+<(MSc-MS)

Where, MSr is the mean square for rows, MSg is mean square for error, MSc is mean

square for columns, k is number of raters or measurements, and n is number of subjects.

For ICC, the following descriptors were used: “Poor < 0.40”, “Fair= 0.40 - 0.59”,
“Good=0.60 - 0.74”, and “Excellent= 0.75 -1.00” [172]. The ICC selection process is
reported in Figure 3.14.

Validity

The Bland-Altman plot, CV%, SEM, ICC, and MDC were employed to assess the
validity of the DT-walk [170]. The CV%, SEM, ICC and MDC were calculate using
the same formula given in equation (1), (ii), (iii) and (v), respectively. A Bland—Altman
graph was employed to analyze the agreement between data sets acquired by two
systems in which x-axis and y-axis represents the mean and difference of the two sets
of test values, respectively [173]. The Bland-Altman plot was prepared based on

following calculations:
Upper Limit of Agreement =d + 1.96 X s (vi)
Lower Limit of Agreement =d — 1.96 X s (vii)

Where, d is mean difference and s is standard deviation of differences.
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Type of test-retest
Intra-rater reliability and P,
validity Test ot uter ey
(One rater)
Two-way mixed Two-way mixed
effect Model effect
Intra-rater reliability Validity
. Mean of 3
Single measurement measurements Type Mean of 2 raters
Absolute Agreement Absolute Agreement Definition Absolute Agreement
ICC (2,1) ICC (2,3) ICC (2,2)

Figure 3. 15 ICC model, type and definition selection process used in this study.

Correlation

Further the data was analyzed statistically for correlation between the data collected
from DT-walk and WinTrack system using the test for establish the validity of DT-walk
for assessing SLLA and PPA. Correlation coefficients was used to measure how strong
is the relationship between two variables. This helped us understand the extent to which
the data collected using DT-walk correlates with the data collected by WinTrack
system for validity. Similarly, it was used to understand the extent to which the data

collected using DT-walk correlates with the data collected by same or different rater

81



using DT-walk system for reliability One of the most used formulas in statistics is

Pearson’s correlation coefficient formula, that is:

n(Xxy) — (X% (Ey)
Vngx? — (0] [n%y? — ()2

where, r is the Pearson’s correlation coefficient, n is the number of samples, x, and y

are variables. In this study, higher correlation value suggests highly significant and

strong association between the reading taken from DT-walk and WinTrack.
Hypothesis Testing

The hypothesis was tested to confirm whether DT-walk is a valid and reliable tool for

assessing limb load asymmetry and plantar pressure asymmetry or not. The hypothesis

is given below:

Null Hypothesis : DT-walk is a valid, and reliable tool for assessing limb load
asymmetry, and plantar pressure asymmetry in KOA.

Alternate Hypothesis : DT-walk is not a valid, and reliable tool for assessing limb load
asymmetry, and plantar pressure asymmetry in KOA.

The hypothesis was tested using paired t-test to confirm whether there is a significant

difference between the two readings for the same rater and the mean of three readings

by different raters and establish the intra-rater and inter-rater reliability of DT-walk for

assessing LLA and PPA. It was also used to confirm whether there is a significant

difference between the mean of three readings recorded using DT-walk and WinTrack

and establish its validity for assessing LLA and PPA.

The formula used for paired t-test in this study is given below:

t = 2d
jn(z d2) — (T d?
1)

where, d is difference per paired variables, n is number of samples.

In this study, no significant difference between the readings signifies high validity and

reliability of DT-walk based on the readings used in the test.
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CHAPTER 1V

RESULTS

4.1 Focused Group Discussion for Need Assessment (Phase I)

Demographic

A total of 25 physiotherapists participated in this study (Figure 4.1). The participants
included 15 male and ten female physiotherapists with a minimum experience of three
years in clinical setting. However, their years of experience range from a minimum of
three years to a maximum of twenty-nine years, with a mean year of experience of 11.8
years. The majority (23 out of 25) of the participants had master’s degrees in different
areas of expertise in physiotherapy, and two participants had doctorate degrees in
physiotherapy (Figure 4.2).

Themes

All twenty-five participants were aware of the topic of discussion, and they were able
to provide feedback, and explanations related to various questions raised in the
discussion. The discussion with the focus group revealed certain repeated concepts as
expressed by participants’ views. The findings suggested three major interlinked
themes associated with wearable technology in KOA: clinical issues, applicability,
features, and functionality. As per the aim of this study, which assesses the clinician's
need for a wearable device in KOA, all the themes were discussed in detail (Figure 4.3).
The participant’s comments are reported along with the acronym FG1-FG3 indicating
the focus group number, and P1-P8 indicates the participant number of the respective

focus group they attended.
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Figure 4. 1 Picture from focus group discussion via video conferencing
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PhD- Musculoskeletal...
MPT- Sports...

MPT- Musculoskeletal
32%

MPT- Pediatrics...

MPT- Geriatrics...

MPT- Obstetrics and
Gynecology...

MPT- Cardiology.

MPT- Neurology...

Figure 4. 2 Participant distribution based on the area of expertise.
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Healthcare Provider
Tele-Monitoring —<
Family Members

Identification of Walking Pattern
Real-time Assessment —<

Identification of Incorrect Pattern

High Prevalence Rate
Replacement Surgery

Alert for Incorrect Pattern
Medication Real-time Feedback —<

Guided Corrective Training

Dally Tracking
Activity Tracking —<
Performance Tracking

Foot mapping

Economic Burden
Care Provider

Assistive Devices

Expensive Equipment Clinical Issues

Infrastructure Requirement Scarcity of Assessment Technology

Loading Limb loading pattern

Manpower Requirement

Limb load asymmetry
Non-adherence to Exercise

Spatial parameters of gait
Delayed Diagnosis Lack of Preventive Measures

Wearable Devices Temporal parameters of gait

Delayed Doctor Visit Galt Parameters

Kinetic gait para meters

User Friendly Interface
Kinematic gait parameters

Tele-monitoring
Assessment —C(
Real-time Assessment
Electromyography
Other Features —((
Daily activity Tracking
Feedback-based Training
Training —((
Performance Tracking

Between 2000 - 10000 INR
Patient Variant = E

Limited features

Easy to understand Smartphone Based Application

Reminder and feedback

Light Weight
>— Easy to use
Portable
Cosmetically Sound
>— Appearance
Discrete
Local Storage
>— Storage
Cloud Storage

Between 50000 - 200000 INR
Therapist Variant —<

All Advanced Features
Figure 4. 3 Mind map for the key findings from the focus group discussion.
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Clinical issues

Physiotherapists associated various clinical issues related to KOA, and its impact on
prognosis. Their view expressed concerns regarding the prevalence rate, economic
burden, scarcity of assessment technology, delayed diagnosis, lack of preventive

measures, and non-adherence to exercise related to KOA (Figure 4.4).

— High Prevalence Rate

— Economic Burden

— Scarcity of Assessment Technology

— Delayed Diagnosis

Clinical Issues

— Lack of Preventive Measures

— Non-adherence to Exercise

Figure 4. 4 Clinical issues associated with KOA.

Although various clinical issues were identified by different physiotherapists, all of
them showed a positive and encouraging attitude towards the necessity of incorporating
wearable technology. For instance, some physiotherapists believed that although the
prevalence rate is very high, most of the patients visit their clinic at a later stage of

KOA:

“If we see the prevalence of OA (2000), it is the 10th leading cause of non-fatal
burden in the world. And if we see the global burden of diseases (2017), it was
the fourth most common cause of this disability. The overall prevalence of OA in

India is 20 to 30% as per the National Health Portal of India.” (FGI1, P2)
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“The prevalence of is has been reported to be more in women as compared to
males. It has been reported to be about 10% in individuals over 60 years of age,

but I think it would be around 30% or so definitely.” (FG2, P5)

“With the changing lifestyle, as we can understand, the prevalence is gradually
increasing. The prevalence of OA range is between 22 to 30% of the population
that is affected after around 60 years of age.” (FG3, P4)

This creates an additional economic burden on the patients as patients rely mostly on
medications for their condition rather than exercises which ultimately results in total

knee arthroplasty surgery:

“According to the research, in the year 2017, there was a total of 300 million
cases of OA, including 15 million new cases. So, we can imagine how much how
massive it is, how much impact, how much global health burden it is putting.”

(FG2, P1)

“Around 303 million people suffer from OA globally, and out of that 263 million are
affected by knee osteoarthritis. And in Indian context, it's It is about 27 28%. 28% of
elderly have knee osteoarthritis. And in global population, around 4% of total
population are affected by knee osteoarthritis globally. And yes, it increases the
economic burden for the patient, and their family.” (FG2, P4)

“I do agree with everybody that KOA is more prevalent among women because of
morphological changes. But one more thing I would like to add to this is that though
it has some psychomotor component of this problem, women tend to come out, and
seek any type of medication only when their sleep disturbances come because of the

pain. When that level of issues raises, only then they come forward. “(FGI, P6)

“The prevalence rate is more among women than men, and they come to the
clinicians or visit the physiotherapist only when their condition get severe, and
severe. Otherwise, they continue on self-managing their activities of daily living with
the pain killer, and all other modalities that are available in their house like with

moist heat or everything.” (FGI, P7)
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On the other hand, a few physiotherapists suggested that some of the patients visit their
clinic at an early stage of KOA as soon as symptoms set in. However, these patients do

not adhere to the exercises prescribed to them.

When discussing gait changes among the patients, the assessment of kinematic and
kinetic gait emerged to be a very crucial part of their assessment. However, different
views emerged in terms of the assessment of gait changes in clinical practice. Many
suggested that due to the unavailability of gait and motion labs in almost all clinical

practices. In clinical practice, they mostly rely on observational gait analysis.

“At my clinical, I have one portion of assessment that starts from the foot, and
way up. We have all the joints mentioned, and it, and we go for the car. Oh,

poster examination of the patient, and with observation only.” (FG1, P6)

“According to my knowledge, if we are getting a patient, we are treating only
the symptoms. We are not giving importance to how much weight they are giving
on the particular joint based on observation, we are not treating based on load.
And the reason behind why we cannot assess these things in our is the lack of

the device, the labs in our clinics or hospitals due to its cost.” (FG1, Pl)

“We assess while observing, we see if there is any deformity or factors
associated with his deformity, the knee, and other factors. basically, we are
doing the observational way to some if there is any deviation, weight shifting,
more accepting toward one side. We say that there is asymmetry. But we cannot
quantify. We actually assess the shoes, the sole of the shoes to see whether there
is any indent. We do not check for limb load asymmetry in clinical practice.”

(FG2, P2)

All physiotherapists stated that only a few governments, private hospitals, and research
organizations have such facilities due to their cost, infrastructure, and manpower

requirements.

While discussing the major challenges they face in clinical practice, most of the
physiotherapists suggested that the major reason behind poor outcomes in such patients

is a lack of preventive measures and scarcity of advanced assessment technology:
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“Even if the facility we are implemented, we have to get charges from the
patient only. So the patients here are also not ready to pay that much for doing
the proper assessment. So, they want only the symptomatic treatment. They don't
want to get a full cure for that particular disease. They will not stand with us for
a period of time to assess. Everything untreated I have is a view about this. The
reason for unavailability regarding the gait lab or the force platform is that it's

too costly.” (FG1, P7)

Applicability and features

All physiotherapists expressed a supportive attitude towards the need for wearable
technology; however, different views emerged on the applicability and features they

wish to see in wearable technology (Figure 4.5).

— Tele-Monitoring

— Real-time Assessment

— Real-time Feedback

— Activity Tracking

Smartphone Based Application

Features
[
[

— User Friendly Interface

— Light Weight, and Portable

— Cosmetically sound

— Storage

Figure 4. 5 Features expected in future technologies.

For instance, most of them suggested that the device should have a real-time assessment

and feedback capability.

“It should be used for better assessments as well as the diagnostic, and for

therapeutic purpose.” (FG1, P§)
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“The device can be used for some of our assessments and diagnosis and even for
the progression of the patient. If patients know the progression of their activity,
they will be more active, motivated, and involved in active participation. A

direct implication of this will be that it will give feedback to the patients in the
way the patient follows the exercise.” (FG2, P6)

Whereas some suggested that the device should have an activity-tracking feature, and

some suggested that it should have both activity-tracking and Telemonitoring features.

“These things should have a storage facility and linkage with their healthcare
provider so that we can track progress or monitor how the patient is doing over
time. And identify the problems he or she will have in the future time. So, we can

have such kinds of things so that we can track the progress or monitor, all the
variables of the patient regarding the osteoarthritis of the knee for example. So if
he is my patient, I would like to see his progression over the laptop or phone, and

it will be easy for us, especially for a patient living in remote areas.” (FG3, P2)

Some physiotherapists also suggested that the device should have its own smartphone

application with a user-friendly interface.
“The result should be such that both an educated and uneducated people can
also interpret and can use it for the biofeedback or self-assessment or to

improve their limb loading.” (FG1, P4)

“The device can be a single-user device or multi-user device. It should take less

time for getting the correct measurements. And application should be easy.”

(FG2, P7)
A few physiotherapists also suggested that the device should have storage capability so
that it can work as a stand-alone device.

“It should be affordable for everyone. If any such type of device is developed, it
should be affordable, and should not be dependent on the internet. It can be
used anywhere by everyone.” (FG2, P6)

In addition, all the physiotherapists suggested that the device should be lightweight,

portable, and cosmetically sound.
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“The device should be, I think, comfortable, and should be small in size, and

lightweight.” (FG2, P1)

“The device should have qualities like it should be a small size and looks good
cosmetically. Also, people are attracted to type devices that are easy to use. The

patient-friendly will come to its features.” (FG1, P4)

“I think the design of these devices should be compact, cost-effective, and can be

easily charged.” (FG3, P2)

Functionality

All physiotherapist expressed their views in terms of the functionality of such wearable
devices. However, different views emerged on the functions they wish to see in

wearable technology (Figure 4.6).

— Foot mapping

— Limb loading pattern

— Limb load asymmetry

— Daily activity tracking

— Spatial parameters of gait

— Temporal parameters of gait

— Tele-monitoring

Functionality
|

— Feedback based training

— Electromyography

— Kinetic gait parameters

— Kinematic gait parameters

Two variants: Patient Variant, and
Therapist Variant

Figure 4. 6 Functions and applications expected in future technologies.
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For instance, most physiotherapists suggested foot mapping and plantar pressure
measurement as key functions they wish to see in such wearable devices as it allows
them to assess the patient’s foot arch and plantar pressure distribution within the foot

and between the foot.

“There should be foot mapping assessment, so that you can identify which area is
getting more pressure- anterior or posterior, medial or lateral, and arch type.” (FG

1, P3)

“We can have something like heat mapping similar to what we have seen in other

systems.” (FG 2, P2)

In addition, some of the physiotherapists suggested that the device should have the
ability to assess limb loading patterns which allows them to understand how the load is

being distributed on foot during different gait phases.

“The device should have the ability to assess limb load asymmetry as asymmetrical
limb loading is the primary response to pain in lower limb which leads to altered

gait pattern.” (FG 3, P4)

When discussing gait changes among the patients, the assessment of kinematics and
kinetics of gait emerged to be a very crucial part of their assessment. However, different
views emerged in terms of the assessment of gait changes in clinical practice. Many

suggested that due to the unavailability of a gait lab, they are not assessing it.

“Assessment of joint angles, joint alignment, joint line, symmetry index, should be

incorporated in the device.” (FG 2, P3)

“It can measure joint angles as it one of the most important aspects of assessment,
along with joint alignment, joint line, ground reaction force, center of mass, and

center of gravity.” (FG 2, P3)

However, one physiotherapist agreed that it is practically impossible to incorporate, as
it requires 3-dimensional force data, ideally from a force plate, and accurate motion

analysis using reflective markers, and motion analysis camera or wearable sensors.

93



The assessment of spatial and temporal parameters of gait was an important area
of concern among physiotherapists. They suggested that the device should also have

daily activity tracking and inactivity reminder functions for fitness enthusiasts.

“It should assess step length, stride length, cadence, joint range of motion.” (FG 1,
P2)

“It should assess all spatial and temporal parameters of gait.” (FG 1, P7)

However, only one physiotherapist suggested that electromyography should also be

considered for evaluating the muscle activation pattern during different phases of gait.

“It would be great if we see muscle activity or muscle activation pattern during

movement.” (FG 1, P5)

Many physiotherapists pointed towards having the telemonitoring function in such
wearable devices if developed. It is a very useful feature for patients living in remote
locations with poor connectivity, longer travel time to reach healthcare facilities,

weather, and lack of transport.

“For patients who live in remote areas, who cannot access physiotherapy services
on a daily basis, it will be helpful as most of India lives in rural areas. So, having
tele function will allow us to monitor the effectiveness and efficacy of the treatment

or intervention plan.” (FG 2, P5)

When discussing the training feature, all the physiotherapists agreed on having a
feedback-based training function in such devices for their patients. However, the type
of feedback varied among them; some suggested that there should be auditory feedback,
some suggested visual feedback, and a few suggested both auditory and visual feedback

functions in such wearable devices.

“It will enhance patient involvement, active participation, performance tracking, and

self~awareness.” (FG 3, P6)

“Having real-time data will guide them whether they are going the right way, or if
any change is required in the treatment.” (FG 2, P2)

“It will allow monitoring the effectiveness and efficacy of the treatment or

intervention plan.” (FG 2, P5)
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“The data can be utilized for future studies or research. It would be like evidence-based
practice, plus whatever data we are getting from the device, we can show it to the

2

patient. And on the basis of improvement, it will give good feedback to the patients.
(FG 2, P4)

“Based on the usage, this device will help in all three aspects- diagnosis, prognosis,

and treatment or intervention plan.” (FG 2, P§)

In addition, a few physiotherapists suggested incorporating artificial intelligence and
machine learning modeling for predicting disease development and risk of falls and

tracking their improvement over time.

While discussing the usage of such wearable devices in their clinical practice, all
physiotherapists agreed on having two variants of the device- one for patients with basic

feature and one for clinicians with advanced features.

“I think you should develop two models- one for the patients with limited features or
features relevant to them, and one for the clinician with more features with higher

cost.” (FG 1, P6)

Different views emerged among physiotherapists in terms of the cost of such wearable
devices, as some suggested that the price should be under Rs. 5000, and some suggested
up to Rs. 10000 for the patient variants with lesser features. For the clinician variants
with advanced features, some physiotherapists suggested that the price should be up to
Rs. 50000, and only a few were willing to pay up to Rs. 100000 for such devices when
developed.

“It should be near Rs. 3000 to Rs. 4000 if you want to give it to a patient with fewer
features. For the clinical purpose, it should have all the features we discussed and

can range up to Rs. 20000.” (FG 1, P2)

“It depends on who is going to buy this device; for a clinician, it can range between
Rs. 10000 to Rs. 20000. But for the patient, it should be pocket friendly, like Rs. 3000
to Rs. 4000, that is also too high for patients from villages who would prefer for
painkillers.” (FG 1, P3)
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“I think on an average patient can pay Rs. 10000 to Rs. 12000. And for clinicians, it
can be up to Rs. 30000 to Rs. 40000.” (FG 2, Pl)

“For patients, the cost should be really low with very limited features, and for
clinicians, it can range anywhere between Rs. 50000 to Rs. 100000 with all
advanced features.” (FG 2, P4)

“For institutions, it won't be any problem to fund the device for research
purposes so that it can grow up properly. For institutions like hospitals, clinics,
and academic institutions, the price can be Rs. 100000 to Rs. 200000. From a
patient’s perspective, it should be low because it bears the additional cost of

mobile plus Internet also. So, Rs. 5000 is the maximum.” (FG 3, P4)

96



4.2 Recommendations for development of DT-walk

Based on the recommendations of the expert panel from the focused group discussion,
an outline for the development of the prototype was made. The prototype development
outline includes information related to the assessment parameters to be incorporated,
the type of technology to be used, and the applicability of the device for other areas.
The device outline was explained to the technical experts- Dr. Rajesh Singh and Mr.
Prabin Kumar Das, Division of Research and Innovation, Lovely Professional
University regarding the needs, demands, and applicability of the new device
mentioned below:

e The DT-walk should address clinical issues like scarcity of low-cost assessment
technology, thereby helping in early diagnosis of the asymmetries in limb
loading and gait.

e The device should assess limb loading pattern, limb load asymmetry, foot
mapping, arch index, arch type, and spatiotemporal parameters of gait.

e The DT-walk should be easy to use, a product that is wearable, lightweight,
portable, and cost-effective, and it should have storage and cloud computing
abilities.

e The device should be useful for clinicians, patients, and trainers for real-time
assessment, feedback, and telemonitoring.

Based on recommendations regarding the structure, contents, and design of the
prototype of the DT-walk, the device was developed in collaboration with technical
experts using the following components:

1. Microcontroller 10. Force-sensitive resistor sensor
Velostat 11. Mobile computing application
Copper tape 12. Flexible wires

Insulating layer

Inertial Motion Unit sensor

16-channel multiplexer

Wi-Fi communication module

Rechargeable battery-3.7 volts

SD card module

A A A A o B
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4.3 Prevalence of Asymmetries in Knee Osteoarthritis (Phase II)
Overview

In this study, a total of 95 subjects were included, of which 72 were female, and 23
were males, with the majority being moderately active (93.7%) with an active lifestyle
(90.5%). The mean age of included subjects was 48.01 (+ 6.56), out of which 8 (8.42%)
were aged < 40 years, 59 (62.1%) were aged between 41-50 years, 24 (25.3%) were
aged between 51-60 years, and 4 (4.2%) were aged > 60 years. In terms of BMI, 54
(56.8%) subjects were either overweight (40%) or obese (16.8%). Whereas 38 (40%)
subjects had normal BMI, 3 (3.2%) subjects were underweight. The limb involvement
varied among the subjects, 70 (73.7%) subjects (13 male and 53 female) had bilateral
KOA, and 25 (26.3%) subjects (6 male and 19 female) had unilateral KOA. Out of 95
subjects, two male and two female subjects had a history of injury to the lower limb.
The mean (SD) age, weight, height, and BMI of the subjects were 47.69 (+ 6.99), 63.42
(x11.77),1.55 (£ 0.07), and 26.29 (£ 4.15), respectively. Frequency distribution of age,
BM]I, lifestyle, physical activity, injury history, and limb involvement based on gender
is summarized in Table 4.1.

KOOS Score

The performance of the subjects in relation to pain, function, and quality of life was
evaluated using the KOOS score. The overall KOOS-12 score suggests that, on average,
all the subjects experienced pain 34 % of the time in the past week, difficulty
performing their daily activities 26% of the time, and difficulty having a good quality
of life 67.5 % of the time (Table 4.2).

Regarding the KOOS pain score (Figure 4.7), most subjects (n=53) reported
knee pain at least once weekly, whereas the remaining 35 subjects had knee pain at least
once monthly, and only 7 reported no pain in knee. The intensity of knee pain
experienced by the subjects in the past week while sitting or lying was moderate= 3
subjects, mild= 24 subjects, and no pain = 68 subjects. The amount of knee pain the
subjects experienced in the past week while going up or down the stairs were severe=
7 moderate= 51 subjects, mild= 34 subjects, and no pain = 3 subjects. The amount of
knee pain experienced by the subjects in the past week while walking on a flat surface

was moderate= 13 subjects, mild= 61 subjects, and no pain = 21 subjects.
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Table 4. 1 Frequency distribution of age, BMI, lifestyle, physical activity, injury

history, and limb involvement based on gender.

Male (n=23) Female (n=72) Total

n=95 Percent Percent Percent
Frequency (%) Frequency (%) Frequency (%)
<40 0 0 8 8.42 8 8.42
Age (years) 41-50 11 11.6 48 50.5 59 62.1
51-60 10 10.5 14 14.7 24 25.3
> 60 2 2.1 2 2.1 4 4.2
<18.5 1 1.1 2 2.1 3 3.2
BMI 18.5-24.9 12 12.6 26 27.4 38 40.0
25-30 7 7.4 31 32.6 38 40.0
> 30 3 3.2 13 13.7 16 16.8
Lifestyle Active 15 15.8 71 74.7 86 90.5
Sedentary 8 8.4 1 1.1 9 9.5
Physical Moderate 18 18.9 71 74.7 89 93.7
Activity Low 5 53 1 1.1 6 6.3
Injury Yes 2 2.1 2 2.1 4 4.2
History No 21 22.1 70 73.7 91 95.8
Limb Unilateral 6 6.3 19 20.0 25 26.3
Involvement Bilateral 17 17.9 53 55.8 70 73.7

Note: BMI- body mass index

Table 4. 2 Comparison of descriptive statistics for age, weight, height, BMI, and KOOS

score in terms of pain, function, and quality of life-based on limb involvement.

Unilateral (n= 25) Bilateral (n= 70)
Mean SD SEM Range Mean SD SEM Range

Age (years) 47.160 7.821 1.564 40.000 47.871 6.616 0.791 34.000

n=95

BMI 26928 3.561 0.712 20.011 26.023 4.789 0.572 22.462
KOOS Global  68.250 13.948 2.790 56.250 67.351 9.629 1.151 54.167
KOOS Pain 66.250 13.578 2.716 56.250 65.804 10.965 1.311 56.250
KOOS Function 76.000 14.650 2.930 56.250 73.839 10.367 1.239 56.250

KOOS QOL 62.500 16.298 3.260 62.500 62.411 11.054 1.321 56.250

Note: SD: standard deviation, SEM- standard error of mean, BMI- body mass index,
KOOS- Knee Injury and Osteoarthritis Outcome Score, QOL- quality of life
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KOOS Pain

= Always/Extreme ® Daily/Severe = Weekly/Moderate ® Monthly/Mild = Never/None

Amount of knee pain experienced the last week 8

during sitting or lying “ 68
Amount of knee pain experienced the last week wle 7 51
while going up or down stairs - — 34

Amount of knee pain experienced the last week 8

during walking on a flat surface — | 61

How often do you experience knee pain? 8_ 45

—_— 35
Figure 4. 7 KOOS pain score among the subjects
Regarding the KOOS function score (Figure 4.8), most subjects (n=59) experienced
difficulty due to knee while twisting or pivoting on their injured knee. The amount of
difficulty the subjects experienced in the past week while getting in or out of car or
public transport was severe= 1 subject, moderate= 8§ subjects, mild= 52 subjects, and
no pain= 32 subjects. The amount of difficulty experienced by the subjects in the past
week while standing was severe= 1 subject, moderate= 19 subjects, mild= 58 subjects,
and no pain= 17 subjects. The amount of difficulty experienced by the subjects in the
past week while rising from sitting was severe= 6 subjects, moderate= 45 subjects,

mild= 43 subjects, and no pain= 1 subject.

KOOS Function

m Extreme M Severe Moderate ®Mild = None

Difficulty experienced in the last week due to _0

your knee while twisting or pivotting on your -t o}
L 52
injured knee I 36

Difficulty experienced in the last week due to 1 ']

your knee while getting in/out of car —— 52

34
Difficulty experienced in the last week due to & 01
your knee while standing * 58

Difficulty experienced in the last week due to = 6
your knee while rising from sitting

Figure 4. 8 KOOS function score among the subjects
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Regarding the KOOS quality of life score, most subjects (n=88) reported that they are
aware of their knee pain at least once weekly, and only seven subjects reported it at
least once monthly (Figure 4.9). Fifty-eight subjects reported difficulty in their knee at
least once monthly, whereas the remaining thirty subjects reported difficulty in their
knee at least once weekly, six subjects reported difficulty in their knee daily, and only
1 reported no difficulty in their knee. Furthermore, 86 out of 95 subjects mildly lacked
confidence in their daily activities due to their knee, whereas nine subjects did not report
any lack of confidence due to their knee. Seventy-four subjects reported modification
in lifestyle to avoid potentially damaging activities to their knee; however, 21 subjects

did not report any change in their activities.

KOOS Quality

m Always/Extreme M Daily/Severe = Weekly/Moderate ™ Monthly/Mild ® Never/None

In general, how much difficulty do you have e 6

with your knee? Il+ 58
How much are you troubled with lack of 1 01
confidence in your knee? 5 69

Have you modified your life style to avoid 8

potentially damaging activities to your knee? —"—— 62

h
How often are you aware of your knee problem? 34 46
a

Figure 4. 9 KOOS quality of life score among the subjects
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Spatiotemporal Parameters
The spatiotemporal parameters of gait were acquired using WinTrack platform. The
data from the individual reports of each patient was extracted and analyzed. A sample

report of walk analysis and postural analysis is given below in Figures 4.10 and 4.11,

respectively.
Walk analysis
index 2
G/S00
WV’__AngIe 102 ___| Angle : 26" Angle - 3.7*

tSIepIsm’h[SﬂS?mm] T L

Right fost 620 ms
Double Bupport 80 ms
Simgle Suppbtt) ms

Forca (%)

T T Frrr T T rrrt
A 4 80 B W oA W oW M M 2 W X W N X M OB R oM & W & W

Podometric Results Spacio-Temporal Results
Left Right
1 2 3 Step Duration (ms) 560 540
Area 31 40 45 Gait Cycle Duration (Ms) 1100

Single Stance Duration (ms)

7 7
Avej:age E. 2268 274l 265 Double Stance Duration (ms) 110
Maximal B. o 5564 024 o344 Swing Duration (ms) 1180 1170
Stride Duration (ms) 1730
GaitLine MaxLine Step length (mm) 547 484
Gait Cycle Length (mm) 1031 1148
Angle (°) 10.18 2.56
e 2 67 % 7% CB4E SRR +

Figure 4. 10 Sample report for walking analysis generated by the WinTrack system
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Area: 14 cm? Postural analysis Area: 7cm?
Thrust:12 % Thrust : 6 %
Distribution : 19 % Distribution : 16 %
G/1200
Area: 24cm? Area: 20cm?
Thrust :51 % Thrust:31 %
Distribution : 81 % Distribution : 84 %
Area Maximal P. Average P. Thrust Weight Area Maximal P.  Average P.  Thrust Weight
38cm? 2383g/cm? 869 g/cm? 63 % 31 Kg 27 cm? 1402 g/cm? 708 glcm? 37 % 18 Kg
Length : 403.9 mm K speed : 8.6 mm/s Dev. X0 :-17.1 mm
Area : 196.5 mm? |¥ speed : 8.8 mm/s Dev. YO :-49.9 mm
Length/Area : 2.1 1/mm Xdev.: 2.9 mm Dev. Mx :-17.0 mm
Avg.Q.Speed : 12.3 mm/s | Y dev.: 7.0 mm Dev. My :-37.9 mm
B AT R T 7% B4% 0 R

Figure 4. 11 Sample report for postural analysis generated by the WinTrack system

The spatial and temporal parameters of gait were further compared between the
participants based on their limb involvement. The finding suggests that the mean value
of stride duration, swing phase duration left and right, step duration left, and maximum
pressure left and right, was relatively higher among participants with bilateral limb
involvement. Whereas the mean value of stance phase duration, step duration right, step

length left and right, and stride length were relatively higher among participants with

unilateral limb involvement. (Table 4.3)
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Table 4. 3 Comparison of descriptive analysis for stance phase duration, stride duration,
swing phase duration left, swing phase duration right, step duration left, step duration
right, step length left, step length right, stride length, max pressure left, and max

pressure right.

Unilateral (n=25) Bilateral (n=70)
n=95

Mean SD SEM Range Mean SD SEM Range

Stance Phase Duration

(ms) 599.60 128.17 25.63 640.00 597.14 136.96 16.37 860.00
ms

Stride Duration (ms) 1997.20 340.82 68.16 1470.00 211520 370.83 44.32 1540.00

Swing Phase Duration
Left (ms)

Swing Phase Duration
Right (ms)

1227.20 157.37 31.47 620.00 129440 205.27 24.53 1080.00

1362.40 271.47 54.29 1250.00 1456.80 363.29 43.42 1590.00

Step Duration Left (ms)  576.00 170.04 34.01 890.00 649.60 134.77 16.11 800.00

Step Duration Right

(ms) 658.80 169.60 33.92 770.00 652.80 130.37 15.58 810.00
ms

Step Length Left (mm) 49396 76.76 1535 328.00 47636 6295 7.52 382.00
Step Length Right (mm) 507.04 65.33 13.07 242.00 489.84 6894 824 331.00

Stride Length (mm) 100.09 1141 228 4451 9572  9.75 1.17 5545

1212.
Max Pressure Left (kPa) 5125.60 1159.63 231.93 4650.00 5204.60 4 > 144.93 6132.00

Max Pressure Right 1432.9
(kPa) 5166.32 1075.27 215.05 4493.00 5514.84 s 171.27 6054.00
a

Note: SD: standard deviation, SEM- standard error of mean

Based on the individual report generated by the WinTrack system, some additional
parameters were also calculated, namely dynamic interlimb max. pressure difference,
interlimb swing phase duration difference, interlimb step duration difference, interlimb
step length difference, static limb load asymmetry, step length asymmetry, step duration
asymmetry, and plantar pressure asymmetry. These parameters were then compared
between the participants with unilateral and bilateral limb involvement to understand

the impact of these asymmetries on limb involvement (Table 4.4).
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Table 4. 4 Descriptive analysis for dynamic interlimb max. pressure difference,
interlimb swing phase duration difference, interlimb step duration difference, interlimb
step length difference, step duration asymmetry, step length asymmetry, static limb load

asymmetry, and plantar pressure asymmetry.

Unilateral (n= 25) Bilateral (n=70)
N=95

Mean SD SEM Range Mean SD SEM Range

DIMPD (kPa) 1306.40 829.72 165.94 2754.00 1417.97 897.02 107.21 4250
ISPDD (ms) 164.80 200.50 40.10 750.00 155.43 201.99 24.14 1000
ISDD (ms) 182.00 268.33 53.67 970.00 108.14 100.31 11.99 470
ISLD (mm) 60.12 63.47 12.69 312.00 50.83 4459 533 195

SLLA (%) 12.24 1027  2.05 38.00 14.63 10.31 1.23 42

SLA (%) 1139 11.38 228 54.74 9.57 8.24 098 31.46
SDA (%) 20.73 2530  5.06 86.61 1502 11.85 1.42 4844
SPA (%) 10.66 10.88  2.18 36.86 9.80 1026  1.23  50.50
PPA (%) 2230 13.11  2.62 4588 2282 1232 147 54.13

Note: SD: standard deviation, SEM- standard error of mean, DIMPD- Dynamic Interlimb
Max. Pressure Difference, ISPDD- Interlimb Swing Phase Duration Difference, ISDD-
Interlimb Step Duration Difference, ISLD- Interlimb Step Length Difference, SLLA-
Static Limb Load Asymmetry, SLA- Step Length Asymmetry, SDA- Step Duration
Asymmetry, SPA- Swing Phase Asymmetry, PPA- Plantar Pressure Asymmetry.

The comparative data shows a significant difference between the mean of various
outcome variables among the subjects with unilateral and bilateral limb involvement.
The mean dynamic interlimb max. pressure difference and static limb load asymmetry
were higher among the subjects with bilateral limb involvement than those with
unilateral limb involvement. The mean (SD) dynamic interlimb max. pressure
difference among the subjects with unilateral and bilateral limb involvement was
1306.40 kPa (x 829.72), and 1417.97 kPa (£ 897.02), respectively, suggesting that

subjects with bilateral limb involvement have a risk of having dynamic plantar pressure
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asymmetry. The mean (SD) static limb load asymmetry among the subjects with
unilateral and bilateral limb involvement was 12.24 % (£ 10.27), and 14.63 % (= 10.31),
respectively, which suggests that subjects with bilateral limb involvement have a higher

prevalence of static limb load asymmetry.

On the other hand, the mean interlimb swing phase duration difference,
interlimb step duration difference, interlimb step length difference, step duration
asymmetry, step length asymmetry, and plantar pressure asymmetry were higher among
the subjects with unilateral limb involvement compared to those with unilateral limb
involvement. The mean (SD) interlimb swing phase duration difference among the
subjects with unilateral and bilateral limb involvement was 164.80 ms (= 200.5), and
155.43 ms (£ 201.99), respectively, which suggests that subjects with unilateral limb
involvement have a risk of having step duration asymmetry. The mean (SD) interlimb
step duration difference among the subjects with unilateral and bilateral limb
involvement was 182.00 ms (+ 268.33), and 108.14 ms (+ 100.31), respectively, which
suggests that subjects with unilateral limb involvement have a risk of having step
duration asymmetry. The mean (SD) interlimb step length difference among the
subjects with unilateral and bilateral limb involvement was 60.12 mm (+ 63.47), and
50.83 mm (+ 44.59), respectively, which suggests that subjects with unilateral limb
involvement have a risk of having step length asymmetry. The mean (SD) swing phase
duration asymmetry among the subjects with unilateral and bilateral limb involvement
was 10.66% (+ 10.88) and 9.80% (£ 10.26), respectively, which suggests that step
length asymmetry does not get influenced by whether single or both knee is involved.

The mean (SD) step length asymmetry among the subjects with unilateral and bilateral

limb involvement was 11.39% (= 11.38) and 9.57 % (£ 8.24), respectively, which
suggests that step length asymmetry does not get influenced by whether single or both
knee is involved. Whereas the mean (SD) step duration asymmetry among the subjects
with unilateral and bilateral limb involvement was 20.73% (+ 25.73), and 15.02% (£
11.85), respectively, which suggests that subjects with unilateral limb involvement
have a higher prevalence and risk of developing step duration asymmetry. The mean
(SD) plantar pressure asymmetry among the subjects with unilateral and bilateral limb
involvement was nearly same 22.30% (£ 13.11) and 22.82% (£ 12.32), respectively,
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which suggests that plantar pressure asymmetry does not get influenced by whether
single or both knee is involved, and has similar distribution among the subjects with

bilateral, and unilateral limb involvement.

Prevalence of Asymmetries

The overall prevalence of asymmetries in limb loading, plantar pressure, and
spatiotemporal parameter of gait was calculated and further analyzed for correlation
(Table 4.5). The prevalence of static limb load asymmetry was 53%, out of which 32
(34%) participants had static limb load asymmetry between 10 — 20%, and 18 (19%)
participants had asymmetry above 20 %. Whereas, the prevalence of step length
asymmetry was slightly less, and it was evaluated to be 44%, out of which 28
participants (29.5%) had step length asymmetry between 10 — 20%, and only 13
(13.7%) participants had asymmetry of above 20 %. The prevalence of step duration
asymmetry was evaluated to be 56%, out of which 20 (21%) participants had step
duration asymmetry between 10 — 20%, and 33 (34.75%) participants had asymmetry
of above 20 %. The prevalence of swing phase asymmetry was evaluated to be 33%,
out of which 14 (14.75%) participants had swing phase asymmetry between 10 —20%,
and 18 (19%) participants had asymmetry of above 20 %. However, the prevalence of
plantar pressure asymmetry was significantly higher as compared to other asymmetries.
The prevalence of plantar pressure asymmetry was evaluated to be 86%, out of which
25 (25.3%) participants had plantar pressure asymmetry between 10 — 20%, and 57
(60%) participants had asymmetry of above 20%.
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Table 4. 5 Overall prevalence of asymmetries in knee osteoarthritis

Unilateral Bilateral Overall
Asymmetry Asymmetry (n=25) (n=170) (n=95)
type (%) Subjects Precent Subjects Precent Subjects Precent
(n) (%) (n) (%) (n) (%)
Static Limb <10 14 56 31 44.29 45 47.37
Load 10-20 8 32 24 34.29 32 33.68
Asymmetry
(%) >20 3 12 15 21.43 18 18.95
<10 13 52 43 61.43 54 56.84
Step Length
Asymmetry 10-20 9 36 19 27.14 28 29.47
(%)
>20 3 12 8 11.43 13 13.68
Step <10 13 52 30 42.86 42 4421
Duration 10-20 4 16 21 30 20 21.05
Asymmetry
(%) >20 8 32 19 27.14 33 34.75
Swing <10 17 68 47 67.14 63 66.32
Phase 10-20 3 12 11 15.71 14 14.74
Asymmetry
(%) >20 5 20 12 17.14 18 18.95
Plantar <10 2 8 11 15.71 13 13.68
Pressure 10-20 11 44 2 31.43 25 25.32
Asymmetry
(%) >20 12 48 37 52.86 57 60

The mean of asymmetries in limb loading step length, step duration, and plantar

pressure were compared between participants with unilateral and bilateral limb

involvement among the study population. The result suggests that the participants with

unilateral limb involvement have a significant level of asymmetries in static limb

loading (12.24%), step duration (14.37%), and plantar pressure (13.16%), except step

length asymmetry (6.47%). Whereas the participants with bilateral limb involvement

have a significant level of asymmetries in static limb loading (17.84%) and plantar

pressure (13.22%), except step length asymmetry (8.45%) and step duration (5.78%).

The mean asymmetry (%) of different types of asymmetries among unilateral and

bilateral limb involvement subjects is shown in Figure 4.12. It was also observed that
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the step length asymmetry does not get affected due to knee pain in general and in
osteoarthritis of both unilateral and bilateral KOA. In addition to this, the static limb
load asymmetry was higher among participants with bilateral limb involvement,
whereas step duration asymmetry was higher among participants with unilateral limb
involvement. The result of this study is further reported based on the subject’s limb

involvement in the following section.

B Unilateral = Bilateral

25 223 22.82
20.73
20
Q 15.02
Q 14.63 .
g 15 12.24
[ ! 11.39 10'66
< 9.57 9.8
= 10
S
=
5
0
SLLA SLA SDA SPA PPA

Type of Asymmetry

Note: SLLA- Static limb load asymmetry, SLA- step length asymmetry, SDA- Step
duration asymmetry, SPA- Swing phase asymmetry, PPA- Plantar pressure asymmetry.

Figure 4. 12 Comparison of mean asymmetry (%) of different types of asymmetries

among unilateral and bilateral limb involvement subjects.
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4.3.1 Unilateral KOA

Among the subjects with unilateral KOA, 19 were female, and 6 were males, with most
subjects being moderately active (88%) with an active lifestyle (88%). Out of 25
subjects, only 1 had a history of injury to the lower limb. In terms of BMI, the majority
of 72 % of the samples were either overweight (64%) or obese (8%). (Table 4.6)

Table 4. 6 Frequency distribution of age, BMI, lifestyle, physical activity, injury
history, and limb involvement based on gender.

Male (n=6) Female (n=19) Total

n=95 Frequency Pe(l“;)e)nt Frequency Pe(n;;:;nt Frequency P?;Z;nt

<40 0 0 3 12 3 12
Age 41-50 4 16 12 48 16 64
(years) > 50 2 8 4 16 6 24

<18.5 0 0 0 0 0

18.5-24.9 3 12 4 16 7 28
BMI

25-30 3 12 13 52 16 64

>30 0 3.2 2 8 2 8
. Active 3 12 19 76 22 88
Lifestyle

Sedentary 3 12 0 0 3 12
Physical Moderate 3 12 19 76 22 88
Activity Low 3 12 0 0 3 12
Injury  Yes 1 4 0 0 1 4
History No 5 20 19 76 24 96

Note: BMI- body mass index

The mean (SD) of age, BMI, KOOS- pain, function, quality of life, and global
among patients with unilateral knee pain were 47.16 (£ 7.98), 26.93 (£ 3.63), 66.25 (+
13.86), 76.25 (£ 14.66), 62.75 (£ 16.48), and 68.42 (+ 14.14) respectively. (Table 4.7)
The overall KOOS-12 score suggests that, on average, all the subjects experienced pain
about 34 % of the time in the past week, difficulty in performing their activities of daily
living about 24% of the time, and difficulty in having a good quality life around 37 %

of the time.
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Table 4. 7 Descriptive statistics for age, BMI, and KOOS score in terms of pain,
function, and quality of life.

Mean SD SEM Range
Age (years) 47.16 7.98 1.596 40.00
BMI 26.93 3.63 0.726 20.01
KOOS Global 67.35 9.70 1.16 54.17
KOOS Pain 65.80 11.04 1.32 56.25
KOOS Function 73.84 10.44 1.25 56.25
KOOS QOL 62.41 11.13 1.33 56.25

Note: SD: standard deviation, SEM- standard error of mean, BMI- body mass
index, KOOS- Knee Injury and Osteoarthritis Outcome Score, QOL- quality of
life

KOOS Score

The overall response to the KOOS questionnaire of all the subjects is summarized in
Figure 4.13. Out of 25 subjects, 22 reported pains in the knee at least once in the past
week while walking, stair climbing, and descending. In terms of activities of daily
living, 14 subjects reported having experienced mild to severe difficulty in twisting or
pivoting on their injured knee and getting in or out of a car or public transport, and 19
subjects had trouble due to their knee while standing. Interestingly, almost all the
subjects (n=24) reported some degree of difficulty in getting up from the sitting
position. In terms of KOOS quality of life, two subjects reported that they are aware of
their knee pain at least once a month. Furthermore, 22 subjects mildly lacked
confidence in their daily activities due to their knee, and 17 subjects reported having
made a modification in their lifestyle to avoid potentially damaging activities to their
knee. However, the intensity of pain, functional impairment, and quality of life varied

among the subjects for different activities.
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Overall KOOS score response chart

u Always/Extreme  ®Daily/Severe ~ ® Weekly/Moderate

In general, how much difficulty do you have with
your knee?

How much are you troubled with lack of confidence Hll

= Monthly/Mild

® Never/None

in your knee? I 17

Have you modified your life style to avoid potentially _0

damaging activities to your knee? E e 2

How often are you aware of your knee problem? I

Difficulty experienced in the last week due to your I
knee while twisting or pivotting on your injured knee T ——8 10

Difficulty experienced in the last week due to your

knee while getting in/out of car e 1]
I | |
0
Difficulty experienced in the las'F week due to your e 4
knee while standing e 15
I 6
0
Difficulty experienced in the last week due to your I 7
knee while rising from sitting -
— 15
0
Amount of knee pain experienced the last week 8
during sitting or lying I 9
I |6
0
Amount of knee pain experienced the last week while I 3
. ; ]
going up or down stairs P 1]
-
0
Amount of knee pain experienced the last week 0 5
. : I
during walking on a flat surface I 15

How often do you experience knee pain? I 12

Figure 4. 13 Overall KOOS score response chart of the study participants.
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Spatial and Temporal Gait Parameters

The spatial and temporal parameters of gait were acquired using the WinTrack
platform. The data from the individual reports of each patient was extracted and
analyzed. In terms of spatiotemporal gait parameters, the mean (SD) of stance phase
duration, stride duration, swing phase duration left, swing phase duration right, step
duration left, step duration right, step length left, step length right, stride length, max
pressure left, and max pressure right among the subjects are 599.60 ms (£ 130.81),
1997.20 ms (£ 347.84), 1227.20 ms (+ 160.61), 1362.40 ms (£ 277.07), 576.00 ms (£
173.54), 658.80 ms (+ 173.09), 493.96 mm (£ 78.34), 507.04 mm (£ 66.68), 100.09
mm (£ 11.65), 5125.60 kPa (= 1183.54), and 5166.32 kPa (= 1097.45), respectively
(Table 3). The additional parameters were calculated from the data extracted by the
WinTrack system. The mean (SD) of DIMPD, ISPDD, ISDD, ISLD, SLLA, SLA,
SDA, SPA, and PPA were calculated to be 1306.40 kPa (£ 829.72), 164.80 ms (£
200.50), 182.00 ms (£ 268.33), 60.12 mm (£ 63.47), 12.24% (£ 10.27), 11.39% (+
11.38),20.73% (£ 25.30), 10.66% (= 10.88), and 22.30% (= 13.11) respectively. (Table
4.8)

Prevalence of Asymmetries in Unilateral KOA

The overall prevalence of asymmetries in limb loading, plantar pressure, and
spatiotemporal parameter of gait was calculated by division of the total number of
subjects with asymmetry by the total number of subjects included in the study and
multiplied by 100 (Table 4.9). The prevalence of SLLA was evaluated to be 44%, out
of which 32% of participants had static limb load asymmetry between 10-20%, and
12% of participants had asymmetry greater than 20%. Whereas the prevalence of SLA
was 48%, out of which 36% of subjects had asymmetry between 10-20%, and only 12%
of the participant had asymmetry greater than 20 %. The prevalence of SDA was
evaluated to be 48%, out of which 12% had asymmetry between 10-20%, and 36% of
participants had asymmetry greater than 20%. The prevalence of SPA was evaluated to
be 32%, out of which 12% had asymmetry between 10-20%, and 20% of participants
had asymmetry greater than 20%. As compared to other all types of asymmetries
assessed in this study, the prevalence of PPA was significantly high, the prevalence of
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plantar pressure asymmetry was evaluated to be 92%, out of which 44% of participants

asymmetry between 10-20%, and 48% participants had asymmetry greater than 20%.

Table 4. 8 Descriptive analysis of the spatial, and temporal gait parameters acquired

using WinTrack platform.

Mean SD SEM Range
Stance phase duration (ms) 599.60 130.81 26.16 640.00
Stride time (ms) 1997.20 347.84 69.57 1470.00
Swing phase duration Left (ms)  1227.20 160.61 32.12 620.00
Swing phase duration Right (ms) 1362.40 277.07 55.41 1250.00
Step Duration Left (ms) 576.00 173.54 34.71 890.00
Step Duration Right (ms) 658.80 173.09 34.62 770.00
Step Length Left (mm) 493.96 78.34 15.67 328.00
Step length Right (mm) 507.04 66.68 13.34 242.00
Stride length (cm) 100.09 11.65 2.33 4451
Max. Pressure Left (kPa) 5125.60  1183.54 236.71 4650.00
Max. Pressure Right (kPa) 5166.32 1097.45 219.49 4493.00
DIMPD (kPa) 1306.40 829.72 165.94 2754.00
ISPDD (ms) 164.80 200.50 40.10 750.00
ISDD (ms) 182.00 268.33 53.67 970.00
ISLD (mm) 60.12 63.47 12.69 312.00
SLLA (%) 12.24 10.27 2.05 38.00
SLA (%) 11.39 11.38 2.28 54.74
SDA (%) 20.73 25.30 5.06 86.61
SPA (%) 10.66 10.88 2.18 36.86
PPA (%) 22.30 13.11 2.62 45.88

Note: SD: standard deviation, SEM- standard error of mean, DIMPD- Dynamic
Interlimb Max. Pressure Difference, ISPDD- Swing Phase Duration Difference,
ISDD- Interlimb Step Duration Difference, ISLD- Interlimb Step Length
Difference, SLLA- Static Limb Load Asymmetry, SLA- Step Length Asymmetry,
SDA- Step Duration Asymmetry, SPA- Swing Phase Asymmetry, PPA- Plantar

Pressure Asymmetry.
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Table 4. 9 Prevalence of asymmetries in static limb loading, step length, step duration,
swing phase, and plantar pressure in KOA

Asymmetry type Asymmetry (%) Subjects (n) Percent (%)
<10 14 56
Static Limb Load Asymmetry (%) 10-20 8 32
>20 3 12
<10 13 52
Step Length Asymmetry (%) 10-20 9 36
>20 3 12
<10 13 52
Step Duration Asymmetry (%) 10-20 4 16
>20 8 32
<10 17 68
Swing Phase Asymmetry (%) 10-20 3 12
>20 5 20
<10 2 8
Plantar Pressure Asymmetry (%) 10-20 11 44
>20 12 48

Correlation between spatiotemporal gait variables and asymmetries

The data was further analyzed statistically to check for a correlation between the
outcome variables and the participant’s demographic profile. The Pearson coefficient
of correlation was used to test the correlation among the continuous variables that
included SLLA, SLA, SDA, SPA, PPA, age, BMI, KOOS- pain, function, and quality
of life score. A heat-map correlation graph was also generated for easier visualization
of the correlation between the tested variables (Figure 4.14), which suggests a
significant correlation exists among these variables. The age of the subject does not
correlate significantly with any of the outcome variables. The SLLA and BMI have
shown a strong positive correlation of 0.623 (p = 0.004), which suggests that asymmetry
in limb loading while standing increases with the increase in BMI. Whereas the SLA
has shown a strong positive correlation with SDA (r= 0.700, p = .000), SPA (r= 0.677,
p = .000), and medium positive correlation with PPA (r= 0.494, p = .012), which
suggests that the asymmetry in step length increases with the increase of asymmetry in
step duration, swing phase duration, and plantar pressure distribution while walking,
and vice-versa. Similarly, SDA shows a medium positive correlation with SPA (r=
0.497, p = .012), which implies that the asymmetry in step duration increases and
decreases with the increase and decrease of asymmetry in swing phase duration. The

PPA shows a medium positive correlation with KOOS score for quality of life (r=
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0.406, p = .044), suggesting that the PPA decreases with the increase in the KOOS
quality of life score. The higher KOOS quality of life score suggests better quality of
life. Therefore, it is imperative to say that the PPA increases with improvement in
quality of life which is practically impossible. On the other hand, all the KOOS
parameters- pain (KP), function (KF), and quality of life (KQ) show a significantly
strong positive correlation with each other at the 0.05 level, which is obvious as they

are interdependent.
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Age

Gender -.198
Lifestyle | .087 | 0458
Physical Activity 244 236
Injury History | -135 | .153 | -0408 | -0.553
BMI | 065 | -034 | -018 101 -207
KOOS Pain | 048 292 | -138 | -159 | 0432 | -278
KOOS Function | 238 044 | -261 | 0407 | 0551 | -.154
KOOSQOL | .190 82 | 163 | -339 | 0477 | -286
Stance Phase | 03| _y3p [ o3 | 210 | -095 | 207 | us | -019 | 008
Duration
Stride Duration | 0.537 | -172 | .187 246 | -154 | -214 | -144 | -065 | -060 [ 0.503
Swing D““E:g 309 .003 048 095 048 | =174 | -135 | -019 | -035 087 0.607
Swing D“'I:};‘: 0521 | -156 | 150 | 216 | -145 | 208 | -005 | o018 | -030 | 0436 0.597
Step D“”‘E:g 143 1149 -.053 020 <007 | =171 | -047 | -093 | -023 -074 335 270
Step D“’;;;‘: 152 -251 144 143 ~095 | -014 | 071 077 072 0.564 318 -236 328
Step LengthLeft | -289 | 255 | -232 | -254 | 245 040 | 156 | 144 145 -.058 161 -0.608
Step Lg‘igﬂ: 0417 | 341 | -018 | -254 | 247 | -269 | 325 247 340 45 | 0421 | 0404 | -0426 | -319 043 284
Stride Length | 0433 | 367 | -166 | -316 | 305 | -127 | 291 238 293 373 -271 -075 | -384
Max P'“SL“E‘; 187 359 045 048 -037 | 344 .066 017 -.040 -370 -.047 -314 163 -0.55 0.594 097 0.455
Max Pm;j;f[ -132 332 227 161 186 | .165 009 | -144 | -049 054 -165 -.038 -132 -154 1196 062 -021 031 060
SLLA | 029 | -082 | -246 | -383 | -045 | 0554 | -319 | -074 | -160 | -334 | -242 | -167 | -255 | -205 018 173 236 281 | -177
SLA | 334 | -255 | 248 312 | -208 | -015 | -048 | -064 | -048 [ 0.516 378 -325 256 | 0451 | 0.598 163 | -0.586 | -0412 | -098 | -.101
SDA | 083 | -115 [ 191 243 | =157 | -044 | 022 | -094 | .03 0445 209 | 0405 | 041 2371 | 0516 095 | -341 | -0495 | -237 | .010
SPA | 345 | -184 | 246 281 172 | -018 | -074 | -034 | -063 | 0495 | 0615 | -172 | 0651 | -0399 | 0.627 173 2343 | 216 | -109 0.497
PPA | -094 | -281 | -.094 273 | -7 | ass | -212 | -308 | -0406 | 329 167 -.149 129 228 277 -390 0446 | -023 | -223 | 0494 | 305 342
M:f‘e'l‘off‘t‘y‘ 0402 | 255 | -142 | -275 239 | 053 148 | 73 133 | -0.552 -0.525 2265 | -0.466 0.614 0541 | -037 | 244 | -0454 | -322 | 0495 | -357
Cadence | -304 | 087 | -105 | -164 | .106 | 241 | -039 | 028 | -073 | -0.59 -394 | 0432 | 053 | 312 0.54 0494 | -080 | 214 | -196 | -204 | -267 | -067
5 Z z 5 22 oz ZE g g E& g E& 5 5 5 2 2 7 @ a -t 3
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**_Correlation is significant at the 0.01 level (2-tailed).

*_ Correlation is significant at the 0.05 level (2-tailed).

Figure 4. 14 Heat map correlation between demographic characteristics, outcome variables, and different types of asymmetries using
Pearson Correlation Coefficient.
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4.3.2 Bilateral KOA

Among the subjects with bilateral KOA, 53 were female (75.72%), and 17 were male
(24.28%), with most subjects being moderately active (95.71%) with an active lifestyle
(91.43%). Out of 70 subjects, only 3 (4.28%) had a history of injury to the lower limb.
In terms of BMI, around 51.42% of the samples were either overweight (27.14%) or
obese (24.28%). (Table 4.10)

Table 4. 10 Frequency distribution of age, BMI, lifestyle, physical activity, injury
history, and limb involvement based on gender.

Male (n=17) Female (n=53) Total

n=95 Frequency Percent Frequency Percent Frequency Percent
(%) (%) (%)
Age 41-50 7 10 41 58.57 48 68.57
(years) >50 10 14.30 12 17.14 22 31.43
<18.5 1 1.43 2 2.85 3 4.28
BMI 18.5-24.9 9 12.85 22 31.42 31 4428
25-30 4 5.71 15 21.42 19 27.14
>30 3 4.28 14 20 17 24.28
festv] Active 12 17.14 52 74.28 64 91.43
bifestyle o edentary s 7.14 1 1.43 6 8.57
Physical Moderate 15 21.42 51 76 67 95.71
Activity Low 2 2.85 2 2.85 3 4.28
Injury Yes 1 1.43 2 2.85 67 95.71
History No 16 22.85 51 72.85 3 4.28

Note: BMI- body mass index

The mean (SD) of age, BMI, KOOS- pain, function, quality of life, and global among
patients with bilateral KOA were 48.31 (6.01), 26.02 (4.82), 65.80 (11.04), 73.84
(10.44), 62.41 (11.13), and 67.35 (9.70) respectively. (Table 4.11) The overall KOOS-
12 score suggests that, on average, all the subjects experienced pain 34.20% of the time
in the past week, difficulty in performing their activities of daily living 27.16% of the
time, and difficulty in having a good quality of life 26.16% of the time.
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Table 4. 11 Descriptive statistics for age, BMI, and KOOS score in terms of pain,
function, and quality of life.

Mean SD SEM Range
Age (years) 48.31 6.01 0.72 27
BMI 26.02 4.82 0.58 22.46
KOOS Global 67.35 9.70 1.16 54.17
KOOS Pain 65.80 11.04 1.32 56.25
KOOS Function 73.84 10.44 1.25 56.25
KOOS QOL 62.41 11.13 1.33 56.25

Note: SD: standard deviation, SEM- standard error of mean, BMI- body mass index,
KOOS- Knee Injury and Osteoarthritis Outcome Score, QOL- quality of life

KOOS Score

The overall response to the KOOS questionnaire of all the subjects is summarized in
Figure 4.15. Out of 70 subjects, 65 reported pains in the knee at least once in the past
week. While walking on a flat surface, 45 subjects reported mild knee pain, and 9
reported moderate knee pain. In the case of stair climbing and descending, 23 subjects
reported mild knee pain, 42 subjects reported moderate knee pain, and 3 reported severe
knee pain. Whereas, while sitting, only 15 and 3 subjects reported mild and moderate
knee pain, respectively. In terms of activities of daily living, 41 and 4 subjects reported
to have experienced mild and moderate difficulty in twisting or pivoting, respectively,
on their involved knee. While getting in or out of a car or public transport, 41, 5, and 1
subject reported to have experienced mild, moderate, and severe difficulty,
respectively, due to their knee. On being asked about the amount of difficulty
experienced due to their knee while standing for a shorter/longer period, 44, 14, and 1
subject reported having experienced mild, moderate, and severe difficulty, respectively.
On the other hand, all subjects reported some degree of difficulty in rising from a sitting
position due to their knee. The number of subjects who reported mild, moderate, and
severe difficulty in rising from a sitting position due to their knee are 29, 37, and 4,
respectively. In terms of KOOS quality of life, all subjects reported that they are aware
of their knee pain to some extent, as 42 subjects reported they were aware of their
problem daily or always, 24 reported that they were about their knee problem at least

once a week. Furthermore, 64 subjects mildly lacked confidence in their daily activities

119



due to their knee, and 57 subjects reported having made a modification in their lifestyle
and daily activities to avoid potentially damaging activities to their knee. The amount
of overall difficulty experienced by the subjects due to their knee ranges from severe
(n=2), moderate (n=25), mild (n=42), and no difficulty (n=1). However, the intensity
of pain, functional impairment, and quality of life varied among the subjects for

different activities.
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Overall KOOS score response chart
B Always/Extreme M Daily/Severe ® Weekly/Moderate = Monthly/Mild ® Never/None

0
In general, how much difficulty do you ™ 2 95
have with your knee? I1_ 42
How much are you .troubled with lack of 8 12
confidence in your knee? I . 52
. 6

Have you modified your life style to avoid 8
potentially damaging activities to your — m=mm 7

knee? 3
5
How often are you aware of your knee _24 37
problem? -O 4

Difficulty experienced in the last week due 8
to your knee while twisting or pivotting on =3 4

your injured knee I )5
0
. ) ) !
Difficulty experienced in the last week due -1 5

to your knee while getting in/out of car  EwTTEEEEEE———" 4]

Difficulty experienced in the last week due 1 1
to your knee while standing P 44

Difficulty experienced in the last week due a4

to your knee while rising from sitting O_ 29 37
Amount of knee pain experienced the last -8 3
week during sitting or lying et 15 5
|

0
Amount of knee pain experienced the last ™ 3
week while going up or down stairs - 23

Amount of knee pain experienced the last 8
week during walking on a flat surface P 45

How often do you experience knee pain? I 22 38

Figure 4. 15 Overall KOOS score response chart.
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Spatial and Temporal Gait Parameters

The spatial and temporal parameters of gait were acquired using the WinTrack
platform. Data from the individual reports of each patient was extracted and analyzed.
In terms of spatiotemporal gait parameters, the mean (SD) of stance phase duration,
stride duration, swing phase duration left, swing phase duration right, step duration left,
step duration right, step length left, step length right, stride length, max pressure left,
and max pressure right among the subjects are 597.140 ms (+ 137.95), 1967.71 ms (+
319.82), 1266.00 ms (+ 184.58), 1337.71 ms (£ 290.88), 632.57 ms (+ 130.47), 618.14
ms (+ 123.04), 501.07 mm (+ 76.76), 507.99 mm (+ 65.63), 100.38 mm (£ 11.98),
5224.01 kPa (£ 1201.12), and 5469.40 kPa (+ 1416.68), respectively (Table 4.12). The
additional parameters were calculated from the data extracted by the WinTrack system.
The mean (SD) of dynamic interlimb max. pressure difference, interlimb swing phase
duration difference, interlimb step duration difference, interlimb step length difference,
SLLA, SLA, SDA, SPA, and PPA were calculated to be 1417.97 kPa (+ 897.02), 155.43
ms (£ 201.99), 108.14 ms (= 100.31), 50.83 mm (£ 44.59), 14.63% (£ 10.31), 9.57%
(+8.24), 15.02% (* 11.85), 9.80% (* 10.26), and 22.82% (+ 12.32) respectively.

Prevalence of Asymmetries in Bilateral KOA

The overall prevalence of limb loading asymmetry, plantar pressure asymmetry, and
asymmetry of spatiotemporal parameter of gait was calculated (Table 4.13). The
prevalence of SLLA was evaluated to be 55.71%, out of which 34.29% of participants
had static limb load asymmetry between 10-20%, and 21.43% of participants had
asymmetry greater than 20%. Whereas the prevalence of SLA was 38.57%, out of
which 27.14% of subjects had asymmetry between 10-20%, and only 11.43% of the
participant had asymmetry greater than 20 %. The prevalence of SDA was evaluated to
be 57.14%, out of which 30% had asymmetry between 10-20%, and 27.14% of
participants had asymmetry greater than 20%. The prevalence of SPA was evaluated to
be 32.86%, out of which 15.71% had asymmetry between 10-20%, and 17.14% of
participants had asymmetry greater than 20%. As compared to other all types of
asymmetries assessed in this study, the prevalence of PPA was significantly high, and

the prevalence of plantar pressure asymmetry was evaluated to be 84.29%, out of which
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31.43% of participants had asymmetry between 10-20%, and 52.86% participants had
asymmetry greater than 20%.

Table 4. 12 Descriptive analysis of the spatial and temporal gait parameters acquired
using the WinTrack platform.

Mean SD SEM Range

Stance phase duration (ms) 597.14  137.95 16.49 860
Stride time (ms) 1967.71  319.82 38.23 1540
Swing phase duration Left (ms) 1266.00 184.58 22.06 1080
Swing phase duration Right (ms) 1337.71  290.88 34.77 1590
Step Duration Left (ms) 632.57 13047 15.59 800
Step Duration Right (ms) 618.14  123.04 14.71 810
Step Length Left (mm) 501.07 76.76 9.17 382
Step length Right (mm) 507.99 65.63 7.84 331
Stride length (cm) 100.38 11.98 1.43 55.45
Max. Pressure Left (kPa) 5224.01 1201.12 143.56 6132
Max. Pressure Right (kPa) 5469.40 1416.68 169.33 6054
DIMPD (kPa) 1417.97 897.02 107.21 4250
ISPDD (ms) 15543  201.99 24.14 1000
ISDD (ms) 108.14 100.31 11.99 470
ISLD (mm) 50.83 44.59 5.33 195
SLLA (%) 14.63 10.31 1.23 42
SLA (%) 9.57 8.24 0.98 31.46
SDA (%) 15.02 11.85 1.42 48.44
SPA (%) 9.80 10.26 1.23 50.50
PPA (%) 22.82 12.32 1.47 54.13

Note: SD: standard deviation, SEM- standard error of mean, DIMPD- Dynamic
Interlimb Max. Pressure Difference, ISPDD- Swing Phase Duration Difference,
ISDD- Interlimb Step Duration Difference, ISLD- Interlimb Step Length Difference,
SLLA- Static Limb Load Asymmetry, SLA- Step Length Asymmetry, SDA- Step
Duration Asymmetry, SPA- Swing Phase Asymmetry, PPA- Plantar Pressure
Asymmetry.
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Table 4. 13 Prevalence of asymmetries in static limb loading, step length, step
duration, swing phase, and plantar pressure.

Asymmetry type Asymmetry Subjects Percent
(%) (m) (%)
<10 31 44.29
Static Limb Load Asymmetry (%) 10-20 24 34.29
>20 15 21.43
<10 43 61.43
Step Length Asymmetry (%) 10-20 19 27.14
>20 8 11.43
<10 30 42.86
Step Duration Asymmetry (%) 10-20 21 30.00
>20 19 27.14
<10 47 67.14
Swing Phase Asymmetry (%) 10-20 11 15.71
>20 12 17.14
<10 11 15.71
Plantar Pressure Asymmetry (%) 10-20 22 31.43
>20 37 52.86

Correlation between spatiotemporal gait variables and asymmetries
The data was further analyzed statistically to check for a correlation between the
outcome variables and the participant's demographic profile. The demographic data
were coded in numeric variables as follows: gender (male=1, female=2), lifestyle
(active=1, sedentary=2), physical activity (moderate=1, low=2), and injury history
(none=0, yes=1). The Pearson coefficient of correlation was used to test the correlation
among the following variables stance phase duration, stride duration, swing phase
duration left and right, step duration left and right, step length left and right, stride
length, maximum pressure left and right, mean gait velocity, cadence, SLLA, SLA,
SDA, SPA, PPA, age, gender, lifestyle, physical activity, injury history, BMI, and
KOOS scores for pain, function, and quality of life score. A heat-map correlation graph
was generated for easier visualization of the correlation between the tested variables
(Figure 4.16), which suggests a significant correlation exists among these variables. All
the variables showed a significant correlation with at least one of the test variables.
The age of the subject negatively correlated with the gender of the subject (r=
-.350, p= .003), suggesting that females developed KOA at a younger age than males
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in our study. The physical activity level of the subjects has shown a medium negative
correlation with gender (r= -.422, p= .000), a strong positive correlation with the
lifestyle (r=0.691, p=.000) and medium strong positive correlation with injury history
(r=0.303, p= .011) of the subjects which suggests that the female in our study were
more active, and the subjects with a sedentary lifestyle and injury history had low
physical activity. The injury history showed weak positive correlation with the stance
phase duration (= 0.319, p=.007), step duration left (r=0.284, p=.017), step duration
right (= 0.251, p= .036), and weak negative correlation with the cadence (r= -.260,
p=.030). It suggests that subjects with an injury history spend more time in the stance
phase, and the time is taken for both left and right steps, which results in slow-paced
walking. Furthermore, BMI showed weak positive correlation with stride duration (r=
0.282, p=.018), maximum pressure left (= 0.300, p= .012), maximum pressure right
(r=0.308, p=.010), SLLA (r= 0.322, p= .007), SLA (r= 0.244, p= .042), and SPA
(r=0.305, p= .010), and showed weak negative correlation with step length right (r= -
242, p= .044), and mean gait velocity (r= -.302, p= .011). This implies that stride
duration, maximum plantar pressure left and right, SLLA, SLA, and SPA increases with
the increase in BMI, whereas the step length right and mean gait velocity decrease with
an increase in BMI, and vice-versa. Interestingly, the KOOS pain, activities of daily
living, and quality of life score did not correlate with any of the outcome variables other
than among themselves. The KOOS pain score showed strong positive correlation with
KOOS score for activities of daily living (= 0.608, p= .000) and very strong positive
correlation with KOOS quality of life score (r= 0.827, p= .000), whereas the KOOS
activities of daily living score showed strong positive correlation with KOOS quality
of life score (= 0.637, p=.000). This implies that KOOS pain, activities of daily living
and quality of life are interlinked, if one increase other also increases.

In terms of the spatiotemporal variables and different types of asymmetries,
significant correlations were found among them. The SLLA showed medium
correlation with injury history (r=0.322, p=.007), SLA (r=-.327, p=.006), and strong
positive correlation with SDA (= 0.528, p= .000), and weak negative correlation with
step length left (r= -.247, p= .039). It suggests that the chances of SLLA are higher
among individuals with an injury history, SLA, and SDA, and vice-versa. The SLA
showed weak positive correlation with an injury history (r= 0.244, p= .042), step
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duration left (= 0.321, p=.007), SLLA (= 0.327, p=.006); strong positive correlation
with stance phase duration (= 0.515, p=.000), swing duration left (= 0.658, p=.000),
and step duration right (r= 0.594, p= .000); and SDA (r= 0.716, p= .000), and very
strong positive correlation with stride duration (»= 0.898, p=.000), and swing duration
right (r= 0.965, p=.000), The SLA showed weak negative correlation with step length
right (r=-.264, p= .027), and medium negative correlation step length left (= -.472,
p=.000), stride length (= -.445, p=.000), mean gait velocity (= -.663, p=.000), and
cadence (r= -.522, p=.000). This implies that the asymmetry in step length increases,
and decreases with the increase, and decrease in injury history, stance phase duration,
stride duration, swing duration left and right, step duration left, and right, SLLA, and
SDA. On the other hand, asymmetry in step length increases with the decrease in step
length left and right, stride length, mean gait velocity, and cadence, and vice-versa.

The SDA showed weak positive correlation with stance phase duration (r=
0.248, p=.038) and step duration right (= 0.289, p=.015); a strong positive correlation
with stride duration (= 0.570, p= .000), swing duration right (= 0.653, p= .000), ,
SLLA (r= 0.528, p= .000), and SLA (= 0.716, p= .000), weak negative correlation
with step length right (r= -.257, p= .032), and mean gait velocity (= -.374, p= .001)
and strong negative correlation with step length left (r= -.565, p= .000), and stride
length (r=-.527, p=.000). This signifies that the asymmetry in step duration increases
with the increase in stance phase duration, stride duration, swing, and step duration of
right leg, SLLA, and SDA, and vice-versa. Further, asymmetry in step duration
increases with the decrease in step length left and right, stride length, and mean gait
velocity, and vice-versa.

The SPA showed weak positive correlation with an injury history (= 0.305, p=
.010), and strong positive correlation with maximum plantar pressure left (r= 0.677,
p=.000), and maximum plantar pressure right (r= 0.745, p=.000), which suggests that
the asymmetry in the swing phase duration increases, and decreases with the increase,
and decrease in injury history, and maximum plantar pressure exerted on left and right
foot during walking. On the other hand, PPA showed weak positive correlation only
with SPA (r=-.241, p=.045), which suggests that there is an inverse relation between
PPA and SPA, i.e.,, asymmetry in plantar pressure distribution increases with the

decrease in the asymmetry of swing phase duration.
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Step Length Right
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Swing Duration Left
Swing Duration Right
Step Duration Left
Step Duration Right
Step Length Left
Step Length Right
Stride Length
Max Pressure Left
Max Pressure Right
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SLA
SDA
SPA
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Mean Gait Velocity
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**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
SLLA- Static limb load asymmetry, SLA- step length asymmetry, SDA- Step duration asymmetry, SPA- Swing Phase Asymmetry, PPA- Plantar pressure asymmetry, BMI- body mass index, KOOS- Knee Injury, and Osteoarthritis Outcome Score, QOL- quality of life.

Figure 4. 16 Heat map correlation between demographic characteristics, outcome variables, and different types of asymmetries using
Pearson Correlation Coefficient
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4.4 Development of DT-Walk (Phase I1I)

After months of struggle starting from December 2020, we finally completed the
development of our prototype device in October 2022. It took another two months
(December 2022) to build the beta version of DT-walk which we used for validation.
The developed wearable device would offers great competition to highly accurate,
expensive, and bulkier force platform-based systems and less accurate insole-based
systems. The DT-walk is based on a custom-made pressure-sensitive matrix made up
of one layer of velostat sheet sandwiched between two layers of copper strips. One layer
of copper strips is placed in the horizontal direction, and the other layer in the vertical
direction. Each cross-sectional area formed by the velostat and copper layers act as a
pressure-sensing unit. This results in a lightweight, flexible, and high-resolution insole
that can be worn and carried easily. Additionally, a separate layer consisting of five
force-sensitive resistors was placed at key locations on the plantar surface of the foot
for accurate gait phase identification. For spatiotemporal gait parameters, two inertial
motion sensors with attitude and heading reference system (AHRS) were also

incorporated into our device for accurate spatial and temporal gait detection.

Fabrication of the force-sensitive resistor unit

The force-sensitive resistor unit consists of five force-sensitive resistors (FSR)
embedded on a thin layer of Ethylene-vinyl acetate sheet. FSRs are sensors that allow
you to detect physical pressure, squeezing, and weight. The FSR is made of 2 layers
separated by a spacer. The more one presses, the more of those active element dots
touch the semiconductor, and that makes the resistance go down. FSRs are basically a
resistor that changes their resistive value (in ohms Q) depending on how much it is
pressed. Each force-sensitive resistor unit is composed of five square-shaped FSRs of
1.5” X 1.5”. The square shaped FSR is placed on the main plantar pressure area that
receives the maximum amount of pressure (Figure 4.17). The FSRs placed in each
force-sensitive resistor unit assists in precise gait phase identification as well as

pressure on each of them.
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Figure 4. 17 Left and right force-sensitive resistor unit

Fabrication of the insole-shaped pressure-sensitive matrix

Each custom-made pressure-sensitive insole consists of a top and bottom insulation
layer, copper strips in the horizontal and vertical orientation, and a layer of velostat
sheet (Figure 4.18 and 4.19). Velostat is a commercially available conductive material
that is sensitive to pressure that reduces resistance when force is applied to it. The
copper strips are also commercially available in the form of copper tape, which has
adhesive on one side. The pressure-sensitive matrix is formed by pasting copper strips
on the top and bottom insulating layers in vertical and horizontal directions,
respectively. A velostat sheet is placed between the two layers of copper strip. All the

copper strips are then attached to the microcontroller via a 16-channel multiplexer
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which gives the reading when current is passed through the circuit and pressure is

applied to it.
1
2
3
6
4 6 5
5
Wl FF IS
) \_flﬂlﬂ
1 2
(a) (b)

Figure 4. 18 Schematic diagram of a custom-made pressure-sensitive matrix. (a)
superior view and (b) cross-sectional view of a 3x3 matrix with its components- 1)
column strip connector, 2) velostat, 3) copper column strip, 4) row strip connector, 5)
copper row strip, and 6) pressure sensing area
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Figure 4. 19 Custom-made pressure-sensitive matrix made developed using copper
and velostat.

Data Acquisition system

The inputs from the custom-made pressure-sensitive matrix were acquired using a pair
of 16-channel multiplexers/demultiplexers. The top and bottom layers of the copper
strip represent the columns and rows of the insole-shaped pressure-sensitive matrix.
Analog and digital signals were managed by the microcontroller (Arduino Mega 2560)
that allows to connect sequentially to voltage through each column via M and to
output through each row via Mypotom. The top layer with vertical copper strips was
attached to the voltage supply via a 16-channel multiplexer, Mip. And the bottom layer
with horizontal copper strips was attached to the ground through resistance via 16-
channel multiplexer, Myottom. The inputs from all the FSRs in each insole is collected
directly by the same microcontroller. The voltage is passed through one of the two pins

of FRS, and the output is recorded on the other pin by applying resistance over the
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ground. The data collected from the FSR, and the pressure-sensitive matrix were sent

to the DT-walk application installed on a computer via wireless private network.

Fabrication of prototype of DT-walk

The prototype device of DT-walk consists of three components- an insole component,
a motion component, and computation and storage systems. The insole unit consists of
two separate pressure detection systems; the first uses the FSRs to identify pressure on
the plantar pressure areas of the foot. There are 5 FSRs in each insole placed under the
key plantar pressure areas. The other component of the insole was a custom-made
pressure-sensitive matrix developed using copper strips and conductive material
layering. A custom-made pressure-sensitive matrix was designed in the shape of a shoe
insole in which conductive material called velostat is placed between two layers of
copper strip, out of which one layer of copper is placed in the horizontal direction and
the other in the vertical direction. Each intersection point of the copper strip and the
velostat forms the pressure sensing unit. In this insole, there are 128 pressure-sensing
units for each foot. The FSR unit and the custom-made pressure-sensitive matrix are
then enclosed in a single casing superimposed over each other, where the FSR
component lies at the bottom, and the matrix lies on the top surface. Both components'
connecting wires were taken out from the lateral side where there would be less
interference during standing and walking. The connecting wires are attached to the
computation, power, and storage system that also incorporates the motion unit. The
MPU-9250 sensor is attached directly to the microcontroller (Arduino Mega 328) to
assess the spatiotemporal parameters of gait. The motion unit and the computation,
power, and storage unit may be called the external unit, which is enclosed in a fiber

case that can be attached to the shoe (Figure 4.20, 4.21 and 4.22).
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Figure 4. 21 Working prototype of DT-walk.
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Figure 4. 22 Pre-validation testing for private network communication between DT-

walk device and DT-walk application.

Barriers in Prototype Development

There were a few challenges which I faced during prototype development of DT-walk

which I would like to mention:

1.

Finding the right team for prototype development- I took help from some
computer science engineering students who were very initially but later they left
the project. So, I had to start again from the beginning with the new team. But
thanks to the team headed by Dr. Rajesh Singh, then Head- Division of Research
and Innovation, LPU who connected me with Mr. Prabin Kumar Das who
worked with me on the project throughout.

Lack of advanced technical knowledge- As a physiotherapist I have limited
knowledge of prototype development. But thanks to my prior knowledge of C++
programming, [ was able to understand and write Arduino codes for our device.
Getting good quality sensors online- We had a hard time finding good quality
sensors online as the local markets were closed due to government order. We
ordered sample sensors from different sellers before finalizing the final list of
components we used.

COVID pandemic significantly affected our operating capability as only a
limited number of resources were available.

Getting the fund and settling the bill from the university was another challenge.
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4.5 Validation and Reliability Testing of DT-walk (Phase IV)

In this study, a total of 9 subjects (seven female, two male) with bilateral KOA were
included, with most subjects being moderately active with an active lifestyle. The mean
+ SD of their age and BMI were 53.22+6.63 years, and 28.00+3.78, respectively. The
demographic details of the participants included in the validity and reliability of DT-
walk is summarized in Table 4.14. The collected using DT-walk and WinTrack device
was analyzed to establish the validity and reliability of DT-walk. The raw data is
available in Appendix XIX - XXIV.

Table 4. 14 Demographic details of the study participants included in the validity and
reliability of DT-walk.

Male (n=2) Female (n=7) Total
Frequency ercent Frequency ercent Frequency Percent
(%) (%) (%)

Age 41-50 0 0 5 55.55 5 55.56

(years) > 50 2 22.22 2 22.22 4 44.44

18.5-24.9 0 0.00 2 22.22 2 22.22

BMI 25-30 1 11.11 4 44.44 5 55.56

> 30 1 11.11 1 11 2 22.22

. Active 1 11.11 7 77.77 8 88.89
Lifestyle

Sedentary 1 11.11 0 0.00 1 11.11

Physical Moderate 1 11.11 7 78 8 88.89

Activity Low 1 11.11 0 0.00 1 11.11

Injury Yes 0 0.00 1 22.22 1 11.11

History No 2 22.22 6 66.66 8 88.89

Note: BMI- body mass index

ICCs, and 95% confidence intervals in patients with KOA, as well as the results of the
statistical analysis of the comparison of the two assessments sets, for validity, and
reliability of DT-walk for assessment of LLA and PPA, are shown in Table 4.15, and
Table 4.16.
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Table 4. 15 Test-retest reliability and validity of DT-walk for limb load asymmetry in bilateral KOA for limb load asymmetry.

95% of Class Interval
Mean (SD) ICC SEM MDC CV %
Upper limit  Lower limit

Intra-rater

Reading 1 17.93 (13.00)

0.99963 0.99992 0.99850 0.00668 0.01852 543
Reading 2 17.81 (13.04)
Inter-rater
Rater 1 17.88 (12.98)

0.99990 0.99998 0.99954 0.00200 0.00556 13.15
Rater 2 17.90 (12.97)
Validity
WinTrack 17.78 (12.84)

0.99986 0.99997 0.99939 0.00234 0.00648 2.31
DT-walk 17.88 (12.98)

SD: standard deviation; ICC: Intraclass coefficient; SEM: standard error of mean; MDC: Minimum detectable change; CV: Coefficient

of variance.
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Table 4. 16 Test-retest reliability and validity of DT-walk for dynamic plantar pressure asymmetry in bilateral KOA for plantar pressure

asymmetry

95% of Class Interval

Mean (SD) ICC SEM MDC CV %
Upper limit  Lower limit
Intra-rater
Reading 1 16.06 (6.82)
. 0.88472 0.97294 0.56439 1.18491 3.28441 143.55
Reading 2 16.09 (6.98)
Inter-rater
Rater 1 16.35 (6.22)
0.97781 0.99495 0.90484 0.20032 0.55527 162
Rater 2 16.22 (5.88)
Validity
WinTrack 17.54 (5.47)
0.87747 0.97039 0.58193 0.98608 2.73327 82.68
DT-walk 16.35 (6.22)

SD: standard deviation; ICC: Intraclass coefficient; SEM: standard error of mean; MDC: Minimum detectable change; CV: Coefficient

of variance.
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Test-retest reliability

The test-retest reliability was calculated for intra-rater and inter-rater readings using the
mean of two readings for the same rater in intra-rater reliability and the mean of three
readings by different raters in inter-rater reliability, respectively. The mean (SD) of the
SLLA among the participants in reading 1 and reading 2 for intra-rater reliability were
17.93 (13.00) and 17.81 (13.04), respectively. The upper and lower limit of agreement
for the Bland-Altman plot between the two readings were 0.808603697 and -
0.562487625, respectively. At a 95% of the confidence interval, DT-walk showed
excellent intra-rater reliability with ICC > 0.9 (SEM=0.00668, MDC= 0.01852,
CV=5.43%), for LLA in KOA. The Bland-Altman plots, with the bias between the
repeated assessments and the limits of agreement for each measure, are reported in
Figure 4.23. Table 4. 17 shows the statistical analysis findings of intra-rater reliability

testing using DT-walk for assessment of limb load asymmetry.

Static Limb Load Asymmetry
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Figure 4. 23 Bland Altman plot for intra-rater reliability of DT-walk for limb load
asymmetry.
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Table 4. 17 Statistical analysis of intra-rater reliability testing using DT-walk for
assessment of limb load asymmetry.

Sample No. Reading 1 Reading 2 Difference Mean
1 5.95 5.85 0.10 5.90
2 13.11 12.47 0.65 12.79
3 3.09 3.06 0.03 3.08
4 28.96 28.76 0.20 28.86
5 1.63 1.59 0.05 1.61
6 35.14 34.60 0.54 34.87
7 34.31 34.90 -0.59 34.60
8 17.52 17.46 0.06 17.49
9 21.69 21.63 0.06 21.66
Mean 17.93 17.81 0.12 17.87
Standard Deviation 13.00 13.04 0.35 13.02

Standard Error of Measurement  0.006684076
Minimal Detectable Change 0.018527312
Coefficient of Variance  5.431644892

Upper Limit of Agreement 0.808603697
Lower Limit of Agreement -0.562487625
Intraclass Correlation Coefficient 0.99963
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The mean (SD) of the SLLA among the participants by rater 1 and rater 2 for inter-rater
reliability were 17.88 (12.98) and 17.90 (12.97), respectively. The upper and lower
limit of agreement for the Bland-Altman plot between the readings of the two raters
were 0.371440926 and -0.40196386, respectively. At a 95% of the confidence interval,
DT-walk showed excellent inter-rater reliability with ICC > 0.9 (SEM=0.002, MDC=
0.00556, CV= 13.15%) for LLA in KOA. The Bland-Altman plots, with the bias
between the repeated assessments and the limits of agreement for each measure, are
reported in Figure 4.24. Table 4. 18 shows the statistical analysis findings of inter-rater

reliability testing using DT-walk for assessment of limb load asymmetry.
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Figure 4. 24 Bland-Altman plot for inter-rater reliability of DT-walk for limb load
asymmetry.
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Table 4. 18 Statistical analysis of inter-rater reliability testing using DT-walk for
assessment of limb load asymmetry.

Sample No. Rater 1 Rater 2 Difference Mean
1 591 5.96 -0.05 5.94
2 12.82 12.71 0.10 12.77
3 3.15 3.09 0.06 3.12
4 28.81 29.14 -0.33 28.97
5 1.62 1.70 -0.08 1.66
6 34.75 34.50 0.25 34.63
7 34.62 34.49 0.13 34.55
8 17.64 17.56 0.09 17.60
9 21.61 21.91 -0.31 21.76
Mean 17.88 17.90 -0.02 17.89
Standard Deviation 12.98 12.97 0.20 12.97

Standard Error of Measurement  0.002006834
Minimal Detectable Change  0.00556266
Coefficient of Variance 13.14967982

Upper Limit of Agreement 0.371440926
Lower Limit of Agreement -0.40196386
Intraclass Correlation Coefficient 0.99990
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The mean (SD) of the PPA among the participants in reading 1 and reading 2 for intra-
rater reliability were 16.06 (6.82) and 15.40 (5.82), respectively. The upper and lower
limit of agreement for the Bland-Altman plot between the two readings were
6.466170035 and -5.141566025, respectively. At a 95% of the confidence interval, DT-
walk showed good reliability with ICC = 0.884 (SEM=1.18491, MDC= 3.28441,
CV=143.55%), for PPA in KOA. The Bland Altman plot for intra-rater reliability of
DT-walk for plantar pressure asymmetry is reported in Figure 4.25. Table 4. 19 shows
the statistical analysis findings of intra-rater reliability testing using DT-walk for

assessment of PPA.
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Figure 4. 25 Bland Altman plot for intra-rater reliability of DT-walk for plantar
pressure asymmetry.
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Table 4. 19 Statistical analysis of intra-rater reliability testing using DT-walk for
assessment of plantar pressure asymmetry.

Sample No. Reading 1 Reading 2 Difference Mean
1 23.18 18.01 5.17 20.60
2 21.79 21.76 0.02 21.77
3 23.49 22.29 1.20 22.89
4 6.94 6.39 0.55 6.66
5 11.78 17.30 -5.53 14.54
6 11.78 11.63 0.15 11.70
7 7.00 7.86 -0.86 7.43
8 16.96 13.80 3.16 15.38
9 21.65 19.56 2.09 20.60
Mean 16.06 15.40 0.66 15.73
Standard Deviation 6.82 5.82 2.96 6.16

Standard Error of Measurement  0.950745596
Minimal Detectable Change 2.635332341
Coefficient of Variance 143.5516712

Upper Limit of Agreement 6.466170035
Lower Limit of Agreement -5.141566025
Intraclass Correlation Coefficient 0.88472
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The mean (SD) of the PPA among the participants by rater 1 and rater 2 for inter-rater
reliability were 16.35 (6.22) and 16.22 (5.88), respectively. The upper and lower limit
of agreement for the Bland-Altman plot between the two readings of the two raters were
2.759278941 and -2.512507792, respectively. At a 95% of the confidence interval, DT-
walk showed an excellent reliability inter-rater reliability with ICC = 0.977 (SEM=
0.20032, MDC= 0.55527, CV= 162%) for PPA in KOA. The Bland Altman plot for
inter-rater reliability of DT-walk for PPA is reported in Figure 4.26. Table 4. 20 shows
the statistical analysis findings of inter-rater reliability testing using DT-walk for

assessment of PPA.
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Figure 4. 26 Bland Altman plot for inter-rater reliability of DT-walk for plantar
pressure asymmetry.
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Table 4. 20 Statistical analysis of inter-rater reliability testing using DT-walk for
assessment of plantar pressure asymmetry.

Sample No. Rater 1 Rater 2 Difference Mean
1 18.10 19.17 -1.08 18.64
2 22.07 19.47 2.60 20.77
3 24.75 23.68 1.07 24.21
4 6.45 6.76 -0.30 6.61
5 17.81 17.68 0.13 17.74
6 12.17 11.31 0.86 11.74
7 7.90 8.74 -0.85 8.32
8 18.27 17.68 0.59 17.97
9 19.61 21.52 -1.91 20.57
Mean 16.35 16.22 0.12 16.29
Standard Deviation 6.22 5.88 1.34 6.02

Standard Error of Measurement  0.200325187
Minimal Detectable Change  0.55527309
Coefficient of Variance 162.357057

Upper Limit of Agreement 2.759278941
Lower Limit of Agreement -2.512507792
Intraclass Correlation Coefficient 0.97781
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Concurrent Validity

The concurrent validity was tested using the mean of three readings (3-best captured
gait cycle out of six) taken for SLLA and PPA by the same rater on the same subjects
using DT-walk and WinTrack. The mean (SD) of the SLLA among the participants
recorded using WinTrack and DT-walk were 17.58 (12.84) and 17.88 (12.98),
respectively. The upper and lower limit of agreement for the Bland-Altman plot
between the two readings were 0.29033222 and -0.4927006, respectively. The DT-walk
showed excellent validity against the WinTrack platform with ICC > 0.9 at 95% of the
confidence interval, SEM=0.00234, MDC= 0.00648, and CV= 2.31% for static LLA.
The Bland Altman plot for validity of DT-walk for SLLA is reported in Figure 4.27.
Table 4. 21 shows the statistical analysis findings of validity testing using WinTrack
and DT-walk for assessment of SLLA.
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Figure 4. 27 Bland Altman plot for the validity of DT-walk for limb load asymmetry.
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Table 4. 21 Statistical analysis for the validity testing of DT-walk against WinTrack
platform for assessment of limb load asymmetry.

Sample No. WT_SLLA DT _SLLA Difference Mean
1 5.98 591 0.07 5.95
2 12.75 12.82 -0.07 12.78
3 3.03 3.15 -0.12 3.09
4 28.48 28.81 -0.32 28.65
5 1.71 1.62 0.09 1.66
6 34.29 34.75 -0.47 34.52
7 34.43 34.62 -0.19 34.52
8 17.78 17.64 0.13 17.71
9 21.57 21.61 -0.04 21.59
Mean 17.78 17.88 -0.10 17.83
Standard Deviation 12.84 12.98 0.20 12.91

Standard Error of Measurement 0.00233865

Minimal Detectable Change 0.00648242
Coefficient of Variance -2.3112831

Upper Limit of Agreement 0.29033222
Lower Limit of Agreement -0.4927006
Intraclass Correlation Coefficient 0.99986
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The mean (SD) of the PPA among the participants recorded using WinTrack and DT-
walk were 17.54 (5.47) and 16.35 (6.22), respectively. The upper and lower limit of
agreement for the Bland-Altman plot between the two readings were 6.71419961 and -
4.3289429, respectively. Similarly, DT-walk showed good to excellent validity against
the WinTrack platform with ICC = 0.877 at a 95% of the confidence interval,
SEM=0.98608, MDC= 2.73327, and CV= 82.68% for dynamic PPA. The Bland
Altman plot for validity of DT-walk for PPA is reported in Figure 4. 28. Table 4. 22
shows the statistical analysis findings of validity testing using WinTrack and DT-walk

for assessment of PPA.
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Figure 4. 28 Bland Altman plot for the validity of DT-walk for plantar pressure

asymmetry.

148



Table 4. 22 Statistical analysis for validity testing of DT-walk against WinTrack
platform for assessment of plantar pressure asymmetry.

Sample No. WT_PPA DT PPA Difference Mean
1 17.43 18.10 -0.66 17.77

2 22.02 22.07 -0.05 22.04

3 21.84 24.75 -2.91 23.29

4 12.28 6.45 5.82 9.37

5 20.37 17.81 2.56 19.09

6 12.81 12.17 0.64 12.49

7 8.04 7.90 0.15 7.97

8 18.30 18.27 0.03 18.29

9 24.76 19.61 5.14 22.19
Mean 17.54 16.35 1.19 16.94
Standard Deviation 5.47 6.22 2.82 5.69

Standard Error of Measurement  0.98608108

Minimal Detectable Change  2.73327731

Coefficient of Variance = 82.6813384

Upper Limit of Agreement  6.71419961

Lower Limit of Agreement  -4.3289429
Intraclass Correlation Coefficient 0.87747
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Correlation and Hypothesis Testing

The Pearson correlation coefficients and level of significance was used to evaluate the
correlation between the readings by same rater in intra-rater, different raters in inter-
rater using DT-walk, and readings from DT-walk and WinTrack by same rater for
assessing SLLA and PPA in KOA. The Pearson correlation showed excellent
correlation between the two readings for all the variables. The Pearson correlation
coefficient for SLLA by same rater, between raters and readings of DT-walk and
WinTrack was 0.999 (p= 0.000, CI= 95%) for each variable. The Pearson correlation
coefficient for PPA by same rater, between raters and readings of DT-walk and
WinTrack was 0.902 (p= 0.000), 0.976 (p= 0.000) and 0.891 (p=0.001) respectively at
95% confidence interval. The Pearson correlation suggests that the pair of readings have
strong positive association with each other which implies that the readings of DT-walk
are consistent with the readings of WinTrack system. The test statistics are summarized

in table 4.23.

Table 4. 23 Pearson correlation coefficients and level of significance for correlation
between the readings of static limb load and plantar pressure asymmetry in knee
osteoarthritis by same rater and different raters using DT-walk, and readings from DT-

walk and WinTrack by same rater.

Pearson correlation Sig. (2-tailed)

Intra-rater (Reading 1 vs Reading 2)

Static Limb Load Asymmetry 0.999 0.000
Plantar Pressure Asymmetry 0.902 0.000

Inter-rater (Rater 1 vs Rater 2)

Static Limb Load Asymmetry 0.999 0.000
Plantar Pressure Asymmetry 0.976 0.000

Validity (DT-walk vs WinTrack)

Static Limb Load Asymmetry 0.999 0.000
Plantar Pressure Asymmetry 0.891 0.001
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The paired samples t-test was used to test the hypothesis whether DT-walk is a valid
and reliable tool for assessing SLLA and PPA in KOA. The paired samples t-test data
of the difference in the measurements of static limb load and plantar pressure
asymmetry using DT-walk and WinTrack System show insignificant difference
between the measurement (p > 0.05) at 95% confidence interval. The paired t-test
suggests that there is not a significant difference between the pair of readings whether
recorded by the same or different rater using DT-walk or between the reading of DT-
walk and WinTrack system. This implies that the readings of DT-walk are consistent
with the readings of WinTrack system. Therefore, null hypothesis is accepted, and
alternate hypothesis is rejected. Thus, DT-walk is a valid and reliable tool for assessing
SLLA and PPA in KOA. The paired samples t-test data of the difference in the
measurements of SLLA and PPA in KOA using DT-walk and WinTrack System is

summarized in table 4.24.

Table 4. 24 Paired samples T-test data of the difference in the measurements of static

limb load and plantar pressure asymmetry using DT-walk and WinTrack System.

95% Confidence Interval

Mean SD SEM Lower Limit Upper Limit t dt  Sig. (2-tailed)
Intra-rater

SLLA 0.12 0.349 0.116 -0.145 0.391 1.055 8 0.322
PPA 0.66 2961 0.987 -1.613 2.938 0.671 8 0.521
Inter-rater

SLLA -0.02 0.197 0.065 -0.167 0.136 -0.232 8 0.822
PPA 0.12 1344 0.448 -0.91 1.157 0.275 8 0.798
Validity

SLLA  -0.1 0.199 0.066 -0.254 0.052 -1.519 8 0.167
PPA 1.19 2817 0.939 -0.972 3.358 1.27 8 0.239

SLLA- static limb load asymmetry, PPA- plantar pressure asymmetry, SD- standard
deviation, SEM standard error mean.
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CHAPTER V

DISCUSSION

5.1 Focused Group Discussion for Need Assessment (Phase I)

Limb load asymmetry, and gait can be assessed both objectively, and subjectively. Gait
is mostly assessed subjectively in clinical practice based on examiner’s observations
due to unavailability of gait analysis labs in most clinical practices; hence, it lacks
accuracy, and cannot analyze most of the gait parameters. However, it can be assessed
objectively by various commercially available gait lab systems which are very
expensive but is considered as gold standards in terms of analysis. Various gait analysis
systems are available in the market, and in research laboratories vary only in their
sensor configuration to meet various application demands. The configuration of these
systems can be the combination of one of the these three: pressure distribution platform,
imaging system with advanced motion analysis software, and insole-based system
[174]. A standard gait analysis system requires a multi camera motion capture system,
and a pressure or force sensing platform along with the motion analysis software. [175]
These kinds of systems require special laboratories, expensive equipment, heavy setup,
pre, and post processing time, and trained operators. Moreover, these devices have a
limited moving area; hence, it can assess limited number of gait cycles for the observed

subjects. [174]

Hence, to address these limitations, wearable sensors have emerged as an
alternative method of analyzing gait. This method is cost-effective and can be used both
inside and outside of the laboratory setting, making it an increasingly popular option.
Inertial motion units and pressure sensors are applied on various body parts to analyze
gait using wearable technology. The sensors used in wearable devices are gyroscope,
magnetometer, eTextile, accelerometer, pressure sensor, inclinometer, and many others
for assessing different parameters of gait [47]. The wearable devices exist in different

forms- sensor units, sensor embedded clothing, and in-shoe systems.
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The factors that influenced the acceptance of wearable technology among the
participants were its looks, how comfortable it felt, and how easy it was to operate. In
addition, the cost of the device and the user interface's simplicity, along with the ability
to store data both locally and in the cloud, were also contributing factors. The clinicians
suggested that these wearable devices should be small, lightweight, portable, discrete,
and cosmetically sound such that it does not reveal the user identity and allow them to
use it with their usual outfit. In terms of duration of usage, the clinicians agreed to usage
of clinician variant of wearable device for assessment, and training purpose whereas
patient’s variant can be used by the patients throughout the day for activity tracking,
while exercising or consulting with their clinician remotely. It aligns with clinicians’ as
well as patients’ perspective on real-time, and real-life scenario data for assessment,
and the need of quantifiable data for rehabilitation, and ongoing optimization of patient
outcomes. Depending on who, when, and how the device is used, the assessment

parameters may vary.

The participants showed a preference for utilizing a wearable device for purposes
such as evaluation, remote monitoring, providing feedback, tracking physical activity,
maintaining exercise adherence, and accomplishing rehabilitation objectives, as these
were the key drivers for accepting wearable technology. The device should evaluate
and offer immediate feedback to the user for any asymmetry in limb loading, plantar
pressure, and gait parameters pertaining to space and time. However, the parameters to
be assessed may vary with the intended use of technology (e.g., clinician may assess all

parameters during an activity, whereas the patient may require only a few parameters).

The usage of wearable technology as recommended by the participants would
allow them to improve their clinical practice by supporting their rehabilitation goals.
They suggested that the technology would be useful in assessment, training, and
telemonitoring of their patients during different phases of their rehabilitation in both
their clinical setting, and patients’ living environment. In addition, they suggested that
real-time assessment, and feedback would be useful in telemonitoring their patients’
movement pattern, daily activity, adherence to exercise, active participation, prognosis,
and guiding them virtually in real-time. These factors encourage the patients to actively

participate in their rehabilitation and adhere to the rehabilitation program as prescribed
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by their clinician in reaching desired goals. The inclusion of telemonitoring has added
benefits of saving time, and money involved with frequent visits to the clinics. Also,
the information derived from the system can be utilized for designing, and modifying
the rehabilitation plan, patient prognosis, identifying challenges or problems being
faced by the patients, research, and evidence-based practice by the clinicians; and for

tracking daily performance, and improvement overtime by the patients.

The recommendation from this study has clearly identified the need for
wearable technology for clinical practice in terms of real-time assessment, training, and
telemonitoring of patients. The design, content, structure, and features of such wearable
technology depends on perceived usefulness of the technology, stage of the clinical
condition being treated, and clinical outcome measures to be considered; hence it
should be considered while developing the technology. The transmission, and storage
of data on local device, and cloud server should be addressed adequately to provide
accurate real-time feedback, and track user performance overtime based on parameters
assessed. In addition, few physiotherapists suggested that incorporating
electromyography would be very useful for assessing the muscle activation pattern
during the activity; however, it may add challenges for the developers to incorporate all
features in a single device. Electromyography has been shown to be effective for
assessing muscle activity, and providing muscle retraining, and biofeedback to the user
in the rehabilitation phase in various condition [176, 177]. Hence, the use of wearable
technology has a great potential not only in enhancing patient performance, and clinical
outcomes in KOA, but also for improving clinical practices in terms of assessment,

exercise prescription, rehabilitation, and patient prognosis overtime.

The adaptation of wearable technology in clinical rehabilitation has been
suggested to develop a patient-centric healthcare model in which the data related to
patient performance not only encourage their active participation, but it also impacts
the delivery of treatment in the clinician practice, and development of new guidelines,
and recommendations based on the information generated through the technology. The
design of wearable technology as proposed in this study by the clinician lies in line with
the patients’ perspective as identified in previous studies [178]. This study further

addresses the need of literature for identifying the clinician’s perspective towards the
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wearable technology in clinical rehabilitation in terms of design, structure, features, and
applicability. The previous studies have reported use of wearable, and portable sensors
for acquiring patient health-related data in different health conditions without
considering clinicians, and patients’ perspective to understand the clinical issues with
the existing technologies. Based on the patient’s preferences as proposed by Papi et al.
(2015), this focus group-based study further identified the clinical issues with the
existing assessment technology as well as the clinician’s preference for wearable
technology in terms of features, functions, application, perceived usefulness, and cost
of the proposed technology [178]. Considering the economical background, the cost of
device was identified as major factor for non-adaptation of technology by clinicians as
most of the clinician’s work in independent clinical practice, and they cannot afford it.
The same stands true for the patients as well as majority of Indians live in rural areas
and have poor economic status. The commercially available wearable technology has
failed to consider these issues despite having a well-structured product in addressing
the challenges faced by the clinical in terms of assessment, rehabilitation, and

telemonitoring, and bridging the gap between patient’s, and clinician’s need.

The proposed technology would not only allow the clinicians to assess their
patient, and plan, and carry out their rehabilitation with real-time feedback but also to
diagnose the limb loading, and gait changes at an early stage thereby preventing the
development, and further progression of the condition. Further, the same technology
can be used by the patients while performing their rehabilitation program based on real-
time feedback provided via mobile computing application for, correction, and during
daily activity for tracking purposes as performed by most of the commercially available
devices. It would also allow the patient to be actively involved in their rehabilitation,
adhere to their rehabilitation program, and track their performance overtime.
Telemonitoring function would have additional advantage over the commercially
available technologies in situations like COVID pandemic, remote locations, etc. where
travelling is not possible as it allows clinicians to monitor and provide feedback to their

patient’s rehabilitation in real-time remotely via cloud computing.

This study primarily focused on clinician’s perspective of wearable technology

towards KOA. However, this findings are applicable to any other conditions in which
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gait, and balance is affected for improving clinical rehabilitation including both
assessment, and training. Studies involving osteoarthritis population have reported a
similar finding. Although the concepts are similar, the clinical outcomes may change;
therefore, the technology should be developed based on the clinical presentation of each

condition and follow the clinical guidelines for assessment of patient performance.
Limitations

Unlike any other study, this study also had some limitations like focus group
discussions were conducted via video conferencing which brings additional challenges
of active participation, technical issues, communication difficulty. The discussion could
have been better if they had been conducted physically. No restriction was made for
recruitment of participants based on their clinical specialization. The participants in this
study only represents the perspective of physiotherapists working in clinical setup in
India except one from Malaysia with 3 or more years of experience with majority of
them being male. Although the recommendations from the discussion were relevant to
the objective of the study, the future research should include physiotherapist as well as

orthopedics, and physical medicine rehabilitation specialist working across the globe.
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5.2.  Prevalence of Asymmetries in Knee Osteoarthritis (Phase II)

This study investigated the prevalence of asymmetries in limb loading, plantar pressure
distribution, step length, and step duration using a baropodometry system. The
prevalence of asymmetry greater than 10% was found in all the assessment parameters.
However, the prevalence rate varied among the parameters; for instance, SLLA, and
PPA had a significantly higher prevalence rate of 53%, and 60%, respectively.
Whereas, SLA, and SDA had a significantly lower prevalence rate of 15%, and 35%,

respectively.

Unilateral KOA

This study investigated the prevalence of asymmetries in limb loading, plantar pressure
distribution, step length, and step duration using a baropodometry system among
individuals with unilateral knee pain. The prevalence of asymmetry greater than 10%
was found in nearly half of subjects among all the assessment parameters. Comparison
of these asymmetries among the study participants suggests that individuals with
unilateral knee pain had mean asymmetry of greater than 10% in their static limb
loading, stance phase duration, step length, step duration, and plantar pressure
distribution. This suggests that a significant proportion of population with knee pain

exhibit asymmetries in their gait pattern and standing posture.

Strong positive correlation between SLLA and BMI suggests that asymmetry in
limb loading while standing increases with the increase in BMI. Silverwood et al., has
identified obesity as one the predisposing factor for development of OA of knee and
hip joint [179]. The BMI has shown a strong, and significant correlation with the static
limb loading suggesting that individuals with BMI higher than 25kg/m2 have higher
risk of developing KOA. In weight-bearing positions, the whole-body weight is
transferred to foot through hip, knee, and ankle joints. The relationship between obesity,
and KOA 1is very complex to understand [180]; however, it is evident from the study
that a large number of population having BMI higher than 25kg/m2 have higher chances
of developing KOA [16, 87, 181] which can be contributed to excessive pressure on the

knee joint cartilage that results in early cartilage degeneration, and altered gait

157



mechanics. Further, occupation-related physical activities that involves frequent sitting,
and standing, prolonged standing or walking, and vigorous physical activity like in
sports, and athletic events predisposes the individual for developing KOA at an early
age [87]. It might be the reason for higher prevalence of these asymmetries in our study
as majority of subjects works in house-keeping division that require prolonged
standing, and frequent ascending, and descending on stairs which continuously
compresses the knee, and results in faster degeneration of joint cartilage of the knee. In
addition, lifting weight during these activities may put additional load on the knee joints
which further compresses the meniscus, and may potentially damage ACL and MCL
that may predispose the knee joint to adapt to altered biomechanics, and limb loading

pattern [17, 179] leading to the development of KOA [71].

Knee is the most commonly affected joint in osteoarthritis of lower limb
followed by hip [94]. Various potential biomechanical deviations have been identified
that may occur due to the joint articular changes leading to altered weight bearing
pattern, and may contribute to development, and further progression of osteoarthritis in
the lower limb joints especially knee [26]. The subjects with knee pain in our study
compensated for their functional, and physical limitations due to pain by altering their
limb loading, and movement pattern both between the limbs, and within the limb
resulting in asymmetrical limb loading, and asymmetry in spatiotemporal variable.
Riskowski et al., (2005) suggested that repetitive stress, and associated complications
can be experienced by the body at the initial contact of the foot with the ground due to
cyclic nature of walking, and the ROL. The ROL may be increased by an individual's
gait kinematics at initial contact, and a repetitively high ROL can contribute to the
development of a variety of disorders, including osteoarthritis. Proprioceptive feedback
signals related to limb position, and movement, plays an important role in
understanding how the foot strikes the ground, and thus, effects the ROL [128]. Further,
the tightness in calf muscle has also been suggested to lead to asymmetry in loading

response, and single limb support duration [182].

Altered knee joint loading, and pressure location during gait has been identified

in early KOA, in form of elevated knee contact forces, and shift in center of pressure.
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As the structural degeneration of the knee joint progresses, biomechanics alterations
of gait lead to an overall increased joint loading, impacting both medial, and lateral
compartments of knee [30]. A highly significant correlation between different types of
asymmetries observed in this study suggests that depending on the severity of the knee
pain the individual compensates their walking pattern to the avoid pain. Compensatory
movement, and overloading of other joints of the lower limb have been identified as
potential predisposing factor for development of KOA [183]. In our study, the
prevalence of asymmetry of limb loading, step length, step duration, swing phase
duration, and plantar pressure was very high with mean asymmetry greater than
10.66%. The finding also suggests that these asymmetries may act as predisposing
factor or early signs of development of KOA. In KOA, altered joint loading exists in
the contralateral conjugate joint [71]. Asymmetrical limb loading leads to altered gait
mechanics which further enhances joint degeneration [71]. Furthermore, increased
tibiofemoral rotation, and peak knee abduction moment during the weight bearing
positions [184], along with limb load asymmetry, and spatiotemporal gait parameters

have been identified as important factors in the assessment of KOA.
Bilateral KOA

This study investigated the prevalence of asymmetries in limb loading, plantar pressure
distribution, step length, and step duration using a baropodometry system among
individuals with bilateral KOA. The prevalence of asymmetry greater than 10% was
found in nearly half of the subjects in all the assessment parameters. However, the
prevalence rate varied among the parameters. Comparison of these asymmetries among
the study participants suggests that individuals with bilateral KOA had mean
asymmetry of greater than 10% in their static limb loading, step duration, and plantar
pressure distribution, whereas less than 10% asymmetry in their swing phase, duration,
and step length. This suggests that a significant proportion of the population with
bilateral KOA exhibit asymmetries in their gait pattern and standing posture. The prior
studies have primarily focused on the kinematic, and kinetic manifestations in KOA.
However, the prevalence, and correlation of limb loading, and spatiotemporal gait

parameters have not been assessed.
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In our study, the strong positive correlation between SLLA and BMI showed
that asymmetry in limb loading while standing increases with the increase in BMI.
Silverwood et al., has identified obesity as one of the predisposing factors for the
development of KOA [179]. The BMI has shown a strong, and significant correlation
with static limb loading suggesting that individuals with BMI higher than 25kg/m2 have
a higher risk of developing KOA. In weight-bearing positions, the whole-body weight
is transferred to the foot through the hip, knee, and ankle joints. The relationship
between obesity, and KOA is very complex to understand [180]; however, it is evident
from the study that a large number of the population having a BMI higher than 25kg/m?2
have higher chances of developing KOA [16, 181, 185] which can be contributed to
excessive pressure on the knee joint cartilage that results in early cartilage degeneration,
and altered gait mechanics. Further, occupation-related physical activities that involve
frequent sitting, and standing, prolonged standing or walking, and vigorous physical
activity like in sports, and athletic events predispose the individual to developing KOA
at an early age [87]. It might be the reason for the higher prevalence of these
asymmetries in our study as most subjects worked in the house-keeping division that
requires prolonged standing, and frequent ascending, and descending stairs which
continuously compresses the knee, and results in faster degeneration of joint cartilage
of the knee. In addition, lifting weight during these activities may put additional load
on the knee joints, which further compresses the meniscus, and may potentially damage
the anterior cruciate ligament, and medial collateral ligament that, may predispose the
knee joint to adapt to altered biomechanics, and limb loading pattern [17, 179] leading

to the development of KOA.[71]

Many possible biomechanical deviations may develop because of articular
changes in joint structure which leads to abnormal weight-bearing patterns, and further
contribute to progression of KOA [26]. The subjects with bilateral KOA in our study
compensated for their functional, and physical limitations due to pain by altering their
limb loading, and movement pattern both between the limbs, and within the limb
resulting in asymmetrical limb loading, and asymmetry in the spatiotemporal variables.
Changes in the way the knee joint bears weight and where pressure is placed during

walking have been detected in the early stages of KOA. This is manifested by increased
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forces on the knee during contact and a displacement of the center of pressure. Dynamic
loads on the joints and limbs during physical activity primarily contributes to
biomechanical pathophysiology and progression of KOA [29]. As joint degeneration
progresses, deviations in biomechanics of gait lead to increased overall joint loading,
affecting both medial and compartments of the knee joint [30]. Compensatory
movement and overloading other joints have been identified as potential predisposing
factors for developing KOA [31-34]. Riskowski et al., (2005) suggested that repetitive
stress, and associated complications can be experienced by the body at the initial
contact of the foot with the ground due to cyclic nature of walking, and the ROL.
Further, the tightness in the calf muscle has also been suggested to lead to asymmetry

in loading response, and single limb support duration [182].

A moderately significant correlation between different types of asymmetries
observed in this study suggests that depending on the severity of the knee pain, the
individual compensate for their walking pattern to avoid pain. Compensatory
movement and overloading of other joints of the lower limb have been identified as a
potential predisposing factor for the development of KOA [183]. In our study, the
prevalence of asymmetry of limb loading, step length, step duration, swing phase
duration, and plantar pressure was significant with mean asymmetry of greater than
9.5%. The finding also suggests that these asymmetries may act as a predisposing
factors or early signs of the development, and progression of KOA. In KOA, altered
joint loading exists in the contralateral conjugate joint.[71] Asymmetrical limb loading
leads to altered gait mechanics, which further enhances joint degeneration.[71, 184]
Furthermore, increased tibiofemoral rotation, and peak knee abduction moment during
the weight-bearing positions, along with limb load asymmetry, and spatiotemporal gait
parameters, have been identified as important factors in the assessment of KOA.
However, the assessment of asymmetries in limb loading, and spatiotemporal gait
parameters has been given less importance in clinical practice. The finding of our study
suggests that the assessment of these parameters should be given utmost importance in
clinical practice for early detection of asymmetries, and thereby preventing the

development, and progression of osteoarthritis of lower limb joints by implementing
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corrective measures in the form of exercises, gait training, orthotics, and self-awareness

of their problem.
Limitations

The study included subjects only with bilateral knee involvement with different levels
of severity between the limbs. The subjects were included in the study based on the
fulfilment of the American College of Rheumatology's clinical diagnostic criteria for
KOA without considering the radiological examination. However, that does not
influence the result significantly, as this study was targeted to understand the
biomechanical alterations that take place in KOA. Further as per the recommendations
of National Institute for Health, and Care Excellence, osteoarthritis can be diagnosed
clinically without any investigations if a person is 45 years or old, has activity-related
joint pain, and has either no morning joint-related stiffness or morning stiffness that
does not last longer than 30 minutes. The limb dominance was not evaluated, hence
should be reported as a limitation, as it is impossible to compare the impact of limb

involvement on the assessment parameters.
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5.3.  Validation and Reliability Testing of DT-walk (Phase IV)

The objective of this study was to assess the validity and reliability of DT-walk for
assessing asymmetries in limb loading and plantar pressure distribution in KOA. Each
participant performed two trials for intra-rater reliability and three for inter-rater
reliability and validity testing at an interval of 15-20 minutes between the trials for static
and dynamic assessment. Asymmetrical limb loading in weight-bearing has been
identified as the primary biomechanical alteration in KOA. Traditionally, limb loading
assessment is performed using force and pressure platforms with a limited walking area,
considered gold standards but expensive. Technological advancement has led to the
development of low-cost wearable sensors and insole-based devices for assessing limb
loading in an indoor and outdoor environment. Various wearable sensor and insole-
based devices have been made and are available in the market. However, their validity
and reliability remain the primary source of concern for the acceptance of technology
in clinical practice.

The result of this study suggests that DT-walk demonstrated excellent test-retest
reliability and validity for the assessment of LLA in KOA with ICC > 0.9996. On the
other hand, DT-walk showed good to excellent test-retest reliability and validity for
PPA assessment in KOA, with ICC ranging between 0.877 and 0.977. This study's
findings align with other studies examining the test-retest reliability of wearable sensors
and insole-based devices. [148, 186—199] However, the differences in the type of
sensors, variables, and the population used do not allow a direct comparison of the
results.

Recently, Parker et al. (2023) found excellent between-day reliability of
XSENSOR for measuring plantar pressure in a controlled environment. [ 190] Similarly,
Khandakar et al. (2022) also developed an insole-based device for monitoring plantar
pressure and foot temperature in real-time using FSRs, piezoelectric sensors, and
velostat for early detection of diabetic foot complications [187]. In 2020, Zhao et al.
developed a flexible sensor matrix film using 16 piezoresistive cell sensors for detecting
plantar pressure and found it effective in assessing average pressure, maximum
pressure, pressure distributions, and variations over time. [196] However, these devices

have not been validated for use in clinical cases.
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In 2021, Barratt et al. found moderate to strong test—retest reliability (ICC = 0.57—
0.92) of Moticon and Pedar-X insoles for mean and peak plantar pressure and reaction
force. [198] Antti et al. (2021) correlated the highest GRF recorded using MoveSole ®
with the Kistler force plate and found a strong correlation (.875). [188] Cramer et al.
(2022) found excellent reliability of Insole3 (Moticon) for estimating GRF during
walking (ICC > 0.941) and during running for the single vGRF peak (ICC = 0.942) and
impulse (ICC =0.940). [192] Peebles et al. in 2018 studied the validity and repeatability
of the single-sensor Loadsol insoles during single-hop and stop-jump landing. They
found moderate to excellent repeatability ICC between 0.616 and 0.928. [199] Price et
al. in 2016 tested the test-retest reliability of three in-shoe pressure measurement
devices (Medilogic, Pedar, and Tekscan), finding high between-day repeatability (ICC
>0.859). [194] During the same period, Lin et al. (2016) used the eTextile fabric sensor
technique to obtain a high-resolution pressure foot map with 48 sensing points. They
could interpret clinically significant data, but clinical studies were recommended to
establish its validity. [191]

In 2014, Godi et al. examined gait using a plantar pressure system along linear and
curved pathways and found excellent reliability (ICC > 0.90) for peak pressure. [197]
In another study, Castro et al. (2014) found the WalkinSense ® device to have good-
to-excellent accuracy and repeatability (ICC > 0.90) for plantar pressure variables.
[148] Crea et al. (2014) developed a wireless flexible sensorized insole (PSP2.0) using
the optoelectronic transduction principle and validated it with a force platform and
found a Pearson’s correlation > 0.88 between the reading. [189] Low and Dixon (2010)
found good reliability of Footscan pressure insoles (ICC > 0.75) with poor accuracy
when compared with AMTI force plate (p > 0.05). [193] Alfonso et al. (2007) found
good to excellent reliability of BioFoot ® for peak and average pressure between
sessions, with ICC ranging between 0.78 and 0.94. [186]

The type of technology and sensors used in these devices for plantar pressure and
limb loading are velostat [187], FSR [187], piezoelectric sensor [148, 186, 187, 193,
196], pressure sensing pad [189], capacitive force sensor [190, 192, 194, 198, 199], and
eTextile sensor [191]. In addition, 3D printed flexible insole with plantar pressure
sensing capability are also being developed [200]. The present study's finding indicates

that DT-walk has good to excellent validity and reliability in assessing limb loading
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and plantar pressure distribution and its asymmetries in KOA. These findings are
essential for expanding the usability and applicability of DT-walk in research and

clinical practice.
Current Limitations and future perspective

The present device also has some limitations, like any other new technology, as it is
early. The pressure values have not been calibrated in the international system of units.
The size of the controller unit needs to be further reduced and make it cosmetically
sound. The mobile computing application can be developed for smartphones to allow
the user and their clinician to track their movement pattern in real time and progress
over time. The study has tested the validity and reliability of DT-walk for assessing
static limb loading and plantar pressure asymmetry but not the spatiotemporal variables

of gait. However, all this can be achieved at the later stage.
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CHAPTER VI

CONCLUSION

This study was conducted in four phases. The study was delayed by one year due to the
COVID-19 pandemic as most of the institutions were shut down by the Government of
India. The pandemic resulted in modification of the mode of conduct of focus group
discussion from physical to videoconferencing. Whereas the preliminary got delayed
by more than an year as the flow of patients in the Physiotherapy OPD was reduced
post pandemic. The data collection for preliminary study started in March 2021 and
was completed in December 2021. The development of DT-walk was also affected due
to limited availability of resources and funding. However, the issues were resolved and
development of windows-based application software for DT-walk was given to an
external agency. The validity and reliability of DT-walk was tested in January 2023 as
per the protocol after registering the study in the Clinical Trial Registry of India.

6.1 Conclusion

The prevalence study suggests that a significant proportion of population with KOA
exhibit asymmetries in their gait pattern and standing posture. Whereas the focus group
discussion helped us in understanding the clinicians’ perspective towards the design,
content, structure, features, and clinical application of wearable device for KOA.
Lastly, the validity and reliability study suggest that DT-walk was equally effective in
assessing asymmetries in limb loading and plantar pressure compared to the platform-
based device. The DT-walk showed excellent validity and reliability for the assessment
of SLLA with ICC > 0.9. The DT-walk showed good to excellent validity and reliability
for the assessment of PPA with ICC > 0.87. The Pearson correlation showed strong
positive correlation for reliability and validity of DT-walk ( > 0.891, C1=95%). The
paired samples t-test showed insignificant difference between the reading of SLLA and
PPA taken by same or different rater using DT-walk and between reading taken from
DT-walk and WinTrack on same subject (p > 0.05, CI= 95%). Therefore, null
hypothesis is accepted, and alternate hypothesis is rejected. Hence, it can be concluded
that DT-walk is effective in the real-time assessment of LLA and PPA in standing and
walking in KOA.
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6.2 Future Recommendations

The DT-walk should be upgraded by integrating telemonitoring feature and motion
sensing units for the assessment of kinematic parameters of gait as recommended by
the clinicians in focus group discussion. The device, when used by clinicians, will help
in assessment, training, and prognosis. Additionally, it can also help in the early
diagnosis of conditions in which limb loading patterns and balance are affected. Once
the customized smartphone application is developed with cloud storage, the patients
using this device will be able to track their performance in real-time and over time and
improve their performance based on the visual feedback provided by the computing
device and the instructions given by their clinicians. The future study using DT-walk
should focus on dynamic limb loading, gait pattern and asymmetries in different target
populations to evaluate its efficacy. Therefore, this study recommends that clinicians
may use the proposed device or other similar devices for the assessment of foot
mapping, plantar pressure distribution, gait, and limb loading pattern identification in

their clinical practice for early identification of gait and balance disturbances
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Appendices

Appendix I Information Sheet for Focus Group Discussion (Phase I)
Research Title

Development, and concurrent validity and reliability of a new wearable device for

assessment of limb load asymmetry in knee osteoarthritis.
Purpose

The purpose of this focus group discussion to gain an understanding of design and
development of a new wearable device for real-time assessment of limb load
asymmetry and spatiotemporal gait parameters in patients with KOA. The aim of this
focus group discussion is to understand clinician’s needs and perceived usefulness of
new device resulting in conceptualization of structure, content, features and required

system design of the prototype for assessing limb load asymmetry in KOA.
What would this involve?

If you agree to take part in the study, you will be part of a focus group discussion.
During this session, you will be requested to discuss or answer, questions related to
existing assessment technologies and approaches used in clinical practice for limb load
asymmetry and biomechanical deviations of lower limb and the current need of clinical

assessment and treatment.
The benefits

The participants will be benefited by acquiring latest knowledge and understanding on
the assessment using wearable technology with the help of a simple mobile application
for knee osteoarthritis. However, this technology can be used for various other
conditions that involves alteration in biomechanics of lower limb; but only for the
clinical testing purpose we are considering knee osteoarthritis. The information shared
during the focus group discussion will educate the participants about the usage of

wearable technology for assessment and management in healthcare.
The risks
There are no known risks to this research.
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Confidentiality

The results of the discussion data obtained will be reported in a collected manner with
no reference to a specific individual. Hence, the data from each individual will remain

confidential.
Do I have to take part?

The participation in this study is voluntary, if you prefer not to take part, you do not

have to give a reason and your decision will not affect the data collection.
The right to withdraw.

The participants have the right to withdraw from the study at any time without affecting

the future discussion.
Payment and compensation

You do not have to pay for the participating in this study. Similarly, no payment is
available to you for participating in this study. However, an E-Certificate of

Participation will be provided to the participants upon completion of the discussion.
Ethical Considerations

This research has been reviewed and approved by the Institutional Ethical Committee

of Lovely Professional University, Phagwara, Punjab.

If you have any further questions or concerns about this study, please contact:

Mr. Amber Anand Dr. Suresh Mani

PhD Scholar (Physiotherapy) Associate Professor,

School of Physiotherapy School of Physiotherapy

Faculty of Applied Medical Science Faculty of Applied Medical Science
Lovely Professional University Lovely Professional University
Mobile: 7837708195 Mobile: 9878331006

Google form link: https://forms.gle/PJSE1cAmhjPHy1tB8
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Appendix II Consent Form for Participation in Focus Group Discussion

Declaration:

I agree to participate in the focus group discussion “Clinician’s perspective about
wearable device for assessment, monitoring and training in Knee Osteoarthritis”,
carried out by Amber Anand, Dr. Suresh Mani and Dr. Senthil N S Kumar of the Lovely
Professional University, to aid with the research titled “Development, and concurrent

validity and reliability of a new wearable device for assessment of limb load asymmetry
in knee osteoarthritis.”

Date:

I have read the information sheet related to the Development, and testing of
concurrent validity and reliability of a new wearable device for assessment of
limb load asymmetry in knee osteoarthritis, and understand the aims of the
project.

I am aware of the topics to be discussed in the focus group.

[ am fully aware that I will remain anonymous throughout data reported and that
I have the right to leave the focus group at any point.

I am fully aware that data collected will be stored securely, safely and in
accordance with the Personal Data Protection Bill, (2018).

I am fully aware that I am not obliged to answer any question, but that I do so
at my own free will.

I agree to have the focus group recorded (video or audio), so it can be transcribed
after the focus group is held. I am aware that I have the right to edit the transcript
of the Focus Group once it has been completed.

I am aware that I can make any reasonable changes to this consent form.

Participant’s Signature

Participant’s Name

Researcher’s Signature
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Appendix III Semi-structured guide for Focused Group Discussion

. Introduction

Moderators and participants introduce themselves.
Clarification on the format of the focus group and aim.

Assurance of confidentiality

. Knee Osteoarthritis

Definition of knee osteoarthritis

What is their opinion about of knee osteoarthritis and its prevalence in our
society?

What is the most common complaint of patients with KOA in their perspective?
Do they think assessment of limb load asymmetry important in KOA?

How do they assess limb load asymmetry?

What are the challenges with the current technologies?

. Wearable technology

Definition of wearable technology
Ask if they know of any wearable devices and demonstration of prototype
developed?
Ask if they like this kind of technology and if so why:
—  Would you use it?
— How often will you be willing to wear it? Daily?
Ask what they do not like about this kind of technology and if so, why:
— What would put you off in using such technologies?

Ask if they know of any alternative to wearable sensor technology?

. Feelings about wearable medical technology

How are they doing in general in dealing with KOA?

Do they think wearable technology would help their patient’s situation? If so,
how?

How do they view this technology in comparison to conventional forms of
treatment? And why?

Do they see themself using this kind of technology? If so, how?
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Would they use this technology for monitoring their patient’s rehabilitation

practice from their home rather than going to a clinical practice?

. Features & Functionality

What features they would like to include in such a device for knee osteoarthritis?
Portable

Wearable

Easy to use

Storage

Light weight

Cloud access and telemonitoring

Real-time assessment

Real-time feedback

What parameters would you like to include in such a device for knee
osteoarthritis?

Limb loading Pattern

Limb load asymmetry

Foot Mapping

Foot arch index

Arch type

Spatial parameters of gait

Temporal parameters of gait

. Impact on relationships

If they did decide to use this technology, how do they think it would impact
their clinical practice?

Do they think it would change how they interact with patients?

What are their views on data privacy?

Closing

Is there anything else they would like to say about what we have discussed?
What are their expectations from the new technology and its cost?

Summarize the discussion and thank everyone for their time and useful

participation
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Appendix IV Information Sheet for Patients- English (Phase II)
Research Title

Development, and concurrent validity and reliability of a new wearable device for

assessment of limb load asymmetry in knee osteoarthritis.
Introduction

To address the growing disability among the patients with knee osteoarthritis in the
society, this study will develop a new wearable device for real-time assessment of limb
load asymmetry. This new device will assist the clinicians as well as patients in early
assessment of altered biomechanics of lower limb in knee osteoarthritis. Hence, the aim
of this study is to evaluate the clinical limb loading pattern in standing and walking in

patients with knee osteoarthritis using gold standard device.
What would this involve?

In this study, therapist will take the assessment of your limb loading pattern that is how
weight is being transferred from one leg to another and identify various spatiotemporal

gait parameters.
The benefits

This study will help us identify the prevalence and cause of limb load asymmetry and
between limb spatiotemporal gait deviation that occurs commonly in patients with knee

osteoarthritis.

The risks

There are no known risks to this research.
Confidentiality

The results of the data obtained will be reported in a collected manner with no reference

to a specific individual. Hence, the data from each individual will remain confidential.
Do I have to take part?

The participation in this study is voluntary, if you prefer not to take part, you do not

have to give a reason and your decision will not affect the data collection.
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The right to withdraw

The participants have the right to withdraw from the study at any time without affecting
the study.

Payment and compensation

You do not have to pay for the participating in this study. Similarly, no payment is
available to you for participating in this study.

If I have any questions, whom can I ask at any time point of the study?

Mr. Amber Anand Dr. Suresh Mani

PhD Student, Physiotherapy Program Associate Professor,

School of Physiotherapy School of Physiotherapy

Faculty of Applied Medical Science Faculty of Applied Medical Science
Lovely Professional University Lovely Professional University
Mobile: 7837708195 Mobile: 9878331006
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Appendix V Information Sheet for Patients- Punjabi (Phase II)

oH fAgdy

Jfan T J01E ST T 23 i3I © HSdE B8 ffa &< Ufdasudl 433 T fea™A
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AT Us'©
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T 79 T WHHS 3™ € WHS-AN HBiae S8 fid &t Ufdess Wdr Gudds fears 34T
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Appendix VII Information Sheet for Patients- English (Phase I1I)
Research Title

Development, and concurrent validity and reliability of a new wearable device for

assessment of limb load asymmetry in knee osteoarthritis.
Introduction

To address the growing disability among the patients with knee osteoarthritis in the
society, this study has developed a new wearable device for real-time assessment of
limb load asymmetry. This new device will assist the clinicians as well as patients in
assessment of altered biomechanics of lower limb in knee osteoarthritis. Hence, the aim
of this study is to determine the validity and reliability of this new wearable device in

real-time assessment of limb load asymmetry.
What would this involve?

In this study, therapist will assess the limb load asymmetry and plantar pressure
asymmetry using newly developed wearable device. During the initial consultation, the
therapist will collect your consent. Then, the assessment will be taken for limb loading
and plantar pressure distribution using the new device. The duration of the study is

approximately 1 hours with appropriate rest period in between assessment.
The benefits

This model will help you to extent the physical assessment service at your own living
environment. The cost and the time involved to access the treatment and consultation

with physiotherapists in a hospital or institutional based setup could be saved.
The risks

There are no known risks to this research.

Confidentiality

The results of the data obtained will be reported in a collected manner with no reference

to a specific individual. Hence, the data from each individual will remain confidential.
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Do I have to take part?

The participation in this study is voluntary, if you prefer not to take part, you do not

have to give a reason and your decision will not affect the data collection.
The right to withdraw

The participants have the right to withdraw from the study at any time without affecting
the study.

Payment and compensation

You do not have to pay for the participating in this study. Similarly, no payment is

available to you for participating in this study

If I have any questions, whom can I ask at any time point of the study?

Mr. Amber Anand Dr. Suresh Mani

PhD Student, Physiotherapy Program Associate Professor,

School of Physiotherapy School of Physiotherapy
Faculty of Health Science Faculty of Health Science
Lovely Professional University Lovely Professional University
Mobile: 7837708195 Mobile: 9878331006
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Appendix VIII Information Sheet for Patients- Punjabi (Phase I1I)
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Appendix IX A= & v I 93- & (e avon)
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Appendix X Information Consent- English

Research Title: Development, and concurrent validity and reliability of a new

wearable device for assessment of limb load asymmetry in knee osteoarthritis.
Researcher ‘s Name: Amber Anand

I, , UID No:

* have read the information in the Patient Information Sheet including information

regarding the risk in this study

* have been given time to think about it and all of my questions have been answered to

my satisfaction.

« understand that [ may freely choose to withdraw from this study at any time without

reason and without repercussion
* understand that my anonymity will be ensured in the write-up.

I voluntarily agree to be part of this research study, to follow the study procedures, and
to provide necessary information to the doctor, nurses, or other staff members, as

requested.

Place : Signature

Date
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Appendix XI Information Consent- Punjabi
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Appendix XIII

Name:

Patient Assessment Form

Age/Sex:

Address:

Contact No.:

Weight:

Occupation:

Height:

BMI:

Chief Complaint:

History of present complaint:

Kind of disorder:

Onset:

Duration:

Medical and surgical history:

Past medical problem:

Present medical problem:

Past surgical history:

Any current medications:

Any previous treatment received for the current problem:

Injury History:

Site: , When:

, Activity:

Physical Activity:

Lifestyle:

American College of Rheumatology Knee Osteoarthritis Criteria:

1 Knee Pain
+ at least 3 of 6:

1 Age > 50 years
Stiffness < 30 minutes
Crepitus
Bony Tenderness
Bony Enlargement

No Palpable Warmt

I 0 R A
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Appendix XIV KOOS-12 Questionnaire

KOOS-12 KNEE SURVEY

INSTRUCTIONS: This survey asks for your views about your knee. Answer every
guestion by marking the appropriate box, only one box for each question. If you
are unsure about how to answer a question, please give the best answer you can.

Pain
1. How often do you experience knee pain?

Never Monthly Weekly Daily Always
O O O O O

What amount of knee pain have you experienced the last week during the
following activities?

2. Walking on a flat surface

None Mild Moderate Severe Extreme
O O O O O
3. Going up or down stairs
None Mild Moderate Severe Extreme
O O O O O
4. Sitting or lying
None Mild Moderate Severe Extreme
O O O O O

Function, daily living

The following questions cencern your physical function. By this we mean your
ability to move around and to look after yourself. For each of the following
activities please indicate the degree of difficulty you have experienced in the
last week due to your knee.

5. Rising from sitting

None Mild Moderate Severe Extreme
O O O O O
6. Standing
None Mild Moderate Severe Extreme
O O O O O
7. Getting in/out of a car
None Mild Moderate Severe Extreme
O O O O O
8. Twisting/pivoting on your injured knee
None Mild Moderate Severe Extreme
O O O O O
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Quality of Life

9. How often are you aware of your knee problem?

Never Monthly Weekly Daily Constantly
O O O O O
10. Have you moditied your life style to avoid potentially damaging activities to your
knee?
Not at all Mildly Moderately Severely Totally
O O O O O
11. How much are you troubled with lack of confidence in your knee?
Not at all Mildly Moderately Severely Extremely
O O O O O
12. In general, how much difficulty do you have with your knee?
None Mild Moderate Severe Extreme
O O O O O

Thank you very much for completing all the questions in this questionnaire.
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Appendix XV

Patient Recruitment Flyer

Study for adults with knee pain

We are looking for adults 40 years and

older who suffer from knee pain to
identify the prevalence and cause of
limhb and

asymmetries  im loading

gait{walking) parameters.

Many individuals with chronic knee pain
tend weight
bearing patterm between the legs as a

to develop asymmetrical

result of compensatory mechanism to
avoid pain in affected knee.

The participants will be asked to:
. Visit the physiotherapy OPD
. Undergo Knee Osteoarthritis
Screening
Participants will receive:
. Physiotherapy Consultation
1 Knee Osteoarthritis Screening
. Corrective Advice

Is knee pain impacting your
activities of daily living?

If you are having knee pain, this study may

be helpful for you.

Location
Physiotherapy OPD, Block 3A- 105,
Uni Hospital
Lovely Professional University
Are you eligible?
# Knee pain
s 40 years or older
* [Knee stiffness
# Crackling sound in knee
« Bony enlargement
# Tenderness
¢ MNo palpable warmth

If you have any query or you're
unsure if you meet the requirements
contact a member of the study team

Dr. Suresh Mani (HOD, Physiotherapy)
9878331006

Mr. Amber Anand (PhD Scholar)
7837708195

Lovely Professional University

School of Physiotherapy and Paramedical Sciences
Lovely Faculty of Applied Medical Sciences
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Appendix XVI Master Chart- Demographic details of study participants

(Phase II)
Age Weight |Height Foot | Physical | Injury Limb
8. No. (years) Gender (Kg) | (m) BMI (Sc llf:; Lifestyle Activity History Involved
1 63 F 63.00 | 1.62 | 24.01 | 23.00 | Sedentary Low Yes Bilateral
2 45 M 71.50 | 1.60 | 27.93 | 27.00 | Sedentary Low None Bilateral
3 42 M 69.00 | 1.72 | 23.32 | 24.50 | Sedentary Low Yes Unilateral
4 42 F 62.00 | 1.52 | 26.84 | 24.00 Active Moderate None Unilateral
5 44 M 73.00 | 1.68 | 25.86 | 25.00 | Sedentary Low None Unilateral
6 33 F 60.00 | 1.57 | 24.34 | 23.00 Active Moderate None Bilateral
7 46 M 55.00 | 1.62 | 20.96 | 24.50 Active Moderate None Bilateral
8 52 F 70.00 | 1.58 | 28.04 | 23.00 Active Moderate None Bilateral
9 50 M 40.00 | 1.55 | 16.65 | 23.50 Active Moderate None Bilateral
10 51 M 55.00 | 1.55 | 22.89 | 23.00 | Sedentary | Moderate None Bilateral
11 72 M 52.00 | 1.48 | 23.74 | 23.50 Active Moderate None Unilateral
12 52 F 52.00 | 1.39 | 2691 | 22.00 Active Moderate None Bilateral
13 38 M 82.00 | 1.59 | 32.44 | 24.00 | Sedentary Low None Bilateral
14 47 F 75.00 | 1.51 | 32.89 | 23.50 Active Moderate None Bilateral
15 58 M 75.00 | 1.65 | 27.55 | 26.50 Active Moderate None Bilateral
16 58 F 57.00 | 1.47 | 26.38 | 24.00 Active Moderate None Bilateral
17 58 M 70.00 | 1.66 | 25.40 | 27.50 Active Moderate None Unilateral
18 54 M 70.00 | 1.68 | 24.80 | 27.00 | Sedentary | Moderate None Bilateral
19 49 F 65.00 | 1.56 | 26.71 | 24.00 Active Moderate None Unilateral
20 53 F 53.00 | 1.55 | 22.06 | 25.00 Active Moderate None Bilateral
21 58 F 67.00 | 1.55 | 27.89 | 24.00 Active Moderate None Unilateral
22 48 F 95.00 | 1.55 | 39.54 | 24.00 Active Moderate None Unilateral
23 40 F 46.00 | 1.42 | 22.81 | 22.00 Active Moderate None Bilateral
24 44 F 58.00 | 1.44 | 27.97 | 21.50 Active Moderate None Bilateral
25 45 F 65.00 | 1.55 | 27.06 | 24.50 Active Moderate None Bilateral
26 47 F 60.00 | 1.52 | 25.97 | 24.50 Active Moderate None Bilateral
27 37 F 88.00 | 1.50 | 39.11 | 23.50 Active Moderate None Bilateral
28 51 M 68.00 | 1.48 | 31.04 | 23.50 Active Moderate None Bilateral
29 47 F 70.00 | 1.56 | 28.76 | 24.00 Active Moderate None Bilateral
30 56 M 63.00 | 1.64 | 23.42 | 26.50 Active Moderate None Bilateral
31 42 F 64.00 | 1.52 | 27.70 | 24.00 Active Moderate None Unilateral
32 47 F 60.00 | 1.62 | 22.86 | 25.50 Active Moderate None Bilateral
33 42 F 85.00 | 1.57 | 34.48 | 23.50 Active Moderate None Bilateral
34 41 M 75.00 | 1.65 | 27.55 | 25.50 | Sedentary Low None Unilateral
35 51 F 40.00 | 1.47 | 18.51 | 23.50 Active Moderate None Bilateral
36 43 M 52.00 | 1.61 | 20.06 | 26.00 Active Moderate None Bilateral
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Foot

S8 8 onter | R R | S | v | ||
37 47 F 81.00 | 1.57 | 32.86 | 24.50 Active Moderate None Bilateral
38 35 F 55.00 | 1.50 | 24.44 | 22.50 Active Moderate None Bilateral
39 45 F 70.00 | 1.55 | 29.14 | 24.50 Active Moderate None Unilateral
40 52 F 48.00 | 1.50 | 21.33 | 24.50 Active Moderate None Bilateral
41 41 F 45.00 | 1.42 | 2232 | 22.00 Active Moderate None Bilateral
42 46 F 45.00 | 1.48 | 20.54 | 21.50 Active Moderate None Bilateral
43 45 F 43.00 | 1.59 | 17.01 | 22.50 Active Moderate None Bilateral
44 48 F 70.00 | 1.58 | 28.04 | 24.50 Active Moderate None Bilateral
45 49 F 52.00 | 1.50 | 23.11 | 23.00 Active Moderate None Bilateral
46 57 M 60.00 | 1.59 | 23.73 | 24.00 Active Moderate None Bilateral
47 67 M 62.00 | 1.67 | 22.23 | 26.50 Active Moderate None Bilateral
48 46 F 68.00 | 1.48 | 31.04 | 23.00 Active Moderate None Bilateral
49 46 F 60.00 | 1.52 | 2597 | 23.00 Active Moderate None Bilateral
50 47 F 70.00 | 1.55 | 29.14 | 23.00 Active Moderate None Bilateral
51 46 F 70.00 | 1.54 | 29.52 | 23.00 Active Moderate Yes Bilateral
52 46 F 57.00 | 1.49 | 25.67 | 22.00 Active Moderate None Bilateral
53 40 F 36.00 | 1.44 | 17.36 | 21.00 Active Moderate None Bilateral
54 50 F 60.00 | 1.48 | 27.39 | 22.00 Active Moderate None Unilateral
55 45 F 52.00 | 1.50 | 23.11 | 23.00 Active Moderate None Bilateral
56 48 F 68.00 | 1.61 | 26.23 | 24.00 Active Moderate None Bilateral
57 43 F 45.00 | 1.49 | 20.27 | 23.00 Active Moderate None Bilateral
58 45 F 70.00 | 1.54 | 29.52 | 23.00 Active Moderate None Unilateral
59 40 F 49.00 | 1.54 | 20.66 | 22.00 Active Moderate None Bilateral
60 45 F 54.00 | 1.45 | 25.68 | 21.50 Active Moderate None Unilateral
61 47 F 70.00 | 1.55 | 29.14 | 23.50 Active Moderate None Unilateral
62 49 F 70.00 | 1.53 | 29.90 | 23.50 Active Moderate None Unilateral
63 42 F 52.00 | 1.50 | 23.11 | 22.50 Active Moderate None Bilateral
64 50 M 64.00 | 1.57 | 2596 | 23.50 Active Moderate Yes Bilateral
65 43 F 75.00 | 1.53 | 32.04 | 24.50 Active Moderate None Bilateral
66 36 F 75.00 | 1.52 | 32.46 | 24.00 Active Moderate None Bilateral
67 50 F 85.00 | 1.63 | 31.99 | 25.00 Active Moderate None Bilateral
68 36 F 50.00 | 1.60 | 19.53 | 22.00 Active Moderate None Unilateral
69 54 M 75.00 | 1.65 | 27.55 | 27.00 Active Moderate None Bilateral
70 51 F 60.00 | 1.59 | 23.73 | 24.50 Active Moderate None Bilateral
71 60 F 45.00 | 1.50 | 20.00 | 22.00 Active Moderate None Bilateral
72 46 F 67.00 | 1.49 | 30.18 | 24.50 Active Moderate None Bilateral
73 48 F 60.00 | 1.59 | 23.73 | 20.00 Active Moderate None Bilateral
74 50 M 65.00 | 1.65 | 23.88 | 24.50 Active Moderate None Unilateral
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Foot

8. o e | Y e | S | | T |
75 59 M 60.00 | 1.68 | 21.26 | 26.50 Active Moderate None Bilateral
76 57 M 70.00 | 1.76 | 22.60 | 27.00 Active Moderate None Bilateral
77 32 F 58.00 | 1.53 | 24.78 | 21.50 Active Moderate None Unilateral
78 49 F 80.00 | 1.53 | 34.17 | 23.00 Active Moderate None Bilateral
79 51 F 74.00 | 1.56 | 30.41 | 25.00 Active Moderate None Bilateral
80 48 F 70.00 | 1.68 | 24.80 | 23.50 Active Moderate None Bilateral
81 39 F 55.00 | 1.46 | 25.80 | 22.00 Active Moderate None Unilateral
82 46 F 71.00 | 1.50 | 31.56 | 22.00 Active Moderate None Unilateral
83 51 F 58.00 | 1.48 | 26.48 | 22.50 Active Moderate None Unilateral
84 48 F 65.00 | 1.56 | 26.71 | 24.50 Active Moderate None Bilateral
85 40 F 50.00 | 1.48 | 22.83 | 22.50 Active Moderate None Bilateral
86 53 F 75.00 | 1.68 | 26.57 | 24.00 Active Moderate None Unilateral
87 52 F 78.00 | 1.55 | 32.47 | 22.50 Active Moderate None Bilateral
88 45 F 50.00 | 1.50 | 22.22 | 21.00 Active Moderate None Bilateral
89 43 F 55.00 | 1.50 | 24.44 | 22.00 Active Moderate None Unilateral
90 52 F 62.00 | 1.58 | 24.84 | 23.00 Active Moderate None Unilateral
91 43 F 80.00 | 1.50 | 35.56 | 22.00 Active Moderate None Bilateral
92 62 F 62.00 | 1.53 | 26.49 | 22.50 Active Moderate None Bilateral
93 44 F 79.00 | 1.60 | 30.86 | 23.50 Active Moderate None Bilateral
94 44 F 55.00 | 1.53 | 23.50 | 22.00 Active Moderate None Bilateral
95 45 M 82.00 | 1.59 | 32.44 | 24.00 | Sedentary | Moderate None Bilateral

Mean| 47.68| V21 | 6334 | 155 | 2626 | 23.63 | ApveT (MOderateT) yope— gy | Bilateral=

ot 700 PR r1g0 | 007 | ase | 1s3 PleRYT] LoWT o ye gy Unibieral
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Appendix XVII Master Chart- KOOS-12 scores of participants (Phase II)
S. KP | KP | KP | KP | KF | KF | KF | KF | KQ | KQ KQ KQ Pain ADL QOL
No. 1 2 3 4 5 6 7 8 9 10 11 12 (%) (%) (%)
1 4 1 2 0 2 1 1 1 2 2 1 2 56.25 68.75 56.25
2 2 1 2 0 1 1 2 2 2 1 1 2 68.75 62.5 62.5
3 4 2 3 1 3 2 2 3 4 2 3 3 37.5 37.5 25
4 1 0 0 0 1 0 1 1 1 1 0 1 93.75 81.25 81.25
5 4 2 2 1 2 2 2 3 4 2 2 3 43.75 43.75 31.25
6 3 0 1 0 2 0 1 1 2 1 1 1 75 75 68.75
7 1 0 1 0 2 0 0 1 1 1 1 1 87.5 81.25 75
8 3 1 1 1 3 2 1 1 3 1 1 2 62.5 56.25 56.25
9 4 2 3 1 2 3 3 2 4 2 2 2 37.5 37.5 37.5
10 3 1 1 1 3 1 1 1 3 1 1 2 62.5 62.5 56.25
11 2 1 2 0 2 2 2 1 3 1 2 2 68.75 56.25 50
12 3 2 0 0 1 1 2 2 3 1 2 1 68.75 62.5 56.25
13 2 1 1 0 1 1 1 1 2 1 1 2 75 75 62.5
14 1 1 1 0 1 1 0 1 1 1 1 1 81.25 81.25 75
15 2 1 2 0 2 1 0 1 2 0 1 1 68.75 75 75
16 3 1 2 1 2 1 2 1 3 2 1 2 56.25 62.5 50
17 3 1 1 0 1 1 1 1 3 2 1 2 68.75 75 50
18 2 2 2 1 2 2 1 1 2 1 2 2 56.25 62.5 56.25
19 2 1 1 1 1 1 1 1 2 1 1 2 68.75 75 62.5
20 1 0 1 0 1 0 0 1 1 1 1 1 87.5 87.5 75
21 2 1 2 1 1 1 1 1 2 1 1 1 62.5 75 68.75
22 2 0 1 0 1 0 1 1 2 0 1 1 81.25 81.25 75
23 3 1 2 2 2 1 0 1 3 1 1 2 50 75 56.25
24 3 1 2 1 2 1 1 1 3 1 1 2 56.25 68.75 56.25
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S. |KP | KP | KP | KP | KF | KF | KF | KF | KQ | KQ | KQ | KQ | Pain ADL QOL
No. | 1 | 2| 3| 4|5 | 6| 7| 8 9 10 11 12 (%) (%) (%)
51 | 3 1 2 | 0 1 1 0 1 3 1 1 1 62.5 81.25 62.5
52 | 3 1 1 2 1 2 o] o 3 0 1 1 5625 | 81.25 68.75
s3 1 2] o 1 0 1 1 0 | o 2 0 1 1 81.25 87.5 75

54 | 3 1 2 | 0 1 1 0 1 3 1 1 1 62.5 81.25 62.5
55 | 3 1 2 | 0 | 2 1 1 0 2 1 1 1 62.5 75 68.75
56 | 3 1 2 |0 | 2 1 1 1 3 1 1 1 62.5 68.75 62.5
57 | 3 1 2 | 0 1 1 0 | o 3 0 1 1 62.5 87.5 68.75
58 | 2 1 2 10 [ 0 | o 1 1 2 0 1 1 68.75 87.5 75

59 | 2 1 2 |0 | 2 1 1 0 2 1 1 1 68.75 75 68.75
60 | 3 1 1 0 1 1 0 | o 3 1 1 1 68.75 87.5 62.5
61 | 2 1 2 |0 | 2 1 0 | 0 2 0 1 1 68.75 | 81.25 75

62 | 3 1 1 0 | 2 1 0 1 3 1 1 1 68.75 75 62.5
63 | 2 1 1 0 1 1 1 0 2 1 1 1 75 81.25 68.75
64 | 3 | 2 | 2 | o | 2] 2 1 1 3 1 1 1 56.25 62.5 62.5
65 | 4 1 2 | 2 | 2 | 2 1 0 4 2 2 2 4375 | 68.75 37.5
66 | 3 1 2 |0 | 2 1 0 | 0 3 0 1 1 62.5 81.25 68.75
67 | 2 1 2 | 0 1 1 1 1 2 1 1 1 68.75 75 68.75
68 | 3 0 1 0 | 2 1 0 | 0 3 0 1 1 75 81.25 68.75
0 | 3 1 2 | o | 2 1 0 | o 3 1 1 1 62.5 81.25 62.5
70 | 3 1 2 |0 | 2 1 1 0 3 1 1 2 62.5 75 56.25
71 | 3 1 2 | o | 2 | 2 1 1 3 1 1 0 62.5 62.5 68.75
72 | 2 1 2 | o | 2 1 1 0 2 1 1 1 68.75 75 68.75
73 1 210 2] o 1 0] o o 2 0 0 1 75 93.75 81.25
74 | 3 1 1 0 1 1 0 | o 3 1 1 1 68.75 87.5 62.5
75 | 3 1 2 1 2 | 2 1 1 4 1 2 2 56.25 62.5 43.75
76 | 3 0o | 2 ] 0| 2 1 0 | o 3 1 1 1 68.75 | 8125 62.5
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S. KP | KP | KP | KP | KF | KF | KF | KF | KQ KQ KQ KQ Pain ADL QOL
No. 1 2 3 4 5 6 7 8 9 10 11 12 (%) (%) (%)
77 2 1 3 1 1 1 0 0 2 0 1 2 56.25 87.5 68.75
78 3 1 2 1 3 2 2 2 3 1 2 3 56.25 43.75 43.75
79 3 1 2 0 2 0 1 1 3 1 1 2 62.5 75 56.25
80 3 1 3 0 3 1 2 1 3 1 1 2 56.25 56.25 56.25
81 1 0 1 0 1 0 0 0 1 0 0 1 87.5 93.75 87.5
82 2 1 1 0 2 1 0 0 2 0 0 1 75 81.25 81.25
83 2 1 2 1 2 1 1 1 3 1 1 2 62.5 68.75 56.25
84 3 1 2 0 2 1 0 0 3 2 1 2 62.5 81.25 50
85 3 1 2 0 2 1 1 0 3 1 1 2 62.5 75 56.25
86 4 2 3 1 3 2 1 2 4 2 2 3 37.5 50 31.25
87 3 1 2 0 1 0 0 0 3 1 1 1 62.5 93.75 62.5
88 2 0 1 0 1 1 0 1 2 1 1 1 81.25 81.25 68.75
89 2 1 3 1 1 1 0 0 1 1 1 1 56.25 87.5 75
90 2 1 2 0 1 1 0 0 2 1 1 1 68.75 87.5 68.75
91 4 1 3 1 2 2 0 1 4 2 2 3 43.75 68.75 31.25
92 2 1 1 1 1 1 0 0 2 1 1 1 68.75 87.5 68.75
93 3 2 2 0 2 1 1 0 3 1 2 2 56.25 75 50
94 2 0 1 0 2 1 0 0 2 0 1 1 81.25 81.25 75
95 2 1 2 0 2 1 1 1 2 1 1 1 68.75 68.75 68.75
Mean 67.09 71.68 61.48
Standard Deviation 13.43 11.97 13.40

Note: KP- KOOS Pain, KF- KOOS Activities of daily living (ADL), KQ- KOOS Quality of life (QOL)
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Appendix XVIII

Master Chart- Spatiotemporal and limb load asymmetry result (Phase II)

o] phmse [tridecimg phase | phase | S0 | Sep | step |y | Swide | Max o PCQ" Sep Length b, | phase | presre
duration (ms) duration d'uratlon Left (ms) [Right (ms)| Left (mm) Right (cm)  |Left (kPa) Right |Asymmetry (%) Asymmetry |Asymmetry [Asymmetry

(ms) Left (ms) |Right (ms) (mm) (kPa) (%) (%) (%) (%)
1 630 1950 1460 1200 750 650 461 383 84.35 5724 4804 16 27.78 13.33 17.81 16.07
2 560 1650 1020 1100 510 630 578 586 116.37 4114 5581 20 27.78 19.05 7.27 26.29
3 540 1740 1190 1170 570 580 586 586 117.15 4917 4184 22 27.78 8.20 11.71 56.87
4 470 1830 1260 1270 560 580 523 547 107 4983 4318 10 27.78 6.15 2.46 38.32
5 570 1560 1020 1150 410 630 578 617 119.49 5098 4578 4 27.78 10.94 3.01 12.16
6 540 1540 1110 980 560 610 578 610 105.43 5548 2393 6 27.78 5.00 2.52 34.12
7 630 1800 1190 1220 650 610 500 578 107.78 5720 3528 8 27.78 11.76 3.96 5.10
8 550 1900 1290 1330 570 640 476 562 103.87 6682 7607 2 27.78 22.06 9.09 35.68
9 560 1760 1160 1190 570 600 672 594 126.52 5709 3761 4 27.78 2.99 2.78 19.21
10 450 1460 1010 970 510 450 547 547 109.34 5720 5428 14 27.78 48.44 50.51 18.43
11 710 3030 1550 2310 720 820 344 406 74.98 4487 3871 6 27.78 20.00 441 16.85
12 540 1780 1100 1210 530 680 422 406 82.79 4357 6774 26 27.78 12.28 3.42 32.15
13 600 2110 1440 1400 650 670 328 430 75.76 4543 5623 18 27.78 16.07 4.59 23.93
14 540 2310 980 1980 330 640 305 445 74.98 6811 5556 22 27.78 4.00 3.70 10.97
15 560 2000 1360 1300 700 560 531 515 104.65 4726 5684 4 27.78 328 3.10 15.29
16 440 1740 1170 1130 500 570 547 562 110.9 3527 5198 36 27.78 9.68 3.48 12.16
17 560 2010 1350 1320 600 660 578 531 110.9 6310 7215 28 27.78 32.95 12.10 23.14
18 450 1600 1090 1040 560 470 508 523 103.09 6400 8413 20 27.78 22.37 5.00 31.77
19 1040 2330 930 1490 150 1120 258 570 82.79 2524 5190 4 27.78 40.71 5.63 17.93
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o] phise uridedimd phase | phase | S0 | Sep | step | ouf, | Swide | Max | prodn, Q" Sep Lentth b, | phase | pressue
duration (ms) duration d.uratlon Left (ms) [Right (ms)| Left (mm) Right (cm)  |Left (kPa) Right |Asymmetry (%) Asymmetry |Asymmetry [Asymmetry
(ms) Left (ms) [Right (ms) (mm) (kPa) (%) (%) (%) (%)
20 480 1560 1080 1040 500 480 562 484 104.65 7407 8320 6 27.78 3.17 3.97 12.54
21 470 2000 1130 1390 610 460 500 383 88.25 6349 3261 24 27.78 0.00 2.59 19.61
22 400 1690 1180 1110 520 510 539 492 103.09 6789 5005 24 27.78 6.94 16.36 31.37
23 540 1880 1250 1290 590 610 476 515 99.19 3534 4172 0 27.78 16.42 5.19 16.09
24 620 1670 1110 1150 620 560 422 453 87.47 3453 3931 0 27.78 39.51 10.42 2.74
25 620 2260 1570 1380 880 590 445 570 101.53 4917 6397 12 27.78 21.21 7.69 14.27
26 630 1990 1400 1330 760 590 547 476 102.31 5194 3544 8 27.78 3.64 1.85 21.57
27 840 2270 1600 1510 1130 670 687 508 119.49 6783 5567 6 27.78 9.38 8.33 19.21
28 580 1840 1260 1210 630 610 531 539 107 6848 5989 10 27.78 33.78 6.06 29.02
29 540 1700 1130 1160 570 570 523 523 104.65 4284 5329 8 27.78 5.00 21.23 9.24
30 660 2320 1380 1650 670 720 461 469 92.94 3967 5780 4 27.78 41.38 21.05 8.25
31 570 1740 1110 1170 570 620 531 523 105.43 5023 5593 10 27.78 5.88 7.76 20.24
32 480 1950 1280 1350 560 670 547 508 105.43 5706 4788 14 27.78 21.13 1.59 26.27
33 490 2100 1440 1290 810 490 500 500 99.97 6637 6824 4 27.78 26.58 20.69 19.62
34 700 1730 1240 1140 750 490 523 531 105.43 5090 3912 18 27.78 20.63 3.28 47.06
35 610 1740 1170 1080 660 520 578 578 115.59 4198 4897 20 27.78 8.45 2.21 14.11
36 510 1610 1060 1080 530 550 687 617 130.43 5490 4306 16 27.78 2.78 3.70 4.40
37 540 2020 1320 1440 580 640 609 625 123.4 6824 8447 14 27.78 8.96 25.58 40.01
38 570 1980 1320 1240 740 490 383 523 90.6 3431 4834 10 27.78 8.20 0.83 20.00
39 470 1970 1140 1330 370 830 453 375 82.79 2925 4969 10 27.78 3.57 0.85 20.79
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o] phise uridedimd phase | phase | S0 | Sep | step | ouf, | Swide | Max | prodn, Q" Sep Lentth b, | phase | pressue
duration (ms) duration d.uratlon Left (ms) [Right (ms)| Left (mm) Right (cm)  |Left (kPa) Right |Asymmetry (%) Asymmetry |Asymmetry [Asymmetry
(ms) Left (ms) [Right (ms) (mm) (kPa) (%) (%) (%) (%)
40 570 2060 1150 1460 600 570 445 508 95.3 4567 5032 28 27.78 3.28 3.68 26.67
41 550 1480 1140 900 580 340 469 492 96.06 4960 4551 2 27.78 40.87 24.86 28.23
42 450 1670 1160 1070 510 480 476 430 90.6 4337 3459 10 27.78 1.67 3.23 52.16
43 660 1820 1260 1240 710 560 555 562 111.68 5444 4014 18 27.78 20.63 3.28 47.06
44 600 2530 1380 1740 790 580 445 461 90.6 4721 5873 14 27.78 4.55 2.84 17.65
45 550 1810 1180 1220 500 630 562 531 109.34 8121 4299 18 27.78 9.43 5.77 20.79
46 610 2010 1330 1360 650 710 500 476 97.63 4481 5217 26 27.78 3.08 21.43 41.17
47 700 2000 1300 1350 720 700 562 539 110.12 5784 6050 12 27.78 18.31 8.21 27.45
48 610 2330 1280 1720 610 670 469 406 87.47 6184 3710 16 27.78 0.94 15.93 27.06
49 520 1770 1210 1200 610 560 601 547 114.81 4248 5310 18 27.78 12.33 12.33 27.45
50 510 1730 1180 1170 560 540 547 484 103.09 5564 7024 36 27.78 29.17 7.32 20.01
51 480 1950 1360 1310 610 590 578 594 117.15 4753 6482 18 27.78 23.73 13.28 9.01
52 1130 2040 1810 1360 680 1150 453 648 110.12 4701 6550 0 27.78 13.33 28.14 33.33
53 570 1830 1240 1200 600 590 547 515 106.22 2781 5813 8 27.78 5.26 7.28 27.44
54 560 1980 930 1300 220 1050 445 586 103.1 5471 4784 0 27.78 17.39 17.76 12.56
55 710 1810 1180 1220 500 630 562 531 109.34 4299 8121 22 27.78 12.50 435 35.69
56 550 2070 1370 1410 660 630 523 484 100.1 6724 5537 10 27.78 14.63 23.30 14.89
57 470 1460 980 1040 530 480 461 476 93.72 5643 4470 38 27.78 3.45 0.88 20.78
58 790 2040 1370 1380 660 810 508 508 101.53 3831 6030 34 27.78 5.71 0.00 27.84
59 630 2310 1320 1680 630 650 531 484 101.53 2776 4719 4 27.78 4.69 5.59 25.89
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o] phise uridedimd phase | phase | S0 | Sep | step | ouf, | Swide | Max | prodn, Q" Sep Lentth b, | phase | pressue
duration (ms) duration d.uratlon Left (ms) [Right (ms)| Left (mm) Right (cm)  |Left (kPa) Right |Asymmetry (%) Asymmetry |Asymmetry [Asymmetry
(ms) Left (ms) [Right (ms) (mm) (kPa) (%) (%) (%) (%)
60 720 2490 1310 1850 640 680 414 476 89.03 4359 5642 18 27.78 21.43 22.42 27.86
61 580 1930 1230 1310 620 700 453 375 82.79 4652 7754 6 27.78 22.67 5.33 7.46
62 490 1680 1100 1150 530 530 547 515 106.22 7174 6780 4 27.78 18.06 10.08 5.30
63 600 1810 1230 1340 710 580 539 469 100.75 4435 6113 20 27.78 18.46 12.75 5.88
64 1300 2580 1530 1820 1060 1050 398 476 87.47 5670 7773 12 27.78 13.43 2.16 9.03
65 590 2100 730 640 730 640 500 531 103.09 5495 7574 42 27.78 17.74 2.73 39.14
66 640 1740 1230 1140 720 510 469 383 85.13 4366 5458 16 27.78 15.25 248 11.38
67 600 1730 1280 1110 590 450 476 469 94.5 4472 4915 10 27.78 19.44 27.87 49.81
68 650 2160 1390 1510 650 640 500 539 103.87 3475 5275 42 27.78 13.70 7.95 471
69 660 2640 1430 1990 650 750 406 484 89.03 4482 6723 20 27.78 1.79 4.17 32.15
70 740 2160 1400 1510 720 760 390 359 74.99 4340 3149 14 27.78 48.44 50.51 18.43
71 610 2090 1250 1520 570 690 586 690 104.65 6356 5558 10 27.78 1.72 1.68 14.91
72 500 1710 1150 1100 490 560 555 560 111.68 5226 8126 38 27.78 3.45 0.79 13.35
73 700 2880 1580 2060 820 700 398 484 88.25 5144 4378 8 27.78 34.92 11.30 10.20
74 640 2520 1430 1480 1040 350 422 500 92.16 4644 3916 8 27.78 12.20 32.90 13.73
75 580 1690 1130 1120 580 560 484 508 99.19 4264 3378 14 27.78 9.09 222 12.54
76 660 2160 1460 1460 700 660 469 578 104.55 4556 6314 10 27.78 86.61 37.58 51.37
77 680 1860 1190 1320 540 720 476 531 100.7 4523 5884 6 27.78 24.59 18.71 48.64
78 520 2040 1350 1430 610 640 445 445 89.03 6307 4674 38 27.78 1.92 5.93 26.28
79 910 3000 1730 2230 770 980 484 437 92.16 4954 3574 20 27.78 8.06 5.13 10.19
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o] phise uridedimd phase | phase | S0 | Sep | step | ouf, | Swide | Max | prodn, Q" Sep Lentth b, | phase | pressue

duration (ms) duration d.uratlon Left (ms) [Right (ms)| Left (mm) Right (cm)  |Left (kPa) Right |Asymmetry (%) Asymmetry |Asymmetry [Asymmetry
(ms) Left (ms) [Right (ms) (mm) (kPa) (%) (%) (%) (%)
80 510 2170 1500 1420 750 580 570 469 103.87 6043 5592 16 27.78 34.67 8.06 23.14
81 480 1630 1110 1060 500 520 547 531 107.78 5640 5175 14 27.78 55.42 14.29 41.14
82 590 2480 1430 1790 690 670 453 469 92.16 6372 5523 26 27.78 79.05 28.46 12.56
83 600 2110 1440 1370 740 680 547 453 99.97 5367 3809 12 27.78 18.52 0.72 36.47
84 640 1880 1160 1290 590 720 476 367 84.35 5204 3469 0 27.78 5.88 29.19 22.74
85 560 2020 1300 1490 530 650 492 484 97.63 4692 4416 0 27.78 11.43 6.11 40.01
86 620 1980 1350 1370 610 730 476 531 100.75 5304 6065 10 27.78 0.00 435 5.49
87 490 2030 1360 1390 580 670 476 492 96.84 4804 5281 0 27.78 1.54 7.95 34.12
88 510 1610 1070 1100 510 620 508 547 105.43 3811 6262 6 27.78 66.35 3.38 15.68
89 520 1670 1100 1150 520 520 562 586 114.81 6913 4853 6 27.78 25.00 9.85 23.13
90 570 1770 1200 1170 610 570 586 515 110.12 5920 5572 0 27.78 3.85 4.50 15.05
91 450 1770 1210 1180 590 500 523 539 106.22 7182 8104 18 27.78 2.90 20.11 24.45
92 600 2550 1320 1830 720 580 414 469 88.25 8908 4471 12 27.78 8.11 4.86 14.18
93 710 2140 1510 1390 730 630 500 515 101.53 5124 5377 4 27.78 16.44 1.46 12.55
94 550 1760 1150 1200 560 550 515 562 107.78 4693 6917 10 27.78 0.00 435 29.80
95 540 2310 980 1980 330 640 305 445 74.98 6811 5556 20 27.78 6.56 2.50 5.88
Mean| 597.79 1975.47 | 1255.79 | 1344.21 617.68 628.84 499.20 507.74 100.31 5198.12 | 5389.64 14.00 27.78 16.52 10.02 22.68
SD | 13542 325.80 178.58 286.05 144.26 138.16 76.83 65.55 11.84 1191.02 | 1341.16 10.30 0.00 16.52 10.37 12.47

234




Appendix XIX

DT-Walk validity testing against WinTrack for Limb Load Asymmetry

WinTrack LLA
1\?(;. R1_Left | R1_Right | R2_Left | R2_Right | R3_Left | R3_Right | Weight | Left Mean | Right Mean | Difference | SLLA (%)
1 36 42 39 39 35 43 78 36.67 41.33 4.67 5.98
2 29 39 30 38 30 38 68 29.67 38.33 8.67 12.75
3 29 26 26 29 30 25 55 28.33 26.67 1.67 3.03
4 20 35 20 35 19 36 55 19.67 35.33 15.67 28.48
5 38 40 38 40 39 39 78 38.33 39.67 1.33 1.71
6 23 47 22 48 24 46 70 23.00 47.00 24.00 34.29
7 41 20 39 22 43 18 61 41.00 20.00 21.00 3443
8 25 35 26 34 23 37 60 24.67 35.33 10.67 17.78
9 19 32 22 29 19 32 51 20.00 31.00 11.00 21.57
DT-Walk LLA
1\?(;. R1_Left | R1_Right | R2_Left | R2_Right | R3_Left | R3_Right | Weight | Left Mean | Right Mean | Difference | SLLA (%)
1 36.68 41.32 36.72 41.28 36.68 41.32 78 36.69 41.31 4.61 591
2 29.54 38.46 29.76 38.24 29.63 38.37 68 29.64 38.36 8.71 12.82
3 28.35 26.65 28.34 26.66 28.40 26.60 55 28.37 26.63 1.73 3.15
4 19.54 35.46 19.59 3541 19.60 35.40 55 19.58 3542 15.85 28.81
5 38.36 39.64 38.38 39.62 38.36 39.64 78 38.37 39.63 1.26 1.62
6 22.70 47.30 22.89 47.11 22.92 47.08 70 22.84 47.16 24.33 34.75
7 40.96 20.04 41.14 19.86 41.07 19.93 61 41.06 19.94 21.12 34.62
8 24.74 35.26 24.76 35.24 24.61 35.39 60 24.71 35.29 10.59 17.64
9 19.97 31.03 19.98 31.02 20.02 30.98 51 19.99 31.01 11.02 21.61
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Appendix XX

DT-Walk LLA Intra Rater Reliability

DT-Walk LLA Intra Rater Reliability

.No. | Weight | RA1_LL1 | RA1_RL1 Load Difference R1_SLLA | RA1_LL2 | RA1_RL2 Load Difference R2 SLLA
1 78 36.68 41.32 4.64 5.95 36.72 41.28 4.56 5.85
2 68 29.54 38.46 8.92 13.11 29.76 38.24 8.48 12.47
3 55 28.35 26.65 1.70 3.09 28.34 26.66 1.68 3.06
4 55 19.54 35.46 15.93 28.96 19.59 35.41 15.82 28.76
5 78 38.36 39.64 1.27 1.63 38.38 39.62 1.24 1.59
6 70 22.70 47.30 24.60 35.14 22.89 47.11 24.22 34.60
7 61 40.96 20.04 20.93 34.31 41.14 19.86 21.29 34.90
8 60 24.74 35.26 10.51 17.52 24.76 35.24 10.47 17.46
9 51 19.97 31.03 11.06 21.69 19.98 31.02 11.03 21.63
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Appendix XXI

DT-walk PPA Intra Rater Reliability Reading

PPA Intra Rater Reliability Reading

. No. RA1_LL1 RA1_RLI PPA1 RA1_LL2 RA1_RL2 PPA2
1 9173.85 5720.73 23.18 3365.15 4843.89 18.01
2 5836.41 9087.63 21.79 6435.40 4134.85 21.76
3 6818.62 11005.09 23.49 6347.43 9988.33 22.29
4 4144.00 4762.00 6.94 4417.59 3887.21 6.39
5 7405.01 5844.73 11.78 6737.84 4750.25 17.30
6 6645.52 524527 11.78 8232.94 6518.08 11.63
7 7149.48 6213.48 7.00 4408.97 3766.40 7.86
8 4206.00 5924.00 16.96 4487.63 5924.85 13.80
9 5822.00 3750.00 21.65 5655.00 3805.00 19.56
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Appendix XXII

DT-Walk LLA Inter Rater Reliability

Rater 1
S. RA1 LL | RA1 RL | RA1 LL | RA1_ RL | RA1 _LL | RA1_RL | Left Mea | Right Mea Load Weigh SLLA
No. 1 1 2 2 3 3 n n Difference t (%)
1 36.68 41.32 36.72 41.28 36.68 41.32 36.69 41.31 4.61 78 591
2 29.54 38.46 29.76 38.24 29.63 38.37 29.64 38.36 8.71 68 12.82
3 28.35 26.65 28.34 26.66 28.40 26.60 28.37 26.63 1.73 55 3.15
4 19.54 35.46 19.59 35.41 19.60 35.40 19.58 35.42 15.85 55 28.81
5 38.36 39.64 38.38 39.62 38.36 39.64 38.37 39.63 1.26 78 1.62
6 22.70 47.30 22.89 47.11 22.92 47.08 22.84 47.16 24.33 70 34.75
7 40.96 20.04 41.14 19.86 41.07 19.93 41.06 19.94 21.12 61 34.62
8 24.74 35.26 24.76 35.24 24.61 35.39 24.71 35.29 10.59 60 17.64
9 19.97 31.03 19.98 31.02 20.02 30.98 19.99 31.01 11.02 51 21.61
Rater 2
S. RA2 LL | RA2 RL | RA2 LL | RA2 RL | RA2 LL | RA2 RL | Left Mea | Right Mea Load Weigh SLLA
No. 1 1 2 2 3 3 n n Difference t (%)
1 36.68 41.32 36.67 41.33 36.68 41.32 36.68 41.32 4.65 78 5.96
2 29.77 38.23 29.67 38.33 29.59 38.41 29.68 38.32 8.65 68 12.71
3 28.34 26.66 28.34 26.66 28.36 26.64 28.35 26.65 1.70 55 3.09
4 19.47 35.53 19.51 35.49 19.48 35.52 19.49 35.51 16.03 55 29.14
5 38.35 39.65 38.37 39.63 38.30 39.70 38.34 39.66 1.32 78 1.70
6 23.04 46.96 22.77 47.23 22.96 47.04 22.92 47.08 24.15 70 34.50
7 41.11 19.89 40.99 20.01 40.96 20.04 41.02 19.98 21.04 61 34.49
8 24.72 35.28 24.69 35.31 24.78 35.22 24.73 35.27 10.54 60 17.56
9 19.90 31.10 19.98 31.02 19.85 31.15 19.91 31.09 11.18 51 2191
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Appendix XXIII

PPA Inter-rater

DT-walk PPA Inter Rater Reliability

Rater 1
.No. | RA1 LLL1 | RA1 RL1 | PPA1 | RA1 LL2 RA1 RL2 | PPA2 | RA1 LL3 | RA1 RL3 | PPA3 Mean PPA (%)
1 9173.85 5720.73 23.18 3365.15 4843.89 18.01 6792.08 5218.99 13.10 18.10
2 5836.41 9087.63 21.79 6435.40 4134.85 21.76 6755.88 10713.95 22.66 22.07
3 6818.62 11005.09 23.49 5408.93 9714.03 28.47 6347.43 9988.33 22.29 24.75
4 4144.00 4762.00 6.94 4417.59 3887.21 6.39 3425.61 3865.55 6.03 6.45
5 7405.01 5844.73 11.78 6737.84 4750.25 17.30 8845.63 5382.64 24.34 17.81
6 6645.52 5245.27 11.78 8232.94 6518.08 11.63 6095.45 4683.71 13.10 12.17
7 3173.96 3788.17 8.82 7149.48 6213.48 7.00 4408.97 3766.40 7.86 7.90
8 4206.00 5924.00 16.96 4487.63 5924 .85 13.80 2349.69 3838.03 24.05 18.27
9 5822.00 3750.00 21.65 5655.00 3805.00 19.56 5768.00 4038.00 17.64 19.61
Rater 2
.No. | RA1 LL1 | RA1 RL1 | PPA1 | RA1 LL2 RA1 RL2 | PPA2 | RA1 LL3 | RA1 RL3 | PPA3 Mean PPA (%)
1 9361.65 6491.55 18.10 9114.67 5332.59 26.18 8826.99 6762.83 13.24 19.17
2 4126.78 5986.62 18.39 6977.77 10360.16 19.51 7855.46 11910.37 20.51 19.47
3 6424 .81 9754.28 20.58 6126.30 10046.92 24.24 5452.78 9329.53 26.23 23.68
4 3780.26 4509.20 8.79 5195.24 5647.04 4.17 3917.82 4535.83 7.31 6.76
5 952891 13041.35 15.56 12432.07 18832.56 20.47 6558.84 9244.22 16.99 17.68
6 6807.38 5168.93 13.68 8232.94 6518.08 11.63 7275.14 6121.21 8.61 11.31
7 2874.80 3333.75 7.39 5712.96 4818.28 8.50 2538.54 3124.34 10.34 8.74
8 6031.49 4433.28 15.27 4368.55 5896.42 14.88 4471.21 7123.33 22.87 17.68
9 6124.00 3880.52 22.42 6797.99 4487.38 20.47 5515.67 3550.88 21.67 21.52
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Appendix XXIV

DT-Walk validity testing against WinTrack for Plantar Pressure Asymmetry

WinTrack PPA
.No. | RA1_LL1 | RA1_RL1 | PPA1 | RA1 LL2 | RA1 RL2 | PPA2 | RA1 LL3 | RA1 RL3 | PPA3 | Mean PPA (%)

1 12451.00 8056.00 21.43 5879.00 3919.00 20.00 8830.00 7099.00 10.87 17.43
2 6631.00 4057.00 24.08 5255.00 7403.00 16.97 5919.00 3551.00 25.01 22.02
3 5078.00 8301.00 24.09 7561.00 4418.00 26.24 3733.00 5070.00 15.19 21.84
4 5046.00 6426.00 12.03 6030.00 5534.00 4.29 5873.00 6373.00 4.08 6.80

5 10632.00 5420.00 32.47 6889.00 5228.00 13.71 6489.00 3843.00 25.61 2393
6 5476.00 5090.00 3.65 6117.00 4198.00 18.60 6666.00 4810.00 16.17 12.81
7 6032.00 5015.00 9.21 5111.00 4690.00 4.30 4891.00 3951.00 10.63 8.04

8 2084.00 4585.00 37.50 5730.00 3752.00 20.86 8208.00 5633.00 18.60 25.66
9 7401.00 3686.00 33.51 2407.00 4204.00 27.18 5916.00 7776.00 13.58 24.76

DT-Walk PPA
.No. | RA1_LL1 | RA1_RL1 | PPA1 | RA1_LL2 | RA1_RL2 | PPA2 | RA1_LL3 | RA1_RL3 | PPA3 | Mean PPA (%)

1 9173.85 5720.73 23.18 3365.15 4843.89 18.01 6792.08 5218.99 13.10 18.10
2 5836.41 9087.63 21.79 6435.40 4134.85 21.76 6755.88 10713.95 22.66 22.07
3 6818.62 11005.09 | 23.49 5408.93 9714.03 28.47 6347.43 9988.33 22.29 24.75
4 4144.00 4762.00 6.94 4417.59 3887.21 6.39 3425.61 3865.55 6.03 6.45

5 7405.01 5844.73 11.78 6737.84 4750.25 17.30 8845.63 5382.64 24.34 17.81
6 6645.52 5245.27 11.78 8232.94 6518.08 11.63 6095.45 4683.71 13.10 12.17
7 3173.96 3788.17 8.82 7149.48 6213.48 7.00 4408.97 3766.40 7.86 7.90

8 4206.00 5924.00 16.96 4487.63 5924.85 13.80 | 2349.69 3838.03 24.05 18.27
9 5822.00 3750.00 21.65 5655.00 3805.00 19.56 5768.00 4038.00 17.64 19.61
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ABSTRACT

Knee is one of the most commonly affected joints in osteoarthritis of the lower limb. It is evident that several
potential biomechanical alterations may occur due to changes in joint structure leading to altered weight-
bearing patterns and may contribute to further progression of the disease and vice versa. This study aimed to
understand the clinician’s perspective on the needs, content, structure, and feasibility of a wearable device for
assessment, training, and monitoring of biomechanical deviations in knee osteoarthritis using a qualitative
exploratory study design. Twenty-four physiotherapists having a minimum clinical experience of three years
participated in one of the three focus group discussions. Participants who expressed their willingness to
participate by filing the e-consent form were included in the discussion. Participants were in favor of using the
wearable device for assessment, telemonitoring, feedback, activity tracking, and adherence to exercise. The
appearance, comfort, and ease to use, cost of the device, and easy-to-understand user interface with local and
cloud storage were the primary factors responsible for the acceptance of wearable technology among the
participants. The device should assess and give real-time feedback to users for asymmetries in limb loading,
plantar pressure, and spatiotemporal gait parameters. The study recommends for development of wearable
technology to support assessment and training not only for osteoarthritis but also for other conditions where
gait and balance are affected. It is essential to take into account clinicians’ views to identify the clinical issues,
features, functionality, and applicability for developing such devices.

Keywords: wearable, knee osteoarthritis, focus group discussion, design, structure.
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Abstract: Background: Biomechanical alterations are the primary changes that result in development, progression, or increased risk of
injury/disease. The use of wearable has gained significant importancein clinical research for early diagnosis and prediction of injury/disease,
thereby providing rehabilitation based on the information received from such devices. Objective: This study aims to develop a wearable
device for real-time assessment and feedback of limb load asymmetry (LLA) and dynamic plantar pressure asymmetry (PPA). Method:
A focus group discussion was conducted with an experienced group of physiotherapists to identify the needs of the clinicians for the
assessment and rehabilitation of patients with gait and balance disorders in knee osteoarthritis. The prototype device (DT-walk) was
fabricated in a pair of insole-based devices, using two inertial measurement unit (IMU) sensors, ten force-sensitive resistors(FSR), and a
pair of insoles-shaped custom-made pressure-sensitive matrix made of 16x8 using velostat and copper tape. A set of five FSRs are used
in each insole that lies underneath the custom pressure sensitive matrix. Each controller unit incorporates one microcontroller, wireless
communication module, storage, and power unit. The data was sent to a mobile computing device forreal-time analysis and visualization.
Results: DT-walk showed excellent intra-rater and inter-rater reliability and good to excellent validityagainst the WinTrack platform for static
LLA and dynamic PPA in KOA. The reliability had 1CC=>0.9,SEM=0.002-0.00668, MDC= 0.00556-0.01852 and CV=5.43-13.15%.
Validity had 1CC>0.9, SEM=0.00234-0.98608, MDC= 0.00648-2.73327 and CV=2.31-82.68%. Conclusion: The DT-walk, a wearable
device, was equally effective in assessing asymmetries in limbloading and plantar pressure compared to the platform-based device. Future
studies should evaluate the validity of this device in healthy and diseased conditions.

Keywords: wearable, limb load, plantar pressure, knee osteoarthritis, asymmetry.

1. Introduction and hip and enhances one's appearance. Various medical
conditions can affect the walkingpattern; for example, any
change in the lower limb and trunk musculoskeletal
structures can result inabnormal limb load distribution.

Standing and walking are two important primary
functional positions for performing activities of daily
living, but they are complex tasks for humans. Walking

requires a high amount of balance, stability, and a well- Biomechanical gait alteration may occur due to the injury
synchronized oscillatory movement of different joints of or changes in joint structure resulting in altered weight-
the body. [1], [2] The body's stability, balance, and bearing patterns to avoid pain, further contributing to the
motions are facilitated by the oscillatory movement of the development and progression of osteoarthritis [5].
joints [3] and the synchronized activity of neuronal and Occupation-related physical activities involving frequent
musculoskeletal system with the environment. [4] A good sitting andstanding, prolonged standing or walking, and
static and dynamic posture, that is, standing and walking, vigorous physical activity predispose the individual to
respectively, reduces the burden on the foot,ankle, knee, develop KOA at an early age[6]. Occupations requiring

prolonged standing or walking up and down stairs put the
'Ph.D. Scholar, Department of Physiotherapy, Lovely Professional knee jDiﬂT under continuous compression. which causes

University, Phagwara, Pusjab India, early degeneration of joint cartilage. [7] Weightlifting
ORCID ID: 0000-0001-9114-0970
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Karnataka, India. compressing the meniscus and potentially damaging the
ORCID ID: 0000-0002-5736-4143 ACL and MCL. [8], [9] The asymmetrical limb loading

Professor, Division aj'Re:er.urh and Innovation, Uttaranchal University, can further leadto altered kinetic and kinematic of the
Dehradun, Uttarakhand, India.

ORCID ID: 0000-0002-3164-8905 lower limb, which further enhances joint degeneration
*Professor, Department of Physiotherapy, Lovely Professional University, [7]. Along with limb load asymmetry, increased
Phagwara, Punjab, India. tibiofemoral rotation and peak knee abduction moment
ORCID ID: a_am_oaos_n 03_"?9'“ ) _ are two important factors for hip and knee osteoarthritis.
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Budget and Funding

Budget
S. No. Item Cost (in INR)
1. Sensors and Raw Material 30,000
2. Customized PCB Designing and Printing 35,000
3D Outer Aesthetic Case,
3. 47,000
Private Communication Network
4. Software Development 57,280
S. Stationery and Printing 5,000
6. Miscellaneous 10,000
Total 1,84,280
Funding

The research project was majorly self-funded by the research scholar. However, the
university provided funding of Rs. 57,280/- for the software development of the
prototype  device vide a seed fund with  reference @ number

LPU/DRD/SEED/SAC/060622/22315.
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